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Abstract

The Co–B amorphous alloy catalyst was prepared by chemical reduction of Co2+ ions with BH4
− in aqueous solution. Its activity an

selectivity were measured during the liquid phase hydrogenation of acetonitrile and the effects of various factors, such as the rea
acetonitrile concentration, hydrogen pressure, reaction temperature, and solvent, were investigated. The following results were
(1) The maximum ethylamine yield of 69% was obtained at the total conversion of acetonitrile. (2) The acetonitrile hydrogena
zero-order with respect to acetonitrile and first-order with respect to hydrogen. Meanwhile, the selectivity to ethylamine increase
with the increase of either hydrogen pressure or acetonitrile concentration. (3) Increased reaction temperature resulted in a great e
in the activity (the apparent activation energy was determined as 46 kJ/mol) but a slight decrease in the selectivity to ethylamine. (4) Addi
of a little H2O may result in an increase in the activity. All these effects are discussed based on the reaction mechanism. In compa
other Co-based catalysts, such as Raney Co, pure Co powder catalyst, and the crystallized Co–B catalyst, the amorphous Co
exhibited much higher activity and better selectivity to ethylamine. Although Ni-based catalysts had higher activity, their poorer se
to ethylamine suggested that they were not suitable for the title reaction under the present conditions. Based on the reaction mec
various characterizations, including SAED, XRD, SEM, TEM, EXAFS, XPS, hydrogen chemisorption, and DSC, the promoting ef
the activity and selectivity of the Co–B amorphous catalyst are discussed briefly by considering both the structural characteristic
electronic interaction between the Co and the alloying B.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Hydrogenation of nitriles is widely used in industry
produce diverse amines, as in the hydrogenation of adip
trile, stearonitrile, lauronitrile, and benzonitrile to the c
responding hexamethylenediamine, stearylamine, dode
amine, and benzylamine. Ni- and Co-based catalysts
most frequently employed for the production of prima
amines [1–5]. However, the hydrogenation of acetonit
(CH3CN) to ethylamine is seldom employed in tradition
industry due to the high cost and nonavailability of CH3CN
at early time. The ethylamine is mainly produced via the
lowing reaction:

CH3CH2OH+ NH3 → CH3CH2NH2 + H2O.

* Corresponding author.
E-mail address: HeXing-Li@shtu.edu.cn (H. Li).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00038-6
Recently, the hydrogenation of CH3CN has caused muc
attention owing to the rapid development of the acrylo
trile industry, which results in the accumulation of mo
and more CH3CN, since it is a main byproduct durin
acrylonitrile production (10% w/w). As is well known, ni-
trile hydrogenation usually results in a mixture of co
pounds consisting mostly of primary, secondary, and tert
amines [6]. Although both ethylamine (primary amine) a
diethylamine (secondary amine), as well as triethylam
(tertiary amine), are important owing to their unique app
cations, selectivity is still of chief interest in acetonitrile h
drogenation in order to obtain a high yield of the desi
product and to avoid the difficult separation procedure. H
we choose the selective hydrogenation of acetonitrile to
ylamine since, on one hand, it is relatively simpler; on
other hand, both the secondary and tertiary amines c
easily be prepared from the primary amine [6]. Regard
various affecting factors, the catalyst plays a decisive rol
determining the selectivity to the desired products [2]. Ho
eserved.

http://www.elsevier.com/locate/jcat


16 H. Li et al. / Journal of Catalysis 214 (2003) 15–25

-

lloys
g to
lfur
lline
sed
ver
rted

lysts
heir
fine
the

ding
20].

tion
s

ent
all

ous
tio
e
ure

g
hen
nd
ers

B
s
as
–B
–B
.

1.0
le
B

ugh
the

,
d by

Al

de-
S
ic
rp-
a-
a,
ed

er)

al-
EM,
ph

ple
ICP,

1].
on

cat-
in

n-

us-

m-

ied
lyst,
,
the
eed
of
f the
nt,
pm
ere

tion

e
een

was
and
02)
ever, only a few catalysts suitable for CH3CN hydrogena
tion to the primary amine (ethylamine, C2H5NH2) have been
reported so far [7–11]. Since the 1980s, amorphous a
have been widely used in hydrogenation reactions owin
their higher activity, better selectivity, and stronger su
resistance in comparison with the corresponding crysta
metal catalysts [12–15]. Most studies focus on the Ni-ba
amorphous catalysts. The hydrogenation of adiponitrile o
Ni–B and Ni–P amorphous alloy catalysts has been repo
previously [16–18]. But these Ni-based amorphous cata
are not suitable for acetonitrile hydrogenation due to t
poor selectivity to primary amine. We report here an ultra
Co–B amorphous alloy which seems to have potential for
hydrogenation of CH3CN to C2H5NH2 in liquid phase.

