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Co/Ni/Mg/Al Layered Double Hydroxides as Precursors of Catalysts for
the Hydrogenation of Nitriles: Hydrogenation of Acetonitrile
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Layered double hydroxides (LDHs) with a hydrotalcite-like
structure and containing Ni2+/Co2+/Mg2+/Al3+ cations in differ-
ent amounts were prepared and activated in various conditions.
Depending on the chemical composition and the calcination tem-
perature, mixed-oxide and spinel-like phases of complex composi-
tions are obtained. They lead to well-dispersed bimetallic phases
of high metal loadings upon reduction. Temperature-programmed
reduction by H2 showed that the introduction of Mg decreases the
reducibility of metals and that most of the Ni and Co are together
in bimetallic aggregates. These catalysts were tested in the gas-
phase hydrogenation of acetonitrile between 350 and 450 K and
with a H2/CH3CN molar ratio of ca. 33. The main product is ethy-
lamine (MEA); secondary products are N-ethyl,ethylimine at low
conversion, diethylamine and triethylamine at high conversion. The
Ni-free catalyst is three orders of magnitude less active than the
Ni-containing samples. The by-products are formed by condensa-
tion between “imine-” and “amine-like” adsorbed species on metal
and acid sites (bifunctional mechanism) and on the metal sites
alone as well. The tuned addition of Mg (Mg/(Mg+Ni+Co)≈ 0.25)
lowers the surface acidity and the bifunctionalized formation of
by-products consequently. A net increase in MEA selectivity is fur-
ther reached thanks to the formation of bimetallic NiCo phases. It is
proposed that by-product formation on the metal surface occurs by
condensation at Ni0 sites between multibonded adsorbed species,
which could be of the acimidoyl and aminomethylcarbene types.
The first role of Co is the dilution of the Ni surface in small ensem-
bles less prone to accomodate neighboring multibonded species. The
IR spectroscopy of adsorbed CO provided evidences of the dilution
of Ni by Co in bimetallic NiCo particles. A catalyst obtained from
the Co/Ni/Mg/Al (0.27/0.26/0.22/0.25) LDH, calcined at 393 K and
then reduced at 893 K, exhibits the highest selectivity to ethylamine,
98.2% at 10% CH3CN conversion. c© 2000 Academic Press
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INTRODUCTION

Layered double hydroxides (LDHs), or anionic clays
or hydrotalcite-type compounds, of general formula
1 To whom correspondence should be addressed.
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x (OH)2]x+[Am−
x/m] · nH2O contain divalent (Mg2+,

Zn2+, Ni2+, Co2+, Cu2+, . . .) and trivalent cations (Al3+,
Cr3+, . . .), the ratio MII/MIII being between 1.5 and 4.
These materials are promising precursors of multicompo-
nent catalysts and applications in this field are described in
recent reviews (1, 2). Upon calcination they afford simple
oxides, mixed oxides of the MII(MIII)O type, and spinel-
like stuctures. The mixed oxides may exhibit strong basic
properties as a function of the composition and thermal
treatments, and give rise by reduction to well-dispersed and
stable metal particles when reducible cations are present. In
many hydrogenations, selectivity to the target compounds
is enhanced by adding bases to the reaction medium, but
few reports describe how the basic character of catalysts
themselves may intervene. It would clearly be beneficial to
replace these procedures by new catalyst formulations, in
which the selectivity promotor belonged to the catalyst it-
self. This could be done by using intrinsically basic supports,
which MII(MIII)O mixed oxides could constitute.

We have thus shown previously that Ni/Mg/Al LDHs
are excellent precursors of Ni/Mg(Al)O type catalysts for
the hydrogenation of acetonitrile (3) and valeronitrile (4)
into primary amines. The selectivity to ethylamine in the
acetonitrile hydrogenation is maximum for materials with
Mg/(Mg+Ni)= 0.23 and (Ni+Mg)/Al≈ 3 (3), calcined at
623 K and then reduced at 673 K (5). Calorimetric studies
of ethylamine adsorption (3) and IR studies of adsorbed
acetonitrile (5) provided evidence that surface acidity was
the lowest in these materials. In the hydrogenation of ni-
triles, the condensed by-products are formed by transami-
nation reactions between amines and imines, according to
the formal reaction scheme shown in Fig. 1 (6). The se-
lectivity between primary and higher amines is first deter-
mined by the nature of metal (7). However, on supported
metal catalysts secondary reactions to higher amines can
also proceed on acid sites of the carrier by condensation
between amine and protonated imine to yield a proto-
nated aminal. The N-alkylimine or enamine, formed after
NH3 and proton releases, is in turn hydrogenated on the
metal sites to secondary or tertiary amine, respectively (bi-
functional mechanism) (3, 8, 9). When the surface acidity
7
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FIG. 1. Formal reaction sche

decreases, by-product formation through this route is thus
lowered.

Higher selectivities to primary amines could even be con-
sidered upon dedicated modifications of the metal phase.
It is well known that the properties of metal catalysts can
be fine-tuned by forming “bimetallic phases” (10). Higher
selectivites to hexamethylenediamine in the hydrogenation
of adiponitrile have thus been reached thanks to the pro-
motion of Ni by Co, Cr, or Ti addition in Ziegler–Sloan–
Laporte catalysts (11), and a patent claims for that reac-
tion the use of catalysts prepared from LDHs of various
compositions (12). Moreover, Co- and Ni-based catalysts
are very selective for the hydrogenation of nitriles into pri-
mary amines (6, 7), and the synthesis of Co/Ni/Mg/Al mixed
LDHs which leads to a wide variety of solids depending
on the composition and the thermal treatments (13), has
been reported recently. On that account, one might expect
synergistic effects between Ni and Co when associated in
the same catalyst prepared from Co/Ni/Mg/Al LDH. This
work was thus aimed at the design of new catalytic materials
prepared from Co/Ni/Mg/Al LDHs for the selective hydro-
genation of nitriles into primary amines, with main focus on
the modification of the metal phase; the gas-phase hydro-
genation of acetonitrile was chosen as a model reaction.

