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Abstract: A series of Ni/Al2O3, Ni/K2O-Al2O3 and Ni/La2O3-K2O-Al2O3 catalysts that possess
high activities for partial hydrogenation of adiponitrile to 6-aminocapronitrile has been successfully
synthesized by the impregnation method. The catalytic performance was investigated under atmo-
spheric pressure and in the absence of ammonia and a significant enhancement in the activity after
the introduction of potassium oxide and lanthana was observed. Aiming to study the influence
of K2O and La2O3 promoters on the physicochemical properties, we characterized the catalysts
by N2 adsorption/desorption, XRD, H2-TPR, H2-chemisorption, H2-TPD and TEM techniques. A
combination of XRD, TEM and H2-chemisorption showed that Ni0 particles with a higher dispersion
are obtained after the addition of La2O3. Compared with the Ni/Al2O3 catalyst, the Ni/La2O3-K2O-
Al2O3 catalyst with an appropriate amount of promoter enjoys a more catalyst surface alkalescence,
enhances the electronic density of nickel and higher dispersion of nickel and exhibits higher activity
and 6-aminocapronitrile selectivity than Ni/α-Al2O3 during the hydrogenation of adiponitrile in the
absence of ammonia, i.e., K2O and La2O3 improved the performance of the nickel-based catalyst.

Keywords: 6-aminocapronitrile; partial hydrogenation; electronic density

1. Introduction

Aminonitriles are a class of important chemicals that have a variety of industrial appli-
cations. For example, aminonitriles can be used as monomers for producing high molecular
weight polyamides. In particular, 6-aminocapronitrile (ACN) is the key intermediate in a
new route for synthesis of caprolactam (CPL) [1] for the fabrication of nylon-6 [2,3]. Given
the continuing expansion of the polyamide market, the need for CPL is constantly growing.

Traditionally, CPL is mainly produced from cyclohexanone, a process that generates
4.5 kg of ammonium sulfate per kg of CPL produced. Alternatively, the route of hydro-
cyanation of butadiene is a novel salt-free process to obtain CPL at a lower cost than is
needed for the current process, and it is comprised of three courses, i.e., hydrocyanation of
butadiene to adiponitrile (ADN), partial hydrogenation of ADN to ACN and the hydrolysis
cyclization of ACN to CPL. The key step of this new process is the partial hydrogenation of
ADN to ACN, and the challenge is to stop the reaction halfway to avoid deep hydrogena-
tion to 1,6-hexanediamine (HMDA). Compared with the current ketone-hydroxylamine
processes, the novel route has some advantages, such as a lower cost, less environmental
pollution and the absence of ammonium sulfate [4]. This minimizes waste, one of the
criteria of green chemistry for the manufacturing and application of chemical products [5].

In industry, the hydrogenation of ADN is performed in a liquid phase at a high
pressure, in which the Raney Ni is probably the most frequently used catalyst [6–10]. Raney
Ni is very active, but it has a low mechanical resistance, is pyrophoric and is difficult
to completely remove from the process fluid. Meanwhile, a large amount of ammonia
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or other alkaline hydrate is necessary to decrease side reactions leading to secondary
and tertiary amines, presumably due to the presence of diamine intermediate. These
condensation compounds can also remain on the metallic surface and block the catalytic
active sites [11]. Therefore, a great number of attempts have been made to replace Raney
Ni with catalysts with a cleaner preparation, which are more resistant and more selective
supported [12–19], or unsupported [20–23] catalysts, over which the ADN hydrogenation
could be performed under mild conditions [24]. Other precursors, such as hydrotalcites of
Ni/Mg/Al, allow variation in the MgO/Al2O3 ratio and thus allow control of the acidity
of the final catalysts [25]; when this ratio increases, the selectivity to primary amines
increases for the hydrogenation of ADN. From these selected examples, it comes out that
Ni-based materials are excellent candidates for preparing active and selective catalysts.
Nevertheless, some questions still exist in the partial hydrogenation of ADN, such as
difficulty in achieving high ACN selectivity and ADN conversion simultaneously and the
catalyst being able to be deactivated easily; meanwhile, the regeneration of the catalyst
after use has been seldom dealt with.