2. Experimental

2.1. Catalyst preparation

The Co–B sample with the composition Co75.4B24.6

(atomic ratio) was prepared by chemical reduction accor
to the method described in our previous papers [19,
Briefly, 48 ml of 2.0 M KBH4 solution containing 0.20 M
NaOH was added dropwise into 30 ml of aqueous solu
of CoCl2 containing 1.5 g Co under vigorous stirring. A
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 an ice-water bath to prev
local overheating, which may cause the gathering of sm
particles and/or the crystallization of the Co–B amorph
alloy. The KBH4 was greatly excessive (the molar ra
between the cobalt and KBH4 was about 4:1) and th
reaction mixture was stirred for enough time to ens
the complete reduction of the Co2+ in the solution. The
resulting black solid was washed free from Cl− and K+
ions with distilled H2O (until pH 7 was obtained), durin
which some soluble boron species were also removed. T
it was washed further with absolute alcohol (EtOH), a
finally it was stored in EtOH until use. The pure Co powd
were prepared by using NH2NH2 instead of KBH4 for the
reaction of Co2+ at 363 K. Heating pretreatment of the Co–
sample was carried out in N2 flow at different temperature
for 2.0 h, respectively. The Ni–B amorphous alloy w
prepared in a way similar to that described for the Co
preparation. It was found that the B content in the Ni
sample increased with increased of the KBH4 concentration
Thus, the Ni80.7B19.3, Ni75.2B24.8, and Ni66.7B33.3 samples
were prepared using aqueous solutions containing 0.5,
and 2.0 M KBH4, respectively. However, the Co–B samp
with B content higher than 24.6% or the Ni–B sample with
content higher than 33.3% could not be obtained thro
chemical reduction under the present conditions due to
limitation of the solubility of KBH4 in H2O. For comparison
Raney Co and Raney Ni catalysts were also prepare
,

alkali leaching the commercially available Co–Al and Ni–
alloys (50/50, w/w), respectively.

2.2. Catalyst characterization

The amorphous structure of the Co–B catalysts was
termined by X-ray powder diffraction (XRD, Bruker AX
D8-Advance with Cu-Kα radiation), selective area electron
diffraction (SAED, JEM-2010), and extended X-ray abso
tion fine structure (EXAFS, BL-10B) carried out in the N
tional Laboratory of High Energy Physics (KEK, Tsukub
Japan). The crystallization of the Co–B sample was follow
by differential scanning calorimetry (DSC, Perkin–Elm
under N2 atmosphere at a heating rate of 10 K/min. The sur-
face morphology and particle sizes of amorphous Co–B
loy were observed by a scanning electron micrograph (S
XL 30 Philips) and a transmission electron microgra
(TEM, JEM-2010). The composition of the Co–B sam
was analyzed by means of inductively coupled plasma (
Jarrell-As Scan 2000). The active surface area (Sact) was de-
termined by H2 chemisorption, as described previously [2
X-ray photoelectron spectroscopy (XPS) was performed
a Perkin–Elmer PHI 5000C ESCA system using Al-Kα ra-
diation to determine the surface electronic states of the
alysts. Similarly, the Co–B sample was also dried in situ
pure Ar atmosphere to avoid oxidation. All the binding e
ergy values were calibrated by using C1s = 284.6 eV as a
reference. The surface composition was determined by
ing 0.13 and 2.50 as the PHI sensitivity factors for B1s and
Co2p3/2, respectively, as offered by the Perkin–Elmer Co
pany [22].

2.3. Activity test

Liquid phase hydrogenation of acetonitrile was carr
out in a 200-ml stainless autoclave containing 1.0 g cata
10 ml CH3CN, and 30 ml EtOH at 1.0 MPa H2 pressure
373 K. In order to ascertain the role of mass transfer,
catalyst amount was varied from 0.5 g to 2.0 g and the sp
of agitation was varied from 1000 to 1700 rpm. In view
the observation that the reaction rate was independent o
stirring rate and that it varied linearly with catalyst amou
it could be concluded that the stirring rate of 1000 r
was high enough so that the hydrogenation rates w
independent of mass transfer. The initial rate of reac
was obtained by measuring the drop ofP H2 within the
first 0.5 h, from which both the specific activity (the H2
uptake rate per gram of cobalt,RH

m = molh−1 g−1 Co)
and the areal activity (the H2 uptake rate per m2 of the
active surface area,RH

S = molh−1 g−1 Co) were calculated
using the ideal gas equation.RH

S could be considered as th
intrinsic activity since the effect of metal dispersion has b
excluded. During the reaction, the H2 was refilled to 1.0 MPa
once it dropped to 0.80 MPa and the reaction mixture
sampled every 60 min to determine the conversion
the selectivities by using a gas chromatograph (GC 1
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equipped with a FID. The conditions for the analysis w
as follows: 2-m column filled with GDX-102/407, injector
temperature 373 K, oven temperature 418 K, dete
temperature 473 K, and carrier gas N2, 30 ml/min. The
reproducibility of the results was checked by repeat
the runs at least three times and was found to be wi
acceptable limits (±5%).