EXPERIMENTAL

Preparation and Characterization of the Catalysts

Samples containing Co2+/Ni2+/Mg2+/Al3+ cations with
a large range of compositions were prepared. They were
ained by coprecipitation at constant pH= 9± 0.2 of
aqueous solution containing in appropriate amounts
(NO3)2 · 6H2O, Ni(NO3)2 · 6H2O, Mg(NO3)2 · 6H2O, and
e for nitrile hydrogenation.

Al(NO3)3 · 9H2O with a solution of NaOH (1 M). The
dropwise addition was performed at 293 K under vigorous
magnetic stirring. The precipitated gels were heated in air
at 353 K during 14 h, then centrifuged and washed several
times with distilled water at 353 K. The solids were finally
dried in an oven at 393 K for 72 h. Details are given else-
where (13). All the solids exhibited the layered structure
of LDHs as shown by XRD. The chemical analyses of the
samples were carried out at the Service Central d’Analyse
du CNRS (Solaize, France) by ICP-MS. Compositions of
the samples are given in Table 1. The ratio6M2+/Al3+ was
fixed at 3 in the starting synthesis solutions and ranged from
2.22 to 3 in the dried solids. We intended to prepare two fam-
ilies of samples, which can be identified by a near-constant
Mg content (Mg/(Mg+Ni+Co)≈ 0.25–0.29) and variable
Ni/(Ni+Co) ratio on the one hand, and on the other hand
by near-constant Ni/(Ni+Co) ratio (≈0.49–0.51) and vari-
able Mg content.

The reducibility of Ni and Co species was examined by
temperature-programmed reduction (TPR) after calcina-
tion of the solids in air at 393, 623, and 773 K. The exper-
imental set-up was derived from that proposed classically
(14). The detection was carried out with the thermal con-
ductivity detector of a Shimadzu GC8 chromatograph. The
experimental parameters were carefully selected to meet
the recommendations of Monti and Baiker (15). An aliquot
of the catalyst (50–100 mg) was activated first for 1 h in
air at the temperature of calcination (ramp 10 K min−1,
flow= 100 cm3 min−1). The sample was then cooled to room
temperature under He flow (purity>99.995%). Helium was
replaced by the reducing H2/Ar gas (3/97, vol/vol, purity

of both gases > 99.995%) and the linear temperature pro-
gramme started from 293 to 1173 K (ramp 5 K min−1, flow
20 cm3 min−1).
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TABLE 1

Some Characteristics of the Co/Ni/Mg/Al LDHs

Sample Chemical formulaa (Mg+Co+Ni)/Al Mg/(Mg+Co+Ni) Ni/(Co+Ni) H/(Co+Ni)b

SR-19 [Co0.53Mg0.18Al0.28(OH)2](CO2−
3 )0.08(NO−3 )0.15 · 0.64H2O 2.53 0.25 0 0.012

SR-21 [Co0.41Ni0.13Mg0.19Al0.27(OH)2](CO2−
3 )0.05(NO−3 )0.23 · 0.58H2O 2.60 0.26 0.24 0.042

SR-26 [Co0.27Ni0.26Mg0.22Al0.25(OH)2](CO2−
3 )0.11(NO−3 )0.38 · 0.46H2O 3.00 0.29 0.49 0.037

SR-22 [Co0.14Ni0.37Mg0.21Al0.27(OH)2](CO2−
3 )0.07(NO−3 )0.19 · 0.63H2O 2.63 0.29 0.73 0.09

SR-20 [Ni0.53Mg0.19Al0.28(OH)2](CO2−
3 )0.05(NO−3 )0.22 · 0.62H2O 2.54 0.26 1 0.12

SR-23 [Co0.36Ni0.36Al0.28(OH)2](CO2−
3 )0.04(NO−3 )0.23 · 0.50H2O 2.61 0 0.50 0.042

SR-24 [Co0.32Ni0.33Mg0.09Al0.26(OH)2](CO2−
3 )0.12(NO−3 )0.22 · 0.57H2O 2.86 0.12 0.51 0.048
2− −
SR-25 [Co0.19Ni0.19Mg0.31Al0.31(OH)2](CO3 )0.13(NO3 )0.11 · 0.75H2O 2.22 0.45 0.50 0.06
a After calcination at 393 K.
b After calcination at 393 K and reduction at 893 K.

The accessibility to Ni0 and Co0 phases was determined
by H2 chemisorption in a conventional static apparatus. The
sample was reactivated at 773 K in H2 overnight, then out-
gassed at the same temperature for 2 h at a pressure of
2× 10−4 Pa. After saturation of the metal surface with H2

at 373 K and 50–60 kPa, the desorption isotherm of H2 was
determined by step till 1 kPa. The H2 uptake was estimated
by the extrapolation to zero pressure of the linear part of
the isotherm.

Acid–base properties of the carrier and metal function
were characterized by adsorption of CD3CN and CO, re-
spectively, followed by FT-IR spectroscopy. The powdered
precursors used for the IR experiments were those calcined
at 393 K then reduced ex situ at 823 K. About 20 mg of the
sample were pressed into a disk wafer of ca. 2 cm2 surface.
The in situ activation of the sample was performed in H2

flow at 723 K for 15 h, then evacuation at the same tempera-
ture and a pressure of 2× 10−4 Pa. Thereafter, the IR spec-
tra were recorded at room temperature with a Nicolet 320
FTIR spectrometer at a resolution of 2 cm−1 (200 scans). A
pressure of 530 Pa CO (>99.9%) was introduced into the IR
cell, at full coverage, then evacuated at room temperature.
The sample was outgassed by steps at increasing tempera-
tures till low CO coverage. IR spectra were then collected
at room temperature, after each evacuation. After the IR
spectra of adsorbed CO were completed, the wafer was acti-
vated again in situ at 723 K in H2. After evacuation at 723 K,
the sample was cooled to room temperature and CD3CN
(Sigma, isotopic purity>99.9%) was admitted to the cell, at
full coverage, then evacuated at room temperature. The IR
spectra were then collected by following the same protocol
as for the CO experiments.