When the activity and selectivity of a reaction depends on the size of the metal particles,
the reaction is called “structure sensitive” and in this case, the choice of proper preparation
methods becomes of primary importance to obtain the best catalyst performance [26].
F. Medina et al. [21] think that the hydrogenation of adiponitrile gives selectively to the
primary amines as a structure-sensitive reaction, and S. Alini et al. [19] also find that the
Rh/Al2O3 catalyst, prepared with precipitation via urea decomposition and is reduced
using the liquid phase route, gives a lower conversion and lower selectivity than the
catalyst obtained by the ion exchange technique and is reduced in the same way in ADN
hydrogenation. This would suggest a certain “structure sensitivity” of the reaction studied,
and this idea was enforced by the fact that very low performance in this reaction was
showed by an Rh/Al2O3 catalyst prepared by wet impregnation with a mean Rh crystallite
size of 20 nm.

As we all know, lanthana usually acted as a textural promoter, which can improve the
dispersion of Ni particle crystallites and further increase the hydrogen adsorption capacity
of the catalysts [27]; on the other hand, it is reported that the addition of potassium oxide in
small amounts could enhance ACN selectivity over nickel catalysts [13,15,21]. In this work,
an attempt was made to prepare a novel nickel catalyst co-promoted with potassium oxide
and lanthana for the partial hydrogenation ADN to ACN at atmospheric pressure and in
the absence of ammonia, in order to find a catalyst with better catalytic performance for
ADN hydrogenation, and furthermore, to validate the “structure sensitivity” of the partial
hydrogenation of ADN to ACN.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. Structural and Textural Properties

The effects of K2O and La2O3 on the textural characteristic of the Ni/α-Al2O3 sample
were studied by the nitrogen adsorption/desorption technique. Figure 1 shows the N2
adsorption–desorption isotherms of NA, NKA and NKLA. All samples possessed type
IV hysteresis loop isotherms, and the adsorbed quantity at p/p0 of 0.99 increased in the
following sequence: NA, NKA and NKLA. A higher adsorbed quantity indicates larger
pore volume.

The surface areas (SBET), pore volumes (Vp) and average pore sizes (Dp) of the catalysts
are summarized in Table 1. Obviously, the NKLA sample possessed the highest specific
surface area of 18.9 m2·g−1 and the largest pore volume of 0.077cm3·g−1. As a general
tendency, the addition of the promoter apparently decreased the SBET value as well as the
Vp, which suggested a negative effect of additive on the textural properties. Yet here, very
interestingly, with the dope of K2O, the SBET values decreased and the Vp and Dp increased.
While the addition of La2O3 significantly increased the SBET and Vp, the Dp had no nearly



Catalysts 2023, 13, 934 3 of 15

change, which might be associated with the positive effect of La on the dispersion of Ni.
Yet, all the samples retained the mesopores in the 15.5 < Dp < 17.5 nm range.
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Figure 1. N2 adsorption–desorption isotherms of NA, NKA and NKLA. 
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lysts are summarized in Table 1. Obviously, the NKLA sample possessed the highest spe-
cific surface area of 18.9 m2·g−1 and the largest pore volume of 0.077cm3·g−1. As a general 
tendency, the addition of the promoter apparently decreased the SBET value as well as the 
Vp, which suggested a negative effect of additive on the textural properties. Yet here, very 
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peak at about 673 K should be attributed to bulk NiO. It is clear that the addition of the 
promoters increases the initial reduction temperature of the catalysts, suggesting that the 
interaction between them may elevate the activation energy of the nickel oxide reduction 
and inhibit its reduction. The hydrogen consumption peaks gradually widen in the fol-
lowing sequence: NA, NKA and NKLA, which indicates that the addition of promoters 
leads to a better dispersion of the nickel oxide particles, thus improving the reduction rate 
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the reduction behaviors of the impregnated La-promoted NiO/α-Al2O3 catalysts, also ob-
served the retardation effect of the La2O3 additive [29]. 

Figure 1. N2 adsorption–desorption isotherms of NA, NKA and NKLA.

Table 1. Textural properties and H2-chemisorption data of NA, NKA and NKLA catalysts.