3. Results and discussion

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

The SAED pictures of the fresh Co–B sample displa
many diffractional cycles indicative of the amorphous str
ture [23], which disappeared after treatment at high tem
ature. The XRD patterns, as shown in Fig. 1, also dem
strated that the fresh Co–B sample was present in a ty
amorphous structure since only a broad peak around 2θ =
45◦ was observed [24–27]. No appreciable change in
XRD pattern was observed when the Co–B sample
treated at a temperature below 473 K. However, when
treatment temperature further increased, the broad peak
appeared and a lot of sharp diffractional peaks correspon
to metallic Co, crystalline Co2B, and Co3B alloy species ap
peared gradually, showing the beginning of the crystall
tion process, during which partial decomposition of Co
alloy also occurred. The degrees of both the crystalliza
and the decomposition of the Co–B amorphous alloy
creased with increased treatment temperature and reac
maximum at 773 K, since no more changes in the XRD p

Fig. 1. XRD patterns of the Co–B sample treated at different temperatu
l

-

a

Fig. 2. RDF curves of (a) the fresh Co–B sample and (b) the Co–B sa
after being treated at 773 K in H2 flow for 2 h.

terns were observed when the treatment temperature fu
increased. The amorphous structure was further confir
by EXAFS on theχ(k)k3 Co edge, from which the RDF
curves could be obtained by the fast Fourier transforma
As shown in Fig. 2, only one FT peak aroundR = 2.0 Å was
found for the fresh Co–B sample, indicating that it had
long-range ordering structure but only a short-range orde
structure [28]. After the sample had been treated at 773 K
2 h, the intensity of the original peak increased profoun
and two small additional peaks appeared at longer distan
showing the transformation from an amorphous structur
a well-ordered crystalline structure. The DSC analysis
shown in Fig. 3, revealed that the crystallization of the Co
amorphous alloy involved two steps corresponding to
exothermic peaks. The first small peak, around 480 K,
indicative of a rearrangement of the Co–B amorphous a
structure [29], while the second large peak, correspondin

Fig. 3. DSC profile of the Co–B amorphous alloy catalyst.
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Table 1
Structural properties of the as-prepared catalysts

Catalyst Bulk Sact Co-edge EXAFS data

composition (m2/g) RCo–Co(Å) Coordination number(N) D–W factorσ (nm)

Fresh Co–B Co75.4B24.6 15.8 2.42 8.7 0.0248
Cryst. Co–B Co75.4B24.6 7.8 2.55 10.6 0.0212
Co powder Co 3.5 2.50 9.7 0.0220
Raney Co – 30.9 2.51 9.9 0.0226
tion

the
ne
ence
use
f
from
hs,
o–B
ed o
n 50
yed
ple

3 K.
hs.
–Co

sts,
ous
each
ted

arly
orre

h the
nd

-
ed.
loy-
ey
g B
l-
st,
tal-
up-
tion

wer
d by
s

act
on-

ctly

-
-
as

o–B
765 K, corresponded to the occurrence of the crystalliza
of the Co–B amorphous alloy.

Table 1 lists the bulk compositions and theSact values
as well as some structural parameters calculated from
EXAFS data by using the EXAFS (II) program [30]. O
can see that the crystallization has no appreciable influ
on the composition of the Co–B sample, but it did ca
an abrupt decrease inSact owing to the gathering o
small particles at high temperature, as could be seen
either SEM or TEM morphologies. The SEM micrograp
as shown in Fig. 4, demonstrated that the fresh C
sample displayed a homogeneous morphology compos
ultrafine Co–B alloy particles with average sizes betwee
and 100 nm. This homogeneous distribution was destro
and big lumpsappeared gradually when the Co–B sam
was treated at elevated temperatures from 573 to 77
Similar results were also obtained by TEM micrograp
Meanwhile, the Co–B amorphous alloy had a shorter Co
bonding length (RCo–Co), a lower coordination number(N)

for Co active sites, and a higher D–W factor(σ ) than the
crystallized Co–B, Co powder, and Raney Co cataly
showing that the Co active sites in the Co–B amorph
catalyst (1) had a stronger synergistic effect between
other; (2) were more highly unsaturated; and (3) distribu
more homogeneously [31].