Catalytic Test
The catalytic tests were performed in a microflow fixed-
bed reactor operating at atmospheric pressure. The diam-
eter of the reactor was about 8 mm, the catalyst bed was
about 1.5 mm thick (grain size 0.063–0.125 mm). Prior to
any measurements, 40 mg of catalyst were activated in situ.
The sample was first calcined in an O2/N2 mixture (20/80,
vol/vol) for 2 h at 393, 623, or 773 K (ramp 2 K min−1),
then cooled to room temperature under nitrogen. After
that, the sample was reduced in a diluted hydrogen flow
(H2/N2 10/90, vol/vol) at 723, 893, or 1023 K for 2 h (ramp:
2 K min−1). Acetonitrile was fed by bubbling H2 through a
saturator at 273 K. The reaction mixture (P(H2)= 98 kPa,
P(CH3CN)= 3 kPa) was then passed through the catalyst
and the effluent was analyzed by sampling on line to a gas
chromatograph (Perkin Elmer) equipped with a capillary
column (30 m× 0.25 mm i.d., apolar phase) and a flame ion-
ization detector. All connecting lines and commutation and
sampling valves were placed in a hot box heated at 373 K in
order to prevent any condensation. The following parame-
ters were determined to evaluate the catalytic properties:

acetonitrile conversion (mol%)

= 100× (acetonitrilein − acetonitrileout)/acetonitrilein

selectivityi (mol%)

= 100× (corrected area)i/(sum of all corrected areas).

The selectivities have been calculated from peak areas tak-
ing into account the different sensitivity factors in the flame
ionization detector.

In the protocol for the catalyst tests, the sample was
first passivated for 12 h at 393 K in the reaction medium
(P(H2)= 98 kPa, P(CH3CN)= 3 kPa, flow= 30 cm3 min−1)
to reach nearly steady-state conditions (3). The reaction
temperature was then varied from 358 to 463 K, by alter-
nating high and low values. In the course of the acetoni-
trile reaction with hydrogen, ethylamine (MEA) was the
main organic compound formed, with selectivity normally

higher than 70%. Diethylamine (DEA), N-ethyl,ethylimine
(EEI), and triethylamine (TEA) usually appeared as by-
products, and trace amounts (<1%) of ethane, methane,
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FIG. 2. Temperature-programmed reduction profiles of some Co/Ni/
Mg/Al LDHs after calcination at 393 K; m≈ 50 mg, gas=H2/Ar (3/97,
vol/vol), ramp= 5 K min−1, flow rate 20 cm3 min−1.

and oligomeric products were sometimes detected at high
reaction temperatures.

RESULTS

Some typical TPR profiles of the Co- and Ni-containing
samples, before and after calcination at 393, 623, and 773 K,
are given in Figs. 2–4. The hydrogen uptakes are listed in
Table 2. As general comments, one can observe:

(1) For all the samples two domains exist for H2 con-
sumption, in the low-temperature (<673 K, LT) and high-
temperature (>673 K, HT) ranges. In some cases, these H2

consumptions are featured by broad unresolved peaks with
shoulders, which provide evidence of the reduction of sev-
eral different species. The LT H2 consumption peak is gen-
erally narrow, in contrast to the HT peak, which is narrow
FIG. 3. Temperature-programmed reduction profiles of some Co/Ni/
Mg/Al LDHs after calcination at 393 K; same conditions as in Fig. 2.
AND RIBET

FIG. 4. Temperature-programmed reduction profiles of Co/Ni/Mg/Al
LDH (SR-26) after calcination at various temperatures; same conditions
as in Fig. 2.

for the Ni-free sample but becomes broader and broader
as the Ni content increases.

(2) There is a tendency to decrease of total H2 consump-
tion after calcination at high temperatures. This decrease,
which can reach 40%, takes mainly place for the LT H2

consumption.
(3) Two clear contributions exist in the LT H2 consump-

tion peak for the Ni-free sample (SR-19), which transform
into a unique H2 consumption peak for the Ni-containing
samples (Fig. 2).

(4) An upward shift of the faster reduction rate for
the HT peak occurs when the Mg content goes on at
Ni/(Ni+Co) ratio constant (samples SR-23, -24, -26, and
-25). However, this shift, which is by 50 K for samples cal-
cined at 393 K (Fig. 3), becomes rather small after calcina-
tion at 773 K (≈30 K) (Fig. 4).

The accessibility to the metallic phase, H/(Co+Ni), was
estimated from the H2 chemisorption. The data are col-
lected in Table 1 for the samples calcined at 393 K and

TABLE 2

H2/(Co+Ni) Molar Consumption Ratio in the LT (400–670 K)
and HT (>670 K) Peaks of H2 Consumption in the TPR Exper-
iments on Co/Ni//Mg/Al Materials Calcined at Various Tempera-
tures

Calcined at 393 K Calcined at 623 K Calcined at 773 K

Sample LT HT Total LT HT Total LT HT Total

SR-19 0.38 0.89 1.27 0.42 0.81 1.23 0.33 0.78 1.11
SR-21 0.59 0.86 1.55 0.41 0.82 1.23 0.35 0.82 1.17
SR-26 0.59 0.88 1.57 0.33 0.80 1.13 0.22 0.84 1.06
SR-22 0.50 0.91 1.41 0.25 0.89 1.14 0.12 0.89 1.01
SR-20 0.48 0.95 1.43 0.15 0.92 1.07 0.04 0.93 0.97

SR-23 0.47 0.91 1.38 0.31 0.91 1.22 0.24 0.87 1.11
SR-24 0.50 0.90 1.40 0.38 0.92 1.20 0.23 0.78 1.01
SR-25 0.44 0.87 1.31 0.41 0.82 1.23 0.20 0.84 1.04
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reduced at 893 K, which exhibited the most interesting cata-
lytic behavior (vide infra). A clear tendency appears to in-
crease metal accessibility upon the introduction of Ni. One
can remark that good accessibilities to the metal phase were
obtained in these materials in spite of the very high loading
(50–60 wt% in metal). H/Co of ca. 0.03 was reported for an
8%Co/Al2O3 reduced at 673 K (16), and H/Ni of ca. 0.18
for a 21%Ni/MgO reduced at 673 K (17).

