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Abstract

The Ni-B and Co-B amorphous alloys exhibited much higher activity and selectivity to ethylamine (C2H5NH2) than their corresponding
crystallized counterparts and Raney Ni during liquid phase hydrogenation of acetonitrile (CH3CN). In comparison with the Ni-B amorphous
alloy, the Co-B amorphous alloy exhibited longer lifetime and better selectivity, though its activity was slightly lower. The maximum yield
of C2H5NH2 could reach 93.5%, showing a good potential in industrial application. The higher activity of the amorphous alloys could be
attributed to the large active surface area, the unique amorphous structure together with the suitable structural parameters, and the electron
donation of the alloying B to the metallic Ni or Co. The resulted electron-enriched metallic active sites may also account for the better
selectivity to C2H5NH2 of the amorphous alloys since, on one hand, it could promote the hydrogenation of CH3CH=NH toward C2H5NH2 by
activating the C=N bond; and on the other hand, it may retard the condensation between CH3CH=NH and C2H5NH2 leading to (C2H5)2NH by
inhibiting the adsorption of C2H5NH2 which was essential for the condensation. The Co-B amorphous alloy was more selective than the Ni-B
owing to its stronger adsorption for CH3CN and the higher electron density on the Co active sites, both of them could inhibit the adsorption for
C2H5NH2 and in turn, retard the condensation. This could also account for its longer lifetime. However, such stronger adsorption for CH3CN
was harmful for the competitive adsorption for hydrogen and in turn resulted in a slightly lower hydrogenation activity than the Ni-B since
the CH3CN hydrogenation was first-order with respect to hydrogen while zero-order to CH3CN.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ethylamine (C2H5NH2) is an important starting material
or intermediate for the production of diverse pesticides, rub-
ber promoters, ion-exchanging resins, anti-oxidation agents,
and surfactants, etc. Although most amines are industrially
produced via selective hydrogenation of the correspond-
ing nitriles [1], traditionally, large volume of C2H5NH2
is always produced through the reaction between ethanol
and liquid ammonia, possibly due to the high cost and
non-availability of CH3CN at early times. Recently, with the
rapid development of the acrylonitrile industry, a large quan-
tity of CH3CN was accumulated since it is a main byprod-
uct during the acrylonitrile production (10% (w/w)). As
CH3CN is only seldom used as an organic solvent, there is a

∗ Corresponding author. Tel.:+86-21-6432-2272;
fax: +86-21-6432-2142.

E-mail address: hexing-li@shtu.edu.cn (H. Li).

strong driving force to develop its new application area. One
promising way is the hydrogenation of CH3CN to produce
more useful C2H5NH2. In comparison with the traditional
method, the production of C2H5NH2 via CH3CN hydro-
genation possesses the superiority in saving resources, re-
ducing waste disposal and protecting the environment. How-
ever, the hydrogenation of nitriles is relatively complex since
primary amine, secondary amine, tertiary amine and even
other products are commonly formed during the reaction[2].
Since the secondary amine and tertiary amine are employed
only to limited extent in the preparation of cation-active
tensides[3], most studies are focused on primary amines.
Although the Ni- and Co-based catalysts are most frequently
employed during the nitrile hydrogenation to primary
amines[4–7], most of them are not suitable for the title
reaction due to the low selectivity to C2H5NH2. Up to now,
a great number of attempts have been made to achieve an as
high as possible selectivity to the desired C2H5NH2 [8]. Ob-
viously, the catalyst plays a decisive role in determining the
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selectivity. During the past decades, amorphous alloys have
been widely used in the hydrogenation owing to their higher
activity, better selectivity, and stronger poisoning resistance
[9–12]. We report here the Co-B and Ni-B amorphous alloys
with the attempts to design highly effective catalysts for the
CH3CN hydrogenation to C2H5NH2. Their catalytic behav-
iors are investigated and compared with each other and also
with those of the corresponding crystallized Ni-B and Co-B
catalysts and even Raney Ni. Based on the characterizations,
the relationship between the catalytic performance and the
structural properties of the catalysts was discussed briefly.

