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Abstract The quasicrystalline structures of alloys with
nominal compositions of Al;,Nij34Co0146 and Al;,3Nisg
Coj9g were characterized by X-ray diffraction, transmis-
sion electron microscopy and scanning electron micros-
copy. For catalytic application, the solids were leached
with an alkaline NaOH solution and tested at 373 K with
two model reactions under atmospheric pressure: hydro-
genation of crotonaldehyde and acetonitrile. The catalytic
activities of these leached alloys were compared to that of a
Raney nickel reference catalyst. Catalysts prepared from
quasicrystals showed high catalytic activities and high
selectivities towards butanal (in crotonaldehyde hydroge-
nation) and ethylamine (in acetonitrile hydrogenation).

Keywords Quasicrystal - Crotonaldehyde - Acetonitrile -
Hydrogenation - Cobalt nickel alloys - Raney nickel

1 Introduction

Quasicrystals (QC) have well-ordered structures without
periodicity, and exhibit noncrystallographic rotational
symmetries (i.e. 5 and 10 symmetries). Since the historical
discovery of the icosahedral phase in a rapidly solidified
Al-Mn alloy by Shechtman [1], over 100 binary, ternary
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and quaternary alloys systems have been found in many
quasicrystalline structural systems [2]. Significant efforts
have been made for the study of alloy synthesis, structure
and physical properties on Al-Cu-Fe and Al-Ni—Co sys-
tems [3-5].

Since the discovery in the late 80’s [6] of stable and
highly ordered decagonal phases in a solidified
Al,;oNi;sCo,5 alloy, the AI-Ni—Co phase has attracted a lot
the interest. The first realistic structural model of this
phase, which can be described as a quasiperiodic
arrangement of columnar clusters of atoms (called ‘dec-
agonal atom clusters’) with a diameter of about 2 nm, was
proposed from high-resolution electron microscopy
(HREM) studies [7]. Two types of structures, which can be
characterized as rhombic and pentagonal tiling in the
arrangements of the decagonal clusters, were found as
different temperature phases. Subsequently, many types of
electron diffraction patterns were found for a wide range of
compositions of the decagonal phase [8—11].

The potential application of quasicrystals for catalysis
was first investigated by Nosaki et al. [12]. Like Raney
nickel catalysts, after alkaline leaching, these solids show a
relatively high specific surface area and a high density
metallic sites for catalysis. The catalytic activities of
samples prepared from various Al-Mn alloys with crys-
talline and quasicrystalline structures were compared for
the methanol decomposition reaction. Results show that the
highest hydrogen yield was obtained over the catalysts
prepared from quasicrystalline form. Then, Tsai and
coworkers [13-16] studied the catalytic properties of ico-
sahedral quasicrystal systems from Al-Cu—Fe alloys with
various compositions for the steam reforming reaction of
methanol. Some fundamental studies of adsorption and/or
reactivity of simple molecules (e.g., CO, CH;0H and H,)
on the surface of quasicrystals such as Al-Pd-Mn [17, 18],
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Al-Ni—Co [19] and Ti—Zr—Ni [20] were also reported. In
these studies, the objective was H, production, but the
similarity of QC alloys to Raney nickel suggests that
excellent hydrogenation properties could be also obtained.
In the present study, we will attempt to illustrate an alter-
native application of QC-based catalysts with two hydro-
genation reactions.

Selective hydrogenation of o, f-unsaturated aldehydes
to the corresponding alcohols is an important reaction used
in the chemical industry to produce intermediates for fra-
grance, medicine and agricultural chemicals [21]. It is
known that noble metal catalysts based on Pt, Ru or Rh
promote preferentially the hydrogenation of the C=C bond.
Many studies have been performed to improve the catalytic
activity and the selectivity to unsaturated alcohols,
including investigations of different supports [22, 23],
metal-support interactions [24-26], addition of a second
metal [27, 28] and promoter effects [29-31]. As an alter-
native to noble metal catalysts, the use of Ni is also studied
for this group of hydrogenation reactions.