As was said above, the formation of by-products by con-
densation reactions between imines and amines can occur
on both the metal and the support surfaces in the gas-phase
hydrogenation of CH3CN. On that account, the selectivity
to these by-products may depend on (i) the electronic state
and the topology of the metal phase and (ii) the acid–base
properties of the support. The support and metal surfaces
were thus probed by the adsorption of CD3CN and CO,
respectively, followed by FTIR spectroscopy.

Acetonitrile is a powerful probe which adsorbs on
Brønsted and Lewis acid sites by the lone pair of the N
atom and on basic sites through the methyl group as well
(18). The IR spectra of the bare samples, recorded after
H2 activation at 893 K, show bands of extremely low in-
tensities in the OH stretching region. After the adsorption
of CD3CN at room temperature, two groups of bands of
medium intensities appear in the ranges 2400–2000 cm−1

(Fig. 5) and 1700–1100 cm−1 (Fig. 6).
The spectral region 2400–2000 cm−1 (Fig. 5) is mainly oc-

cupied by vibration modes of CD3CN (18, 19), such as νCN

and νCD. The latter appeared at ca. 2250 cm−1, νas[CD3], and
2110 cm−1, νs[CD3]. The bands at ca. 2295 and 2170 cm−1

can be assigned to νCN of CD3CN in electron-donor and
electron-acceptor interactions, respectively (18). In this lat-
ter case, CD3CN interacts indeed on a metal oxide accord-
ing to the reaction

O2−(surf)+ CD3CN→ OD−(surf)+ CD2CN−(ads.) (1)

The broad band at 2295 cm−1 is due to the CN stretching
frequency of CD3CN in electron-donor interaction through
the lone pair of N atom. In the case of Ni/Mg(Al)O cata-
lysts from LDHs precursors (5), we proposed that this band
can be convincingly attributed to CD3CN adsorbed on very
weak Mg2+ Lewis sites (20), and/or with Ni0 sites (21).

It is worth noting that the adsorbed CD2CN− carbanion
species exhibited higher thermal stability than CD3CN in
interaction with Mg2+ and/or Ni0 sites. This is shown by the
decrease of the relative intensities of the bands at 2295 and
2170 cm−1 upon evacuation at 323 K (Fig. 5).

Another group of bands appears in the region 1700–
1100 cm−1 (Fig. 6) after adsorption of CD3CN on NiCo/
Mg(Al)O. They were assigned to acetamide-like com-
pounds resulting from the reaction of acetonitrile on basic

sites of oxides like Al2O3 (22), silica–magnesia (23), ZnO
(24), or CeO2 (25). The same bands were observed after
adsorption of CD3CN on Ni/Mg(Al)O (5). The nature of
STS FOR NITRILE HYDROGENATION 121

FIG. 5. IR spectra in the CN stretching domain of adsorbed CD3CN
on various Co/Ni/Mg/Al catalysts calcined at 393 K and reduced at 893 K;
(A) after evacuation at room temperature, (B) after evacuation at 323 K.

these acetamide species was not identified in more detail
due to their complex structure.

Figure 7 shows the IR spectra of adsorbed CO in the
region 2200–1700 cm−1, characteristic of mono- and mul-
ticarbonyl species. It should be mentioned that bands of
carbonate species, formed by interaction of CO with basic
sites (18), appeared in the spectral region 1700–1200 cm−1.
The high-frequency band (HF, L band) between 2100 and
2000 cm−1 can be assigned to linear monocarbonyl species
on metal sites. Ansorge and Förster (26, 27) reported a νCO

at 2070 cm−1 for CO adsorbed on Co/Aerosil at full CO
coverage, who shifted to slightly lower frequencies for CO
on Co/MgO. On supported Ni catalysts, two bands of lin-
early adsorbed CO were observed at ca 2040 and 2070 cm−1

(28). The former was due to CO adsorbed on unperturbated
Ni0. The latter was assigned to CO bonded on Ni0 atoms
in close interaction with an oxide phase (unreduced Ni or
other oxide phase). It should be mentioned that the pres-

ence of unreduced metal sites would give rise to two bands
at 2195 cm−1 for CO on Ni2+ (28) and at ca. 2180 cm−1 for
CO on Co2+ (26), never observed in our experiments.
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FIG. 6. IR spectra in the 1700–1100 cm−1 range of adsorbed CD3CN,
after evacuation at room temperature, on various Co/Ni/Mg/Al catalysts
calcined at 393 K and reduced at 893 K.

The low-frequency bands between 2000 and 1800 cm−1

(LF, M bands) are generally assigned to multibonded CO
species. These species rarely appear on supported Co cata-
lysts (26, 29). In contrast, these species are commonly found
on Ni-based catalysts (28, 30), with νCO at ca. 1935 cm−1 for
Ni2CO-bridged species and below 1900 cm−1 for NixCO
(x= 3, 4) multicentered species, at full CO coverage.

Tables 3–5 list the main catalytic properties of the sam-
ples in the hydrogenation of acetonitrile. The influence of
the activation treatment on the reaction at 358 K is shown in
Table 3 (the conversion was maintained at ca. 10% by tun-
ing the contact time). Calcination at 393 K, then reduction
at high temperature (T≥ 893 K), yields the most selective

TABLE 3

Main Catalytic Properties of the SR-26 Sample Calcined and
Reduced at Various Temperatures, for the Reaction of Acetonitrile
with Hydrogen at 358 K and Various Contact Times to Maintain
the Conversion at ca. 10% (P(H2)= 98 kPa, P(CH3CN)= 3 kPa)

Temperature (K) Product selectivity (mol%)
Rate× 106

Calcination Reduction (mol g−1 s−1) MEA EEI DEA TEA

393 773 3.9 97.6 2.3 — —
393 893 5.3 98.0 2.0 — —
393 1023 5.2 98.0 2.0 — —
573 773 4.1 95.0 3.7 1.3 —

573 893 6.4 97.5 1.8 0.5 —
773 893 6.8 97.0 1.9 1.1 —
AND RIBET

FIG. 7. IR spectra in the CO stretching domain of adsorbed CO on
various Co/Ni/Mg/Al catalysts calcined at 393 K and reduced at 893 K;
(A) after evacuation at room temperature, (B) after evacuation at 423 K.

catalysts to MEA. We have thus chosen to compare the
samples with various Mg/(Mg+Co+Ni) and Ni/(Co+Ni)
ratios activated by calcination at 393 K and reduction at
893 K. The catalytic data are reported in Tables 4 and 5

TABLE 4

Main Catalytic Properties of the Co/Ni/Mg/Al Catalysts, Cal-
cined at 393 K and then Reduced at 893 K, for the Reaction of
Acetonitrile with Hydrogen at 393 K (P(H2)= 98 kPa, P(CH3CN)=
3 kPa, flow 30 cm3 min−1)

Rough molar Product selectivity (mol%)
composition Conv.