2. Experimental

2.1. Catalyst preparation

The M-B samples (M= Ni or Co) in the form of ultrafine
particles were prepared by chemical reduction according to
the method described in our previous papers[13,14]. Briefly,
48 ml 2.0 M KBH4 solution containing 0.20 M NaOH was
added dropwise into 30 ml aqueous solution of MCl2 con-
taining 1.5 g M under vigorous stirring. As the reduction
is strongly exothermic, the KBH4 solution was added very
slowly (1.5 ml/min) and the reaction was performed at 273 K
in the ice-water bath to prevent the local overheat which may
cause the gathering of the small particles and/or the crystal-
lization of the M-B amorphous alloy. The KBH4 was greatly
excessive and the reaction mixture was stirred for enough
time to ensure the complete reduction of M2+ in the solution.
The resulting black solid was washed free from Cl− and K+
ions with distilled H2O (until pH = 7 was obtained). Then,
it was further washed with absolute alcohol (EtOH) and
finally, stored in EtOH until the time of use. Heating pre-
treatment of the M-B samples was carried out in N2 flow at
elevated temperatures from 298 to 773 K, each for 2.0 h, re-
spectively. For comparison, Raney Ni catalyst was also pre-
pared by alkali leaching the commercially available Ni-Al
alloy (50 wt.% Ni, 200 meshes), as described elsewhere
[15].

2.2. Catalyst characterization

The amorphous structure of the as-prepared catalysts was
determined by X-ray powder diffraction (XRD, Bruker AXS
D8-Advance with Cu K� radiation), selective area elec-
tronic diffraction (SAED, JEM-2010), and extended X-ray
absorption fine structure (EXAFS, BL-10B) carried out in
the National Laboratory of High Energy Physics (KEK,
Tsukuba, Japan). The crystallization process was followed
by differential scanning calorimeter (DSC, Perkin-Elmer)
under N2 atmosphere at the heating rate of 10 K/min. The
surface morphology and particle sizes were observed by a
scanning electron micrograph (SEM, XL 30 Philips) and a
transmission electron micrograph (TEM, JEM-2010). The
bulk composition was detected by means of inductively cou-

pled plasma (ICP, Jarrell-As Scan 2000). The active surface
area (Sact) was determined by H2 chemisorption, as de-
scribed previously[16]. X-ray photoelectron spectroscopy
(XPS) was performed on a Perkin-Elmer PHI 5000C ESCA
system using Al K� radiation to determine the surface elec-
tronic states and surface compositions according to the peak
area and the sensitivity factors to B1s, Co2p3/2

, and Ni2p3/2

offered by Perkin-Elmer Company[17]. The sample was
dried in situ in pure Ar atmosphere to minimize the surface
oxidation. All the binding energy values were calibrated by
using C1S equal to 284.6 eV as a reference.

2.3. Activity test

Liquid phase hydrogenation of CH3CN was carried out at
383 K in a 200 ml stainless autoclave containing 0.5 g cata-
lyst, 10 ml CH3CN, 30 ml EtOH, and 3.0 MPa H2. In order
to ascertain the role of mass transfer, the catalyst amount
was varied from 0.5 to 2.0 g and the speed of agitation was
varied from 1000 to 1700 rpm. In view of the observation
that the reaction rate was independent of the stirring rate and
that it varied linearly with catalyst amount (Fig. 1), it could
be concluded that the stirring rate of 1000 rpm was high
enough so that the hydrogenation rates were independent of
mass transfer. The initial rate of reaction was obtained by
measuring the drop of PH2 within the first 0.5 h, from which
both the specific activity (the H2 uptake rate per g of M,
Rm

H (mol/h g), where M refers to Ni or Co, respectively) and
the areal activity (the H2 uptake rate per m2 of the active sur-
face area,RS

H (mol/h m2)) were calculated by using the ideal
gas equation.RS

H could be considered as the intrinsic activity
since the effect of metal dispersion has been excluded. Dur-
ing the reaction, the H2 pressure was kept nearly constant
and the reaction mixture was sampled every 60 min. The
contents of various components were determined by using
a gas chromatograph (GC 102) equipped with a FID from
which both the conversion of CH3CN and the selectivities
to different products could be calculated. The conditions for
the GC analysis were 2 m column filled with GDX-102/407,
injector temperature 373 K, oven temperature 418 K, detec-
tor temperature 473 K, and carrier gas N2, 30 ml/min. The
reproducibility of the results was checked by repeating the
runs at least three times on the same batch of catalyst and
for another three times for a different batches of catalyst and
was found to be within acceptable limits (±5% for the same
batch of the catalyst and±10% for the different batches of
the catalyst).

