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KEYWORDS Abstract It is one of the critical fields of green chemistry to catalyze the selective conversion of
Alcohol: biomass-derived alcohol and ammonia to primary amines with extensive application. Recently, cat-
Ammonia; alytic systems consisting of non-noble metal nickel- and cobalt-based catalysts have been developed
Catalytic amination; for catalytic alcohol amination. This paper reviewed these two types of catalytic systems, which are
Supported catalyst; classified as skeleton Co and Ni catalytic systems, supported and modified Co and Ni catalytic sys-
Modified catalyst; tems, emphasized on catalysts and catalysis, and clearly explained where zero-valent cobalt or
Strugture—.activity nickel is active species for catalytic reaction. In supported catalysts, the catalytic active sites consti-
relationships tuted by the catalytic active species and its micro-environment can regulate the efficiency of catalytic

the reaction. While in modified catalysts, modifiers such as metal Fe, Re and Bi may modulate the
catalytic active sites and change the catalytic selectivity. There are differences in structure and size
between catalysts prepared by different methods, resulting in distinct interface and electronic prop-
erties for alcohol amination, which determines the structure—activity relationships of the catalytic
system.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Amine is an indispensable and vital organic compound, widely used in
fine chemicals, biology and advanced materials, among which primary
amine is a basis for the synthesis of various amines (Geoffrey et al.,
2016). Ammonia is an effective and cheap nitrogen source for the
preparation of primary amines, because almost all amine compounds
in nature can be derived from ammonia under mild conditions. There-
fore, producing primary amines from ammonia is meaningful (Yue
et al., 2016).

Except for a small amount that can be extracted directly from nat-
ure, primary amines are often obtained from following chemical reac-
tions: the aminolysis of halogenated hydrocarbons (Willis. 2007), the
amination of alcohol (Shimize et al., 2013), the hydrogenation of nitrile
(Laval et al., 2009), the hydroamination of olefins (Klein et al., 2007),
the reduction of nitro-compound, and the dehydrogenation coupling
of N-H and C-H (Sun et al., 2016; Salomon et al., 2009). Furthermore,
the classical amination methods such as the amination of some halo-
genated hydrocarbons and methanol have been industrialized. To
achieve green and sustainable chemical industry development, the
selective conversion of biomass-derived alcohol has become a hot spot
in the synthesis of primary amine because of its extensive source and
environmental friendliness (He et al., 2020; Chen et al., 2021). In recent
years, significant progress has been made in the catalysis of alcohol
amination by nickel-, cobalt-, ruthenium-, and iridium-based heteroge-
neous or homogeneous catalytic systems (Bihn et al., 2011; Pelckmans
et al., 2017; Liu et al., 2018; Wang et al., 2020). However, it is still a
challenge to develop high efficient catalysts for alcohol amination
under mild conditions. Fortunately, nickel- and cobalt-based catalysts
have shown potential for the catalytic selective primary amination
alcohol.

As shown in Scheme 1, the catalytic amination of alcohol with
ammonia not only produces amines including primary amine, but also
olefin, ether, ketone, nitrile, and polymeric compounds by dehydra-
tion, hydrogenolysis, polymerization, cyclization and condensation,
which means the design and selection of catalyst is the key to enhance
its catalytic selectivity (Wang et al., 2019; Zheng et al., 2020). That is,
the catalyst possesses multi-function, and the coordination of the

multi-function is the guarantee of catalytic selectivity, otherwise the
competitive reactions, resulting in byproducts, will make the catalytic
results unsatisfactory. Fortunately, efficient modulation strategies by
modification provide the possibility to implement selectively catalytic
reactions. At present, the improved heterogeneous nickel-based and
cobalt-based catalysts may exhibit almost equivalent catalytic perfor-
mance to the homogeneous ruthenium-based catalysts. Considering
the cost and convenience of post-treatment, the heterogeneous catalyst
of alcohol amination is attractive and advantageous. Generally, the
catalytic selectivity of catalysts is a part of the catalytic performance
(including activity, selectivity, stability, and related mechanical proper-
ties, etc.), which overall performance optimization is the guarantee for
the catalyst to move towards sustainable industrialization. Therefore,
the catalyst for catalytic alcohol amination and its structure—activity
relationships are the basis for understanding, designing and preparing
the overall optimized catalyst, which depend on the accumulation and
summary of numerous studies. In this paper, the catalytic systems
based on nickel and cobalt catalysts for alcohol amination are
reviewed, in which text materials are organized sequentially and logi-
cally according to the time of literature publication.

2. Catalytic system of alcohol amination

The catalytic system usually consists of catalyst, catalytic reac-
tion, and catalytic condition. An effective catalytic system is a
suitable chemical action process with catalyst of the key. With
the development of the catalytic system of alcohol amination,
there are three kinds of processes (Scheme 2): dehydration con-
densation amination, reduction amination and hydrogen
transfer amination (Liu et al., 2018). The catalyst for the cat-
alytic amination of alcohol is of dehydration function such
as zeolites, silicon oxide, and alumina, which are very effective
for the catalytic amination of small molecule alcohols like
methanol (Segawa and Tachibana, 1993). The catalytic reduc-
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Scheme 1  Reactions of alcohol amination with diversified products.
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Scheme 2 Three kinds of processes for alcohol amination.

tive amination of alcohol requires the dehydrogenation/hydro-
genation ability of the catalysts, which undergoes dehydro-
genation oxidation, dehydration amination and
hydrogenation reduction (Shimizu et al., 2013). The catalytic
hydrogen transfer amination of alcohols is a special kind of
reductive amination with hydrogen donor. It does not need
to be carried out in hydrogen environment, and not only
requires the dehydrogenation performance of the catalytic
active sites but also enables the removed hydrogen to reduce
the imine intermediates. Metal hydride is the active intermedi-
ate in catalysis (Alonso et al., 2011). In a word, its advantage is
that the atomic economy and safety are better. Therefore, con-
sidering catalytic reduction amination and hydrogen transfer
amination, the dehydrogenation and hydrogenation nature of
catalytic active sites are commonly used. The suitable geomet-
ric and electronic structure of the catalytic active site is the
basis for the smooth progress of the alcohol amination, and
its micro-environment is an essential factor affecting the cat-
alytic performance. For example, the classical preparation pro-
cess of Raney nickel and cobalt makes it highly active. Because
of the higher requirements of the modern chemical industry,
the modulation of catalytic active sites has always been the
focus of catalysis research (Dong et al., 2020; Ying et al.,
2020). First, it is presented the surface area of the catalyst.
The larger the surface area of the catalyst is, the more the cat-
alytic active sites would be, the representation is Raney Nickel.
As a skeleton catalyst, its catalytic activity sites are slightly
influenced by environmental action (including electronic and
size effects) due to the difference in dispersion caused by metal
loading. Resulting to the 3d orbital in transition metals, irreg-
ularity of steps and top angles, and the different aggregation
degree on the surface, the intermediate and product on the cat-
alyst surface would change with time and space, which leads to
the selectivity of catalysis. The catalyst nature is related to its
preparation process, and subsequently affects the catalytic pro-
cess and reaction results. Thus, it is unreliable to compare the
catalytic performance of the same composition catalyst by dif-
ferent preparation methods, because the texture and micro-
environment of each catalytic active site on the catalyst surface
are not exactly the same, resulting in the different catalytic per-
formance, especially the catalytic selectivity, and the results
presented are statistical. Currently, relatively other metals to
modify the catalytic active site of the heterogeneous catalysts
is a strategy to modulate the catalytic performance, its primary
function is to adjust chemical adsorption and control the selec-
tivity of catalytic reaction. Moreover, the heterogeneous cata-
lysts obtained by metal modification would replace part of the
scarce and expensive noble metal catalysts, it is manifested in
the catalytic amination of alcohol. Based on those above, the
cobalt-based and nickel-based catalysts are divided into a
skeleton, supported, and modified catalysts for the catalytic
selective primary amination alcohol.