Catalyst SBET
/m2/g

Vp
/cm3/g

Dp
/nm

Chemisorbed H2
/µmol/g.cat

NA 14.0 0.054 15.6 9.4
NKA 10.9 0.063 17.3 12.9

NKLA 18.9 0.077 17.0 53.4

2.1.2. H2-TPR

Figure 2 shows H2-TPR profiles of all three samples and NiO as a reference. There
were two peaks in all of the TPR curves. The reduction peak at around 523 K could be
assigned to the reduction of the nickel oxide, and some authors thought that its occurrence
or nonoccurrence did not affect the remainder of the TPR profile [28]. The main reduction
peak at about 673 K should be attributed to bulk NiO. It is clear that the addition of
the promoters increases the initial reduction temperature of the catalysts, suggesting
that the interaction between them may elevate the activation energy of the nickel oxide
reduction and inhibit its reduction. The hydrogen consumption peaks gradually widen
in the following sequence: NA, NKA and NKLA, which indicates that the addition of
promoters leads to a better dispersion of the nickel oxide particles, thus improving the
reduction rate of the catalyst.
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Otherwise, here we also found that the addition of La improved the terminal reduction
temperature of the catalyst. This can perhaps be attributed to the presence of adsorbed
H2O molecules or hydroxyl groups on the surface. Richardson and Twigg, in discussing
the reduction behaviors of the impregnated La-promoted NiO/α-Al2O3 catalysts, also
observed the retardation effect of the La2O3 additive [29].

2.1.3. XRD

Figure 3 shows the XRD patterns of the NA, NKA and NKLA samples before and after
reduction. There were only α-alumina and nickel oxide detected in all of the unreduced
catalysts (as shown in Figure 3a); that is, the addition of K2O and La2O3 did not affect the
phases of NA. La containing phases, such as La2O3 (05-0602, JCPDS), LaAlO3 (85-1071,
JCPDS) and LaAl12O19 (77-0335, JCPDS), were not detected, although its presence was
reported by other authors [30]. This indicates that the La species dispersed very well
and/or did not react with the support due to low temperature calcination. It is noteworthy
that the intensity of NiO diffraction peaks decreased markedly due to La2O3, whereas it
was not affected by K2O.
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Figure 3b presents the XRD diffraction patterns of NA, NKA and NKLA after reduction.
Apart from α-Al2O3, only metal nickel was detected. Similar to the unreduced catalysts,
the addition of La2O3 led to the decrease of metal nickel. According to the calculation of
the main X-ray diffraction peak of NiO (200) by the Scherrer Equation, the Ni particle sizes
were 28.0 nm, 28.3 nm and 16.0 nm in NA, NKA and NKLA catalysts, respectively.

2.1.4. FE-TEM

Figure 4 shows the TEM pictures of the catalysts reduced to 623 K for 2 h. It is obvious
that the Ni particles were dispersed on α-Al2O3 particles in every catalyst. However, there
was a remarkable difference in the nickel particles’ size and the distribution for NA, NKA
and NKLA. Compared with NA and NKA, NKLA had a narrower nickel particle size
distribution and much smaller nickel particles. Though nickel crystallite sizes observed
from images are different from those calculated with the Scherrer formula to a certain
extent, the effect of the promoters was similar; that is, La2O3 markedly improved the nickel
dispersion, and K2O did not affect the nickel particles size.
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2.1.5. H2-Chemisorption and H2-TPD

Table 1 also lists the H2-chemisorption amounts of the reduced NA, NKA and NKLA
catalysts. The H2 chemisorption amounts of NA, NKA and NKLA were 9.4, 12.9 and
53.4 µmol H2/g.cat, respectively. NKA had slightly higher H2 chemisorption amount than
NA, while the H2 chemisorption amount of NKLA was about 5.7 times that of NA; that is,
La2O3 greatly increased the H2 chemisorption amount of NA. The results were consistent
with the nickel particle sizes on NA, NKA and NKLA catalysts as shown in XRD and TEM.
Usually, the smaller the nickel particles, the larger the nickel surface area and the more H2
is chemisorbed.