Sample Co/Ni/Mg/Al (mol%) MEA EEI DEA TEA

SR-19a 1.9/0/0.7/1 4 67.2 31.2 0.6 —
SR-21 1.5/0.5/0.7/1 35 93.0 5.2 1.7 0.1
SR-26 1.1/1.1/0.9/1 90 94.6 0.2 5.0
SR-22 0.5/1.4/0.8/1 93 95.2 0.1 4.3 0.3
SR-20 0/1.9/0.7/1 98 91.0 — 7.6 1.2
SR-23 1.3/1.3/0/1 90 92.0 0.2 7.3 0.4
SR-25 0.6/0.6/1.0/1 99.9 95.3 — 4.2 0.4

a At 453 K.
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TABLE 5

Main Catalytic Properties of the Co/Ni/Mg/Al Catalysts, Cal-
cined at 393 K and then Reduced at 893 K, for the Reaction
of Acetonitrile with Hydrogen at 358 K and Various Contact
Times to Maintain the Conversion at ca. 10% (P(H2)= 98 kPa,
P(CH3CN)= 3 kPa)

Rough molar Product selectivity (mol%)
composition Rate× 106 TOF

Sample Co/Ni/Mg/Al (mol g−1 s−1) (h−1) MEA EEI DEA TEA

SR-21 1.5/0.5/0.7/1 3.3 59 95.5 3.3 1.2 —
SR-26 1.1/1.1/0.9/1 5.3 110 98.0 2.0 — —
SR-22 0.5/1.4/0.8/1 5.9 52 95.8 1.5 2.5 0.1
SR-20 0/1.9/0.7/1 9.0 61 93.5 2.1 3.9 0.4
SR-23 1.3/1.3/0/1 2.9 41 91.5 3.5 4.7 0.3
SR-24 1.2/1.3/0.3/1 5.5 71 96.7 1.7 1.5 —
SR-25 0.6/0.6/1.0/1 4.1 66 96.2 1.7 1.9 —

for the reaction performed at 393 K and high conversion
when possible, and at 358 K and low conversion (≈10%),
respectively. One can remark that:

(1) The activity on Co/Mg(Al)O (SR-19) is very low,
while it is much larger and of a similar order of magnitude
for the other samples.

(2) Whatever the catalyst, the by-products are mainly
EEI at low conversion, but DEA and TEA at high conver-
sion.

(3) There is a synergistic effect between Ni and Co for
the MEA selectivity with samples of constant ratio Mg/
(Mg+Ni+Co), i.e., SR-21, SR-26, and SR-22.

DISCUSSION

During the TPR of monometallic Co/Mg/Al (31) and
Ni/Mg/Al (32) composite materials, the first intense and
narrow peak of H2 consumption at ca. 550–600 K was
due to the reduction of nitrate anions to NO mainly, as
shown by coupling with mass spectrometry. Nitrates were
decomposed for a great part in air at 623 K, and the decom-
position was quasi-achieved after calcination at 773 K. The
Co/Mg/Al samples exhibited a first reduction peak of Co in
Co3O4 at 620 K (Co3O4→ CoO→ Co0) and a second re-
duction peak of Co in a mixed spinel phase CoxMg1−xAl2O4

from 970 to 1130 K, depending on the Mg content. On
the other hand, the Ni/Mg/Al samples exhibited a broad
peak of H2 consumption from 650 to 1000 K due to the
reduction of Ni in both Ni,Mg(Al)O mixed oxides and the
NixMg1−xAl2O4 spinel phase (32). In these two series of Co-
and Ni-based materials (31, 32) the temperature of faster
reduction rates in the HT region (>650 K) was shifted up-

ward when both the Mg content and the calcination tem-
perature increased, due to higher interaction of Co and Ni
in the respective mixed spinel phases.
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In view of these observations we can conclude that the
first intense and narrow peak of H2 consumption, which
steadily shifts from 550 to 620 K when moving from Ni-free
to Co-free materials, is due to nitrate reduction (Figs. 2–4).
The very large values of the ratio H2/(Co+Ni) (Table 2)
in samples calcined at 393 K is perfectly in line with this
statement. However, in this LT peak of H2 consumption
there is very likely a contribution from the reduction of
Co3O4 and/or NixCo3−xO4 species. This is very clear with
the shoulder at 620 K for SR-19 calcined at 393 K (Fig. 2)
and with the peak appearing at ca. 570 K for SR-26 calcined
at 773 K (Fig. 4). Moreover, the H2/(Co+Ni) ratio is 1.10–
1.20 for the samples with Ni/(Co+Ni)≤ 0.5 and calcined at
773 K (Table 2).

At quasi-constant Mg content and varying the Ni/
(Co+Ni) ratio (samples SR-19, SR-21, SR-26, SR-22, and
SR-20), there are clear changes of the HT reduction peak.
It is narrower on the Co-rich samples, and it shifts to lower
temperatures on the Ni rich samples. Moreover, these pro-
files for the Ni- and Co-containing samples appear as a sin-
gle peak, and not the simple convolution of the reduction
profiles of SR-19 and SR-20 samples. The temperature of
faster reduction for SR-21 is even higher (≈1000 K) than
that for SR-19 (≈900 K), showing thus a synergy between
Ni and Co for a lower reducibility of the metal phase. This
behavior is very likely due to the presence of a great propor-
tion of Ni and Co in the same mixed-phase which could have
a spinel-like or eventually a mixed-oxide-like structure.

