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Abstract

A mixed oxide supported bimetallic catalyst Niys5 35C0,4 ,,/MgO-0.75A1,0; was readily prepared and found to be efficient in
the hydrogenation of valeronitrile (VN) to amylamine (AA) under atmospheric pressure. Under the optimal conditions: H, to
VN molar ratio of 4:1, NH; to VN molar ratio of 3:1, reaction temperature of 130 °C and residence time of 5 s, the conversion
of VN reached 100% with a AA yield of 70.8%, and a diamylamine (DAA) yield of 25.9%. This catalyst was also active in
the hydrogenation of other low carbon aliphatic nitriles to their corresponding primary amines. The characterization results
revealed that the catalyst had the properties of large surface area, uniform and fine dispersion of metal particles in the form
of Ni/Co alloy with synergy effect between the two metals, which endowed the catalyst with good catalytic performances in

the hydrogenation reaction of aliphatic nitriles.
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1 Introduction

Amines are widely used in the production of agrochemicals,
pharmaceuticals, dyestuffs, polymers, pigments, plasticizing
agents, and emulsifiers [1-3]. Among which, the primary
amines are the most versatile intermediates or precursors in
industrial synthesis due to their ease of functionalization.
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Accordingly, the selective synthesis of primary amines is of
significant importance. Several protocols have been devel-
oped to synthesize primary amines, such as reductive amina-
tion of carbonyl compounds [4, 5], nucleophilic substitution
of ammonia on haloalkanes [6], direct amination of alcohols
with ammonia [7-9], and hydrogenation of nitro compounds
[10-12], nitriles [13], and amides [14]. Among all the meth-
ods, the direct amination of alcohols with ammonia over
heterogeneous catalysts is the most recommended proto-
col for commercial production of amines because of ready
availability and low cost of alcohols compared to carbonyl
compounds as raw materials in general. Moreover, water
is the only by-product in the process in principle, which is
consistent with the concept of green chemistry. However,
most of the developed heterogeneous processes were not
compatible to the direct amination of primary aliphatic
alcohols to the terminal primary amines [15]. Therefore,
the selective hydrogenation of aliphatic nitriles to terminal
primary amines might be a good alternative, because ali-
phatic nitriles can be obtained from primary alcohols and
ammonia via dehydrogenation—amination over heterogene-
ous catalysts, being a green chemical process [16-20]. Nev-
ertheless, the selective hydrogenation of aliphatic nitriles to
the terminal primary amines is a complicated process due
to the inevitable side reactions [13]. As shown in Scheme 1,
the hydrogenation of nitrile 1 generates an imine intermedi-
ate 2. Due to the high reactivity of 2, a set of consecutive
and parallel reactions takes place and leads to a mixture
of primary 3, secondary 5 and tertiary amines 7 via imine
intermediates 4 and 6. The key issue in the hydrogenation
of nitriles to primary amines is to prevent the formation of
secondary and tertiary amines. Generally, the introduction
of ammonia is often used to increase the selectivity of the
primary amine [13].

Both homogeneous and heterogeneous catalysts have
been developed for the hydrogenation of nitriles to primary
amines [13, 21-31], and heterogeneous catalysts are more
suitable for the production of bulk primary amines. Up till
now, the industrial production of terminal primary amines

from catalytic hydrogenation of nitriles is generally real-
ized in the liquid phase over heterogeneous catalysts such
as Raney® nickel or cobalt [13]. It is well known that the
hydrogenation in gas phase has the advantages of easy oper-
ation, safety, and stable product quality. However, only a
few catalysts especially the non-noble metal based catalysts
have been found to be efficient in the gas phase hydrogena-
tion of nitriles to primary amines [27-29]. Among the cata-
lysts, a serious of Co—Ni bimetallic catalysts derived from
layered double hydroxides (LDHs) with a hydrotalcite-like
structure and containing Ni2*, Co**, Mg?*, AI’** showed
good performances in the hydrogenation of acetonitrile to
ethylamine in gas phase [29]. However, the preparation pro-
cesses of these catalysts were too complicated. Therefore, it
is of great importance to develop a catalyst with characters
of high activity, low cost, and ease of preparation for the
selective gas phase hydrogenation of aliphatic nitriles to the
corresponding primary aliphatic amines.

Herein, we report the preparation, characteriza-
tion, and catalysis of a bimetallic catalyst Ni,5 33C0;5,,/
MgO-0.75A1,0; in the hydrogenation of aliphatic nitriles
to terminal primary aliphatic amines. The catalyst showed
good catalytic performances in the gas phase hydrogena-
tion of several aliphatic nitriles in a fixed bed reactor under
atmospheric pressure.