3. Results and discussion

3.1. Structural and electronic characteristics of the
as-prepared catalysts

The TEM morphologies, as shown inFig. 2, demonstrated
that both the Ni-B and Co-B amorphous alloys were present
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Fig. 1. Dependence of the initial hydrogenation rate (Rm) on: (a) the mass of the Co-B amorphous catalyst and (b) the stirring rate. Reaction conditions:
10 ml CH3CN, 30 ml EtOH,T = 383 K, PH2 = 3.0 MPa. (a) The stirring rate= 1000 rpm, (b) the mass of catalyst= 0.50 g.

Fig. 2. TEM and SAED images of the fresh Co-B and Ni-B samples.
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in the form of ultrafine spherical particles with the average
diameters around 8.8 and 10.2 nm, respectively. The SAED
pictures attached toFig. 2displayed a series of diffractional
cycles indicative of typical amorphous structure[18] for both
the fresh Ni-B and Co-B samples, from which these diffrac-
tional cycles may disappear and only separated bright dots
could be observed after the samples being treated at 773 K
for 2 h. The XRD patterns, as shown inFig. 3, also demon-
strated that both the fresh Co-B and Ni-B samples were
present in amorphous structure since only one broad peak
around 2θ = 45◦ was observed for each sample, respectively
[19,20]. Concerning the Ni-B sample, one can see that no
significant change in its XRD pattern occurred when the
sample was treated at temperature below 573 K. However,
heat treatment at temperature above 573 K resulted in var-
ious crystalline diffractional peaks corresponding to metal-
lic Ni, Ni 2B and Ni3B. The strength and the number of the
diffractional peaks increased rapidly with the increase of the

Fig. 3. XRD patterns of the Ni-B sample treated at (a) 298 K, (b) 533 K,
(c) 553 K, (d) 573 K, (e) 593 K, (f) 613 K, (g) 633 K, each for 15 min,
respectively, and the Co-B sample treated at (a) 298 K, (b) 473 K, (c)
673 K, (d) 773 K, each for 2 h, respectively.

treating temperature up to 633 K. Then, the XRD pattern
remained nearly unchanged even when the treating temper-
ature was further enhanced. These results suggested that the
Ni-B amorphous alloy started to be crystallized at 573 K
and reached to completion at 633 K. Deep decomposition of
the Ni-B alloy occurred during the crystallization process
since only metallic Ni phases were observed after complete
crystallization. Similar phenomena were also observed for
the Co-B sample during the heating treatment. However, the
Co-B amorphous alloy began to be crystallized at 623 K and
reached to complete crystallization at 703 K, showing that
the Co-B amorphous alloy had much better thermal stabil-
ity. The DSC analysis, as shown inFig. 4, further confirmed
that the crystallization temperature of the Co-B amorphous
alloy was nearly 150 K higher than that of the Ni-B amor-
phous alloy.

Fig. 5 shows the RDF curves of Co-B and Ni-B samples
obtained by the fast Fourier transformation from the EXAFS
data. The principal peaks could be attributed to the Ni–Ni
or Co–Co interaction while the shoulder peak could be at-
tributed to the Ni–B or Co–B interaction[21]. Obviously,
both the fresh Ni-B and Co-B samples displayed typical
amorphous structure, i.e. no long-range ordering but only

Fig. 4. DSC profiles of the Co-B and Ni-B amorphous alloy catalysts.
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Fig. 5. RDF curves of the Ni-B sample treated at (a) 298 K, (b) 373 K,
(c) 523 K, (d) 623 K, (e) 773 K, and the Co-B sample treated at (a) 298 K
and (b) 773 K, each for 2 h, respectively.

short-range ordering structure, since only one weak FT peak
aroundR = 2 Å was observed. After being treated at 773 K
for 2 h, the intensity of the original peak increased pro-
foundly and two small additional peaks appeared at longer
distances, showing the transformation from an amorphous
structure to a well-ordered crystalline structure.