After the H2-chemisorption measurement, the H2-TPD experiments were performed,
and the H2-TPD profiles of the NA, NKA and NKLA catalysts are shown in Figure 5. For
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all samples, H2 desorption occurred below 573 K, which is generally attributed to hydrogen
species adsorbed on the metal nickel particles [31–35]. No H2-desorption peaks appeared
at higher temperature indicating that there was no spilt-over hydrogen species and/or the
subsurface hydrogen species [36].
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In short, XRD and TEM results have shown that an apparent decrease in the Ni0

particle size as the La2O3 promoter was introduced, while the catalyst doped with only K
nearly did not change, implying that the La2O3 strained the sintering of nickel during the
reduction process. This also tested the fact that lanthanide is usually used as a structural
promoter to increase the dispersion of metal (e.g., Ni), causing enhanced sintering resistance,
leading to smaller nickel crystallites in Ni/Al2O3 catalysts [27]. Moreover, according to
the H2-chemisorption experiments, perhaps the bigger H2 uptakes for the catalyst NKLA
than NA and NKA catalysts should not be interpreted in terms of a partial improvement
of the hydrogen adsorption capacity, but instead, in terms of change of the particle size.
Although the metal dispersion and the surface structure of the metal particles may affect
the catalyst performance [37], according to usual conditions, the smaller the nickel particles,
the larger the nickel surface area and the more chemisorbed H2, which was consistent
with the catalytic performance and the average size of nickel particles in the catalysts. All
the data from different approaches for the determination of the average metal particles’
size made the agreement between the values obtained from H2-chemisorption and those
provided by independent techniques (TEM or XRD).

2.2. Catalyst Performance
2.2.1. Effects of Promoters

Figure 6 shows the hydrogenation performance of NA, NKA and NKLA catalysts. All
of the catalysts had a high initial ADN conversion; however, they deactivated along with
the reaction to different extents. The NA catalyst showed the most drastic decrease of ADN
conversion from 99.9 to 52.3% during the first 6 h. Over NKA and NKLA, ADN conversion
was similar and did not remarkably change during the first 7.0 h, and then it decreased
gradually. However, a higher conversion loss was observed for NKA. For example, ADN
conversion (86.1%) over NKA was 7% lower than that (93.1%) over NKLA at the tenth hour.
ADN conversion decreased to about 40.2% at the thirtieth hour over NKA, while that over
NKLA was 63.6% at the fortieth hour and fell to about 40.1% at the fiftieth hour.
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As shown in Figure 6, apart from the aim product ACN, the main by-products were
hexamethylenediamine (HMDA) and azacycloheptane (ACH) during the partial hydro-
genation of ADN. ACN selectivity increased with the reaction time over every catalyst until
it reached a constant, which was much lower over the NA catalyst than that over the NKA
and NKLA catalysts. Eventually, ACN selectivity was about 70% over the NA catalyst and
it exceeded 80% over the NKA and NKLA catalysts, with a slightly higher ACN selectivity
over NKLA than that of NKA. It was worth noticing that selectivity with respect to HMDA
and ACH followed the opposite trend for ACN selectivity, respectively, indicating different
structural requirements for the active sites responsible for the production of ACN with
respect to those of HMDA and ACH. Besides, the initial ACH selectivity was much higher
than the initial HMDA selectivity over NA, while the contrary case occurred over NKA
and NKLA.

The hydrogenation of nitriles is a complex process, which consists of a complex set of
reactions, such as the hydrogenations of nitriles to imines and amines, the condensations
between imines and amines, and deaminations and cyclization, involving a number of
reactive intermediates. Additionally, the presence of a second nitrile group can lead to
intermolecular or intramolecular condensation reactions as well, thus giving rise to a wide
product spectrum. Due to the ring structure of the imine–amine intramolecular conden-
sation product, deamination and dehydrogenation reactions assume an important role
in the determination of the final product. During the process of hydrogenation of ADN
as shown in Figure 7 [38], ADN can be initially hydrogenated to ACN and then finally
to HMDA. Over basic surface sites, ADN can form 2-methylamino-1-aminocyclopentane
via Thorpe–Ziegler cyclization. Other unwanted reactions include the formation of 1,2-
diaminocyclohexane (DCH) by a diamine intermediate as well as cyclic and linear Schiff
bases [39]. DCH can be avoided by blocking the most active sites with NaOH [40] or
deposited coke from the reaction [41], and the Schiff base formation is inhibited by the
presence of ammonia or group IA hydroxides [42,43]. Of course, the addition of alkali metal
may play a negative effect on the hydrogenation reaction to a certain extent. Moreover,
several reasons can be given for the negative effect of basic additives. The presence of
alkali could depress the (acid catalyzed) elimination of ammonia from intermediate and,
therefore, lead to the accumulation of reactive intermediates and to uncontrolled conden-
sation reactions. Alternatively, the residence time of basic compounds on the catalytic
surface could be negatively affected by the basicity of the catalyst. The lower residence
time on the metal surface decreases the chance of the hydrogenation, dehydrogenation
and deamination of reactive intermediates, which, on leaving the catalytic surface, may
undergo condensations in the vapor phase. A third reason might be that base-catalyzed
reactions (e.g., Thorpe and Thorpe–Ziegler reactions), which probably take place on the
support, are favored by the presence of strong basic centers. This enhanced formation
of C-C by-products, which contain amino groups and are partly unsaturated, decreases
the selectivity to desired products and simultaneously increases the amount of potentially
strongly adsorbing compounds.
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Figure 7. The possible hydrogenation of ADN.