Nickel catalysts (especially Raney nickel catalyst)
present a high activity for C=C bond hydrogenation reac-
tion and low levels of doping with Co, Fe, Mn (less than
10%) promotes hydrogenation activity [32]. Addition of a
small quantity of copper improves the selectivity for the
C=0 group hydrogenation and decreases the activity of
catalysts [33, 34]. Cobalt supported and cobalt doped
Raney catalysts possess high potential for C=0O group
hydrogenation and much work has been done to improve
catalytic activity and selectivity in forming unsaturated
alcohol, such as addition of Pt [35], B [36, 37] and CI or
Br™ [29].

Copper catalysts supported on Al,O3 and SiO, were
also studied for this hydrogenation reaction [30, 31].
Maximum selectivity in crotyl alcohol is about 10%, but
the addition of Zn or S improves the selectivity. Alterna-
tive catalysts for this reaction can be prepared from
quasicrystal alloys.

Another important hydrogenation reaction is the con-
version of nitriles for the production of amines, which are
widely used in the pharmaceutical, textile and plastic
industries. The reaction is catalyzed by a variety of tran-
sition metals, especially by those from group eight. The
nitriles can be hydrogenated either in liquid-phase or in
the gas-phase. The metal used as catalyst determines the
selectivity and activity. Thus, for the production of primary
amines the nickel-based catalysts are commonly used [38].
In this case, the nature of the support strongly influences
the selectivity and activity by its acid—basic properties: the
acid sites are partly responsible for condensation reactions
giving higher amines [39, 40], whereas the mixed oxides
with strong basic properties increase the selectivity of the
nickel catalysts to primary amines [41].
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In the present work, we have investigated an Al-Ni—Co
quasicrystalline system with different compositions. After
leaching, their structural and catalytic properties for
hydrogenation reaction of crotonaldehyde and acetonitrile
were determined and compared with a Raney nickel ref-
erence catalyst.

2 Experimental

Alloys were prepared from pure elements (Al, Ni, Co) by
atomization method at Saint Gobain [42] and composition
determined by ICP (Spectro-D). TEM observation and
electron diffraction were carried out on JEOL 2010
instrument equipped with an EDS Link Isis microanalysis
system. Morphology was characterized by SEM with a
Hitachi S800 microscope. The XRD patterns were recorded
using a Bruker D5005 diffractometer with Cu Ka radiation.
In situ reduction, from room temperature and up to 973 K,
patterns was recorded using a Panalytical X’ Pert Pro MPD
diffractometer (X’Celerator detector) equipped with an
Anton Paar XRK 900 reactor chamber. The phases were
identified using the Powder Diffraction File (PDF) database
(JCPDS, International Centre for Diffraction Data).

Specific surface areas were measured by nitrogen
physisorption at 77 K. X-ray photoelectron spectroscopy
(XPS) experiments were performed in a KRATOS Axis
Ultra DLD spectrometer using monochromated Al-Ku«
radiation source at 1486.6 eV.

Before catalytic testing, the powder samples were lea-
ched in 20 wt.% NaOH aqueous solution, similarly to the
alkaline treatment of Raney catalysts [43, 44]. Subse-
quently, the samples were kept in the alkaline solution for
2 h at ambient temperature and then kept 1 h in the boiling
solution, after which they were decanted and washed with
distilled water until no alkali was detected in the filtrate.
The catalysts were either dried in vacuum at 373 K for 4 h
or kept in water. The purpose of the drying procedure under
vacuum is to oxidize nickel and cobalt atoms on the cat-
alyst surface and to avoid the sintering of catalyst during
contact with air. Reactivation of the catalyst is then per-
formed by in situ reduction.

The Temperature Programmed Reduction analyses were
performed in a conventional apparatus, using a micro GC
equipped with a thermal conductivity detector. The
reduction was carried out from room temperature up to
873 K (10 K/min), under a 50 mL/min flow rate of 5%
hydrogen/nitrogen gas mixture [45].