On the Mg-free material (SR-23), two contributions ex-
ist in the HT peak at ca. 750 K (shoulder) and 950 K
(Fig. 3), very likely assigned to the reduction of Ni(Al)O
and CoAl2O4 species, respectively. The temperatures of
faster reduction are indeed very similar to those found in the
reduction of Ni/Al (32) and Co/Al (31) LDHs. When the Mg
content increases the HT reduction peak becomes a unique
and narrower contribution centered at ca. 970–990 K. This
temperature is similar to that found with Ni/Mg/Al LDH
at Ni/Mg= 1 (32) and is lower than that observed in the re-
duction of Co/Mg/Al at Co/Mg= 1 (31), which was 1100 K.
On that account, we can reasonably propose that at least
a part of Ni and Co are together in a spinel-like phase of
a complex stoichiometry. A temperature of calcination up
to 773 K has little effect on the reducibility of this phase
(Fig. 4).

To sum up, the TPR experiments of Ni/Co/Mg/Al materi-
als provide evidence of the reduction of two phases, Co3O4

and/or NixCo3−xO4 in the LT region (570–620 K), and of
several phases with probably a very complex quaternary
spinel-like phase in the HT region (800–1000 K).

In the hydrogenation of CH3CN over Ni/Mg(Al)O cata-
lysts, we have previously reported that the selectivity to

MEA was maximum for the sample with Mg/(Mg+Ni)≈
0.2–0.25 (3). We have also demonstrated that the tempera-
tures of calcination and reduction greatly influenced the
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catalytic properties of Ni (5). We have therefore varied
these conditions of activation for the sample SR-26. At the
same conversion (≈10%, Table 3), the selectivity to MEA
is high whatever the initial treatment of SR-26; however,
a calcination at 393 K and reduction at 893–1023 K leads
to the lowest formation of by-products. The degree of re-
duction after such an activation treatment was checked for
SR-19 by TPR experiment on the activated sample, it was
found of 90%. In the following all the samples were thus
activated by calcination at 393 K and reduction at 893 K.

The first series of NiCo/Mg(Al)O catalysts we have stud-
ied was composed of samples with Mg/(Mg+Co+Ni)≈
0.25 and Ni/(Co+Ni) ratio from 0 to 1 (Tables 4, 5). The
Co/Mg(Al)O sample (SR-19) was quasi-inactive, since the
conversion was only 4% at 453 K. It was three orders of mag-
nitude less active at 393 K than the Ni-containing catalysts,
as extrapolated from the high-temperature data. However,
the first addition of Ni (SR-21) immediatly boosts the ac-
tivity in such a way that the TOF (Turn Over Frequency,
or number of CH3CN molecules converted per unit time
and per Ni+Co surface atom) goes through a maximum
for Ni/(Co+Ni)= 0.5 (Table 5). This provides evidence of
a synergistic effect between Ni and Co which are in the
same bimetallic aggregates very likely, as concluded also
from TPR experiments.

Much more interesting is the evolution of selectivity in
acetonitrile hydrogenation on NiCo/Mg(Al)O as a func-
tion of the Ni/(Co+Ni). In a detailed previous study on
Ni/Mg(Al)O (3), we reported that the total selectivity in
condensed by-products (EEI, DEA, and TEA) was the
highest at both high and low acetonitrile conversions. These
condensed by-products are formed by the reactions be-
tween amines and imines, according to the formal reac-
tion scheme shown in Fig. 1 (6). As mentioned above, on
supported metal catalysts this condensation can proceed
on the metal surface alone and/or the acid sites. This lat-
ter process allows us to understand why the selectivity to
by-products decreased from low to medium conversions.
This behavior seems in apparent contradiction to the for-
mal consecutive reaction scheme shown in Fig. 1. Actu-
ally, part of the MEA formed at the reaction onset inhibits
some acid sites of the support and therefore the bifunc-
tionnally catalysed condensation reactions. There is thus a
self-promotion of the catalyst by the MEA formation (3).
For that reason, the differences in catalytic properties be-
tween the various samples will be more highlighted when
comparing the MEA selectivity at similar and low conver-
sion (≈10%, Table 5). In these conditions, it is worthy to
note that the selectivity to MEA is the highest (≈98%)
for Mg/(Mg+Co+Ni)= 0.29 (SR-26), which confirms the
promoting effect of Mg for a quite similar amount as previ-

ously observed for Ni/Mg(Al)O catalysts (3). This could
similarly be accounted for by a lower acidity of SR-26.
Though weak, the IR signal of adsorbed CD3CN evacuated
AND RIBET

at 323 K (Fig. 5B) shows that the relative intensity of the
band at 2295 cm−1, CD3CN on Brønsted acid sites, is larger
on SR-25 (Mg/(Mg+Co+Ni)= 0.45) compared to SR-26.

Moving from SR-21 to SR-26, SR-22, and SR-20 (Mg
content quasi-constant), the selectivity to by-products
EEI+DEA+TEA varies from 4.5% to 6.4%, going
through a minimum value of 2% for NiCo/Mg(Al)O with
Ni/(Co+Ni) = 0.5 (SR-26). On the other hand, the value
found on Ni/Mg(Al)O (SR-20) is slightly lower than that
we found previously on a similar catalyst, 93.5% compared
to 93.9%, but at higher CH3CN partial pressure (3). The
synergistic effect between Ni and Co which decreases the
formation of by-products can be accounted for by a mod-
ification of the NiCo metallic phase and/or the acid-base
properties of the Mg(Al)O support. These two possibili-
ties were evaluated after activation of the catalysts in H2

by the adsorption of CO and CD3CN followed by IR spec-
troscopy.