2 Experimental
2.1 Catalyst Preparation

All reagents were analytical grade and used as received with-
out further purification. Metal nitrates and reagents for cata-
lyst preparation were purchased from Tianjin Keruisi Chem-
ical Reagent Cooperation. Nitriles and standard amines were
provided by Tianjin Hengshan Chemical Technology Coop-
eration. Valeronitrile (VN) with a purity higher than 99%
was prepared in our laboratory from amyl alcohol over a
catalyst FeZn/y-Al,O; in a fixed bed reactor.
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Scheme 1 Reaction pathways in the catalytic hydrogenation of nitriles
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The designed catalysts are denoted as Ni,Co,/
mMgO-nAl,Os;, where the subscripts x and y are respective
mass contents of nickel and cobalt in a bimetallic catalyst;
m:n is the molar ratio of MgO to Al,O5, and mis O or 1. If
mornis 1, IMgO or 1Al,0; is directly written as MgO or
Al,O;. The catalysts were obtained from their precursors
by in situ calcination in a fixed bed reactor, and the catalyst
precursors were prepared by a coprecipitation method as
illustrated by the following examples.

(1) The precursor of mixed oxide supported bimetallic
catalyst Niys 33C0,5 ,,/MgO-0.75A1,05:

Into 200 mL of deionized water in a beaker
were added 20.36 g of Ni(NO;),-6H,0, 14.55 g of
Co(NO3),-6H,0, 20.51 g of Mg(NO;),-6H,0 and
45.02 g of AI(NO;);-9H,0 successively. The mixture
was stirred at room temperature for a while to give a
clean solution A. Next, 12.00 g of NaOH and 15.90 g of
Na,CO; were dissolved in 200 mL of deionized water
in another beaker to obtain a solution B. The solution B
was added dropwise into the solution A under stirring
until the pH of the mixture reached 9.0. The mixture
was stirred strongly for another 2 h, then, the solid was
collected by centrifugation, and thoroughly washed
with deionized water under stirring until the pH of the
supernatant reached 7.0. The solid was separated by
vacuum filtration and dried in an oven at 80 °C for
12 h. The dried solid was ground in a ball crusher to
give a powder with a particle size < 200 mesh. Into a
beaker, 30.0 g of the resulted powder, 0.1 g of sesbania
powder and an appropriate amount of deionized water
were added successively. The mixture was kneaded in
a kneader thoroughly to give a paste which was pro-
cessed in an extruder to obtain extrudates with a diam-
eter of 2 mm. The extrudates were dried in air at room
temperature for 12 h, and then moved into an oven to
dry at 80 °C for 10 h. The dried extrudates were cut into
columns with a length of 2 mm to yield the precursor
of catalyst Ni,5 13C0,5 ,;/Mg0O-0.75A1,0;.

(2) The precursor of mixed oxide supported monometallic
catalyst Niy; 55/Mg0O-0.5A1,05: See Supporting Infor-
mation.

(3) The precursor of mono oxide supported monometallic
catalyst Niyg 3/MgO: See Supporting Information.

2.2 Characterization of Catalysts

The X-ray diffraction (XRD) patterns of the samples were
taken on a Bruker D8 X-ray diffractometer with Ni-fil-
tered Cu Ko radiation (150 mA, 40 kV) in the 20 range of
5°-90°. The spectra of X-ray photoelectron spectroscopy
(XPS) were recorded using a Thermo ESCALAB 250XI
spectrometer with monochromatic Mg Ka radiation. N,

adsorption—desorption was performed on a Micromeritics
ASAP 2020 at 77 K to determine the surface area, total pore
volume and pore size distribution of the samples. The specific
surface areas and pore sizes of the samples were calculated by
Brunauer—Emmett-Teller (BET) method. The transmission
electron micrographs (TEM) images were taken on a JEM
2100F instrument at accelerating voltage of 200 kV. The sam-
ples were dispersed ultrasonically in ethanol to prepare the
specimens for TEM analysis, where a drop of the suspension
was evaporated on a lacey-carbon/copper grid.

2.3 Catalytic Test

The catalytic hydrogenation of valeronitrile (VN) to amyla-
mine (AA) was conducted in a fixed-bed reactor with an inner
diameter of 20 mm and a length of 1000 mm installed in an
electric furnace. The furnace consists of four heating zones
equipped with four temperature controllers. Before catalytic
test, the thermocouple, mass flow controller and advection
pump in the equipment system were calibrated precisely, and
the gas tightness of the device was checked carefully.