The extent of reduction (R) of nickel (or cobalt) was
determined by the magnetization method. The saturation
magnetization of catalysts was measured with an electro-
magnet providing moderate fields (20904 Oe) at 300 K by
removing the sample rapidly from the coil. The relative
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accuracy on the magnetization measurements was 107>,
The formula applied is R = mM—(fSIOO where Mj is saturation
magnetization measured, gg is specific magnetization of
nickel (or cobalt) and m is total mass of nickel (or cobalt).
For the AINiCo catalysts, we calculated the average spe-
cific magnetization of two metals (nickel and cobalt) after
correction of the effect of residual Al in catalysts upon
specific magnetization of nickel reported by Martin et al.
[46] and upon specific magnetization of cobalt reported by
Richard [47].

The crotonaldehyde hydrogenation was carried out in a
tubular fixed bed reactor at 373 K and atmospheric pres-
sure. Before reaction, the dried catalyst samples were
reduced in situ under a flow of 50% hydrogen +50%
nitrogen at 623 K for 2 h. For samples kept in water, in situ
removal of water before reaction is necessary under a flow
of 50% H, in N, gas mixture at 373 K for 2 h. Weight of
catalyst kept in water was determined by picnometry
method. The value of the density of the solid used for this
determination is 4.5 g/cm?’.

Crotonaldehyde or acetonitrile (>99% purity, Aldrich)
was introduced in a saturator-condenser system submerged
in a cryostat bath at 273 K and flushed with H,. Reaction
products and unreacted crotonaldehyde or unreacted ace-
tonitrile were analyzed online by a gas chromatograph (HP
4890A) equipped with a flame ionization detector and a
Chrompack CP-SK-SCB column (length 25 m, diameter
0.32 mm).

Reaction rate of crotonaldehyde and acetonitrile is
defined as the number of moles of crotonaldehyde and
acetonitrile consumed, respectively, per second divided by
the weight of catalyst (g). Conversion to a certain product
is defined as the fraction of the crotonaldehyde or an ace-
tonitrile feed converted into that product. A Raney Ni
(Prolabo) catalyst was leached in a similar manner as the
one described above and used as a reference for the

comparison of catalytic performances. For both catalytic
reactions, the results were reproducible within 5%.

3 Results and Discussion
3.1 Characterization

The quasicrystalline structure of alloys with nominal
compositions of Al;,Nij34Co14¢ (referred to as AINiCol)
and Aly, 3Ni; gCo;9¢ (referred to as AINiCo2) which are
used in this study fall in the decagonal zone of the ternary
Al-Ni—Co phase diagram proposed by Yurechko et al. [48].
One is situated at the left border and the other in the middle
of this decagonal domain.

Figure 1 shows the X-ray powder diffraction patterns of
two alloys based on Ni and Co. Their diffraction patterns
look similar and correspond to that of quasicrystalline
structure of ternary Al;oCo,sNi;s (PDF 47-1407) and cor-
responds to type I phase. Morphology of the two alloys was
characterized by SEM and shown in Fig. 2a, b. Both alloys
present a spherical shape (particles with an average diam-
eter of about 10 um). This morphology is particularly
suitable for catalytic applications. Since there are no
apparent differences between the two Al-Ni—Co alloys,
only AINiCol alloy was further characterized using elec-
tron diffraction and HRTEM techniques.

The electron diffraction patterns of the alloy confirm the
presence of a decagonal phase (Fig. 3). We can observe
several rings of spots of ten-fold symmetry around the
center of the diffraction image. It is close to most typical
diffraction patterns of AINiCo systems with decagonal
quasicrystalline structure [49, 50]. HRTEM image illus-
trates also the Penrose tiling of the superstructure Fig. 4.
The presence of a thin layer of Al,O3 (below 2 nm) at the
surface of the grains was also revealed by HRTEM.

Fig. 1 XRD patterns of a
Alp;3Niz 3Coyg 5 (a) and s
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Fig. 2 Morphology of
Al7Nij34Co146 (2)

Al 3Ni; gCo19 (b) and
Al7,Ni 3 4Co4¢ after alkaline
leaching (c)