From the XPS spectra (Fig. 6), one can see that, for both
the fresh Ni-B and Co-B samples, nearly all the nickel and
cobalt species were present in the metallic state correspond-
ing to binding energy (BE) of 778.3 eV in Co2p3/2

level and
853.0 eV in Ni2p3/2

level, respectively. However, the boron
species were present in two states, the elemental B alloying
with metallic Ni or Co corresponding to BE of 188.2 eV and
the oxidized B to BE of 192.5 or 192.1 eV. In comparison
with the standard BE value of the pure B (187.2 eV)[17],
one can see that the BE of the alloying B in either Ni-B
or Co-B sample was positively shifted. Chen[9] also ob-

served the positive BE shift of the alloying B in the Ni-B
amorphous alloy. They believed that partial electrons trans-
ferred from the alloying B to oxygen in the neighboring
B2O3 rather than to the metallic Ni since the electronegativ-
ity of B is much higher than Ni. On contrary, the alloying
B accepted partial electrons from the metallic Ni. They sup-
plied excellent experimental results to support their conclu-
sion, which showed that the CO adsorption produced higher
heat on K+/Ni than on the Ni, while the CO adsorption on
the Ni-B amorphous alloy produced lower heat than on the
Ni. These results have been confirmed by our experiments.
As the K+ donates electrons to Ni, it seems quite natural
to conclude that the alloying B might attract electrons from
the Ni. However, we think that the above conclusion about
the electronic interaction might not be exactly true due to
the different roles of K+ and B in the K+/Ni and Ni-B, re-
spectively. As well known, the K+ donated electrons to the
Ni in the K+/Ni, but it did not change the structure of Ni
active center. However, the role of alloying B in the Ni-B
was much more complex. Besides the electron interaction,
modification with alloying B may also change the structural
characteristics of the Ni active sites. For example, the Ni-B
alloy was present in amorphous structure while the K+/Ni
was still in the crystalline form. The alloying between B
and Ni may also change some structural parameters, as well
discussed below. The change of these structural properties
might also change the CO adsorption heat on the Ni active
center and even the adsorption model. Therefore, it might
not be convincing to conclude the electron transfer between
Ni and B in the Ni-B amorphous alloy by simply comparing
the CO adsorption heat on the K+/Ni and the Ni-B sample
because the former might be attributed to merely the elec-
tronic interaction between K+ and Ni while the latter might
be attributed to both the electronic interaction between Ni
and B and the structural modification of the Ni active cen-
ter by the alloying B. Here, we suggested that the alloying
B donated partial electrons to the metallic Ni or Co in the
Ni-B or Co-B amorphous alloy based on the following evi-
dences: (a) a mixture of elemental B and B oxide was pre-
pared by decomposing the KBH4 in acidic solution in the
presence of Cu2+. Unlike Ni-B amorphous alloy, the XRD
patterns demonstrated that all the Cu species were present
in pure metallic state (crystalline Cu) without forming Cu-B
alloy. Under that case, no significant BE shift of the B was
observed from the XPS spectra, implying that the positive
BE shift of the elemental B was mainly electron-donation
of B to the alloying metal, rather than to the neighboring
B2O3. (b) The Ni-B amorphous alloy obtained by chemi-
cal reduction with KBH4 always contains comparable oxi-
dized B species due to the decomposition of KBH4 in aque-
ous solution. To diminish their effect on the BE of alloying
B, the Ni-B alloy prepared by the rapid quenching tech-
nique was employed. Such Ni-B alloy possessed the similar
amorphous structure to the Ni-B amorphous alloy prepared
by chemical reduction, but it contained very little or even
no oxidized B species since the preparation was performed
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Fig. 6. XPS spectra of the Co-B and Ni-B samples treated at different temperatures.