2.1. Nickel-based catalytic system

Nickel is a relatively cheap non-precious metal with the outer
electron distribution of 34%4s® and the Pauling’s electronega-
tivity scale of 1.91. The surface of nickel has good adsorption
property for hydrogen and excellent hydro-dehydrogenation
nature, and the surface activity of zero-valent nickel is high.
The nickel-based catalytic system is a purposeful modulation
based on the properties of nickel atoms, including skeleton
nickel catalyst, supported nickel catalysts containing silicon
oxide, and alumina supports, and modified nickel-based cata-
lysts including copper and rhenium modifiers.

2.1.1. Skeleton nickel catalyst

Raney nickel was first discovered by M.Raney, its manufactur-
ing process, that is melt leaching, was published in 1925. At
present, it is a commercial catalyst, usually possessing an aver-
age surface area of about 100 m?/g, tending to adsorb active
hydrogen, and its content is related to parameters with the
preparation process, and widely used in the reduction reaction
of various organic compounds. It was used to synthesize
organic amines in 1939 because of its high activity
(Schwoegler and Adkins, 1939). Liu et al. (2017) performed
the amination of a-furanol with Raney Ni, and the optimized
yield of 78.8% a-amino furan was obtained by using ammonia
as the nitrogen source in hydrogen atmosphere at 160 “C reac-
tion temperature. Without hydrogen, only 22.2% selectivity of
the product could be reached. The XRD and XPS characteri-
zation of the catalyst revealed the catalyst was prone to form
nickel nitride and deactivated in the absence of hydrogen
atmosphere. Wang et al. (2017) used Raney Ni to catalyze
the amination of 2-amino-2-methyl-1-propanol in hydrogen
and ammonia atmosphere. The 45.6% optimized conversion
and 88.3% selectivity, with 1.88 h™! TON, were obtained
under 185 “C, which were better than that of Raney cobalt.
It was found that the pressure of hydrogen regulated the pro-
duct distribution, temperature and stirring speed also affected
the reaction results. Yu et al. (2019) carried out the amination
of 1-amino-2-propanol in hydrogen and ammonia atmosphere
with Raney nickel as catalyst and potassium carbonate as aux-
iliary. The yield of 1,2-diaminopropane was 80% with about
1 h~! TON under 170 °C, and potassium carbonate promoted
the selectivity of the product, while Raney cobalt can only
obtain 49.1% yield under the same conditions. Churro et al.
(2020) researched the ammonia of cyclohexanol catalyzed by
commercial nickel catalyst (81.3% of nickel content and
5.2 nm of nickel diameter), and the yield of cyclohexylamine
was 69.3% with 8.1 h™' TON under the conditions of
2.2:2.2:1 M ratio of ammonia, hydrogen and cyclohexanol,
13.9 g g 'h™! of space velocity, 200 °C and 1 bar pressure in
a fixed bed reactor.
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In application of the skeleton nickel, the key point should
be the optimization of process parameters to obtain better
selectivity and yield of product. The surface of skeleton nickel
presents catalytic activity based on TON values, and it is sen-
sitive to substrate structure and easy to deactivate in the
absence of hydrogen, adding auxiliary is helpful to improve
its catalytic performance. After being adsorbed and acted on
the surface by ammonia, nickel nitride would form on the cat-
alyst make the catalyst deactivate.

2.1.2. Supported nickel catalyst

The supported catalyst not only makes the active species of
heterogeneous catalyst a better dispersion, but also brings
some physical properties such as the rigidity with thermal sta-
bility and the change of geometric structure of active species at
the interface. These features are meaningful for the industrial-
ization of supported catalysts, the modulation of catalytic
properties and the stability of catalytic active species due to
adsorption (Li et al., 2019). For nickel-based supported cata-
lysts for alcohol amination, a certain amount of acid-base on
the surface is beneficial to the catalytic reaction, such as silicon
oxide and alumina as nickel-based catalyst supports whose
acidity or alkalinity on surface can synergistically play a cat-
alytic role with active species, and be modulated by thermal
and aluminum valence states. At the same time, the special sur-
faces formed by composite silicon oxide and alumina such as
various molecular sieves bring great opportunity to tune the
catalytic active sites of nickel-based catalysts (Wang et al.,
2020a, 2020b) (Fig. 1).

2.1.2.1. SiO; support. Silicon oxide is a common catalyst sup-
port, and its surface can be adjusted with the variation of
preparation method and of silica hydroxyl with acidity. In
1990, Bassili and Baiker (1990) adopted commercial Ni/SiO,
to catalyze the amination of 1-methoxy-2-propanol with
NH; The 70% conversion and 90% selectivity to 2-amino-1-
methoxypropane were obtained on the conditions of 190 °C,
40.5 g g~ 'h™" of space velocity and an atmospheric pressure
of hydrogen and ammonia in continuous fixed bed reactor,
where the presented catalytic efficiency was obviously better
than the skeleton nickel (Churro et al., 2020). When the reac-
tion temperature is higher than 190 °C, the methoxy group
would dissociate, which would lead to the decrease of product
selectivity, and the catalyst is easily deactivated with hydrogen
lacking. Zamlynny et al. (1998) used Ni/SiO, prepared by
impregnation to catalyze the selective amination of cyclohex-
anol. The optimal 90% conversion and 70% selectivity to
cyclohexylamine were obtained using 40 wt% Ni/SiO, as cat-
alyst under the conditions of 210 °C, 4 g h™'mol™" of space
velocity, and hydrogen atmosphere. Comparing to the com-
mercial skeleton nickel (Churro et al., 2020) and Ni/SiO,
(Bassili and Baiker, 1990), the nickel-based catalyst here did
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Fig.1 Binding and valence of oxygen and aluminum in alumina.

not show a good catalytic efficiency and might be attributed
to the production of the catalyst. Moreover, the results also
showed that the catalytic conversion increased as nickel load-
ing, which further revealed the Ni° was catalytic active species,
and Ni>" was inactive. The reaction process is dehydrogena-
tion amination, while the catalytic process is affected by the
acid strength on the surface of the support. Fischer et al.
(1999) used commercial Ni/SiO, (180 cm?/g of BET surface
area, 0.17 cm>/g of hole capacity, 4.9 nm of mean pore size,
and 5 nm of nickel diameter) as catalyst to catalyze the amina-
tion of 1,3-propanediol, 2-methyl-1-propanediol and 2,2-
dimethyl-1-  propanediol in  supercritical —ammonia
(T, = 132.4 °C, P, = 114.8 bar) and hydrogen atmosphere.
The results showed that the substrate structure affected the
selectivity of diamine due to dehydration, condensation and
degradation in the catalytic reaction, which indicated that
the reaction conditions affected the potential competitive reac-
tion performance. For 2-methyl-1,3-propanediol, the 75%
conversion and 77% selectivity of monoaminated products
can be obtained on the conditions of 135 bar hydrogen and
ammonia pressure, 180-235 °C and 40000 g s~ 'mol™" of space
velocity.

Summarily, the nickel catalyst supported by silicon oxide
showed good catalytic performance of excellent conversion
and selectivity for specific substrates under supercritical condi-
tions. It is also presented that zero-valent nickel is a catalytic
active species, and silicon oxide support have a positive effect
on the catalytic results to some extent, which depended on the
catalyst structure derived from the catalyst preparation
process.

2.1.2.2. Al,O3 support. Alumina is also a common catalyst and
support in chemical industry with adjustable crystal form, size,
and surface properties. y-Al,Os is a tetragonal system of disor-
dered transition states with lattice vacancies, which brings
chances to tune the catalytic performance of supported cata-
lysts. Shimizu et al. (2013) prepared nickel catalysts with dif-
ferent supports by impregnation method, and for the first
time, the heterogeneous catalysts without hydrogen were used
in hydrogen transfer reductive amination of alcohols for pri-
mary amines. The results showed different crystalline alumina
as nickel catalyst support had different effects on alcohol ami-
nation, and the support effect would increase as the catalyst
surface area expand among the 17 m?/g of a-Al,Os, 112 m?/
g of 6-AL,O, and 124 m?/g of y-Al,O;. The surface acidity
or alkalinity of Ni° and y-Al,O5 was the main factor affecting
catalytic amination. Additionally, it was found that the elec-
tronegativity of these supports was higher than that of simple
nickel. Comparing with Raney nickel, the outer electron cloud
density of nickel is distinctly reduced. As shown in Fig. 2, sup-
ports with different electronegativity have different surface
acid and alkalinity, and differed in their efficiency for catalytic
alcohol amination. Under the conditions of 0.4 MPa ammonia
pressure and 140-160 °C, the yield of primary amines reached
68--96% using 1 mol% Ni/y-Al,O5 as catalyst for alcohols
amination, which showed excellent catalytic performance than
some homogeneous ruthenium and other noble metal cata-
lysts, and the catalysts could be reused. The reason might be
the facilitation on the hydrogen transfer process caused by
the acid-base site on the surface of y-Al,O; Based on those
results, Ni/CaSiOj; catalyst prepared by ion exchange, which
was used successfully for the hydrogen transfer amination of
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Fig. 2
(Shimizu et al., 2013, with permission from ACS).

a variety of fatty alcohols and aromatic alcohols to produce
primary amines (Shimizu et al., 2014).