The XPS spectra, as shown in Fig. 5, revealed that ne
all the cobalt species were present in the metallic state, c
sponding to a binding energy (BE) of 778.3 eV at the Co2p3/2

level. Whereas, the boron species were present in bot
elemental and oxidizing forms with BE values of 188.2 a
192.5 eV, respectively. Comparing the B1s binding energy
for elemental B with that of pure boron (187.2 eV), it is im
mediately found that the elemental B is positively charg
Chen et al. also observed the positive BE shift of the al
ing B in the Co–B and Ni–B amorphous alloys [12]. Th
believed that partial electrons transferred from the alloyin
to oxygen in the neighboring B2O3 rather than to the meta
lic Ni, since the negativity of B is higher than Ni. In contra
the alloying B accepted partial electrons from the me
lic Ni. They supplied excellent experimental results to s
port their conclusion, which showed that the CO adsorp
produced higher heat on K+/Ni than on the Ni, while the
CO adsorption on the Ni–B amorphous alloy produced lo
heat than on the Ni. These results have been confirme
our experiments. As the K+ donates electrons to Ni, it seem
quite natural to conclude that the alloying B might attr
electrons from the Ni. However, we think that the above c
f

-

clusion about the electronic interaction might not be exa
true due to the different roles of K+ and B in the K+/Ni and
Ni–B, respectively. As is well known, the K+ donated elec
trons to the Ni in the K+/Ni, but it did not change the struc
ture of Ni active center. However, the role of B in Ni–B w

Fig. 4. SEM morphologies of (a) the fresh Co–B sample and the C
sample after treatment at (b) 573 K, (c) 773 K in H2 flow for 2 h.
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Fig. 5. XPS spectra of the Co–B amorphous alloy catalyst as received
Co–B sample treated at different temperatures.

more complex. Besides the electronic interaction, modifi
tion of Ni with B may also change the structural charac
istics of the Ni active sites. For example, the interaction
tween the elemental B and the metallic Ni resulted in N
amorphous alloy while the pure Ni is present in the cr
talline form. In addition, according to our EXAFS chara
terizations [31], the presence of the alloying B may resu
the highly unsaturated coordination of the Ni active sites
the shorter bonding length between neighboring Ni ato
The change of these structural properties might also ch
the CO adsorption heat on the Ni active center. Perhaps
CO adsorption model on the Ni active center might also
changed. Thus, it might not be convincing to conclude
electron transfer between Ni and B in the Ni–B amorph
alloy by simply comparing the CO adsorption heat on
K+/Ni and the Ni–B sample because the former might
attributed to merely the electronic interaction between+
and Ni while the latter might be attributed to both the el
tronic interaction between Ni and B and the structural mo
fication of the Ni active center by the alloying B. Perhaps
XPS characterization could supply more direct evidence
the electron transfer in the Ni–B and the Co–B amorph
alloys. We concluded that the alloying B might donate p
tial electrons to the metallic Ni or Co based on the follow
considerations: (1) The XPS spectra of the Ni–B amorph
alloy revealed that the BE of the alloying B shifted positive
by 1.0 eV in comparison with the pure B, indicating th
the alloying B lost partial electrons. Such phenomena w
also observed by Chen et al. [12]. However, they poin
out that the alloying B donated electrons to the neighb
ing boron oxide rather than to the metallic Ni. To confi
the direction of the electron transfer in the Ni–B amorph
alloy, a mixture of the elemental B and the B oxide was p
pared by decomposing the KBH4 in acidic solution in the
presence of Cu2+. The XRD patterns demonstrated that
the Cu species were present in a pure metallic state (c
talline Cu); i.e., no Cu–B alloy was formed. In that ca
the XPS spectra of the elemental B does not display sig
cant BE shift, implying that the positive shift in the BE val
of the elemental B occurred only in the presence of me
lic Ni or Co, rather than in the presence of the neighbor
B2O3. (2) Yoshida et al. supplied more convincing eviden
to support our conclusion [32] by the XPS characterizati
of the Ni–B amorphous alloy obtained by the rapid quen
ing technique. Unlike the Ni–B amorphous alloy obtained
chemical reduction with KBH4, which contained compara
ble oxidized B species due to the decomposition of KBH4 in
aqueous solution, the Ni–B amorphous alloy obtained by
rapid quenching technique contained very little or even
oxidized B species, since the preparation was performed
actly in the absence of O2. Trace oxidized B species on th
surface of the Ni–B alloy might be detected due to surf
oxidation during the treatment. The XPS spectra reve
that, after the treatment with dilute HNO3, neither the ox-
idized B species nor the oxidized Ni species were pre
in the as-prepared Ni–B amorphous alloy. In that case,
XPS spectra also displayed a positive BE shift of the
loying B, which was obviously due to its electron donati
to the metallic Ni in the Ni–B alloy, since no other spec
were present at all. (3) The theoretical calculations usin
initio DFT method also demonstrated that the alloying
donated partial electrons to Ni in the Ni–B amorphous
loy, as shown in Table 2. (4) Our recent experimental
Table 2
The electron populations of Ni and B atoms in NiMB2 (M = 1–4) clustersa

Ni–B model B [1] B [2] Ni [1] Ni [2] Ni [3] Ni [4]