As said above CD3CN probes the acid sites, band at
2295 cm−1, and the basic sites, band at 2170 cm−1. It was
previously shown that a good correlation exists between
the selectivity to EEI+DEA+TEA and the intensity ra-
tio of the bands at 2295 and 2170 cm−1 for Ni/Mg(Al)O
catalysts which suffered various activation treatments (5).
The selectivity to EEI+DEA+TEA is 6.4, 4.1, and 2.0% at
10% CH3CN conversion on samples SR-20, SR-22, and SR-
26, respectively (Table 5). On the same samples and after
evacuation at 323 K, the intensity ratio I2295/I2170 is ca. 1.1,
2.1, and 1.5, respectively. There is thus no clear relationship
between acido–basicity and selectivity to by-products. In
contrast, it is clear that the lowest selectivity in by-products
is reached in the presence of the bimetallic NiCo catalysts
(SR-22, SR-26, SR-21, SR-24, and SR-25 samples, Table 5).
On that account, it is tempting to ascribe the synergistic
effect induced by the presence of both Ni and Co metal
atoms to changes in the properties of the metallic function.
In this respect, informations can be derived from the FTIR
spectroscopy of adsorbed CO.

The main CO species on the NiCo/Mg(Al)O samples ap-
pear at ca 2035, 1935 and 1900 cm−1 (Fig. 7A and Table 6) at
full CO coverage and can be assigned to NiCO, Ni2CO and
NixCO species, respectively. However, a small contribution
at ca 1980 cm−1 exists on the SR-26 and SR-21 samples af-
ter evacuation at 423 K, which can be assigned to CoCO,
in agreement with the very small signal observed on SR-19.
The various bands of CO species adsorbed on Ni are shifted
to lower frequencies upon evacuation at increasing temper-
atures (Fig. 7B). This is due to the decrease of dipole–dipole
coupling between neighboring adsorbed CO. Table 6 lists
the νCO of the different species at full and low CO coverage
for the samples with various Ni/(Co+Ni) ratios. The rel-

ative abundance (in arbitrary unit) between the linear (L
bands) and bridged or multicentered (M band) CO species
has been estimated from the ratio of integrated optical
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TABLE 6

Stretching Frequencies of CO Species Adsorbed in Different Configurations
on the Metal Sites of Co/Ni/Mg/Al Catalysts

νCO (cm−1)

Full CO coverage (θ ≈ 1) Low CO coverage (θ < 0.1)

Sample Ni–CO Co–CO (Ni)2CO (Ni)xCO Ni–CO Co–CO (Ni)2CO (Ni)xCO

SR-20 2062s, 1955 1905s 2008a 1810a

2038

SR-22 2038 1950 1900s 2005a 1805a

SR-26 2038 1938 2012b 1977b 1830b

SR-21 2036 2010 1910s 2005b 1978b 1828b

SR-19 ≈2000
Note. s= shoulder.

a After desorption at 473 K.
b After desorption at 423 K.

density AL/(AL+AM) of the L and M bands. These values
(Table 7), which are reported as a function of catalyst com-
position and evacuation temperature should only be consid-
ered as indicative due to the low resolution between L and
M bands. Nevertheless, it is clear that this ratio increases
upon the addition of Co. The decrease of bridged and mul-
ticentered CO species on Ni upon Co addition comes from
a lower probability to encounter the required Nix sites to
form the NixCO complexes. This is a dilution effect of the
Ni surface by Co, very similar to that reported in the case
of NiCu bimetallics (33, 34).

On the other hand, CO becomes less strongly bonded
upon Co addition. This is shown by the ratio of the inte-
grated optical density (AL+AM)T/(AL+AM)293 after evac-
uation at increasing temperature T and at 293 K (Table 7).
This ratio decreases more rapidly with temperature when
the Co content increases.

To sum up, in the NiCo/Mg(Al)O catalysts, Ni and Co

(41). It was
involved in
triple bond
r and in close interaction in the same bimetallic
This is in perfect agreement with the fact that Ni

lts crystallize to form a continuous series of solid

TABLE 7

Integrated Optical Density (a.u.) of the IR L Bands (2100–2000 cm−1) and M Bands (2000–1800 cm−1)
of CO on Co/Ni/Mg/Al Catalysts after Evacuation at Various Temperatures

Sample

SR-20 SR-22 SR-26
Temperature

(K) AL+AM AL/(AL+AM) AL+AM AL/(AL+AM) AL+AM AL/(AL+AM)

293 2400 0.37 1450 0.47 430 0.59

η2 form will prevail on Ni(100) and Ni(110)
also claimed that several Ni atoms would be
bonding the η2 complex (36) and that the CN
353 2400 0.36 1250
423 1600 0.34 580
473 180 0.13 10
solutions (35). The main effect of Co is the dilution of Ni
surface into smaller ensembles which decreases the prob-
ability to form NixCO complexes. CO desorbs more easily
from these bimetallic aggregates than from monometallic
Ni particles. These views of the metallic surface allow to
develop an interpretation for the lowering in selectivity to
condensed by-products, by considering in parallel the influ-
ence of Co addition on the main reaction.

The inelastic neutron scattering spectroscopy of CH3CN
on Raney Ni has shown that the adsorption is associative,
that no C–H bond breaking occurs, and that the CN bond is
parallel to the surface as an η2 complex (36); the same was
concluded for CH3CN on evaporated Ni films (37) and on
Pt(111) (38). In contrast, Friend et al. (39) proposed an η1

complex bonded perpendicular to the Ni surface through
the lone pair of N atom. From extended Hückel calcula-
tions, Bigot et al. (40) concluded that a possible competi-
tion between η1 and η2 forms occurred on Ni(111), but the
0.46 410 0.59
0.43 100 0.67
0.23 — —
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FIG. 8. Proposed elementary steps for the hy

rehybridized to a double bond with both C and N atoms
attached to the surface (36, 38).

On the other hand, the high-resolution electron-energy-
loss spectroscopy of the thermal decomposition of MEA
on Ni(111) has shown that the main adsorbed species is
an aminomethylcarbene (E species, Fig. 8), which prefer-
ably might transform into an acimidoyl complex (D species,
Fig. 8) at about 330 K (42). This last species is also the result
of the first addition of an hydrogen atom to the activated
adsorbed CH3CN on Ni(111) (A species, Fig. 8) (43). The
reaction scheme featured in Fig. 8 can thus be tentatively
proposed for the hydrogenation of CH3CN on the Ni phase.
It should be pointed out that most of these species exchange
bonds with several Ni atoms. In this respect, a decrease of
TOF should occur upon substitution of Ni by Co atoms,
since the latter are much less active. The reverse is actually
true with the NiCo/Mg(Al)O catalysts and a slight increase
of TOF happens for Ni/(Co+Ni)= 0.5 (SR-26, Table 5), in
spite of the dilution by Co of the Ni surface shown by IR
spectroscopy of CO. Two explanations can be put forward
for this behavior:

(1) On the one hand, Co cannot activate CH3CN at
353 K, but can do it for H2, and Co atoms act as a reser-
voir for a pool of H atoms available for the hydrogenation
reactions on neighboring Ni atoms. In this respect the dilu-
tion of Ni by Co is different from that by a really inactive
metal such as Cu, which cannot act as a reservoir for H
atoms at low temperature.