Cho et al. (2013) loaded nickel on commercial y-Al,O3 sur-
face (194 m?/g of surface area) with impregnation method to
get the Ni/y-Al,O; catalyst for the catalytic amination of iso-
propanol. The catalyst with 17 wt% of nickel content and
9.9 nm of particle size showed a good performance with the
90% conversion and 80% selectivity to isopropylamine under
170 °C. The results presented that the nickel activity of the cat-
alyst is better maintained in the hydrogen atmosphere, because
the presence of hydrogen could prevent the formation of nickel
nitride and its coverage of the catalyst surface. Moreover,
nickel catalysts supported by a variety of crystalline alumina
were prepared with impregnation for the reductive amination
of isopropanol, and was compared with commercial y-Al,O5,
Studies have shown that the catalytic selectivity was related
to the crystal form of y-, -, n-, 0, k-Al,O3 supports (Cho
et al., 2016), and the pyridine adsorption experiment revealed
that the catalytic selectivity was depended on the number of
Lewis acid on the surface of the catalyst. And y- and n-
Al,O3 exhibited relatively high activity, the yields of iso-
propanol amination were 48.6% and 59.9% under 160 C
and hydrogen atmosphere, respectively.

Dumon et al. (2018) prepared the Ni/y-Al,O5 catalyst with
138 m?/g of surface area and 18% nickel dispersion by impreg-
nation for the direct amination of 1-octanol. The results
showed that the 137 h™! TOF catalytic efficiency of the cata-
lyst was better than that of the same type of palladium with
23 h™!'. DFT calculations revealed that the adsorption of
ammonia reduced the catalytic dehydrogenation energy of
hydroxyl groups and stabilized imine intermediates to alter
the catalytic reaction rate, which demonstrated that ammonia
was not only a nitrogen source, but also acted with the catalyst
surface to alter the process of alcohol amination, implying that
it played a role in the regulatory reaction.

Park et al. (2017) loaded nickle on commercial y-Al,O3
(194 m?/g of surface area) with impregnation to catalyze the
amination of ethanol. The catalyst characterization revealed
that nickel loading affected the morphology of the catalyst,
the optimal 10 wt% Ni/y-Al,O; with the highest 12.0% nickel
dispersion and the minimum 8.1 nm nickel particle size among
those catalysts presented the excellent performance of both
40% of conversion and selectivity to ethylamine under the con-
ditions of 190 °C, 0.9 g g 'h™! of space velocity and 1/3/6 M
ratio of EtOH/NH3/H,. The presence of ammonia in the cat-

Electronegativity of support metal oxide

Relationship between electronegativity of different supports of Ni-based catalysts and alkaline sites and catalytic properties

alytic reaction could inhibit the oxidation of acetaldehyde,
while the existing hydrogen could prevent further dehydro-
genation of imine to nitrile, and also restrained the catalyst
deactivation by nitrides.

Among the Ni/y-Al,O5 catalysts, particle size of nickel
affects the catalytic activity. Tomer et al. (2017) loaded nickel
on commercial y-Al,O5 (154 m?/g of surface area) by impreg-
nation with B-cyclodextrin (B-CD) during the catalyst prepara-
tion process to improve the dispersion of nickel and obtain
relatively uniform particle size nickel, thus increasing the
amount of catalytic reduction species on the catalyst surface
and enhancing catalytic activity. The leaching of nickel in
the catalytic reaction was inhibited to some extent and the sta-
bility of the catalyst was improved. The results showed that the
79% conversion and 86% selectivity of 1-octyl amine could be
realized by using 15 wt% Ni/y-Al,O; as catalyst under the con-
ditions of 160 °C and 7 bar ammonia pressure. Therefore, in
the Ni/Al,Oj3 catalyst, the morphology and surface properties
of the support, the particle size of the support and nickel,
namely the surface area, and the spatial relationship including
the dispersion between them and the relative amount directly
affected on the catalytic amination performance.

The composite support of alumina and silicon oxide can
also play a support effect in the alcohol amination by nickel-
based heterogeneous catalysts. Leung et al. (2018) used com-
mercial Ni/Al,O5-SiO, catalyst for the primary amination of
alcohols in the flow reactor (Fig. 3). In a batch reactor without
hydrogen atmosphere, the amination of benzyl alcohol cat-
alyzed with a nickel content of 65 wt% obtain only 44% con-
version and 85% selectivity to benzyl amine, while the catalytic
amination in continuous process could get the 100% conver-
sion of benzyl alcohol and 100% selectivity to benzyl ammo-
nia, which reduced the possibility of further reaction of the
product and greatly improved the catalytic efficiency of the
target product. This continuous technology has great signifi-
cance in reactor engineering of alcohol amination.

Liu et al. (2019) adopted commercial Ni/Al,05-SiO, and
Raney Ni to catalyze the amination of benzyl alcohols in
micro-reactor. The optimal 99% conversion and 58% selectiv-
ity of primary amination products for benzyl hydroxy as a
structural unit of lignin were obtained using Ni/Al,03-SiO,
catalyst on the conditions of 140 °C and ammonium carbonate
as nitrogen source, which indicated that the catalyst had a
good tolerance to the functional groups of substrate, which
meant it might be used for catalytic biomass hydroxyl amina-
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Fig. 3  Flow diagram of catalytic alcohol amination by Ni/Al,05-SiO, (Leung et al., 2018, with permission from ACS).

tion. Raney Ni also presented the catalytic activity for the
amination of benzyl alcohol with different structures, the
60-100% conversion and the highest 90% primary amine
selectivity were reached at 180 °C. Compared Ni/Al,03-SiO,
to Raney Ni, the former showed better efficacy for benzyl alco-
hol amination under relatively mild conditions.

Indeed, the catalyst supports of silicon oxide, alumina, and
their composite play an important role in improving nickel-
based heterogeneous catalysts for the catalytic amination of
alcohols. Not only the supports can disperse and stabilize
zero-valent nickel active species, but their surface interaction
with active nickel and acidity or alkalinity can also regulate
the catalytic amination process as well. The overall optimiza-
tion of catalytic system and the effective combination with
new technologies such as flow catalysis may promote the
improvement of catalytic performance significantly.

2.1.2.3. Other supports. Compounds with similar surface prop-
erties as alumina and silicon oxide supports can also be used as
supports for nickel-based catalysts. Tomer et al. (2017) pre-
pared Ni/Al,05-CeO; catalyst for the amination of fatty alco-
hol, using the mixture of commercial y-ALO; (154 m%/g of
surface area) and CeO, (250 m?/g of surface area) as support
materials with the methods of impregnation and co-
precipitation. Catalytic results showed that the 2 wt% Ni/
AL,O3-CeO, (148 m?/g of surface area with the similar that
as 2 wt% Ni/y-Al,O5) catalyst for 1-octanol amination pre-
sented better catalytic selectivity of 80% to 1-octanylamine
than that of the catalyst only prepared by impregnation
method on the condition of no hydrogen, yet the conversion
was not as good as that from the 8 wt% Ni/y-Al,O5 catalysis.
The characterization results from XRD, CO-TPR, SEM/EDS
and XPS revealed that the introduction of Ce improved the
reducibility of nickel, especially surface nickel, while Ce also
promoted the uniform distribution of 2-3 nm nickel (Fig. 4).
Different preparation processes originating from the introduc-
tion of new component led to various structure of the catalyst,
resulting in differential catalytic properties. Therefore, the
preparation of catalytic materials needs to be paid enough
attention to in catalyst design.