exactly in the absence of O2. Trace oxidized species on
the surface were further removed by washing dilute HNO3.
However, as found by Yoshida et al.[22], the XPS spectra
also revealed the positive BE shift of the alloying B, which
was obviously due to its electron donation to the metallic
Ni in the Ni-B alloy since no other species were present
at all. (c) The theoretical calculations using ab initio DFT
method also demonstrated that the alloying B donated par-
tial electrons to Ni in the M-B amorphous alloy regardless
the model of M-B clusters (MxB2, x = 1–4), as shown in
Table 1. (d) As reported in our previous paper[23], the alloy-
ing B in the Ni-B amorphous alloy could effectively protect
the metallic Ni from oxidation. A reasonable explanation

Table 1
The electron populations of Ni and B atoms in MxB2 (M = Co or Ni) clustersa

M-B model B [1] B [2] Ni [1] Ni [2] Ni [3] Ni [4]

M2B2 +0.2812 +0.2812 −0.2812 −0.2812
M3B2 +0.2301 +0.2301 −0.1652 −0.1475 −0.1475
M4B2 +0.2962 +0.2962 −0.1481 −0.1481 −0.1481 −0.1481

a The symbols “+” and “−” represent electron-deficient and -enriched, respectively.

might be the electron donation of the alloying B, making the
metallic Ni electron-enriched which resisted the oxidation.
Thus, as widely accepted[22,24,25], we suggested that par-
tial electrons transferred from the alloying B to the metal-
lic Ni or Co in their amorphous alloys, making these met-
als electron-enriched while the alloying B electron-deficient.
Such electron transfer has been successfully explained by
Imanaka et al. who suggested that the bonding electrons
of the alloying B occupied the vacant d-orbitals of metal-
lic Ni or Co [26]. The failure in observing the BE shift
of the metallic Ni or Co could be understood by consider-
ing its relatively greater atomic weight comparing to that of
the B atom[27].
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The XPS spectra inFig. 6also demonstrated that the con-
tent of alloying B decreased while the amount of the oxidiz-
ing B increased during the heating treatment, possibly due to
the surface oxidation of the alloying B by trace oxygen in N2
flow at high temperature. However, no significant oxidation
of either metallic Ni or metallic Co was observed during the
heating treatment, showing that the presence of the alloying
B could effectively protect the surface Co or Ni from oxi-
dation[23]. In addition, the BE of the alloying B gradually
shifted down to 187.2 eV during the heating treatment due
to the decomposition of the M-B alloys, as confirmed by the
aforementioned XRD patterns. Besides the change of the BE
value of alloying B, the positive BE shift of the oxidized B
from 192.5 to 194.0 eV was also observed during the heating
treatment. This could be interpreted in terms of the trans-
formation from BO2

− to B2O3. The standard BE values of
these two species are 192.0 and 193.5 eV, respectively.

From the peak area in the XPS spectra and the corre-
sponding sensitive factors, the surface B contents in the M-B
amorphous alloys were calculated. As shown inTable 2, the
surface B content was much higher than the bulk B con-
tent determined by the ICP analysis, showing that both Ni-B
and Co-B amorphous alloys were surface-enriched with the
boron species. Meanwhile, one can also see that the Co-B
amorphous alloy was even more surface-enriched with the
boron species.

Table 2also revealed that the crystallization had no ap-
preciable influence on the bulk composition of either the
Ni-B or the Co-B sample. But great decrease in the sur-
face B content was observed. In the crystallized Ni-B and
Co-B samples, the surface B content was almost the same
as the bulk B content. Meanwhile, the crystallization also
caused an abrupt decrease inSact, showing the agglomera-
tion of the small Ni-B and Co-B alloy particles at high tem-
perature, which could be confirmed by SEM morphologies.
As shown inFig. 7, the fresh Co-B and Ni-B samples were
present in the form of ultrafine particles with homogeneous
distribution. However, big lumps appeared and the particle
size increased remarkably after crystallization. It seems that
the Co-B amorphous alloy had much stronger resistance to
sintering during the heating treatment since the average par-
ticle size of the crystallized Co-B was smaller than that of
the crystallized Ni-B catalyst, which could also account for
its higherSact (seeTable 2).

