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A Raney Ni–P amorphous catalyst, prepared by alkali leaching
of an amorphous Ni–Al–P alloy obtained by the rapid quen-
ching technique, exhibited excellent activity and selectivity
toward 1,6-hexanediamine during the gas–solid phase hydro-
genation of adiponitrile at 1 atm pressure.

The hydrogenation of adiponitrile (ADN) into 1,6-hexane-
diamine (HMA) is one of the key transformations in the
manufacturing of Nylon-6,6.1h3 In industry, the hydro-
genation is performed in a liquid phase at high pressure, in
which Raney Ni and Raney Co are probably the most fre-
quently used catalysts.4h7 Large quantities of ammonia are
found to be essential to decrease side reactions leading to sec-
ondary and tertiary amines, presumably due to the presence of
a diimine intermediate.4,8 The gasÈsolid phase hydrogenation
of ADN at 1 atm pressure over catalysts was recent-Ni/Al2O3ly reported by Sueiras et al.9h11 Although these supported Ni
catalysts exhibited high activity, their selectivity toward HMA
was very poor (less than 40%). As is well known, amorphous
alloys represent a new class of materials with short-range ord-
ering structure that may provide pathways to novel, more
active and selective catalysts in various hydrogenation pro-
cesses.12h16 In earlier times, these materials (typically, NiÈP
amorphous alloy) were usually prepared by the rapid quen-
ching technique.17h20 However, their industrial application is
still quite limited due to their extremely low surface area (ca.
1.0 m2 g~1) and poor thermal stability since the amorphous
structure is thermodynamically metastable.

In this communication, an attempt has been made to
develop a novel NiÈP amorphous alloy catalyst with a pro-
nounced skeletal structure like Raney Ni (denoted as Raney
NiÈP). Its catalytic performance was investigated during the
gasÈsolid hydrogenation of ADN at 1 atm pressure, in the
absence of ammonia. The as-prepared Raney NiÈP exhibited
excellent selectivity, similar to that of the regular NiÈP
amorphous alloy catalyst, but its activity was much higher. In
comparison with other Ni-based catalysts, including crys-
tallized Raney NiÈP, and Raney Ni, Raney NiÈPNi/c-Al2O3 ,
exhibited much higher selectivity to HMA at 100% conver-
sion of ADN.

The Raney NiÈP sample was prepared by the following pro-

cedure. A mixture containing 48.2 wt% metallic Ni, 48.7 wt%
metallic Al and 3.1 wt% red P was melted at 1673 K in an
argon atmosphere. The melted solution was then cooled
rapidly (106 K s~1) by the rapid quenching technique21 using
a single steel roll at a very high stirring rate (2500 rpm),
resulting in NiÈAlÈP amorphous alloy in the form of ribbons
ca. 5 mm wide and 10È20 lm thick. Then, 6.0 g of the as-
prepared NiÈAlÈP sample was ground to 200 mesh powder
and added very slowly over a 1.5 h period into 60 ml of 6.0 M
NaOH solution at 273 K. The alkali leaching was carried out
at 343 K for 6.0 h in an atmosphere with vigorous stirring.N2The resulting sample was then washed clean of alkali and alu-
minates with (until pH \ 7 was obtained). It was furtherH2Owashed with ethanol (EtOH) to remove water, and Ðnally,
stored under EtOH. Raney Ni catalyst was prepared by alkali
leaching a commercially available crystalline NiÈAl alloy
(Ni : Al 50 : 50 w/w) using a similar procedure. Crystalline
Raney NiÈP was obtained by treating the fresh Raney NiÈP
sample at 673 K for 2 h in Ñow. Regular NiÈP amorphousN2alloy was prepared by the rapid quenching technique from the
melted solution containing only metallic Ni and red P, as
described by Yamashita et al.18 was preparedNi/Al2O3according to the method described by Sueiras et al.10 with

(BET area, 190 m2 g~1) as the support.c-Al2O3The bulk composition of the as-prepared catalysts was
determined by inductively coupled plasma (ICP) analysis. The
BET surface area and the pore volume of the catalysts were
determined by adsorption at 77 K using an ASAP 2010N2(Micro-meritics). The active surface area was measured by H2chemisorption, assuming H/Ni(s) \ 1 and a surface area of
6.5] 10~20 m2 per Ni atom, based on an average of the areas
for the (100), (110) and (111) planes. According to Table 1, one
can see the presence of a pronounced pore volume in Raney
NiÈP, similar to that in Raney Ni, which could account for its
higher surface area than that of regular NiÈP. The lower
surface area of the crystalline Raney NiÈP indicates the
coalescense of small particles during the pretreatment at high
temperature. Although a large BET surface area and pore
volume were measured for its relatively low activeNi/c-Al2O3surface area demonstrates that the surface active Ni atoms are
not as well-dispersed as those in the Raney NiÈP and Raney
Ni samples.