Ho et al. (2019) prepared nickel catalyst supported by HAP
(hydroxyapatite), MgO, y-Al,O3, and SiO, with impregnation
to catalyze 1-propanol amination in a packed bed reactor. The

results showed that in the catalysis of the optimum Ni/HAP at
150 °C, the conversion of 1-propanol was 10.8%, and the
selectivity to 1-propanyl amine was 92%. The structure char-
acterization revealed that the Ni particle size of the catalyst
is 16.5 nm (minimum belonged to 4.9 nm of Ni/y-Al,O3) with
maximal surface area of 3.9 m?/g among those; kinetic and iso-
topic studies revealed that the the dehydrogenation of the cat-
alytic reaction as key step depended on the composition of the
support and the Ni° concentration on the surface, showing
that Ni° as the active species and the support could cooperate
to complete the decisive step of catalytic amination.

Jeong et al. (2020) sequentially prepared SiO,-Y,03 com-
posite support by coprecipitation and Ni/SiO,-Y,O;3 catalyst
by impregnation to catalyze ethanol amination in a fixed bed
reactor. The optimal 73% conversion and 35% ethylamine
selectivity were obtained using the preferred 10 wt%
Ni/Si0,-Y,0; as catalyst with the 138 m?/g of surface area,
8.1% dispersion of nickel, maximal adsorption for hydrogen
and good stability on the conditions of 200 °C, 3.65 h™!
of space velocity and 1/3/6 M ratio of EtOH/NH;/H,. It can
be found that the introduction of Y,Oj; tuned the surface prop-
erties of Ni/SiO,, while the catalytic performance was also
improved over Ni/SiO, (Zamlynnya et al., 1998).

Wang et al. (2020) synthesized USY @Ni catalyst by in situ
hydrothermal method of host—guest chemistry (Fig. 5) to cat-
alyze the amination of alcohols.

The USY @Ni-3 (Si/Al = 3) catalyst featured 20.9% nickel
content, 565 m?/g of BET surface area, 6.2% nickel dispersion
and 0.142 mmol/g alkali content. XRD characterization
showed there was the Ni-Al,O; crystal phase in the catalyst.

Al,0,

Ce(lV)

Ce(lll)

Jel Jo

Ni

Fig. 4 The structure of 2 wt% Ni/Al,03-CeO, catalyst (Tomer
et al., 2017, with permission from Elsevier).
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Fig. 5 The preparation process of USY@Ni catalyst (Wang
et al., 2020, with permission from Elsevier).

Catalytic results showed that the 78% conversion and more
than 86% selectivity to 1-octylamine were obtained under
the conditions of 180 °C and hydrogen atmosphere. Compared
with Raney Ni, the catalyst prepared by this method improved
the dispersion of nickel and the selectivity in catalytic reaction.

Li et al. (2020) obtained nickel catalysts supported by SiO,,
AlLO3, MgO, TiO,, and ZrO, by impregnation method in
which Ni/ZrO, presented excellent performance of catalytic
amination of 2-hydroxytetrahydropyran from biomass with
the 84.7% yield of S-amino-1-pentanol on the conditions of
80 °C and hydrogen atmosphere in stainless steel reactor.
Analysis TPR and NH3;-TPR showed that the synergism
between reduction of nickel and the acidity of the support
made the catalyst exhibit high efficiency, which further sug-
gested that support could efficiently modulate the catalytic
properties of active species, manifested as high activity under
mild reaction condition.

It can be seen that the support selection of nickel-based
supported catalysts and its preparation method not only
affected the catalytic active species, but also improved the per-
formance of catalytic alcohol amination by acting with the
active species, and it also helped to clarify the structure—activ-
ity relationship. However, it still needs better theory to guide.

2.1.3. Modified nickel-based catalysts

The modified nickel-based catalyst can be understood as a fur-
ther modification of the nickel in nickel-based catalysts men-
tioned above. This kind of catalyst has the advantages of
supported catalyst and multi-level modification of nickel active
species, which may improve its catalytic performance, espe-
cially for the selectivity.

Hong et al. (2017) prepared Ni-Fe/y-Al,O5 catalyst with
commercial y-Al,O5 (194 m?/g of surface area) as support by
impregnation to catalyze the amination of isopropanol. H,-
TPR and XPS characterization revealed that iron would
improve the reducibility and stability of nickel, reduced
zero-valent nickel was enriched on the catalyst surface, and
zero-valent nickel active species on its surface was on the peak
when the Fe/Ni molar ratio was 0.3; XRD characterization
presented that Ni-Fe alloy was formed in the catalyst. The
catalytic performance was that the 83.0% selectivity and
79.3% yield of isopropylamine by the selected 17 wt% Ni-
0.3Fe/y-AlL,O5 (134 m?/g of surface area) in a flow reactor with
hydrogen atmosphere on the conditions of 150 °C and

500 mL min~'g ™! of space velocity, which showed no sign of

deactivation after 100 h of catalyst testing, indicating its stabil-
ity. The catalytic efficiency of the catalyst was improved by the
introduction of iron through the synergistic effect of nickel and
iron.

Tomer et al.(2018) prepared bimetallic Ni-Pd/y-Al,O5 cata-
lysts by the sequential process of adsorbing B-cyclodextrin (B-
CD), adding nickel-palladium, removing water and calculating
reduction on the y-Al,O3 support, which was an improved
impregnation method. XRD and STEM characterization
showed that the both metal contents of nickel and palladium
in the catalyst obtained by this method were lower than 5 wt
% and 1.0 wt%, respectively, and the distribution of metal
particles was more uniform (Fig. 6), which was due to B-CD
introduction to isolate and disperse metal particles on the sup-
port; ESI-MS and DFT calculations revealed that the prepara-
tion process of the catalyst could regulate the interaction
between Ni and Pd. The catalyst presented high catalytic per-
formance of 90% conversion and 71% l-octamine selectivity
with 93 TON on the conditions of 160 °C and 7 bar ammonia
pressure in a stainless steel reactor. It should be noted that this
was a catalysis case with a catalyst that successfully achieved
uniform modification and efficient catalytic performance by
improving the catalyst preparation process.

Fang et al. (2019) provided low nickel Ni-Pd/CeO, catalyst
and palladium content (<0.5 wt%) by sequential impregna-
tion to catalyze the amination of fatty alcohols. The results
showed that the catalytic efficiency of catalysts was affected
by the impregnation sequence and Pd loading in the catalyst,
presenting that the amination of 1-octanol would be catalyzed
to dioctylamine with high selectivity that influenced by cerium
oxide support. The introduction of Pd changed the morphol-
ogy of nickel, and the modification between nickel and palla-
dium could greatly reduce their content in the catalyst,
which favored the industrialization of the catalyst.

Re also has a good modification to Ni, and the amination
of ethanolamine catalyzed by bimetallic Re-Ni supported by
silicon or aluminum and titanium oxides was recorded in
patents (King et al., 1998). Ma et al.(2018a, 2018b) prepared
Ni-Re/y-Al,O;5 catalyst for the amination of ethanol through
impregnation. The results showed that the activity and selectiv-
ity of catalytic reaction increased as the adding of Re, and the
optimal 50.4% conversion and 82.1% ethylamine selectivity
were obtained with the catalyst of optimized Ni;s-Reg s/v-
AlLO5 with 268.1 m?/g of surface area (Note: the number after
metal element in the catalyst was a mass percent content.)
under the conditions of 170 °C, 60 h™' of space velocity and
hydrogen atmosphere in drip bed reactor. XRD, H,-TPR
and acid-base characterization showed that Re improved the
dispersion of nickel, and in situ XPS, TEM, and STEM-
EDX analysis and DFT calculations revealed that the species
dispersed on the ReO, surface played a role in nickel modifica-
tion. When x > 3, ReO, could reduce the surface energy of the
catalyst and stabilize the zero-valent nickel. When x < 3, it

o . Pd°
£ ) Ne @ pd(l

Fig. 6 Ni-Pd/y-Al,O; catalyst by B-cyclodextrin assisted prepa-
ration (adapted from Tomer et al., 2018).
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helped to adsorb hydrogen in the reaction and improved the
reaction activity (Fig. 7). These suggested that the catalytic
properties of nickel active species could also be tuned by the
variable state of the Re modification. The comparison test with
Ni/y-AlLO; (224.7 m?/g of surface area) catalyst showed that
the catalytic selectivity of Ni-Re/y-AlL,O5 (237.7 m?/g of sur-
face area) catalyst for the amination of ethanol was 65%, with
25 percentage points higher.