Table 2
Structural and catalytic properties of the as-prepared catalystsa

Catalyst Bulk comp. (atom%) Surf. comp. (atom%) Sact (m2/g) d̄ (nm) Rm
H (mmol/h g) RS

H (mmol/h m2)

Fresh Co-B Co75.4B24.6 Co53.9B46.1 15.8 10.2 628.7 39.5
Fresh Ni-B Ni75.0B25.0 Ni66.6B33.4 19.6 8.8 859.6 43.8
Cryst.b Co-B Co75.4B24.6 Co74.0B26.0 2.8 376 42.6 15.2
Cryst.b Ni-B Ni75.0B25.0 Ni74.2B25.8 0.43 566 9.0 20.9
Raney Ni Ni Ni 46.0 – 1322 28.7

a Reaction conditions: 0.5 g catalyst, 10 ml CH3CN, 30 ml EtOH,T = 383 K, PH2 = 3.0 MPa, stirring rate= 1000 rpm.
b Crystallized Ni-B and Co-B samples obtained by treating the fresh samples at 773 K for 2 h.

3.2. Hydrogenation activities

The hydrogenation activities of the as-prepared catalysts
during the liquid phase hydrogenation are summarized in
Table 2. Both the Co-B and Ni-B samples exhibited much
higher activity than their corresponding crystallized coun-
terparts obtained by treating the fresh Co-B and Ni-B sam-
ples at 773 K for 2 h in N2 flow. Partially, it could be at-
tributed to the abrupt decrease of theSact. However, the more
important reason might be the remarkable decrease in the
intrinsic activity (RS

H) which could be mainly attributed to
the electronic effect. As mentioned above, the XPS spectra
demonstrated that the metallic Co or Ni in the Co-B and
Ni-B amorphous alloys was electron-enriched while the al-
loying B was electron-deficient. After crystallization, such
electronic interaction decreased or even disappeared due to
the decomposition of the amorphous alloy, as shown in the
XRD patterns. The relative high density of electrons on the
Ni or Co active sites may weaken their adsorption strength
for CH3CN molecules by repelling the lone electron pair
on the nitrogen atom in the cyano (C≡N) group. This was
favorable for the competitive adsorption for H2 and more
H2 could be adsorbed. Kinetic studies revealed that the
CH3CN hydrogenation over either the Co-B and Ni-B amor-
phous catalyst was first-order with respect to hydrogen pres-
sure while zero-order to CH3CN concentration, as shown in
Fig. 8. Thus, the increase of the adsorbed hydrogen could
enhance the hydrogenation activity. In addition, according
to the adsorption model of the nitrile[28], the electronic in-
teraction between the C≡N group and the metallic Co or
Ni active sites was the forward donation of the electrons
from the highest occupied molecular orbital (HOMO) of the
C≡N bonding, i.e., from the�C≡N to the dZ2 and s or-
bitals of the metallic atom, and the back donation from the
dx2−

y2
orbital of the metallic atom to the lowest unoccupied

molecular orbital (LUMO), i.e.�∗
C≡N. Certainly, increas-

ing the back donation might favor the C≡N bond dissoci-
ation since the�∗

C≡N was an anti-bonding orbital, mak-
ing the C≡N bond activated toward hydrogenation. Further-
more, the electron-enriched Co or Ni may also inhibit their
adsorption for C2H5NH2 and/or (C2H5)2NH, retarding the
poisoning of the catalysts by amines products[8].

Concerning the different Ni-based catalysts, one can
see that, although Raney Ni exhibited very highRm

H ow-
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Fig. 7. SEM morphologies of the amorphous and crystallized Co-B or Ni-B catalysts.

ing to the largerSact, its lower RS
H demonstrated that the

Ni active sites in Raney Ni were less active than those in
the Ni-B amorphous alloy. Similar to that of the crystal-
lized Ni-B catalyst, the lowerRS

H of Raney Ni could be
attributed to the absence of either the amorphous structure
or the electronic interaction between metallic Ni and the
alloying B.