Table 1 Some characteristics of the as-prepared catalyst samples

Catalyst Composition/atom % SBET/m2 g~1 Vpore/ml g~1 Sact/m2 g~1

Raney NiÈP Ni68Al25P7 87 0.050 38
Regular NiÈP Ni88P12 1.2 Èa 0.8
Crystalline Raney NiÈP Ni69Al26P5 57 0.028 15
Raney Ni Ni68Al32 106 0.070 43
30 wt% Ni/cÈAl2O3 Ni 135 0.072 14

a Not measurable.
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The amorphous character of the Raney NiÈP sample was
determined by X-ray powder di†raction (XRD, Rigaku
Dmax-3C with Cu-Ka radiation). As shown in Fig. 1(a) only
one broad peak around 2h \ 45¡ was observed in the XRD
pattern, similar to that found for the regular NiÈP amorphous
alloy,15h17 indicating a typical amorphous character. When
the sample was treated at 673 K for 2 h in Ñow, variousN2sharp peaks corresponding to metal Ni, crystalline NiÈAl
alloy and NiÈP alloy were observed, as shown in Fig. 1(b),
indicating crystallization of the NiÈP amorphous alloy at high
temperature. In addition, the appearance of the di†ractional
peaks of crystalline NiÈP alloy in the XRD pattern indicates
the presence of the metallic NiÈP alloy in the fresh Raney
NiÈP sample since no signiÐcant NiÈP alloy di†ractional
peaks were observed in the XRD pattern of the mixture con-
taining metallic Ni and red P when it was treated under the
same conditions. The amorphous structure of Raney NiÈP
was further conÐrmed by the extended X-ray absorption Ðne
structure (EXAFS, BL-10B). Fig. 2(a) shows the radial dis-
tribution functions (RDF) of the fresh sample obtained from
the s(k)k3 Ni edge by fast Fourier transformation. Only one
broad peak around R\ 2.1 was observed, indicating thatÓ
the sample has no long-range order but only a short-range
ordering structure conÐned within the Ðrst near-neighbor
atom layer.22 After the sample was treated at 673 K, a
remarkable increase in the strength of the original peak and
two additional small peaks at longer distances (ca. 3.7È4.6 Ó)
were observed, as shown in Fig. 2(b) indicating a transform-
ation from the amorphous structure to a well-ordered crys-
talline structure. Di†erential scanning calorimetry (DSC,
Perkin-Elmer) also revealed that the Raney NiÈP sample was
thermodynamically metastable and underwent an exothermic
crystallization at 670 K. However, the crystallization tem-
perature of Raney NiÈP is nearly 70 K higher than that of

Fig. 1 XRD patterns of Raney NiÈP samples : (a) fresh, (b) after
being treated at 673 K for 2.0 h.

Fig. 2 RDF curves of Raney NiÈP samples : (a) fresh, (b) after being
treated at 673 K for 2.0 h.

regular NiÈP, demonstrating the great improvement of its
thermal stability by the skeletal structure and the presence of
residual Al species.

The surface electronic state of Raney NiÈP was determined
by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PH
I 5000C). All binding energy (BE) values were calibrated by
using the BE value of contaminant carbon eV) as(C1S \ 284.6
a reference. Fig. 3 shows the XPS spectra of a Raney NiÈP
sample, before and after Ar` etching for 600 s. The XPS
spectra in the level demonstrates that most of the AlAl2Pspecies are present in the oxidized state (BE\ 74.3 eV)
throughout the catalyst. In the level, two peaks aroundNi2P3@2BE values of 852.7 eV and 856.2 eV represent metallic Ni in
NiÈP(Al) alloy (denoted as Ni0) and oxidized Ni (denoted as
Niox), respectively. The Niox species disappeared after Ar`
etching, showing that in the bulk of the sample, almost all the
Ni species are present as Ni0. In contrast, both the P in NiÈP
alloy (P0, BE\ 129.6 eV) and the oxidized P (Pox, BE\ 133.4
eV) species were observed in the level with or without Ar`P2Petching, indicating that P was oxidized in the bulk. In com-
parison with the standard BE values of metallic Ni and red P,
no signiÐcant BE shift of either Ni0 or P0 was observed, indi-
cating that the electronic interaction between Ni and P in the
NiÈP alloy could be neglected.

The activity test was carried out in a tubular glass Ðxed-bed
reactor (0.8 cm ID) in a continuous process at 1 atm pressure
(473 K), and in the absence of ammonia. The reaction condi-
tions are as follows : catalyst amount \ 1.0 g, space
velocity\ 1700 h~1, (molar ratio). Our pre-H2 : ADN\ 37
liminary study revealed that the catalyst did not show di†u-
sion restrictions under the present conditions. The ADN
dissolved in EtOH was vaporized in a bubbling-type evapo-
rator at 523 K, and then fed into the reactor with a hydrogen
mixture as carrier gas (75 ml min~1). The effluents were
analyzed by means of an on-line gas chromatograph (GC
1102) with a Ñame ionization detector equipped with a 25 m
OV 101 capillary column, and a 353È533 K oven temperature
programmed as a 4 K min~1 ramp. Conversion and selectivity
were deÐned by the following equations : conversion
(%)\ (mol of ADN consumed) ] 100/(mol of ADN fed).
Selectivity (%)\ (mol of HMA determined)] 100/(mol of
ADN consumed).