The group also regulated the size of nickel nanoparticles on
the SiO, support to obtain new Ni-Re/SiO, catalyst for the
amination of ethanolamine. Using the smallest nickel-based
catalysts with the size of 4.5-18.0 nm, the catalytic yield was
66.4%, which meant the yield of the product would be affected
by the active species distribution. The analysis of XPS and FT-

[ Al,O,suppo J

Low valent
ReO, (x<3)

© o

® Ni®-ReO sites facilitate| ® Decrease the surface
MEA dehydrogenation | energy of Ni°particles

mm High valent
ReO, (x23)

Fig. 7 Re role of Ni-Re/y-Al,O; catalyst for alcohol amination
(Ma et al., 2018a, with permission from ACS).

IR showed that the particle size of Ni affected the electronic
property of the surface Ni, and then affected the adsorption
of ethylamine and the reaction pathway of ethylamine amina-
tion (Ma et al., 2019). Ethylenediamine is a widely used pro-
duct which needs green process of catalysis to produce it.
Zhang et al. (2017) adopted NiO/CuO/Al,O;5 catalyst prepared
by the impregnation to catalyze the synthesis of ethylenedi-
amine from ethylene glycol. The 68.6% conversion and
56.7% selectivity were reached under the optimized conditions
of 180 °C and 0.6 MPa in the reactor without hydrogen atmo-
sphere, this catalytic process involved the interaction of copper
and nickel. In fact, copper-modified nickel catalyst for cat-
alytic amination of alcohols has been published in patent
(Arredondo and Corriga, 2009), which is beneficial to indus-
trial catalytic applications due to the low price. Cui et al.
(2013) reported a Raney type polymetallic Ni-Cu/FeOx cata-
lyst prepared by coprecipitation method, with the advantages
of cheapness and stability in air. The catalyst could be used
in the amination of alcohols effectively. By controlling the
amount of ammonia in the catalytic reaction, the selectivity
of primary amine products was improved. It was presented
that the yield would reach 59-77% for the different alcohols,
and the catalyst was easily reused.

In general, nickel-based catalysts show excellent perfor-
mance in catalytic alcohol amination (Table 1). y-Al,O5 is an
excellent support of nickel-based catalyst with a wide substrate
scope, and the new support such as USY plays no less support
effect than y-Al,O;, moreover Fe modification of nickel can
better improve the activity of nickel supported y-Al,O3;, man-
ifested as high activity with low temperature, and implying
that this modification strategy is effective. At present, for
nickel-based catalysts, modifiable metal are limited to iron,
copper, rhenium, and palladium, which means metal modifiers
need further development. However, the modification of nickel
by non-noble metals such as copper and iron still need be fur-
ther developed in structure refinement with the support of bet-

Table 1 Typical nickel-based catalytic systems and their catalytic primary amination performance.

Entry Catalytic system Performance Ref.
catalyst substrate conditions conv. sel.
(%) (%)
1 Raney Ni  cyclohexanol NHs/Ha/sub® = 2.2/2.2/1, 200 °C, 139 g g"'h~' SV®, 1 MPa H,.  83.0 83.5  Churro et al.,
FBRE. 2020
2 Ni/SiO, cyclohexanol NH;/H,/sub = 2/2/1,210°C, 4 gh~' mol~! SV, 1 MPa (H, + NH;). 90 70 Zamlynny et al.,
FBR. 1998
3 Ni/y- cyclohexanol 0.4 MPa NHj3, 0.3 mmol sub, 160 °C, glass tube. 96 99 Shimizu et al.,
Al,O3 2013
isopropanol  NHs/H,/sub = 4/6/1, 170 °C,2.38 gg 'h~' SV, 1 MPa (H, + NHs), 90 80 Cho et al., 2013
FBR (microreactor).
ethanol NH;/H,/sub = 3/6/1, 190 °C, 0.9 g g~'"h~' SV, 1 MPa (H, + NH3) 40 40 Park et al., 2017
FBR.
1-octanol 1.3 mmol sub, 7 bar NH3, 210 °C, 4 h, stainless antoclave. 79 86 Tomer et al.
2017
Ni/ALLOs-  benzyl sub/NH; = 7, 160 °C, flow rate = 0.06 mL/min, flow reactor. 100 100 Leung et al.,
SiO, alcohol 2018
5 Ni/USY 1-octanol sub/NH; = 15, 5 bar H, 180 °C, 16 h, high pressure autoclave. 78 86 Wang et al.,
2020
6 Ni-Fe/y- isopropanol  NHs/H,/sub = 8/6/1, 150 °C, 500 mL min~'g~! SV, 1 MPa 95.5 79.3 Hong et al.,
Al,O4 (H> + NHs), flow reactor. 2017

* a:sub-substrate, b:SV- space velocity, c:FBR-fixed bed reactor; molar ratio of substrate to reagent.
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ter technology. In combination with modern characterization
methods, the relationship between support, nickel and modi-
fied nickel metals will be further revealed, which may benefit
to provide some valuable evidence for the determination of
structure—activity relationship, thus develop the theory of
catalysis and guide the design and manufacture of industrial
catalysts.

2.2. Cobalt-based catalytic systems

Cobalt is in the third cycle adjacent to nickel in the periodic
table, and the outer electrons arrangement of 3d”4s”. The elec-
tronegativity of Pauling scale is 1.88, and its surface is easy to
adsorb hydrogen. Compared with Raney nickel, Raney cobalt
has lower efficient in the catalytic primary amine of alcohols,
reached 100% conversion of glycerol at 200 °C, but the selec-
tivity to primary amine products of single substitution was
extremely low (Ernst et al., 2010). When using Raney cobalt
as catalyst in amination of 2-amino-2-methyl-1-propanol at
185 °C, the conversion was 40% and selectivity to 2-methyl-
1-propylenediamine was 82% (Wang et al., 2017). Although
the total yield was lower than that of Raney nickel, Raney
cobalt had shown the potential in the amination of alcohols
due to its tunable surface electronic state and its good adsorp-
tion of hydrogen and ammonia. Therefore, the modification of
cobalt-based catalysts is an important research field in the cat-
alytic amination of alcohols.

2.2.1. Supported cobalt catalyst

Because of the comparability of metal cobalt and nickel in
some properties, the support of supported nickel-based cata-
lysts is also suitable as the support of cobalt-based catalysts
to some extent. Usually, the catalytic active species with low
activity are easy to regulate in catalytic selectivity. So sup-
ported cobalt-based catalysts have been developed for catalytic
alcohol amination.

2.2.1.1. SiO; and Al,O3 supports. SiO, and Al,O; based on
industrial catalytic applications are both of more important
alternative supports for cobalt-based catalysts. Sewell et al.
(1995) reported Co/SiO, and Ni/SiO, catalysts prepared
through impregnation for the reduction amination of ethanol.
The results showed that the catalytic conversion per pass of
ethanol was higher than 60%, and selectivity to ethylamine
was more than 50% under the conditions of 180 °C, 0.25 g g~ '
h™! of space velocity and 1/2/10 M ratio of ethanol/ammonia/
hydrogen in a fixed bed reactor; while the catalytic amination
of ethanol was <25% by Ni/SiO,. Obviously, the catalytic
efficiency of cobalt-based catalyst was better than that of
nickel-based catalyst, and nickel was more suitable to alumina
support for ethanol amination (Park et al., 2017). It was con-
sidered that the selectivity of catalytic reaction was related to
the support and activation process of the catalyst. The effi-
ciency of catalytic ethanol amination by Co/SiO, was also bet-
ter than that of Co/y-AlLO; and Co/Al,O5-SiO, catalysis
(Sewell et al., 1997). The results of catalyst characterizations
showed that the 2.1 m?/g surface area and 8.7% metal disper-
sion of Co/SiO, were lower than 6.6 m?/g and 12.7% of Ni/
Si0,, respectively. It could be explained as the efficient syner-
gism of the SiO, support and the Co active species in Co/SiO;,
which was determined to be the main factor for the high effi-

cient amination of ethanol by the catalyst. The coking of the
catalyst in the process produced cobalt nitride which deacti-
vated the catalyst.