In a typical process, 25 mL of the catalyst precursor was
loaded into the center a fix-bed reactor, while the bottom and
top of the reactor were filled with inert Pyrex glass chips.
The temperature of the catalyst bed was increased to 600 °C
with a ramp rate of 5 °C/min under N, atmosphere. Thus, the
catalyst precursor was converted to the catalyst. Then, H, was
introduced at rate of 100 mL/min to reduce the catalyst for
2 h. After the reduction, the temperature was adjusted to the
required temperature under a nitrogen atmosphere. The con-
trolled flows of VN, ammonia and hydrogen were introduced
separately into a vaporizer where the three reactants were
preheated, vaporized and mixed thoroughly. Then the mixed
gaseous reactants were fed into the catalyst bed under atmos-
pheric pressure. The reaction mixture was passed through a
condenser, and collected in a flask. The collected reaction
mixture was subjected to GC analysis.

2.4 Product Analysis

Reaction mixture was analyzed by a gas chroma-
tography equipped with a SE-54 capillary column
(30 mx0.32 mmx0.50 pm) using the internal standard
method. The content of each liquid product was calculated
using calibration curves, with butanol as an internal standard.
The GC temperature program was set to 80 °C for 1 min, 3 °C/
min up to 110 °C and 30 °C/min up to 250 °C.

moles of VN reacted

X 100%
moles of VN fed

VN conversion (%) =

moles of VN consumed to produce AA

AA selectivity (%) = X 100%

moles of VN reacted
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moles of VN consumed to produce AA

DAA selectivity (%) = 2 X x 100%

moles of VN reacted

Yield (%) = conversion X selectivity X 100%.

3 Results and Discussion
3.1 Screen of the Catalysts

It was reported that oxide supported nickel catalysts were
active in the hydrogenation of nitriles to amines either in gas
phase or liquid phase [24, 29]. Besides, the oxide supports
such as Al,O; and MgO had strong effects on the perfor-
mances of the catalysts [32, 33]. Therefore, three oxide sup-
ported monometallic nickel catalysts Niyg 63/ MgO, Niy g5/
Al,0;, and Niy; 55/Mg0-0.5A1,0; were firstly prepared,
and evaluated in the hydrogenation of VN to AA under
atmospheric pressure in the presence of ammonia in a fixed
bed reactor. As shown in Table 1 (Entries 1-4), the catalyst
Niyg 3/MgO gave the lowest VN conversion of 58.2%, but
the highest AA selectivity of 64.4%. Compared to Niyg 63/
MgO, Niy g5/Al,04 exhibited a good VN conversion of
72.3%, but a poor AA selectivity of 55.3%. The mixed oxide
supported catalyst Niy; 55/Mg0O-0.5A1,0; showed the best
result in view of the yield of AA as high as 45.1%. These
results indicated that the catalytic performances of the cata-
lysts were related to the properties of the supports [28, 29,
34-36]. For comparation, a mixed oxide supported cobalt
catalyst Coys ¢5/MgO-0.5A1,0; was also prepared, but very
poor results were received over this catalyst, indicating the
necessity of nickel in the catalysts.

Generally, bimetallic catalysts exhibited good catalytic
performances compared to monometallic ones in the hydro-
genation of nitriles [37—40]. Next, a series of Ni—Co bime-
tallic catalysts with different nickel to cobalt molar ratios
but a constant total metal molar percent were prepared, and
evaluated in the hydrogenation of VN under the same reac-
tion conditions. As shown in the Table 1 (Entries 5-9), the
catalyst Niys 33C0;g »,/MgO-0.5A1,0;, in which the nickel to
cobalt molar ratio is 1.4:1, exhibited the best results among
all the tested bimetallic catalysts, and also performed bet-
ter than the monometallic catalyst Niy; 55/Mg0O-0.5A1,0;
in view of both the conversion of VN and the yield of AA.
Either increase or decrease in nickel to cobalt molar ratio
led to the reduction of both the conversion of VN and the
yield of AA.

After determining the molar ratio of nickel to cobalt, the
MgO to Al,0O; molar ratio was then screened, too. Several
catalysts were prepared with different MgO to Al,Oj; ratios
but constant contents of nickel and cobalt. As shown in
Table 1 (Entries 6, 10-13), no big difference was observed
in either the conversion of VN or the yield of AA in the
screened MgO to Al,O; molar ratio range of 1:0.41-1: 0.75,
which indicated that the MgO to Al,O; molar ratio had no
major effects on the catalysis of the catalysts. Taking into
account a slightly higher AA yield of 50.8% received in the
MgO to Al,O; molar ratio of 1: 0.75, as well as the lower
cost of Al,O5 than MgO, Ni,s 13C05 ,,/MgO-0.75A1,05 was
finally chosen as the best catalyst.