Fig. 3 3D image of the electron diffraction pattern of Al;»Nijz4
Coy46 alloy

Upon in situ reduction up to 973 K, AINiCol does not
present any structural modification. On the contrary,
AINiCo2 alloy with initial decagonal structure (PDF 47-
1407) was partly modified into another decagonal phase
Al;oNi;oCoyy (PDF 50-0963) after heat treatment at 973 K
under hydrogen flow. The structural transformation of
AINiCo2 alloy under hydrogen flow was followed in situ
by XRD temperature reduction (see Fig. 5). From ambient
temperature up to 823 K, the intensity of characteristic
peaks does not change, but their positions are slightly
shifted due to lattice expansion. From 848 K, a decrease of
the intensity of the diffraction peaks characteristic of the
decagonal phase Al;oNi;sCo;s (PDF 47-1407) is observed.
Simultaneously, new peaks characteristic of another dec-
agonal phase of Al;oNi;gCoyg (PDF 50-0963) appear and
remain up to 973 K. This corresponds to type [++S 1 phase
transition [10].
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Fig. 4 HRTEM of Al;,Ni;34Coy46 alloy and schematic illustration
of arrangement of ring contrasts

The textural properties of the alloys are given in
Table 1. The specific surface area of the initial particles is
below 1 m?%/g, similar to Raney nickel alloy.

After alkali leaching, the metallic catalysts present
specific surface areas in the range of 30-50 m%/g. Alkali
leaching considerably reduces Al content with only a few
% of Al remaining (see composition after leaching in
Table 1). After alkaline leaching, alloys can not retain their
initial structures; this treatment appears to have completely
modified the structure of alloys into amorphous form and
weak contributions of Ni and Co metallic cubic phases are
detected. The apparent crystallite size of the metallic par-
ticles estimated from XRD patterns is also listed in this
Table 1. According to this technique, metal particles are
well dispersed (below 4 nm) similar to pure Raney Ni
catalysts. The presence of AI(OH); was observed with low
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Fig. 5 In situ evolution X-ray

diffraction patterns of AINiCo2
alloy, under H, flow, from RT

up to 973 K
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Table 1 BET surface area of catalysts and apparent crystallite sizes

50 60 70 80 90
Degree, 2 theta

Catalysts Structure (XRD) SBET m2/g Apparent crystallite size*, nm
Initial Leached
A172Ni13.4C014‘6 A + cubic 0.4 35 3.8
Al72(3Ni7'8C019‘g A + cubic 0.5 37 3.8
Raney nickel A + cubic 0.4 50 4.1
A amorphous, * determined from Scherrer equation
Fig. 6 XRD patterns of
AlNiCol (a) and AINiCo2 (b)
after alkaline leaching
[e]

o Cubic phase of Ni, Co

5 A A AI(OH),
3
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1] M, b
g e
a
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intensity (Fig. 6). The modifications induced by alkali
leaching are similar to those reported by Fouilloux [39] on
Raney nickel alloys.

Degree, 2 theta

The morphological transformation of AINiCol catalysts
(and AINiCo?2 is similar and not reported here) prepared by
alkaline leaching was monitored by SEM and is shown in
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Fig. 2c. The initial spherical shape of the particles is par-
tially kept, but the particles appear to be more porous with
a rougher surface.

The TPR profiles of dried samples are shown in Fig. 7.
The first peak of hydrogen consumption in the 510-540 K
range was assigned to reduction of the NiO, CoO. A low
intensity peak observed at 600 K for the AINiCo2 sample

Raney nickel

AINiCo2

\ / AlINiCol

250 350 450 550 650 750 850
Temperature, K

Hydrogen intensity, au

Fig. 7 TPR profiles of Raney nickel, AINiCol and AINiCo2
catalysts

3,0
0
S 55
g 2
)
S5 2,0
c
2 1,51
©
N
g 1LOT# —o— Dried in vacuum then reduced in situ | 1
S 05 —=— Conserved in water
m 3y 1 . .
= —e— Dried in vacuum

0,0 T . . :

0 5000 10000 15000 20000 25000
H, Oe

Fig. 8 Magnetization curves of Raney nickel catalysts after various
treatments

is characteristic of the reduction of the Co;0,4 phase [51,
52]. This peak is not clearly observed for the AINiCol
sample because of its low intensity and its overlap with the
fist peak. Before catalytic reaction, we have chosen the in
situ reduction at 623 K under 50% H, in nitrogen flow for
all catalysts dried in vacuum.