Cho et al. (2012) prepared Co/y-Al,O; catalyst for the ami-
nation of isopropanol through impregnation. The preferred
23 wt% Co/y-Al,O; showed excellent catalytic performance
of the 81.5% conversion and 71.7% selectivity to isopropy-
lamine on the conditions of 190 °C, 4.29 g g~ 'h™! of space
velocity and 1/6/12/14.8 M ratio of 2-propanol/ammonia/hyd
rogen/nitrogen in a fixed-bed reactor. The catalyst showed
no signs of deactivation after 100 h of test. Although the cat-
alyst was slightly less efficient than Ni/y-Al,O5 (Shimizu et al.,
2013), it exhibited higher lifetime (Cho et al., 2013). The results
of catalyst characterizations revealed that the catalyst with
23 wt% cobalt content had 124 m?/g surface area, which was
the largest in 4-27 wt% Co/y-Al,O; catalysts, with the particle
size of 12.5-21.5 nm, and the larger particle was preferentially
reduced. There were Co® ", Co?" and Co oxidation states in
the catalyst, which were determined by H,-TPR, indicating
the adsorption and oxidation capacity of hydrogen. The for-
mation of metal nitride was a common problem, resulting in
the deactivation of catalysts.

Niu et al. (2019) reported the new preparation strategy of
Co/y-Al,O3 through impregnation, which introduced the
deposition carbon to modify the active sites, in order to
improve the selectivity of the catalytic reaction (Fig. 8). The
14.5 wt% Co/y-Al,O; with 140 m?/g surface area for amina-
tion of 1-butanol provided about 10% conversion with
104.6 h~! TOF at 180 °C in fixed bed reactor, but for the space
barrier on the catalyst surface inhibited the formation of sec-
ondary and tertiary amines, the selectivity to primary amine
was enhanced, such as 1-octanol and benzyl alcohol with the
primary amination increasing from 30 to 50% to 80-90%.

Zhang et al. (2007) prepared Co/y-Al,O; and Co/H-ZSM-5
catalysts with impregnation for the amination of ethanola-
mine. The results from 20 wt% Co/y-Al,O5 catalysis showed
that the 58.2% conversion and 13.6% ethylenediamine selec-
tivity were obtained at 230 °C in a fixed bed reactor with
hydrogen atmosphere, whereas the 76.8% conversion and
12.1% selectivity were presented by the catalysis of 20 wt%
Co/H-ZSM-5 (the 25 ratio of silicon to aluminum in H-
ZSM-5), which meant the H-ZSM-5 support was priority to
v-Al,O5 in this experiment, once again indicating that the effi-
ciency of supported catalysts was determined by whether the
active species match support well. Further studies revealed that
cobalt in the catalyst was the key to catalytic dehydrogenation
and hydrogenation, where zero-valent cobalt was the active
species, and the support acted as a dispersion of active cobalt
for alcohol amination. It implied that cobalt-based catalysts
were similar to nickel-based those for alcohol amination. How-
ever, the structure and performance of catalyst was different.

2.2.1.2. Other supports. The cobalt-based catalysts supported
by silicon oxide and alumina has been explored in alcohol ami-
nation, and this alone is far from enough for the development
of this field. Therefore, it is necessary to broaden the selection
and design of supports for cobalt-based catalysts. The molec-
ular sieves with silicon, aluminum, and oxygen component
has shown the excellent support effect (Irrgang and Kempe,
2020), which presented the match of cobalt active species with
the molecular sieve in catalysis for the alcohol amination (Cho
et al., 2012; Niu et al., 2019), and also showed the diversity of
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Fig. 8 Preparation and modification of Co/y-Al,O3 by carbon deposition strategy for catalytic selective primary amination of alcohol

(Niu et al., 2019, with permission from ACS).

supports (Fischer et al., 1997). Accordingly, efficient catalysts
are expectantly found by efficiently matching more supports
and cobalt-active species in the catalysis of alcohol amination.

Yue et al. (2019) used oxide supported Co catalysts, which
was prepared by situ liquid phase reduction, to catalyze the
reductive amination of 1,2-propanediol. The Co/La3;O,4 with
10 nm diameter showed an excellent catalytic performance of
the optimal 68% conversion and 89% selectivity to 2-amino-
I-propanol at 160 °C in a stainless steel reactor. The results
of XPS, TEM, and CO,-TPD characterizations revealed that
the cobalt-based catalysts prepared by this method allowed
cobalt to be dispersed on the surface of the support, while
Co-La-O phase was formed at its interface, which stabilized
cobalt active species. The alkaline site on the La;O,4 surface
promoted Co-La-O the dehydrogenation process of hydroxyl
groups, leading to high catalytic efficiency. The catalyst short-
coming lay in only presenting 5.1 m?/g BET surface area,
which meant it could not maximize the catalytic performance,
but it indicated higher selectivity than the Co-La catalyst pre-
pared by coprecipitation (Ichikawa and Fuchu, 1979), suggest-
ing that the catalytic active site can be regulated by
preparation methods.

Yuan et al. (2019) used Co@NC catalyst, i.e., cobalt sup-
ported by nitrogen-doped carbon, for the amination of car-
bonyl (it might stem from alcohol). The catalytic results
presented that the product yield of 81.8-100% was reached
for different carbonyl substrates at 130 °C in hydrogen atmo-
sphere, with the catalyst of 981.2 m?/g surface area and high
cobalt dispersion (1.42% of mass percent content and
13.1 nm of average cobalt particle size). Obviously, the amina-
tion of carbonyl is more easier than hydroxyl, reflecting that
hydroxyl dehydrogenation is a key step in catalyzing alcohol
amination. Therefore, the design and preparation of catalyst
here need more refinement, such as the precise matching of
support and active species, so that the efficiency of catalytic
amination can be fundamentally improved, especially selectiv-
ity, because there are many competitive reactions during the
process of alcohol amination (Scheme 1).

The support of cobalt-based catalyst is diversified, but there
has not been an satisfied catalytic system for alcohol amina-
tion, which provides chance for the development of cobalt-
based catalyst support. At the same time, the preparation of

cobalt-based catalyst is also an important aspect of the adjust-
ment of supported cobalt-based catalyst in structure and per-
formance. The methods including in liquid phase reduction
and doping methods of special material are also expanded
for the preparation of alcohol amination catalysts besides
impregnation, which would provide a much more factual basis
for the structure—activity relationship of supported cobalt-
based catalyst in alcohol amination.

2.2.2. Modified cobalt-based catalysts

The catalysis depends on the valence electrons of active species
and the effect of related to atoms, that is, the action of valence
electrons of the catalyst alters the way of the reaction, reflect-
ing in the change of potential energy. The modification of
cobalt in cobalt-based catalysts regulates their catalytic perfor-
mance, thus tunes their catalytic efficiency of alcohol amina-
tion. The developed modifiers includes iron, nickel, silver,
bismuth, barium, platinum, and polymetallic (Baiker and
Kijenski, 1985).