The Ni-B amorphous alloy exhibited higher activity (both
Rm

H andRS
H) than the Co-B amorphous alloy, showing the Ni

was more active than the Co for the CH3CN hydrogenation.
As discussed above, both two catalysts were present in the
amorphous structure with nearly the same structural param-
eters. Thus, the difference in their activities lied essentially
in the properties of the metallic Ni and Co themselves. The
lower activity of the Co catalysts was possibly due to its
stronger adsorption for the CH3CN [29] which may inhibit
the competitive adsorption of hydrogen. As the CH3CN hy-
drogenation was first-order with respect to hydrogen and
zero-order to CH3CN, the less adsorption of hydrogen on
the Co actives sites could account for the lower activity of
the Co-B amorphous alloy. Although the Co-B amorphous
catalyst possessed lower activity, it exhibited much stronger
durability during the CH3CN hydrogenation since no sig-
nificant decrease in activity was observed when it was used
repetitively for 10 times. However, under the same condi-
tions, the Ni-B amorphous alloy and Raney Ni catalysts
could be used, repetitively, only for six and two times. Ad-

dition of little water could increase the lifetime of the cat-
alysts. Taking into account that water could form hydrogen
bonding with amine group and in turn may inhibit its ad-
sorption on the active sites[30], it was reasonable to deduce
that the deactivation of the catalysts was mainly due to the
poisoning effect of the products including C2H5NH2 and/or
(C2H5)2NH. The longer lifetime of the Co-B amorphous al-
loy may be attributed to the stronger adsorption for the reac-
tant CH3CN by Co active sites than that by Ni active sites.
Such adsorption was so strong that no C2H5NH2 could be
adsorbed by Co active sites in the presence of CH3CN [8].
Therefore, only (C2H5)2NH could act as a poison for the
Co-based catalysts while both C2H5NH2 and (C2H5)2NH
may poison the Ni active sites.

3.3. Selectivities to ethylamine

Fig. 9 illustrated the change in the composition of the
reaction mixture as a function of proceeding time during
the liquid phase CH3CN hydrogenation. Besides C2H5NH2
(primary amine) as the main product, only (C2H5)2NH
(secondary amine) was identified throughout the reaction
process. Over the Co-B amorphous alloy, the content of
(C2H5)2NH increased much more slowly than that over
either the Ni-B amorphous alloy or Raney Ni catalyst.
The maximum yields of C2H5NH2 over Co-B, Ni-B and
Raney were 93.5, 68.1 and 37.3%, respectively, and thus,
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Fig. 8. Effects of: (a) the hydrogen pressure and (b) the acetonitrile
concentration on the initial rate of acetonitrile hydrogenation per gram
Ni (Rm

H) over the Ni-B amorphous catalyst. Reaction conditions: 0.50 g
catalyst, 10 ml CH3CN, 30 ml EtOH,PH2 = 3.0 MPa,T = 383 K, stirring
rate= 1000 rpm.

the selectivity to C2H5NH2 changed in the order of Co-B
amorphous alloy > Ni-B amorphous alloy > Raney Ni.

According to the above Braun’s mechanism[8], as shown
in the following scheme:

CH3C≡6; = N
+H2−→ CH3CH=CH

+H2−→ CH3CH2NH2 (R1)

CH3CH=NH + CH3CH2NH2
−NH3−−→ CH3CH=NCH2CH3

+H2−→ CH3CH2NHCH2CH3 (R2)

the selectivities to C2H5NH2 and (C2H5)2NH were mainly
dependent on the competition between the hydrogenation
of the CH3CH=NH leading to C2H5NH2 and the condensa-
tion of CH3CH=NH with C2H5NH2 leading to (C2H5)2NH
[31]. The higher hydrogenation rate and the lower conden-
sation rate lead to the better selectivity toward C2H5NH2.
Such assumption could account for the order of selectiv-
ity to C2H5NH2 over different catalysts. On one hand, the
better selectivity of the Ni-B amorphous alloy than that of
Raney Ni was mainly attributed to the electronic interaction