Magnetic measurement is a highly accurate technique
for the determination of the extent of reduction of Ni or Co
metal catalysts [53]. In order to see if the passivation/
reduction procedure causes particle sintering and if it
possible to recover the reduced state of the sample kept in
water, the magnetization curve of Raney catalyst was
acquired at various stages (kept in water, passivated and
reduced). We can observe (Fig. 8) that in situ reduction of
the passivated sample allows recovery of the magnetization
of the sample kept in water. From the magnetization
curves, we can determine the extent of reduction of the
metallic phases. Table 2 summarizes these results. As
mentioned in the experimental part, even for Raney cata-
lyst, the system is rather complex due to the presence of
remaining Al. In the QC-based catalyst, this is even more
complex due to the presence of another magnetic phase,
Co. The assumptions used for the determination are pre-
sented in the experimental part. During drying in vacuum,
catalysts have been partially oxidized; such passivation
prevents sintering in contact with air. Nickel in the surface
of Raney nickel catalyst has been oxidized about 50%. But
the presence of cobalt in AINiCo catalysts seems to limit
the extent of oxidation in comparison to Raney nickel, with
remaining metallic contribution in the range of 60%. When
the passivated sample is reduced in situ, a degree of
reduction close to 100% is obtained. Keeping the samples
in neutral water leads to a partial oxidation occurring at the
surface of the catalysts. Thus, the degree of reduction
remains in the range of 92-96%. A more detailed charac-
terization of this surface oxidation is given by the XPS
analysis. Figure 9 shows the XPS spectra of Ni 2p (Fig. 9a)

Table 2 Reduction degree of nickel and cobalt in catalysts determined form magnetization measurements

Catalysts (after alkaline leaching) Treatment method Content % Reduction degree %
Ni Co

Raney nickel Dried in vacuum 72 - 52
Dried in vacuum then in situ reduction” 72 - 97
Conserved in water 92 - 92

AINiCol Dried in vacuum 40 45 60
Dried in vacuum then in situ reduction” 40 45 100
Conserved in water 45 51 95

AINiCo2 Dried in vacuum 25 63 65
Dried in vacuum then in situ reduction” 25 63 100
Conserved in water 28 66 96

* In situ reduction was carried out at 773 K for 2 h
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Fig. 9 XPS spectra of AINiCol Ni 2p3;,
dried in vacuum, kept in water a1 —r
and kept in NaOH solution: Ni Passivated A o
2p (a) et Co 2p (b) S8V
Kept in water

3 1 A oxide

Qo O metal

2 |
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and Co 2p (Fig. 9b) in AINiCo catalysts (dried under
vacuum, kept in water and kept in NaOH preparation
solution). The high resolution of the spectrometer allows
distinguishing the two contributions of metallic and oxide
state of the two elements. For the AINiCol sample dried
under vacuum, a peak Ni 2p;3,, at 855.8 eV characteristic of
the nickel oxide is detected with a high intensity which
could be attributed to NiAl,O, or Ni(OH), states. A peak
Co 2p;3,; at 781 eV is characteristic of cobalt oxide under
the form of CoAl,O4 or Co(OH),. These two peaks of Ni
and Co oxide contributions cannot be detected in the case
of AINiCo catalysts kept in NaOH solution and spectra
correspond to metallic references [54].

The contribution of each kind of species can be evalu-
ated by decomposition of the peak as reported in Table 3.
This result is similar to the observation of other authors on
Raney nickel who indicated that nickel on the surface of

Binding bond, eV

Table 3 Contribution of metallic and oxide states oxidation of Ni
and Co on the surface of AINiCol catalysts

Treatment Co Ni

Metal Oxide Metal Oxide

Kept in NaOH 100 No contribution 100 No contribution
Kept in H,O 32 68 43 57

Passivated 5 95 20 80

Raney nickel catalyst could be oxidized about 30-40%
when kept in water [55, 56]. Surface oxidation of catalysts
passivated and kept under neutral water corresponds
respectively to more than 80% and less than 70%. In
AINiCol sample, Co atoms are slightly more oxidized than
Ni ones.
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Table 4 Catalytic activity for crotonaldehyde hydrogenation at 373 K after 2 h of reaction