3.2 Optimization of Reaction Conditions

After the catalyst Niys 33C0,5,,/Mg0O-0.75A1,0; was cho-
sen, the reaction parameters affecting the hydrogenation

Table 1 Catalysis of various

o . ) Entry Catalyst Ni:Co MgO:Al,O; Con. AA AA DAA
oxide supported nickel catalysts (molar ratio) (molar ratio) (%)  Sel. (%) yield (%) Sel. (%)
in the hydrogenation of VN

1 Nigey/MgO - - 582 644 375 225
2 Niggs/ALOs - - 723 553 400 26.1
3 Nigss/MgO-0.5A1,0, - 1:0.5 780 579 451 26.4
4 Coue/MgO-0.5AL0, - 1:0.5 43 164 07 13.7
5 NiggyCoyus/MgO—0.5AL0;  2:1 1:0.5 823 494 407 407
6 Niys4C0ig0/MgO—0.5AL0; 1.4:1 1:0.5 845 569  48.1 33.4
7 Niy Coyoo/MgO—0.5AL0; 11 1:0.5 813 580 472 29.6
8  Nig3C05s.49/MgO-0.5AL0; 0.71:1 1:0.5 745 534 398 26.9
9 Nijy9,Coys/MgO-0.5AL0;  0.5:1 1:0.5 692 495 342 26.5
10 Niys14C0;50,/MgO-0.33AL0; 1.4:1 1:0.33 796 548  43.6 315
11 Niys14C0;50/MgO-041ALO; 1.4:1 1:0.41 844 560 413 324
12 Niys14C0;50/MgO-0.61ALO; 1.4:1 1:0.61 854 587  50.1 30.8
13 Niys 35C0;5,,/MgO-0.75AL0; 1.4:1 1:0.75 86.6 587 508 30.1

Reaction conditions: temperature 130 °C, NH; to VN molar ratio=4:1, H, to VN molar ratio=2:1, resi-
dence time 4.5 s, time on stream 6—8 h, atmospheric pressure
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of VN were studied systematically to improve the yield of
AA. First, the effect of reaction temperature on the reac-
tion was investigated under atmospheric pressure, residence
time of 4.5 s, NH; to VN molar ratio of 4:1, and H, to VN
molar ratio of 2:1. As shown in Fig. 1, the VN conversion
increased from 63.9 to 86.6% with increase in reaction tem-
perature from 110 to 130 °C, then changed slightly with a
further increase in reaction temperature. The AA yield also
increased with temperature initially and reached its maxi-
mum of 50.9% at 130 °C, and then turned to slight decrease
with a further increase in reaction temperature due to the
formation of more DAA. Besides, the total yield of AA and
DAA was 77.0% at 130 °C.

Next, the effect of the molar ratio of H, to VN on the
reaction was studied in the range of 1.5:1-6:1 at 130 °C
under atmospheric pressure, residence time of 4.5 s, and
molar ratio of NH; to VN of 4:1. As shown in Fig. 2, both
the conversion of VN and the yield of AA increased with
increase in H, to VN molar ratio from 1.5:1 to 4:1, and then
remained almost constant. When the molar ratio of H, to
VN was equal to or higher than 4:1, the conversion of VN
was always close to 100%, and the yield of AA was 65.7%.
Meanwhile, the total yield of AA and DAA reached 89.4%.
The results indicated that a high fraction of hydrogen in
the gaseous mixture favored the transformation of VN to
amines.

Then, the effect of the molar ratio of NH; to VN on the
reaction was investigated in the range of 2:1-6:1 at 130 °C
under atmospheric pressure, residence time of 4.5 s, and H,
to VN molar ratio of 4:1. As shown in Fig. 3, the VN conver-
sion was always close to 100% in the screened molar ratio
range of NH; to VN. However, the yield of AA increased
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—m— Conversion of VN

- 80
o
= L 60 &
X =
~ =}
= 2
o o

2 L 40
pS =
S)
@]

20

-0

110 120 130 140 150 160

Reaction temperature (°C)