Fig. 9. Dependence of the composition of the reaction mixture on the
reaction time during the liquid phase acetonitrile hydrogenation over
different catalysts. Reaction conditions are given inFig. 8.

between metallic Ni and alloying B. As the condensation
between CH3CH=NH and C2H5NH2 should occur on the
catalyst surface[8], the adsorption for both CH3CH=NH
and C2H5NH2 was essential. Owing to the electron-donation
by the alloying B, the Ni active sites in the Ni-B amor-
phous alloy possessed higher electron density which could
effective repel the lone pair electrons on the N atom in the
C2H5NH2 molecule and in turn, weaken the C2H5NH2 ad-
sorption. Thus, the condensation between the C2H5NH2 and
the CH3CH=NH could be inhibited since less C2H5NH2 was
adsorbed by Ni active sites. Meanwhile, as the condensation
proceeded through a nucleophilic attack of the N atom in
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the C2H5NH2 molecule on the C atom connecting with the
N atom in the CH3CH=NH molecule[32]:

the more positive charges on the C atom and the more neg-
ative charges on the N atom may facilitate the condensa-
tion reaction. The high electron density on the Ni active
sites could increase the back donation of electrons from
Ni to the �∗

C=N, making the C atom less positive and in
turn, retarding the condensation reaction. Furthermore, the
increase in the electrons back donation to the anti-bonding
orbital (�∗

C=N) could also weaken the C=N bond, making
the C=N bond activated toward hydrogenation and thus, also
increased the selectivity to C2H5NH2.

On the other hand, the superior selectivity of the Co-B
amorphous alloy over that of the Ni-B amorphous alloy
was mainly attributed its stronger adsorption for CH3CN.
As mentioned above, the adsorption for CH3CN on the Co
active sites was so strong that C2H5NH2 could not be ad-
sorbed in the presence of acetonitrile, i.e. before the total
conversion of acetonitrile. Under that case, the condensa-
tion between CH3CH=NH and C2H5NH2 was nearly com-
pletely inhibited since almost no C2H5NH2 was present on
the catalyst surface. In addition, although no BE shift of ei-
ther Ni or Co in the Ni-B or Co-B amorphous alloy was
observed from XPS spectra, the theoretical calculations us-
ing ab initio DFT method revealed that the Co and Ni may
have different electron densities due to the different con-
tents of alloying B. FromTable 2, one can conclude that
the surface composition of the Co-B amorphous alloy was
similar to the model of Co3B2, while the Ni-B sample was
similar to the model of Ni4B2. Thus, as shown inTable 1,
the metallic Co in the Co-B alloy accepted more electrons
from the alloying B than the metallic Ni in the Ni-B amor-
phous alloy. As discussed above, the more electron-enriched
Co active sites were favorable for the hydrogenation of
CH3CH=NH and unfavorable for the condensation between
CH3CH=NH and C2H5NH2, resulting in the high selectivity
to C2H5NH2.

4. Conclusion

This study reported five Ni- and Co-based catalysts used
for the selective hydrogenation of CH3CN to C2H5NH2 in
liquid phase, which seems helpful to design new powerful
catalysts for the title reaction. More specially, the following
points are highlighted:

(1) The amorphous alloys exhibited much higher activity
and selectivity to C2H5NH2, showing the promoting
effects of both the amorphous structure and the alloy-
ing B. The higher activity of the amorphous alloys was
interpreted in terms of both the structural effect and

the electronic effect. However, the better selectivity
to C2H5NH2 was mainly attributed to the electronic
effect.

(2) Although the Co-B amorphous alloy showed slightly
lower activity in comparison with that of the Ni-B
amorphous alloy, its excellent lifetime and selectivity
to C2H5NH2 as well as very high yield of C2H5NH2
(93.5%) showed a good potential in industrial applica-
tion. It could be predicted that the combination of Co-B
and Ni-B amorphous alloys might result more powerful
catalysts for the CH3CN hydrogenation to C2H5NH2.
These works are being underway.
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