1 —1

Catalysts Initial compositions Treatment Teroton, MOl 277 8 Crotyl alcohol/butanal ratio
AINiCol Al75Ni34Co146 Dried under vacuum 120 0/1

Kept in water 150 0/1
AINiCo2 Aly, 3Niy gCo19 g Dried under vacuum 105 0/1

Kept in water 130 0/1
NiR Al;5Niss Dried under vacuum 95 0/1

Kept in water 125 0/1
3.2 Catalytic Tests

a
3.2.1 Crotonaldehyde Hydrogenation w2 100
2 4
Catalytic activities in the conversion of crotonaldehyde, é 80 o
measured at 373 K, are shown in Table 4. The rate of g ’./"-" W
conversion (Teroon) and selectivity (crotyl alcohol/butanal o 60
ratio) were determined at about 15% conversion of cro- g w0 /
tonaldehyde by changing the contact time. As compared to g / J
Raney nickel reference catalysts, QC catalysts exhibit K] 20
comparable or higher activities. Under these low conver- g 1
sion conditions, catalysts only produced butanal. 3 0 "_é‘:ﬁq:ﬁ:w;{‘
Catalytic activity of catalysts kept in water (no reacti- 0 20 40 60 80 100

vation by in situ reduction at 623 K before catalytic reac- Crotonaldehyde conversion, %
tion) is always higher than that of catalysts dried in b
vacuum, which can be explained by a slight difference of 100
surface composition of the catalysts and/or a small sinter- % )

ing during the in situ reduction.

The presence of cobalt in AINiCo catalysts has not
significantly improved the activity of the catalysts. The
stability of QC catalysts is comparable or even better that
of Raney nickel reference catalyst (see Fig. 10).

Variation of crotonaldehyde conversion and selectivity
of products by contact time (hydrogen flow and/or catalyst
mass) are shown in Fig. 11. The distribution of products in
a wide range of conversions does not change significantly
as compared to Raney nickel catalyst even if cobalt is less

140

120

80

—&— AINiCo1

60 +H —=— AINiCo2

Transformation rate of
crotonaldehyde, pmol/g/s

—a— NiR

40

0 2 4 6 8
Time, h

Fig. 10 Stability of catalysts for crotonaldehyde hydrogenation at
373 K
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HsC, CH.— G =N +H, . +H
crotonaldehyde CHZ?C{-{Z 8 o CH,—CH =NH CH, 7(Hﬂ’7NH2
2 |
HsC H A —C—N—C—
SN /H butanal HsC CH, (H; NH, \\:’3 S N ﬁ CHy
C=C " CHz~CH , A ,
H — 2
=0 Hp CH,—OH H _CH,—CH,
H CH,—C—N-C—CH, OO TN L on
l Hsc\ /H butanol NHZH H, NH, , 5
C=Q
Cg condensation product H CH,—OH
crotyl alcohol H -NH, -NH,
Scheme 1 Hydrogenation reaction on AINiCo and Raney nickel CH.—C—NH _CH,—CH,
catalysts CH,—G=N—C—CH, STH O NG -—oH
H H, 2 3
active than nickel in this hydrogenation reaction. As “ H T +H,
. . 2
compared to the literature, we do not observe any impact of CH—CH
o e N 2 3
the presence of Co on the selectivity [35, 36]. The prepa- CH,—C—N—G—CH, CH,—C—N
H, H H, 2 CH,—CH,

ration method used for the synthesis of QC compositions
involves the manufacture of a true alloy between Ni and Co
whereas conventional impregnated catalysts may not
present such close combination of the two metals. Thus,
with a true alloy composition, no electronic effect which
controls the adsorption mode of o, -unsaturated aldehydes
on the surface and which might favor the selectivity
towards crotyl alcohol is observed. One can assume that the
selectivity observed on Co based catalysts in previous
studies originates from the contribution of segregated Co
particles [35, 36].

Up to 80% conversion, selectivity into butanal is higher
than 90%. Above this conversion level, butanal starts to be
transformed into butanol. Light and heavy compounds
were detected with concentrations lower than 0.5% because
of cracking and condensation reactions of crotonaldehyde
and/or products.