Fig. 1 Effect of the temperature on the catalysis of Ni,s33C0,44,/
MgO-0.75A1,0;. Reaction conditions: NH; to VN molar ratio=4:1,
H, to VN molar ratio of =2:1, atmospheric pressure, residence time
4.5 s, time on stream 6-8 h
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Fig.2 Effect of H, to VN molar ratio on the catalysis of
Ni,5 33C045,,/Mg0O-0.75A1,0;. Reaction conditions: ammonia to VN
molar ratio=4:1, temperature 130 °C, residence time 4.5 s, atmos-
pheric pressure, time on stream 6-8 h

with increase in NH; to VN molar ratio from 2:1 to 3:1, and
reached its maximum of 68.7% at the molar ratio of 3:1.
Instead, a further increase in NH; to VN molar ratio led to
the decrease of the yield of AA. Meanwhile, the total yield
of AA and DAA reached its maximum of 94.0% at the NH;
to VN molar ratio of 2:1. As shown in Scheme 1, dialkylim-
ine (4) undergoes transimination with NH; to give alkylim-
ine (2) and alkylamine (3). Ammonia is in favor of a shift
of the transimination equilibrium to the side of the primary
imine and amine [41]. Therefore, an appropriate amount of
ammonia enhanced the selectivity of primary amine in the

B AA —m— Conversion of VN
[ pAA
100 u u u u u - 100
80 - 80
o
=
—_ ~
D) =
< 604 60 .2
= 14
P o
" 4 40 g
b O
20 20
0- —0
2:1 3:1 4:1 5:1 6:1

NHzs/valeronitrile (mol/mol)

Fig.3 Effect of NH; to VN molar ratio on the catalysis of
Ni,s 33C0,5,,/Mg0O-0.75A1,0;. Reaction conditions: temperature
130 °C, H, to VN molar ratio=4:1, time on stream 6-8 h, atmos-
pheric pressure, residence time 4.5 s
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hydrogenation of VN. However, much excessive ammonia
could dilute the concentration of hydrogen, which deterio-
rated the hydrogenation of alkylimine to AA.

Residence time is another important parameter affecting a
gas phase reaction in a fixed bed reactor, therefore, its effect
on the hydrogenation of VN over the catalyst Ni,s 33C05 5,/
MgO-0.75A1,0; was studied at 130 °C under atmospheric
pressure, H, to VN molar ratio of 4:1, and NH; to VN molar
ratio of 3:1. As shown in Fig. 4, both the conversion of VN
and the yield of AA increased with increase in residence
time from 3.5 to 5.0 s, and reached their maxima of 100%
and 70.8% at the residence time of 5.0 s, respectively. Mean-
while, the total yield of AA and DAA reached its maxi-
mum of 96.7%. With a further increase in residence time of
longer than 5.0 s, the conversion of VN maintained 100%,
but the yield of AA decreased. Meanwhile, the yield of DAA
increased. The results indicated that a longer residence time
led to the transformation of more AA to DAA.

Based on the above experimental results, the opti-
mal parameters for the hydrogenation of VN to AA were
obtained, which are atmospheric pressure, H, to VN molar
ratio of 4:1, NH; to VN molar ratio of 3:1, reaction tempera-
ture of 130 °C, and residence time of 5 s. Under the optimal
conditions, the conversion of VN reached 100% with an AA
yield of 70.8%, and a total yield of AA and DAA of 96.7%.

3.3 Hydrogenation of Other Aliphatic Nitriles

Under the optimal conditions of VN hydrogenation, the cata-
lyst Niys 33C0,4,;/MgO-0.75A1,05 was then applied to the
hydrogenation of several other aliphatic nitriles. As shown
in Table S1 the catalyst showed good performances in the

H AA —m— Conversion of VN
[ DAA
100 n——N n ] - 100
—
80— L80
S
o =]
< 60 - 60 .2
= g
L E
= L4 B
40 40 3
204 20
0- =0
3.5 4.0 4.5 5.0 5.5

Residence time (s)

Fig.4 Effect of the residence time on the catalysis of Niys33C0,g5,/
MgO-0.75A1,05. Reaction conditions: NH; to VN molar ratio=3:1,
atmospheric pressure, H, to VN molar ratio=4:1, temperature
130 °C, reaction time 6-8 h
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hydrogenation of C¢—Cg aliphatic nitriles. In these cases the
conversions of three nitriles were higher than 81%, and the
yields of the corresponding primary amines were 62.5%,
58.0% and 60.1%, respectively. However, the catalyst per-
formed poorly in the hydrogenation of lauronitrile. In this
case the conversion of lauronitrile was only 61.3% with a
laurylamine yield of 47.3%. It was noted that the longer the
carbon chain of aliphatic nitrile, the lower the conversion of
the substrate, as well as the yield of the primary amine. The
results could be ascribed to the big inner diffusion resistance
of long carbon chain substrates in the catalyst. The results
will be improved if the hydrogenation reaction is conducted
under the optimal conditions of the specific substrate. It is
expected that the catalyst Niys 33C0,5,;/Mg0-0.75A1,0;
will has wide applications in the hydrogenation of aliphatic
nitriles to primary amines.