Ni2B2 +0.2812 +0.2812 −0.2812 −0.2812
Ni3B2 +0.2301 +0.2301 −0.1652 −0.1475 −0.1475
Ni4B2 +0.2962 +0.2962 −0.1481 −0.1481 −0.1481 −0.1481

a The symbols “+” and “−” represent electron-deficient and electron-enriched, respectively.
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sults revealed that the metallic Ni in the Ni–B amorpho
alloy possessed much stronger antioxidation ability than
pure Ni, showing that the presence of the alloying B in
Ni–B amorphous alloy could effectively protect the met
lic Ni from oxidation. This might be more evidence to su
port our conclusion since the stronger oxidation resista
of the metallic Ni in the Ni–B amorphous alloy might b
attributed to the electron donation of the alloying B wh
made the metallic Ni electron-enriched [33]. Thus, simila
to Nitta’s group [34–37], Lee’s group [38,39], and Yos
da’s group [32], we concluded that partial electrons tra
ferred from the elemental B to the metallic Ni or Co in t
Ni–B or Co–B amorphous alloy, respectively, making
metallic Ni or Co electron-enriched while the elemental B
electron-deficient. The above conclusion could be expla
by the assumption of Imanaka et al. that the bonding e
trons of the B occupied the vacantd-orbitals of metallic Ni
or Co [35]. The failure to observe the BE shift of the met
lic Ni or Co could be understood by considering its relativ
greater atomic weight compared to that of the B atom [4
During the heating treatment, the content of alloying B
creased while the amount of oxidizing B increased gradu
with the increase temperature, indicating the surface ox
tion of the boron species at high temperature owing to
presence of trace oxygen in N2 flow. However, both the po
sition and the strength of the XPS peaks of the Co2p3/2 level
remained unchanged, this was mainly attributed to the a
ing B which protected the surface Co from oxidation [4
Besides the BE shift of the elemental B, the BE value of
oxidizing B also shifted positively from 192.5 to 194.1 e
during the heating treatment, possibly due to the trans
mation from BO2

− to B2O3 [42]. Comparing the bulk com
position of the Co–B amorphous alloy determined by
ICP analysis (Co75.4B24.6) with that of the surface compo
sition determined by XPS spectra (Co53.9B46.1), it was ob-
vious that the Co–B amorphous alloy was surface-enric
with the boron species.

3.2. Reaction route of acetonitrile hydrogenation

The composition of the reaction mixture as a funct
of time during the liquid phase CH3CN hydrogenation ove
the Co–B amorphous alloy catalyst is plotted in Fig.
According to the change of CH3CN conversion, one ca
see that the hydrogenation rate decreased gradually
the reaction time. This could be attributed to the stro
adsorption of C2H5NH2 and/or (C2H5)2NH on the surface
of metallic Co owing to the lone pair electrons on the
atom, which may inhibit the adsorption of reactants, an
turn, may retard the hydrogenation [43]. Important evide
supporting the above conclusion was that the reaction
could be considerably enhanced by adding small amoun
H2O, which may connect, with the N atom in C2H5NH2 and
(C2H5)2NH molecules via a hydrogen bonding and in tu
inhibited their adsorption on the Co active sites. Concern
the selectivities, both the C2H5NH2 (primary amine) and
f

Fig. 6. Dependence of (a) the composition of the reaction product
(b) the selectivities to ethylamine and diethylamine on the reaction
during the liquid phase acetonitrile hydrogenation catalyzed by the C
amorphous alloy. Reaction conditions: 1.0 g catalyst, 10 ml CH3CN, 40 ml
EtOH,T = 373 K,PH2 = 1.0 MPa, stirring rate= 1000 rpm.

the (C2H5)2NH (secondary amine) were identified wh
no significant (C2H5)3N (tertiary amine) was observe
throughout the reaction process. Although the yields
both C2H5NH2 and (C2H5)2NH increased gradually, owin
to increased CH3CN conversion, selectivities to these tw
products changed in opposite ways. The selectivity
C2H5NH2 decreased while the selectivity to (C2H5)2NH
increased with the reaction time, as shown in Fig. 6b. Th
results furnished evidence for the Braun mechanism for
nitrile hydrogenation [6,44,45]. As shown in the followin
scheme, a reactive intermediate, aldimine(CH3CH=NH),
was formed, which could result in either the primary am
via its further hydrogenation or the secondary amine via
condensation reaction with the primary amine,

(R1)CH3C≡N
+H2→ CH3CH=NH

+H2→ CH3CH2NH2,

CH3CH=NH + CH3CH2NH2
−NH3→ CH3CH=NCH2CH3

(R2)

+H2→ CH3CH2NHCH2CH3.

The relative contents of primary and secondary amines in
reaction mixture were mainly dependent on the competi
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between hydrogenation (R1) and condensation (R2) [
High selectivity to C2H5NH2 was obtained at low CH3CN
conversion since the condensation could not take plac
proceeded very slowly due to the extremely low C2H5NH2
concentration. With the increase of CH3CN conversion,
more and more C2H5NH2 was accumulated, which en
hanced the condensation rate and, in turn, favored the fo
tion of (C2H5)2NH, resulting in a decrease of the selectiv
to C2H5NH2.