The product selectivity of catalysts based on Ni, Co is
thus explained by the simplified mechanism of two con-
secutive hydrogenation reactions Scheme 1.

The presence of residual Al in catalysts with content of
3.5-9% plays an important role in the performance of
Raney type nickel catalysts, because it can act as an elec-
tron donor to nickel, rendering the d-band of nickel less
electron deficient, and thus influencing the absorption of
the reacting species [42]. So, the remaining metallic Al has
a pronounced effect on the magnetization signal of cata-
lysts. Moreover, by a systematic theoretical calculation,

Scheme 2 Acetonitrile hydrogenation reaction scheme [54]

Delbecq et al. [57] suggested that the main attractive effect
in the adsorption of aldehyde on surface is the back-
donation from the metal orbitals into the n*cq orbital. In
this respect, the electron donation from Al to Ni can
enhance such back-donation and consequently favour the
bonding using the carbonyl group. But in our case, we have
not observed such an effect of the residual Al upon the
selectivity of crotyl alcohol.

3.2.2 Acetonitrile Hydrogenation

Similarly, catalytic activities in the conversion of acetoni-
trile hydrogenation were measured at 373 K, as shown in
Table 5. The following reaction scheme proposed by Li
et al. [58] illustrates the various pathways of the reaction
Scheme 2.

Only dried catalysts were studied in that case. The rate
of conversion (I'pcetonitile) Was determined at about 15%
conversion of acetonitrile by changing the contact time.
Selectivity was checked for all conversion levels tested and
are compared at total conversion in Table 5. AINiCol
catalysts exhibit slightly higher activities than Raney nickel
reference catalysts. Variation of acetonitrile conversion and
selectivity to products by contact time (hydrogen flow and/
or catalyst mass) are shown in Fig. 12 and can be

Table 5 Catalytic activity for acetonitrile hydrogenation at 373 K after 2 h of reaction

1 -1

Catalysts Initial compositions Treatment I acetonitrile HMOl g7 8 Selectivity at 100%
conversion ethylamine/
diethylamine/triethylamine

AINiCol Al75Ni34Co146 Dried under vacuum 11.8 97/3/0

AINiCo2 Aly, 3Ni7 gCo19 5 Dried under vacuum 9.8 98/2/0

NiR Aly5Niys Dried under vacuum 10.1 89/9/1
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Fig. 12 Conversion toward products versus total conversion for
acetonitrile hydrogenation on AINiCol (a), AINiCo2 (b) and Raney
nickel (c¢) Ethylamine @m===g, Dimethylamine +, Triethyl-
amine ===fil===Heavy products +

interpreted as parallel reactions, the main product being
ethylamine and two side products being diethyl and tri-
ethylamine. The two catalysts based on Ni—Co alloys
present the same behaviour. At 100% conversion, the main
product is ethylamine. The products distribution shows a
high selectivity towards ethylamine (97-98%) and the
presence of diethylamine (3-2%) as by products (see
Table 5; Fig. 12). Raney nickel selectivity towards ethyl-
amine is smaller (89%) and diethylamine and triethyl
amines are observed in larger amounts (9 and 1% respec-
tively). Traces of heavy products were detected mainly on
the Raney nickel catalysts. Thus, the catalysts prepared
from QC NiCo alloys are more selective than the Raney
catalyst.

@ Springer

4 Conclusions

This work illustrates the potential application of quasi-
crystals as catalyst precursors. Decagonal structure of two
AINiCo alloys has been investigated by using SEM,
HRTEM and electron diffraction and in situ XRD. These
alloys, after alkaline treatment, provide NiCo dispersed
metal catalysts in a skeletal form with high degree of
reduction. By alkali leaching, these quasicrystalline alloys
can be used as precursors for highly active hydrogenation
catalysts comparable to or more active than a reference
Raney Ni catalyst. This type of catalysts based on nickel
and cobalt is very active in hydrogenation reactions of
crotonaldehyde and acetonitrile. For the acetonitrile reac-
tion, the QC catalysts present similar activities to Raney
nickel catalysts, but exhibit a higher selectivity towards the
desired product.
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