Figure 6 indicates that K2O improved not only catalyst stability but also ACN se-
lectivity, while La2O3 mainly improved catalyst stability. Several reasons can be given
for the positive effect of K2O. K2O could increase the basic property of the catalyst sur-
face [21], which favored the desorption of the hydrogenation products that were of basic
substance and tended to avoid the deactivation of the catalyst. Thus, the longer residence
time of the imines would favor hydrogenation reactions, producing lighter by-products
as well as some higher molecular side reactions such as imines trimerization, yielding
heavy compounds which stay on the metallic surface and block catalytically active sites. In
addition, taking into account the electronic effect, K donated an electron to Ni and made
the Ni atom electron-enriched [13]. The Ni-rich electrons were in favor of the dissolved
adsorption of H2. Moreover, there is the competitive adsorption between H2 and ADN
on the Ni active phase, while the Ni-rich electrons could weaken the adsorption of ADN
due to the repulsion of the C≡N band with lone pair electrons, which was also a benefit
of the adsorption of H2. According to the Braun mechanism [44], the Ni-rich electrons
could also inhibit the condensation reactions and thus serve to prevent or delay the rapid
deactivation of the catalyst. In short, the addition of K2O favored the hydrogenation of
ADN and desorption of ACN, inhibiting the further conversion of ACN and avoiding other
side reactions. Thus, the ACN selectivity and the catalyst stability were increased.
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As shown in the TEM images (Figure 4), there was not a remarkable difference in the
size of nickel particles between NA and NKA, while the nickel particles over NKLA were
smaller than that over NA and NKA, indicating that La2O3 improved the nickel dispersion.
As a result, the amount of H2-chemisorption was larger for NKLA, and it was 9.4, 12.9
and 53.4 umol/g.cat for NA, NKA and NKLA, respectively. Moreover, the La2O3 was a
weak basic substance, which was also a benefit of improving the reactivity of the catalyst.
Due to the above reasons, when Ni/α-Al2O3 was co-promoted with La2O3 and K2O, its
performance for the partial hydrogenation of ADN increased remarkably. In short, with
our catalyst with a high metal dispersion, it was possible to achieve good ADN conversion
and high ACN selectivity.

2.2.2. Catalyst Deactivation and Regeneration

The hydrogenation of ADN is a complex reaction system, and the catalyst used in
this system tends to be deactivated. While so far, the deactivation phenomenon and
reactivation information are not easily available in the open literature, here, we made a
primary investigation of the deactivation of the NKLA catalyst in the hydrogenation of
ADN and studied the regeneration method of the deactivated catalyst.

Figure 8 depicts the TG curve of the used NKLA catalyst. In the TG profile, there were
mainly three weight-change stages: a 5.8 wt.% mass-loss stage (from room temperature to
650 K) was owed to the desorption of the free solvent and the oxidation of some organic
compounds; a 0.2 wt.% mass-increase stage (from 650 K to 705 K) was attributed to the
oxidation of metallic nickel; and the third stage (about 1.2 wt.% mass loss, above 705 K)
was due to the oxidation of the organic species on the catalyst. Because the oxidation of the
metallic nickel and some of the organic species occurred in the similar temperature range,
the mass-increase stage due to the oxidation of metallic nickel in the used one could be
masked by the mass-loss stage of the oxidation of the organic species.
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Aside, Table 2 lists the ESEM-EDX analysis results of the fresh catalyst and the used
one, which showed that there was an increase in C and N on the deactivated sample
compared to the fresh one.
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Table 2. The EDX data of the fresh NKLA catalyst and the deactivated one.