3.4 Lifetime and Regeneration of the Catalyst

The lifetime and the regeneration of Ni,s33C05,,/
MgO-0.75A1,0; were then studied in the hydrogenation of
VN under the optimal reactions. As shown in Fig. 5, the
conversion of VN was always close to 100% in the first 30 h
of the catalyst on stream, and then decreased slightly from
30 to 60 h. Meanwhile, the yield of AA decreased slowly,
and dropped from 70.8 to 66.5% from 5 to 60 h of the cata-
lyst on stream. The used catalyst was regenerated by on-line
hydrogenation at 600 °C for 2 h, and then tested again on
the reaction. As shown in Fig. 5, both the conversion of
VN and the yield of AA over the regenerated catalyst were
close to those over the fresh catalyst. The results indicated
that the catalyst was stable on stream and could be easily
regenerated.
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Fig.5 Catalytic results of the fresh and the used Niys 33C0,5,,/MgO—
0.75A1,0; with time on stream. Reaction conditions: NH; to VN
molar ratio=3:1, H, to VN molar ratio=4:1, atmospheric pressure
temperature 130 °C, residence time 5 s



Hydrogenation of Aliphatic Nitriles to Primary Amines over a Bimetallic Catalyst...

3.5 Catalyst Characterization

The reduced catalysts were characterized by XRD, XPS,
N, adsorption and desorption, and TEM to reveal the
relationship between catalytic performance and micro-
structure. The XRD patterns of the samples of the reduced
Niyg 63/MgO, Niygg5/A1,05, Niyz 55/MgO-0.5A1,04,
Ni,5 33C0;5 2,/ MgO0-0.75A1,05, as well as the Niys 33C0;g 5,/
MgO-0.75A1,0; after on stream for 20 h are shown in
Fig. 6. The characteristic diffraction peaks of Ni’ phase are
clearly observed in the patterns of first three samples, and
the peaks of Ni%Co® phases are found in the patterns of
the last two ones at 20 = 44.5°, 51.8° and 76.4°, which are
ascribed to the planes (111), (200) and (220) [42]. Overlap-
ping of the diffraction peaks of Ni® (JCPDS no. 87-0712)
and Co® (JCPDS no. 15-0806) phases impeded their sepa-
rate identification in the bimetallic catalyst samples. The
peaks ascribed to NiO (JCPDS no. 73-1523) phase at
20=43.1° and 62.8° were clearly observed in the pattern of
Niyg 63/MgO, which was ascribed to the oxidation of Ni” to
NiO in analysis [43]. Importantly, the patterns of the used
Nijy533C045,,/Mg0-0.75A1,05 are virtually identical to
those of the fresh one, also indicating the stability of the
catalyst on stream.

To reveal the states of surface Co and Ni in the catalysts,
the reduced catalysts were characterized by X-ray photo-
electron spectra (XPS). As exhibited in the wide scan XPS
spectra of the samples (Fig. 7A), distinct peaks of Ni 2p, Mg
1s, Co 2p, O 1s, C 1s and Al 2p were observed clearly. The
XPS spectrum of the used Niys 33C0,5,,/MgO-0.75A1,04
was almost identical to that of the fresh one, further con-
firming its stability of the catalyst in the catalytic run. The
fitted Ni 2p XPS spectra for the catalysts corresponding to

. * Ni/Co
« NiO
X
'* . l a
|
I
- AN, S A b
J*LA S ¢©
L ——— M#M " M d
Nie
. o e

ALUN LI N LA I S BN B BN BN DN B IR L B N
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20
Fig.6 XRD patterns of catalyst samples (a) Niyg:/MgO; (b)