The metallic Ni species in the NiÈP alloy were proven to be
the active sites in the ADN hydrogenation by the following
observations. (1) No signiÐcant activity was observed when
Raney NiÈP was preoxidized in an Ñow at 503 K for 2.0 hO2while the high activity was recovered after it was reduced in a

Ñow for another 2.0 h. (2) The initial activity of RaneyH2NiÈP was relatively poor and then increased gradually during
the reaction. This can be understood by considering that oxi-
dized Ni species cover the catalyst surface, as shown by the
XPS spectra in Fig. 3, and that these can be gradually reduced
under Ñow during the reaction. After 3 h, constant activityH2and selectivity were obtained, indicating that the catalyst

Fig. 3 XPS spectra of a Raney NiÈP sample : (a) original, (b) after
etching for 600 s.
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Table 2 Catalytic behavior of di†erent catalystsa

Selectivity(%)

Catalyst Conversion(%) HMA 6-Aminohexanenitrile Azacycloheptane

Raney NiÈP 100 64 21 15
Regular NiÈP 17 65 25 10
Crystalline Raney NiÈP 100 15 78 7
Raney Ni 100 5 87 8
30 wt % Ni/cÈAl2O3 100 27 16 53

a Reaction conditions : Ðxed-bed reactor, catalyst amount\ 1.0 g, space velocity\ 1700 h~1, (molar ratio), P\ 1 atm, T \ 473H2/ADN \ 37
K.

reached a steady state. All the catalytic activities and selec-
tivities mentioned in the following discussion were collected
during the steady state.

As shown in Table 2, all the Ni-based catalysts, except the
regular NiÈP amorphous alloy, exhibited very high activities
(100% conversion of ADN) under the reaction conditions
used. The lower activity of the regular NiÈP is possibly attrib-
uted to its extremely low surface area. By GC various pro-
ducts have been identiÐed and it was found that the nature of
the catalyst strongly inÑuenced the product distribution.
Raney NiÈP and regular NiÈP favor HMA formation, Raney
Ni and crystalline Raney NiÈP are responsible for 6-
aminohexanenitrile formation, while tends toNi/c-Al2O3produce azacycloheptane. Therefore, we can indicate the order
of selectivity to HMA as Raney NiÈPB regular NiÈP[ Ni/c-

Raney NiÈP[ Raney Ni.Al2O3 [ crystalline
As is well known, there are several factors a†ecting the

selectivity of the catalyst. Thus, the high selectivity of Ni/c-
to azacycloheptane is presumably attributed to theAl2O3strong interaction between Ni active sites and the c-Al2O3support.11 The similar selectivity of Raney NiÈP to that of

regular NiÈP is attributed to their similar amorphous struc-
tures. Raney NiÈP and regular NiÈP amorphous catalysts
exhibit much higher selectivity to HMA than crystalline
Raney NiÈP or Raney Ni, implying that the amorphous struc-
ture plays an important role in determining the distribution of
the reaction products in the present ADN hydrogenation,
which is usually interpreted in terms of electronic and struc-
tural e†ects. As no signiÐcant electronic interaction between
Ni and P was observed, the higher selectivity of Raney NiÈP
to HMA is mainly attributed to the unique structural charac-
teristics of the Ni active sites in the NiÈP amorphous alloy,
owing to the modiÐcation of alloying P since the XPS results
reveal a P enrichment on the surface of the Raney NiÈP cata-
lyst.

To conÐrm the above conclusion, the structural parameters
of Ni active sites were calculated from the EXAFS data. As
shown in Table 3, one can see that the parameters of both
Raney NiÈP and regular NiÈP amorphous alloys are almost
the same, while they are quite di†erent from those of either
crystalline Raney NiÈP or crystalline Raney Ni. The relatively
lower coordination number (N) demonstrates that the Ni
atoms in Raney NiÈP and regular NiÈP amorphous alloy are
more highly unsaturated. The relatively higher DebyeÈWaller
factor (p), which represents the disordering degree, reveals that

Table 3 Structural parameters of the Ni-based catalysts

Catalyst RNihNi/Ó N p/Ó

Raney NiÈP 2.48 4.0 0.61
Regular NiÈP 2.49 4.0 0.60
Crystalline Raney NiÈP 2.52 6.0 0.50
Raney Ni 2.51 5.5 0.49
Ni foil 2.50 12 È

the Ni active sites are distributed more homogeneously in the
aforementioned NiÈP amorphous alloys. As pointed out by
Baiker in his review on metallic glasses as catalysts,13 these
structural properties favor excellent selectivities in hydro-
genation reactions. Its should be noted that detailed studies
on the reaction mechanism of ADN hydrogenation and of the
absorption of ADN and the reaction intermediates on di†er-
ent catalysts should be performed to elucidate the above
results. These studies are underway.
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