The Fresh Catalyst The Deactivated Catalyst

Element Weight/% Atom
Ratio/% Element Weight

Ratio/%
Atom

Content/%

C K / / C K 11.15 19.44
N K / / N K 1.00 1.50
O K 39.49 58.82 O K 37.28 48.82
Al K 35.88 31.68 Al K 30.01 23.30
K K 0.02 0.01 K K 0.18 0.10
Ni K 22.47 9.12 Ni K 18.32 6.54
La L 2.13 0.37 La L 2.06 0.31
Total 100.00 Total 100.00

EDX results were consistent with the conclusions drawn from the literature. For
example, Alan M. Allgeier et al. [45] pointed out that Raney Ni deactivated during
ADN hydrogenation reactions in the absence of the base as a result of the deposition
of polyamines, which physically blocked the surface. BASF corporation [5] also claimed
that low polyamines were the main reason for the deactivation of the Ni-based catalyst in
the hydrogenation of ADN, but it did not provide vigorous evidence for this. Otherwise,
some authors also found in the hydrogenation of acetonitrile that the formation of surface
nickel carbides was the major cause of the loss of activity with time on stream. The presence
of partly dehydrogenated species was a second factor causing the loss of activity. The
resulting species were strongly adsorbed on the nickel surface and blocked some of the
active sites for hydrogenation [46].

For an industrial catalyst, one of the key factors is the regeneration of the deactivated
catalyst. S. Alini et al. [19] found that the slight decrease in and conversion can be recovered
by treating the catalysts after their use with ethanol and H2 in the gaseous phase, but
the ACN selectivity is only partially recovered. Lei Ye et al. [47] also pointed out in the
hydrogenation of acetonitrile that the treatment of the deactivated catalyst with hydrogen
at an elevated temperature (>200 ◦C) restored both the catalytic activity and the selectivity
of the catalyst.

Additionally, the performance of the renewed NKLA catalyst after some reuses of the
same batch of NKLA is reported in Figure 9. The slight decrease in ADN conversion can
be recovered by treating the catalyst after their use with gaseous H2 in situ, though after
use, the catalyst deactivated more rapidly. Yet, after reduction with gaseous H2, the initial
ACN selectivity is partially improved and the final of that reaches about the same value.
Figure 9 showed only the hydrogenation results of the fifth run after reduction with H2
in situ. Aside from this, when the deactivated catalyst was washed only with absolute
ethanol, the initial activity decreased and finally achieved the same or a higher value with
the time, while the ACN selectivity decreased in the end. Thirdly, the ADN conversion
and the ACN selectivity both decreased when the deactivated catalyst was calcined and
reduced in the H2 atmosphere again. The deactivation cause and regeneration research will
be in further studies, and the next paper will describe the phenomenon in detail.
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Figure 9. Catalytic performance of NKLA catalyst for the fresh catalyst (□) and the fifth run on the 
same batch (●) and the deactivated ones washed only with absolute ethanol (▲) and calcined and 
reduced in H2 again (▽). 
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3. Experimental Work
3.1. Catalyst Preparation

The α-Al2O3-supported catalysts were prepared by the impregnation method. The
porous α-Al2O3 was incipiently impregnated with an aqueous solution of Ni (NO3)2 or
an aqueous solution of Ni (NO3)2 and the additive nitrate, and left at room temperature
for 24 h. The sample was then dried at 393 K for 12 h and calcined in air at 623 K for 4 h.
Since the target Ni loading was about 25 wt.% and a single impregnation gave about 15–18
wt.% loading, two separate impregnation steps were necessary. NiO/α-Al2O3 catalysts
un-promoted or promoted with K2O or K2O and La2O3 were labeled as NA, NKA and
NKLA, respectively. Based on α-Al2O3, the mass contents of Ni, K and La were set at 25,
0.1 and 3%, respectively.

3.2. Catalyst Characterization

N2 adsorption and desorption isotherms of the samples were measured on a Mi-
cromeritics ASAP 2020 automated physisorption instrument (Micromeritics, Norcross, GA,
USA) at 77 K. Prior to the measurement, the samples were degassed in a vacuum at 573 K
for 2 h. The specific surface area was determined by the Brunauer–Emmett–Teller (BET)
method. The pore volume and pore size were determined from the desorption branch of
the N2 adsorption isotherm.