3.3. Kinetic studies of acetonitrile hydrogenation

Fig. 7 shows the dependence of the initial reaction
(RH

m) on the concentration of CH3CN and the pressur
of hydrogen, which revealed that the hydrogenation re
tion was zero-order with respect to CH3CN while first-order
with respect to hydrogen. A possible explanation was
both CH3CN and H2 were adsorbed competitively by th
same Co active sites. The adsorption of CH3CN was so
strong that it reached a saturated concentration on the
face of the catalyst even at a very low concentration in
liquid phase and thus, the change of the CH3CN concen-
tration had no significant influence on the hydrogena

Fig. 7. Effects of (a) the pressure of hydrogen and (b) the concentratio
acetonitrile on the initial rate of acetonitrile hydrogenation over the Co
amorphous catalyst. Other reaction conditions are given in Fig. 6.
-

-

rate. However, the adsorption of hydrogen was relativ
weak and its surface concentration never reached satur
under the present conditions. Thus, the surface conce
tion of hydrogen increased with increasedPH2 according
to the Langmuir isothermal equation [47], which could a
count for the promoting effect ofPH2 on the hydrogenation
rate. Besides the effect on the hydrogenation activitie
was also found that the selectivity to C2H5NH2 increased
slightly with an increase of either the hydrogen pressur
the CH3CN concentration, as shown in Fig. 8. The prom
ing effect ofPH2 on the selectivity to CH3CH2NH2 could
be understood by considering the reaction mechanism
Although both (R1) and (R2) involved hydrogenation, t
key factor determining the selectivity to CH3CH2NH2 or to
CH3CH2NHCH2CH3 was the competition between the h
drogenation of the CH3CH=NH(aldimine) and the conden
sation of the CH3CH=NH with the CH3CH2NH2. From the
above mechanism, increased H2 pressure may favor the hy
drogenation of CH3CH=NH, leading to the desired prod
uct CH3CH2NH2. However, there was no direct relationsh
between H2 pressure and the condensation reaction. On
contrary, the increase of H2 pressure may increase the co

Fig. 8. Dependence of the selectivity to ethylamine on (a) the hydro
pressure and (b) the acetonitrile concentration in the liquid phase ace
trile hydrogenation over the Co–B amorphous catalyst. Other reaction
ditions are given in Fig. 6.
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sumption of CH3CH=NH and in turn decrease the conde
sation rate. Thus, the increase of H2 pressure may increas
the selectivity to CH3CH2NH2. The positive influence of th
CH3CN concentration on the selectivity to C2H5NH2 could
be interpreted in terms of the accumulation of more am
nia resulting from the formation of the secondary ami
It was widely accepted that an increase in the amm
concentration could effectively inhibit the formation of se
ondary amines and in turn could promote the selectivit
primary amines [48]. The promoting effect of ammonia
the selectivity to the primary amines could be explained
the following scheme proposed by Schwoeleger and
kins [49,50]:

CH3CH=NH + NH3 �
NH2

CH3CH
NH2

+H2→ CH3CH2NH2 + NH3.

The rate of CH3CN hydrogenation increased rapid
with the increase of the reaction temperature, as foun
the hydrogenation of most other nitriles. According to
linear relationship betweenRH

m and 1/T , the apparen
activation energy was determined as 46 kJ/mol over the
Co–B amorphous catalyst. In contrast to the effect on
activities, a slight decrease of about 10% in the select
to C2H5NH2 was observed when the reaction tempera
increased from 323 to 423 K. Such a negative effect co
be understood by considering the higher activation energ
the condensation reaction (usually> 100 kJ/mol) leading to
the secondary amine [51,52].

3.4. Performance of various catalysts

Table 3 summarizes the catalytic properties of vari
catalysts in liquid phase hydrogenation of CH3CN, includ-
ing the initial reaction rate, the reaction time correspond
to total conversion of CH3CN, and the selectivities to pr
mary, secondary, and tertiary amines obtained in the rea
mixture after the total conversion of CH3CN. The selectiv-
ity over the Co powder catalyst was not available here s
the reaction rate was too slow to reach the complete CH3CN
conversion. From Table 3, the following conclusions w
drawn.

1. The Ni-based catalysts exhibited much higher acti
than the Co-based catalysts, owing to the relatively stro
adsorption of the reactants (both hydrogen and acetoni
as well as aldimine intermediate) [53]. However, in
absence of ammonia, the selectivity to C2H5NH2 on either
the Ni–B amorphous catalyst or the Raney Ni was v
low. In contrast to the Co-based catalysts over which o
the secondary amine was identified as the side prod
a comparable amount of tertiary amine was detected be
the secondary amine over the Ni-based catalysts. Incre
the B content in the Ni–B alloy may slightly increase t
selectivity to the primary amine due to the decrease
the selectivities to both the secondary and tertiary ami
However, even over the Ni66.7B33.3, which contained the
maximum B content in the Ni–B amorphous alloys prepa
under the present conditions, the selectivity to the prim
amine was still much lower than that over the Co75.4B24.6,
showing that the Ni–B amorphous alloy catalysts w
not suitable for the title reaction. The higher content
the secondary and tertiary amines in the hydrogena
product on Ni-based catalysts, corresponding to the lo
selectivity to the primary amine, could be attributed to
relatively stronger adsorption of the product, C2H5NH2, on
Ni-active sites than on Co-active sites, which may enha
the condensation rate, leading to the secondary amine
even the tertiary amine [53].