Nigg5/ALO3; (¢) Nig; s5/MgO—0.5A1L,05; (d) Niys 35C0,g,/MgO—
0.75A1,03; (€) Niys 35C0,5.2,/Mg0-0.75A1,0; (used)

the binding energies between 845 and 895 eV, including the
peaks Ni 2p,, and Ni 2p;, for nickel, are shown in Fig. 7B.
The Ni 2p;), binding energies of 852.41 eV and 852.75 eV
correspond to the metallic nickel [44, 45] in the samples
of Niyg 3/MgO and Niy g5/Al,O5, respectively, whereas the
binding energy of about 855.1 eV is assigned to the Ni>*
species [46] in both the samples. It should be noted that
the Ni>* species found in all the catalyst samples is due to
the oxidation of Ni® species during analysis. The Ni 2ps)
binding energy of Ni” in Niyg ¢3/MgO is lower than that
in Niy ¢s/Al,O5 due to more electron transfer from MgO
to Ni species [47], indicating the stronger metal-support
interaction between Ni” species and MgO than that between
Ni” species and Al,O;. In the mixed oxide supported cata-
lyst Niy; 55/Mg0-0.5A1,0;, the binding energy of Ni 2p;,
for Ni° is 852.59 eV between the ones in Ni (3/MgO and
Niyg gs/Al05.

The binding energy of Ni 2p;,, for Ni’ in the catalyst
Ni,5 33C0,5,,/Mg0-0.75A1,0; was 853.72 eV, much big-
ger than that in the Ni,; 55/MgO-0.5A1,0;, suggesting the
formation of Ni/Co alloy. This result seems contradictory,
because the electronegativity of Ni’ is greater than that of
Co", upon the Ni/Co alloy formed, more electrons of Co”
will flow to Ni’, leading to lower binding energy of Ni 2p,,
for Ni’. However, the shifting of Ni 2p5, binding energy for
Ni’ in the Ni/Co alloy to higher energy rather than lower
energy was due to the fact that Co® species were almost
completely oxidized to cobalt oxides during the analysis
process as revealed in Fig. 7C, which led to more electrons
transfer from Ni’ to cobalt oxides, resulting in bigger bind-
ing energy of Ni 2p,, for Ni’ in the catalyst. The formation
of Ni/Co alloy endowed a synergy effect between nickel and
cobalt in the catalytic reaction, which enhanced the selectiv-
ity towards primary amines in the hydrogenation of aliphatic
nitriles [29, 42, 48]. The fitted Co 2p XPS spectra for the
reduced catalysts Coys ¢5/Mg0—-0.5A1,05 and Ni,5 13C0;¢ 5,/
MgO-0.75A1,05 were shown in Fig. 7C. The Co 2p5, bind-
ing energy of 777.6 eV was corresponds to the Co? spe-
cies, and the Co 2p;,, binding energies of 779.6 eV and
780.4 eV are attributed to the Co**and Co>* oxide species
in the catalysts Co,; 4s/Mg0-0.5A1,0; and Ni,5 33C0,5 5,/
MgO-0.75A1,05 [49-51]. The results indicated that the Cco
species in the reduced catalysts were very easily oxidized, so
the catalysts must be reduced in situ in application.

The textural properties of the reduced catalysts Nig g3/
MgO, Niy g5/Al,03, Niy3 55/MgO-0.5A1,03, Nips 33C0,35)/
MgO-0.75A1,05, as well as the used Niys33C0,5,,/
Mg0O-0.75A1,0; were determined by N, adsorption—des-
orption analysis. As shown in Fig. 8, all the samples showed
standard type IV isotherms, indicating the existence of
mesopores in the catalysts. Besides, the presence of hys-
teretic loops similar to the type H4 is indicative of slit-like
pores [52]. The similarity of the isotherms of the samples
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Fig.7 The wide scan XPS spectra (A), Ni 2p XPS spectra of sam-
ples (B) and Co2p;,, XPS spectra (C) of the samples (a) Niyg 3/MgO;
(b) Niyg gs/Al,03; (c) Niyj 55/Mg0-0.5A1,05; (d) Niys 33C0,5 ,,/MgO-

of the fresh and used Ni,s 35C0;5,,/Mg0-0.75Al,0; again
confirmed the stability of the catalyst in catalytic run.

The specific surface areas and the range of the pore
structural parameters of the catalyst samples are presented
in Table 2. As seen, the surface areas of the catalysts were
related to the supports. For the three mono nickel catalysts,
the surface area, pore volume, and pore diameter are all in
the order of Niy g5/Al,05> Niy3 55/Mg0—-0.5A1,05 > Niyg 65/
MgO. The bimetallic catalyst Niys5 33C0,5 ,,/MgO-0.75A1,0;
showed higher surface area, pore volume, and pore diam-
eter compared to Niy; s5/MgO-0.5A1,0;. It also had big-
ger surface area and pore volume than Niy ¢s/Al,05. The
big surface area of Ni,s33C0,5,,/Mg0-0.75A1,05 could
be ascribed to the doping of nickel with cobalt leading
to decrease in the sizes of metal particles as disclosed by

@ Springer

0.75A1,05; (€) Niys35C0,5,/MgO-0.75AL,0; (used); (f) Coys s/
MgO-0.5A1,0,

TEM, which endowed this catalyst good performances in
the hydrogenation of VN to AA.