X-ray powder diffraction (XRD) patterns of the samples were measured on a PANa-
lytical’s X’Pert PRO powder X-ray diffractometer (Malvern PANalytical Ltd., Almelo, The
Netherlands) with CoKα radiation. The average nickel crystallite size was estimated from
XRD line-broadening by employing the Scherrer equation, d = (0.9 λ)/(β cosθ), where d is
the crystallite size, λ is the wavelength of the radiation, β is the full width at half maximum
of the peak and θ is the Bragg angle.

Temperature programmed reduction (TPR) was carried out in a tubular quartz reactor,
where 100 mg catalyst was loaded in the thermostatic zone. The reduction was conducted
in a flow of a H2-N2 mixture (volume ratio, 10:90) at a heating rate of 15 K/min. The
consumption of hydrogen was detected using a thermal conductivity detector (TCD).

The nickel crystallites over the reduced catalysts were observed on a Field Emis-
sion Gun Transmission Electron Microscope (FETEM, PHILIPS Tecnai G2 F20, FEI, Ore-
gon, USA).

Hydrogen chemisorption was performed on a Thermo Finnegan TPD/R/O 1100
instrument (Waltham, MA, USA). After reduction at 623 K for 2 h, the hydrogen on the
nickel surface was removed with 20 mL/min of He (99.999%) for 30 min. The sample
was cooled to 298 K under a He stream, and the He stream was then switched to N2
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(99.999%). After the TCD was stable under the N2 flow, H2 pulses (100 µL/pulse) were
injected until the effluent area of consecutive pulses was constant. The dispersion of Ni
was calculated assuming a stoichiometry of one hydrogen molecule adsorbed on per two
surface nickel atoms [46], and it was given by D = Nis/Nit = H/Ni. The metal surface
area (Sm, m2.g−1), dispersion (D, %) and metal particle size (d, nm) were determined
from the H2 chemisorption amount. H2-temperature programmed desorption (H2-TPD)
was performed on the basis of H2-chemisorption, and it was performed in a N2 flow of
50 mL/min and conducted between 303 and 1023 K with a heating rate of 10 K/min. The
evolved H2 was detected by an on-line thermal conductivity detector.

3.3. Activity Test

The activity test was carried out in a tubular stainless steel fixed-bed reactor (12 mm
ID) in a continuous process under atmospheric pressure, 453 K, and in the absence of
ammonia conditions. Before reaction, the catalyst (4.0 g) was reduced by hydrogen (6 l/h)
at 623 K for 4 h, and when the temperature decreased to the designated value, the ADN
solution in EtOH (volume ratio of ADN to EtOH as 0.25, 5 mL/h) and hydrogen (6.5 l/h)
was fed into the reactor. The qualitative analysis of the product samples was carried out
on a GC6890-MS5973 (Agilent, Santa Clara, CA, USA) and the quantitative analysis on a
gas chromatograph equipped with a flame ionization detector (FID) and a SE-54 capillary
column (30 m).

4. Conclusions

Two promoters of K2O and La2O3 were doped into the Ni/α-Al2O3 catalyst prepared
with the impregnation method. By reducing the precursor in an H2 atmosphere, it is
possible to obtain a catalyst with a very high metal dispersion and small Ni crystallites. In
the hydrogenation of adiponitrile, the Ni-based catalyst doped with K2O or K2O and La2O3
showed a better performance to produce ACN than the Ni/α-Al2O3 catalyst, i.e., K2O not
only improved the stability of the catalysts but also improved ACN selectivity, while La2O3
mainly improved the catalysts’ stability. On the one hand, K2O could increase the basic
property of the catalyst surface; on the other hand, K donated an electron to Ni and made
the Ni atom electron-enriched, all of which favored the desorption of ACN and inhibited the
further conversion of ACN. XRD, TEM and H2-chemisorption results indicated that La2O3
improved the nickel dispersity and the amount of hydrogen chemisorption. Due to the
above reasons, when Ni/α-Al2O3 was co-promoted with La2O3 and K2O, its performance
for the partial hydrogenation of ADN increased remarkably.

The activity of the deactivated Ni-based catalyst in the hydrogenation of adiponitrile
could be recovered by reducing in the H2 gas phase and by washing with absolute ethanol,
although the regenerated catalyst may be deactivated more rapidly. The deposition of the
compound including C and N is perhaps the main reason for the deactivation, and further
and in-depth investigations are ongoing.
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