2. Concerning the activities of different Co-based ca
lysts, one can see that the specific activities (RH

m) decreased
in the order Raney Co> Co–B amorphous catalyst	 crys-
tallized Co–B catalyst	 Co powder catalyst. This was n
in accordance with the change of the areal activities (RH

S),
which decreased in the order Co–B amorphous cataly>

Raney Co> crystallized Co–B catalyst> ultrafine Co.
Thus, the higherRH

m of Raney Co than of the Co–B amo
phous catalyst was mainly attributed to its much higher
Table 3
Hydrogenation of acetonitrile(CH3CN) on various catalystsa

Catalyst RH
m RH

S Reaction timeb Selectivity (%)

(mmol h−1 g−1 M) (mmol h−1 m−2 M) (min) C2H5NH2 (C2H5)2NH (C2H5)3N

Fresh Co75.4B24.6 133.8 8.47 297 53.0 47.0 ∼ 0
Fresh Ni80.7B19.3 151.5 10.0 238 24.0 45.0 31.0
Fresh Ni75.2B24.8 169.5 12.1 201 28.0 44.8 27.2
Fresh Ni66.7B33.3 196.7 15.2 185 37.0 46.8 16.2
Raney Ni 432.8 10.0 116 21.4 37.4 41.2
Cryst. Co75.4B24.6

c 42.6 5.46 678 44.6 55.4 ∼ 0
Raney Co 205.4 6.65 152 38.8 61.2 ∼ 0
Co powderd 11.1 3.10 – – – –

a Reaction conditions: 1.0 g catalyst, 10 ml CH3CN, 40 ml EtOH,T = 373 K,PH2 = 1.0 MPa, stirring rate= 1000 rpm, M= Co or Ni.
b The time corresponding to the total conversion of CH3CN.
c The crystallized Co–B catalyst obtained by treating the Co–B amorphous alloy at 773 K for 2 h in H2 flow.
d The reaction is too slow to detect the time for total CH3CN conversion and the selectivities.
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tive surface area (Sact), as shown in Table 1. Besides the d
crease of theSact during the heating treatment (see Table
the higherRH

m of the Co–B amorphous catalyst than of t
corresponding crystallized Co–B catalyst could be ma
attributed to the remarkable decrease in the intrinsic ac
ity during the crystallization (see theRH

S values in Table 1)
which could be understood by considering both the st
tural effect and the electronic effect. The structural eff
mainly referred to the unique amorphous structure. Acco
ing to the structural parameters calculated from the EXA
data, as shown in Table 1, the Co–B amorphous catalys
shorter Co–Co bonding length (RCo–Co), lower coordination
number (N ) of Co active sites, and higher D–W factor (σ )
than the corresponding crystallized Co–B catalyst, imply
a stronger synergistic effect between Co active sites, m
highly unsaturated Co active sites, and a more homogen
distribution of the Co active sites. These factors have b
claimed to be favorable for the dissociative adsorption
hydrogen molecules and, in turn, to enhance hydrogena
activity [54,55]. Regarding the electronic effect, the abo
XPS spectra reveale that in the Co–B amorphous alloy, C
electron-enriched while B is electron-deficient owing to th
electronic interaction. After crystallization, electronic inte
action decreased or even disappeared due to the decom
tion of the Co–B alloy, as confirmed by the aforemention
XRD patterns. On one hand, the relative high density of e
trons on the Co active sites may repel the lone pair elect
on the N atom in the CN group and in turn, may weaken
adsorption strength between CH3CN molecules and Co ac
tive sites. This was favorable for the adsorption of H2 taking
into account that the adsorption of CH3CN and H2 mole-
cules was competitive on the same Co active sites. T
more H2 could be adsorbed by the Co active sites, wh
enhanced the hydrogenation activity, since the reaction
first-order with respect to hydrogen, while independen
the CH3CN concentration. On the other hand, according
the adsorption model of the nitrile [56], the electronic int
action between the C≡N group and the Co active sites w
the forward donation of the electrons from the highest oc
pied molecular orbital (HOMO) of the C≡N bonding, i.e.,
from theπC≡N to thedz2 and S orbitals of the Co atom, an
the back donation from thedx2–y2 orbital of the Co atom
to the lowest unoccupied molecular orbital (LUMO), i.
π∗

C≡N. Increased back donation may favor the C≡N bond
dissociation since theπ∗

C≡N was an antibonding orbital [57
Thus, from a hydrogenation point of view, an increase
the electron density on the Co active sites due to the ch
transfer from alloying B should lead to increased back
nation, thereby weakening the C≡N bond and in turn facili-
tated its hydrogenation. Furthermore, the in situ XPS cha
terization demonstrates that the presence of the alloying
the Co–B amorphous alloy could effectively protect me
lic Co from oxidation. This could also account for the high
activity of the Co–B amorphous alloy than that of the cr
tallized Co–B alloy since only the metallic Co served as
s

i-

active sites for hydrogenation of CH3CN and other interme
diates while the oxidized Co was inactive.