Baiker et al. (1999a, 1999b, 1999¢c) used Co-Fe catalyst,
with 8 m?/g surface area and 5 wt% Fe content, prepared by
coprecipitation for the amination of diol in a continuous
fixed-bed reactor under the supercritical ammonia condition.
The result was the 56% conversion and 39% selectivity of
monoamine in the amination of 1,3-cyclohexanediol in hydro-
gen atmosphere under the conditions of 170 °C and 5.55 gh~!-
mol™' of space velocity. As for the amination of 1,4-
cyclohexandiol, the 76% conversion and the 97% cumulative
selectivity to diamine were reached under the conditions of
165 °C and 1.63 g h~'mol ™! of space velocity, which was better
than that of Ni/SiO, (Fischer et al., 1999). The result of the
research on the relationship of catalytic selectivity and reaction
temperature in the catalytic amination of 1,3-propanediol
using the Co-Fe catalyst showed that, above 190° C, the con-
version reached 98% while the selectivity was poor, and the
by-products were multiple; at relatively low temperature, the
conversion was 36%, but the selectivity of monoamine reached
31%. XRD characterization provided the explanation that the
Co-Fe catalyst modified by Fe contained more metastable -
Co phase, which helped to improve the activity. The stability
of the catalyst was affected by the Fe content and the acid-
ity/alkalinity of the catalytic system, influencing the catalyst
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lifetime. The Co—Ni/y-Al,O3; among Co-M/y-Al,O; (M: Fe,
Ni and Cu) prepared by impregnation for the amination of
ethanol showed the excellent catalytic performance of the
nearly 100% conversion and 92.5% selectivity to acetonitrile
at 420 °C in a continuous fixed bed reactor without hydrogen.
While the yield of catalytic ethanol to acetonitrile was 84.2%
using the CosygFe,g/y-AlLO5 catalyst, clearly indicating the
high activity of the modified cobalt-based catalyst (Zhang
et al., 2009).

Ibafiez Abad et al. (2018) used silver modified Co-Ag/y-
Al,O5 catalyst for the amination of fatty alcohols with sequen-
tial impregnation method. The 90% conversion and 78%
selectivity were obtained using the optimized 5 wt% Ags-
Cog7/v-Al,O3 as the catalyst for I-octanol amination at
200 °C in the improved fixed bed reactor system. H,-TPR,
CO-TPD and STEM-EDS characterization results revealed
that the introduction of silver had a promoting effect on
cobalt, which made cobalt accumulate around silver and
strengthen on the reducibility of cobalt, resulting in the activity
improving of catalytic amination. Kinetic studies showed that
alcohol dehydrogenation was the decisive step of the reaction,
and hydrogen pressure had a positive effect on the reaction
rate. It was pointed out that the imine produced in the catalytic
reaction adsorbed on the catalyst, forming metal nitride might
be the original of catalyst deactivation (Ibanez et al., 2019).

Zhao et al. (2010) obtained Co-Ba-Fe/y-Al,O5 catalyst by
combining three metals and support on the basis of coprecip-
itation method for 1,2-butandiol amination. The 72.9% con-
version and the 73.3% selectivity to 2-amino-1-butanol were
got under the optimal conditions of 165 °C and 5 MPa hydro-
gen pressure in a fixed bed reactor. The results of XRD, XPS
and H,-TPR characterizations revealed that Co,Fej; crystalline
phase formed during the catalyst preparation process modified
the Co active species and inhibited CoAl,O, phase, leading to
the improvement of the stability and reducibility of the cata-
lyst. Compared with Co-Fe/y-Al,O; catalyst (Zhang
et al.2009), the introduction of barium changed the structure
of Co-Fe crystal phase formed during the preparation of Co-
Ba-Fe/y-Al,O;5 catalyst, enhancing the selectivity of catalytic
alcohol amination.

Niu et al. (2020) reported the bismuth modified Co-Bi/y-
Al,O5 catalyst prepared by impregnation-coprecipitation
method for alcohol amination. The more than 96% conversion
and the about 70% selectivity to 1-octylamine were obtained
using 10 wt% Co, Bi/y-Al,O; as the catalyst for 1-octanol
under the conditions of 180 °C and 1/4.5/0.85 M ratio of 1-
octanol/ammonia/hydrogen in stainless steel reactor. The
results of XRD, H,-TPR, STEM, CO-TPR and FT-IR charac-
terizations revealed the Bi introduce in Co-Bi/y-Al,O5 catalyst
not only promoted the reductibility of cobalt and increased the
reaction rate, but Bi could migrate near the active site during
the catalytic reaction and formed a barrier to prevent the
adsorption and hydrogenation of imine, which inhibited the
formation of secondary and tertiary amines in the catalytic
reaction, then improved the selectivity.

The result of some cobalt-based catalysts modified by met-
als for the alcohol amination have been reviewed (Baiker and
Kijenski, 1985). It is urgent to study the structure—activity rela-
tionship because the demand on the heterogeneous catalysis is
growing. Modification in reverse is also one of the strategies of
the catalyst preparation for alcohol amination. Tong et al.
(2019) prepared the cobalt modified Pt—-Co/CeO, catalyst pre-

pared by impregnation method for the reduction amination of
alcohols through hydrogen transfer. The 99% conversion and
73.1% selectivity to cyclopentamine were obtained using 1%
Pt-1% Co/CeO, catalyst for cyclopentanol amination under
the conditions of 180 °C, 0.2 MPa hydrogen pressure and
0.5 MPa ammonia pressure in stainless steel reactor. The
results from XRD, HR-TEM, (H,, CO, NH;)-TPR, XPS
and XANES revealed Pt modified by CoOy species in the inter-
face affected the dehydrogenation and prevented the low coor-
dination Pt from hydrogenating the intermediate imine further
(Fig. 9).

In addition, as palladium was minimally used in the nickel-
based catalyst (Fang et al., 2019), the amount of precious met-
als such as platinum in cobalt-based catalysts may be used as
little as possible, but It can supper fully work.

It is clear that cobalt-based catalysts can efficiently catalyze
alcohol amination at lower temperature, indicating high cat-
alytic activity and good catalytic selectivity for polyols, espe-
cially cobalt modified by metals such as Fe, Ag and Bi in
Co/y-Al,O3 (Table 2). It was understood as the modification
of active species with the fundamental change of its catalytic
property, usually presenting the formation of new phase. As
for heterogeneous catalysis, the regulation of interfacial phase
is very important for the selectivity of catalytic reaction. To
some extent, the cascade regulation of active species-
modifier-support in this type of catalyst can screen the modi-
fier, then to optimize the catalyst, such as the modifier selec-
tion. In addition, the size of the catalyst components also
affects the activity and selectivity of the catalytic reaction.
Those provide an effective way to carry out the substitution
of noble metal catalysts in catalysis science.

3. Catalytic mechanism of alcohol amination

The catalytic reaction mechanism is the catalytic process of
unit action, including the catalytic reaction and the catalysis
process. The catalyst of catalytic alcohol amination is multi-
component in the composition and classified based on under-
standing, and the catalysis is coordinated effectively among
the components. For the catalytic substrate, the process of cat-
alytic alcohol amination may be dehydration amination, dehy-
drogenation reduction amination and hydrogen transfer
amination as well as two by two or all together, where which
is dominant in a catalytic process unless it is possible to design
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Fig. 9  Schematic illustration of catalytic cyclopentanol amina-
tion process by Pt—-Co/CeO, (Tong et al., 2019, with permission
from Elsevier).



12 C. Yue et al.
Table 2 Typical cobalt-based catalytic systems and their catalytic primary amination performance.
Entry Catalytic system Performance Ref.
catalyst substrate conditions conv. sel.
(o) (%)
1 Raney Co 2-amino-2- methyl-1- 0.5 g catlyst, 10.0 g sub, 4.2 g NH3, 1| MPa H,, 185°C, 7h, 40 82 Wang et al.,
propanol stainless autoclave reactor. 2017
2 Co/Si0, ethanol NHs/H,/sub® = 2/10/1, 180 °C, 0.25 g g 'h~' SV°, 1 MPa 60 50 Sewell et al.,
(H, + NH;). FBR®. 1995
3 Co/y-ALL,O; isopropanol NH;/H,/sub = 8/6/1, 190 °C, 429 g ¢ 'h~' SV, 1 MPa 81.5 71.7  Cho et al.,
(H, + NH;) FBR. 2012
4 Co/La30y4 1,2-propanediol 2 mL sub, 18 mL aqueous ammonia, 160 °C, 6 h, stailess steel 68 89 Yue et al.,
reactor. 2019
5 Co-Fe 1,3-cyclohexandiol NH;/H,/sub = 60/2/1, 165 °C, 1.63 g g '"h~! SV, 1 MPa 76 97 Baiker et al.,
(H, + NH;), FBR. 1999¢
6 Co-Ba-Fe/y- 1,2-butandiol 10% in toluene, flow rate: 0.5 mL/min NH; and 5 mL/h H,, 729 73.3  Zhao et al.,
Al,O3 165 °C, 5 MPa H,, FBR. 2010
7 Co-Ag/y- 1-octanol NH;/H,/sub = 9/3.4/1, 200 °C, sub flow rate: 1.2 mL/h, 90 78 Ibanez et al.,
Al,O3 1 MPa (H, + NH;). FBR. 2018
8 Co-Bi/y- 1-octanol NH;/H,/sub = 4.5/0.85/1, 180 °C, 5 h, 10 bar (H, + NHj), 96 70 Niu et al.,
Al,O4 stailess steel reactor. 2020