After the catalyst Niys 33C0,5,,/Mg0-0.75A1,0; was
on stream for 20 h, both the surface area and the pore vol-
ume decreased slightly as shown in Table 2, which could be
ascribed to the slight deposition of carbon and nonvolatile
amine condensates on the pores of the catalyst. On the con-
trary, the mean pore diameter of the used catalyst increased
slightly compared to that of the fresh one because of the
deposition of substances on the small pores, leading to the
shift in the pore size distributions to large ones. The depo-
sition of some nonvolatile substances on the pores of the
catalyst impeded reactants access to the active centers of
the catalyst in the catalytic run, leading to a decrease in the
yield of AA as shown in Fig. 5.
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Fig.8 Adsorption—desorption isotherms of the catalyst samples
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Niys 35C0,5,,/MgO-0.75A1,05; (e) Ni,s33C0;5,,/Mg0O-0.75A1,0;4
(used)

The transmission electron micrograph (TEM) of
the catalysts Niy; 55/Mg0O-0.5A1,05 and Niys 33C0,5,,/
MgO-0.75A1,0; were taken finally. As shown in Fig. 9,
nickel and nickel-cobalt nanoparticles are dispersed on
MgO-Al,O5 support with diameters of 22.45-29.75 nm
(Fig. 9a and ¢) and 11.65-19.89 nm (Fig. 9b and d),
respectively. The results revealed that the doping of nickel
with cobalt led to decrease in average sizes and uniform
dispersion of Ni/Co nanoparticles, which were the main
reasons for the good performances of Niys33C05,,/
MgO-0.75A1,0; compared to the other ones in the

hydrogenation of VN to AA. In addition, HRTEM images
of the Niys 33C0,4,,/Mg0-0.75A1,05 sample clearly mani-
fested lattice fringes of 0.203 nm (Fig. 9¢), which could
be assigned to the 111 crystal plane of Ni and Co or Ni/
Co alloy [10, 53, 54].

The EDX elemental mapping revealed that the areas of
nickel and cobalt species overlapped well (Fig. 9f—i), also
indicating the formation of Ni/Co alloy. Besides, magne-
sium and aluminum also located in the same zone, which
confirmed the perfect mixing of Al,0; and MgO in the
catalyst, affording good dispersion of active centers on
the support.

4 Conclusion

The screened bimetallic catalyst Niys33C0 54,/
MgO-0.75A1,0; showed good catalytic performances
in the hydrogenation of VN as well as other low carbon
aliphatic nitriles to their corresponding primary amines
under atmospheric pressure in the presence of ammonia in
a fixed bed reactor. The conversion of VN reached 100%
with a AA yield of 70.8% and a total yield of AA and DAA
of 96.7% under the optimal conditions. The catalyst also
showed good stability and ease of regeneration. The good
performances of the catalyst could be ascribed to the large
surface area of the catalyst, uniform and fine dispersion
of metal nanoparticles on the mixed oxide support, and
formation of Ni/Co alloy with synergy effect between the
two metals in the reduced Ni,s 33C0,¢ 5;/Mg0O-0.75A1,0;.

Table 2 Textural properties of

catalysts Entry Catalyst Sppr® (M%/g) VP (cm?/g) d,° (nm)
1 Ni4 6/MgO 98.21 0.13 2.30
2 Niyg 45/Al,0; 156.70 0.30 491
3 Niy; ss/Mg0-0.5A1,0;, 123.26 0.22 4.62
4 Ni,s 15C0,5.21/Mg0-0.75A1,05 168.10 0.33 4.85
5 Niys 35C0,5 5/ Mg0-0.75A1,0; (used) 152.50 0.27 5.22

“BET surface area
"BJH cumulative desorption pore volume

“Mean pore diameter =4V/Sgpr
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Fig.9 TEM images of

Niy; 55/Mg0-0.5A1,0; (a, ¢),
Ni,s 33C0,5,,/Mg0-0.75A1,04
(b, d, e), and correspond-

ing element mappings of

Ni,s 33C0,5,,/Mg0-0.75A1,04
(f-i)
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