(2) On the other hand, an electronic modification of the
Ni d-band may be considered, resulting in an enhanced
the adsorbed CH3CN moities. This en-
vity might originate from changes of heat of

and a more favorable position, from a kinetic
drogenation of acetonitrile on the Ni surface.

point of view, on the volcano-shaped curve of Balandin for
a reaction between two species in the adsorbed state. Proof
of such a modification can be found in the easier desorp-
tion of CO from NiCo/Mg(Al)O compared to Ni/Mg(Al)O
(Table 7).

If we consider now the transamination between imines
and amines (Fig. 1), this reaction first proceeds from the
nucleophilic addition of the primary amine (by the lone
pair of the N atom) to the aldimino C atom to produce the
aminal (6). This process, first described as occurring homo-
geneously in the liquid phase (44), can also take place in
the adsorbed state on heterogeneous catalysts, and this is
particularly true in gas phase reactions. It was even con-
vincely demonstrated that this condensation should exclu-
sively be catalyzed by the surface (45, 46). This conden-
sation on the Ni surface between imines and amines can
follow (i) an Eley–Rideal mechanism between adsorbed
“imine” (species D, Fig. 8) and the amine occurring from
the gas phase, or (ii) a Langmuir–Hinshelwood mechanism
between two adsorbed species (species D and E, Fig. 8). In
the former model, the size of the reaction site would not be
very different from that of CH3CN hydrogenation to MEA,
and thus not very sensitive to the dilution of Ni surface by
Co. In contrast, in the LH mechanism the size of the Ni
ensemble required to accomodate both the “imine-” and
“amine-like” adsorbed species is very likely larger. On that
account, this reaction, leading to by-products EEI, DEA,
and TEA, should be much more affected by alloying Ni with
Co than the CH3CN hydrogenation to MEA. This is indeed
observed with NiCo/Mg(Al)O catalysts since the selectiv-

ity to EEI+DEA+TEA decreases whereas the TOF to
CH3CN hydrogenation increases upon the introduction of
Co (Table 5).
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The first step in the transamination reaction is the nucle-
ophilic attack by the lone pair of N atom in amine to the
C atom in imine. It comes out that in the adsorbed state,
the LH mechanism of the transamination very likely in-
volves the condensation between the D and E adsorbed
species as the first step (Fig. 8). A very similar mechanism
for the transamination on the metal surface was earlier pro-
posed by Dallons et al. (45). The half-hydrogenated ad-
sorbed nitrile (species D, Fig. 8) would react with vicinal
NH2-containing compounds to form a diamino species. The
latter could rearrange through further hydrogenation and
desorption steps into ammonia and secondary amine.

In this frame, the route through the nitrene C species
would be more selective for MEA formation, in the CH3CN
hydrogenation, than the route through the aminomethyl-
carbene E species. From extended Hückel calculations the
former was claimed to prevail on Ni(100) (41), whereas
Ditlevsen et al. (43) privileged the latter route on Ni(111).
It is very interesting to compare these aspects of the mech-
anism with very recent work from Huang and Sachtler (47)
about acetonitrile deuteriation on NaY-supported metal
catalysts. Ru/NaY is the most selective catalyst to ethy-
lamine, in which the amine group contains predominantly
H atoms, whereas the methylene group is almost CD2. They
conclude that the formation of ethylamine is not a simple
addition of chemisorbed D atoms to the C≡N triple bond,
but that a concerted reaction takes place with a H-donor
molecule; the methyl group of the nitrile can act as H-donor.
Huang and Sachtler (47) suggested that hydrogen transfer
would take place on CH3CD2N==Ru multibonded species,
which are the intermediate C in Fig. 8. Ru, and Ni to a
lesser extent, with high propensity to multiple bond forma-
tion exhibit high selectivity to primary amine. Very likely
they promote the route through B and C intermediates on
the metal surface.

CONCLUSIONS

Co/Ni/Mg/Al LDHs constitute good candidates as pre-
cursors of catalysts for the selective hydrogenation of ni-
triles into primary amines. Depending on the chemical
composition and the calcination temperature, mixed-oxide
and spinel-like phases of complex compositions are ob-
tained. They lead to well-dispersed bimetallic phases of high
metal loadings. The catalyst obtained from Co/Ni/Mg/Al
(0.27/0.26/0.22/0.25) calcined at 393 K and reduced at 893 K
exhibits the highest selectivity to ethylamine, 98.2% at 10%
CH3CN conversion. This is due to the lowering of the un-
desired consecutive transamination reaction which can oc-
cur between “imine-” and “amine-like” species on both the
metal and acid sites, through a bifunctionnal mechanism,

and on the metal sites alone.

The bifunctionnalized formation of condensed by-
products can be slightly attenuated by the tuned addition
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of Mg (Mg/(Mg+Co+Ni)≈ 0.30) which decreases the sur-
face acidity.

Definite optimization of the hydrogenation Ni function,
with respect to consecutive reactions, is achieved thanks
to the formation of NiCo bimetallic phases. It is proposed
that condensation reactions at the Ni sites occur through
a Langmuir–Hinshelwood mechanism between two vicinal
multibonded adsorbed species. The latter would be of the
acimidoyl and aminomethylcarbene types. The introduc-
tion of Co into the catalyst dilutes the Ni phase in small
ensembles less prone to accomodate neighboring multi-
bonded species. The IR spectroscopy of adsorbed CO pro-
vided evidence of the dilution by Co of Ni surface in small
ensembles.
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