3. As shown in Table 3, the selectivity to C2H5NH2 de-
creased in the order Co–B amorphous catalyst> crystal-
lized Co–B catalyst> Raney Co. According to the reactio
mechanism, the selectivities to the primary and secon
amines were mainly dependent on the competition betw
the hydrogenation of the CH3CH=NH leading to the pri-
mary amine and the condensation between CH3CH=NH and
C2H5NH2 leading to the secondary amine [6]. Such cond
sation may proceed through a nucleophilic attack of th
atom in the C2H5NH2 molecule on the C atom connectin
with the N atom in the CH3CH=NH molecule, as shown in
the following diagram [58].

Thus, the more positive charges on the C atom and the m
negative charges on the N atom may facilitate the cond
sation reaction. Taking into account that the metallic Co
the Co–B amorphous alloy was electron-enriched, the ex
lent selectivity to C2H5NH2 on the Co–B amorphous ca
alyst could be explained based on the above assump
On one hand, the electron enrichment of the Co active s
could effectively repel the lone pair electrons on the N at
in the C2H5NH2 molecule and thus might weaken its a
sorption on the Co surface. This could effectively inhibit t
condensation between the C2H5NH2 and the CH3CH=NH,
since the adsorption of both C2H5NH2 and the CH3CH=NH
was necessary for such condensation. On the other han
discussed above, the high electron density on the Co a
sites could increase the back donation of electrons to
π∗

C≡N, making the C atom connecting with the N atom
the CH3CH=NH molecule less positive, which could als
retard the condensation reaction. Furthermore, the incre
back donation of electrons to theπ∗

C≡N could also weaken
the C=N bond, making the C=N bond activated and, in
turn, making its hydrogenation more facilitated. As a su
mary, owing to the electronic interaction between Co a
alloying B, the Co–B amorphous alloy was favorable for
hydrogenation reaction while unfavorable for the conden
tion reaction, resulting in the higher selectivity to the p
mary amine, i.e., C2H5NH2. The crystallized Co–B catalys
displayed lower selectivity to C2H5NH2 due to the decreas
in the electronic interaction, since partial decomposition
the Co–B alloy occurred during the crystallization proce
Raney Co showed even lower selectivity to C2H5NH2 than
the crystallized Co–B catalyst, since no such electronic in
action was present at all. Besides the electronic interac
the alloying B in the Co–B amorphous alloy could prot
metallic Co from oxidation, which was also favorable f
keeping the high selectivity to C2H5NH2 since, according to
the aforementioned reaction mechanism (R1) and (R2)
rapid hydrogenation of CH3CH=NH may result in high se
lectivity to C2H5NH2.
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4. Conclusion

The above results demonstrated that the amorp
Co–B was powerful for the liquid phase hydrogenat
of acetonitrile to ethylamine, owing to its higher activ
and better selectivity to the desired product. The fac
accounting for the promoting effect on the activity were,
one hand, the shorter Co–Co bonding length (RCo–Co), lower
coordination number (N ) of Co active sites, and higher D–W
factor (σ ), which accelerated the hydrogenation, since t
were favorable for the adsorption of the H2; on the other
hand, the electronic interaction between Co and alloy
which facilitated the hydrogenation of the C≡N bond, since
higher electron density on the Co active sites could acti
the C≡N bond by back donation of electrons to theπ∗

C≡N, an
antibonding orbital. The higher selectivity to primary am
on the Co–B amorphous catalyst was mainly attribute
the electronic interaction between Co and alloy B, mak
Co active sites electron-enriched, which could enhance
hydrogenation of CH3CH=NH leading to primary amine
since more electrons on the Co active sites may act
the C=N bond. Such electron-enriched Co active sites co
also retard the condensation reaction between CH3CH=NH
and C2H5NH2 molecules, leading to the secondary ami
since the adsorption of C2H5NH2 on the Co active site
decreased due to the repelling for the lone pair electron
the N atom and the C atom connecting with the N atom in
CH3CH=NH became less positive due to the increased b
donation of electrons from Co atoms. The catalytic activ
and selectivity of the Co–B amorphous catalyst could
further improved by adjusting the B content in the Co
amorphous alloy or adding other additives, including
bimetallic catalysts and supported catalysts. These work
under way.
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