* a: sub-substrate, b: SV- space velocity, c: FBR- fixed bed reactor; molar ratio of substrate to reagent.

and prepare this catalyst with isolated, uniform and well-
defined structure of catalytic active sites. For existing catalysts,
such as supported Ni/y-Al,O; and Co/SiO,, could show cat-
alytic amination activity against alcohols in reactions, and
the metal Ni and Co have excellent dehydrogenation and
hydrogenation properties. Amination in catalytic conversion
process is spontaneous in thermodynamic, while acidic v-
Al,O5 and SiO, could catalyze dehydration of alcohols, and
the exquisite matching of support and metal promotes the
reaction to accelerate, that is catalysis. The catalytic dehydro-
genation reduction amination of alcohols was usually carried
out in hydrogen atmosphere, which maintained the activity
of catalyst and promoted the catalytic conversion of reaction
intermediate. The catalytic amination of alcohols by hydrogen
transfer required the catalyst with the function of hydrogen
capture and supply, in order to complete catalytic cycle, in
which the activity and stability of the catalyst were the key.
For catalytic dehydrogenation reduction amination, Schwegler
et al. (1939) proposed a reaction mechanism of
“dehydrogenation-imination-hydrogenation amination®, and
Shimizu et al. (2013) suggested a similar process above for
the hydrogen transfer amination of alcohols. The difference
was that the hydrogen of the latter one was derived from the
alcohol by dehydrogenation. The catalytic active species
undergone a process of metal hydride. But both catalytic deci-
sive steps pointed to dehydrogenation process (Ho et al, 2019;
Ibafiez Abad et al., 2018). Dehydrogenation was related to the
selective adsorption of the catalyst surface (Wang et al., 2019),
and the adsorption strength of ammonia (Dumon et al., 2018).
Moreover, carbonyl compound was also detected as intermedi-
ate in the catalytic reaction (Baiker et al., 1983). Therefore, the
mechanism of catalytic reduction amination and hydrogen
transfer amination of alcohols can be described as a cyclic pro-
cess (Scheme 3), and the degree of hydrogen adsorption is
depended on the two difference.

The organic conversion process of catalytic alcohol amina-
tion has been clarified, but the catalyst needs to be further

understood. Considering the adsorption and coordination of
nitrogen, some catalysts were easy to form nitride and deacti-
vation without hydrogen atmosphere. Hydrogen could keep
the activity and stability of the catalyst. At the same time,
the adsorption of ammonia during the catalytic reaction was
also one of the factors affecting the catalytic activity and sta-
bility. Ibafiez et al. (2019) studied in detail the kinetics of cat-
alytic amination of 1l-octanol, presenting the below
relationship (Equation (1)) among reaction rate (r), hydrogen
pressure (Py;), ammonia pressure (Pny3), the adsorption equi-
librium constant (K) and the pressure (Pg) of the substrate.

r = KP0,.

0, o (1/Py3) (1/P) (1

(0,: the porosity of the catalyst surface; a and b: the pressure
index related to the catalytic reaction system).

Therefore, the tacit cooperation of catalytic active species
and its micro-environment in supported or modified catalysts

N, TH yH RN,
y
R R
\enm H0 _\fo
INH; HH! 2 SHH :
<L —— H,

Scheme 3 Catalytic dehydrogenation-imination-hydroamina-
tion process of alcohol.
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accurately regulates the selective adsorption of reactants, and
chemisorption and selective conversion are the basis of hetero-
geneous catalysis, which is determined by the catalytic active
site on the catalyst surface. The uniform and consistent cat-
alytic active site is the guarantee of high catalytic selectivity,
otherwise the various catalytic competitive reactions as side
reactions such as dehydration, ether and polymerization cat-
alyzed by the acidic site on the catalyst will be prominent,
due to their advantage over the dehydrogenation in reactivity.
The stability of the catalyst can be improved by the composi-
tion formulation and preparation process. However, currently
reported catalysts for alcohol amination were often performed
at high temperature, which limited their catalytic selectivity
and the range of catalytic support selection. Therefore, to
improve the catalytic activity, the fine modification of cobalt
and nickel as non-noble metal representative is inevitable
and the selection of modifiers becomes a problem, fundamen-
tally attributed to the dehydrogenation step. More impor-
tantly, there is the lack of theoretical guidance for the
catalyst design and development. Shimizu et al. (2013) raised
an index of electronegativity correlation for measuring the sup-
port effect by the activity of active species. The electronegativ-
ity index is introduced to evaluate the support modifier
selection as overall measurement in cobalt- and nickel-based
heterogeneous catalyst design. For example, the supported Pt
(electronegativity is 1.89) catalyst is a highly active dehydro-
genation and hydrogenation catalyst. When metal modifica-
tion is introduced into nickel or cobalt, its index relation can
be established (Equation (2)).

Xuclivc species — z‘4KiYi (2)

(X active species: Teferenced electronegativity, Y: modified elec-
tronegativity, k: electronegative correlation factor).

Correlation factor « is related to the properties of metals
(including metal in support), the degree of interaction and
the spatial position are involved in the electron and size of cat-
alytic active site, and interaction between components of cat-
alytic active site during the catalytic process. For the
electronegativity not only presents the ability of valence elec-
tron, but also relates to the atomic nucleus,which are helpful
to make multicomponent heterogeneous catalysts index and
facilitate the directional development of catalysts. Actually,
Cu/ZrO, and Cu/y-Al,0; also showed the activity for the cat-
alytic amination of alcohols (Chary et al., 2008).

4. Summary and outlook

Alcohol compounds exist in a large number of biomass, and
the catalytic dehydration between alcohol and cheap inorganic
ammonia is an environmentally friendly way to synthesize all
kinds of amines, to which catalyst is the key. Examples of
nickel- and cobalt-based catalysts such as Co/SiO, and Ni/y-
Al,O5 with high catalytic efficiency were representative. While
the modified nickel-based and cobalt-based catalysts of Bi and
Fe had no less catalytic activity and selectivity than noble
metal homogeneous catalysts such as platinum and ruthenium,
which demonstrated that the modified catalysts can regulate
the performance of the catalysts. It suggested that the elec-
tronic and size effects originated from catalyst structure
depended on its preparation process to a large extent, and pro-
vided a practical basis for the establishment of the accurate

structure—activity relationship. Facing industrial applications
required for overall properties such as catalytic conversion,
selectivity, and stability, the catalytic systems of alcohol ami-
nation need further development in following aspects: (1)
Preparation methods of catalysts. At present, most of cobalt-
and nickel-based catalysts for catalytic amination of alcohols
were prepared by the traditional impregnation method, result-
ing to the low utilization of catalytic active sites. For many cat-
alytic active sites were buried in the bulk phase and could not
play a catalytic role. The improved impregnation method
could prepare new catalysts with different structure, but it is
necessary to develop heterogeneous catalysts with uniform,
accurate and isolated catalytic active sites on the surface by
an appropriate method, for example of two-dimensional sup-
port materials like boron nitride (Zhang et al., 2020). (2)
Design of catalysts. The design of new catalysts with high per-
formance based on existing catalysts is fundamental. However,
catalysts for alcohol amination often need to operate at high
temperatures, which was difficult to improve the selectivity
of catalytic reaction and limited the range of support selection.
The design and preparation of catalysts based on active species
such as metal hydride may drastically improve the activity and
reduce the catalytic reaction temperature, which would help
enhance the selectivity, solve the catalyst deactivation and
develop new processes. In addition, needing more in situ char-
acterization techniques support the design and preparation of
catalysts. (3) The lifetime of catalysts. Catalytic hydrogen
transfer amination of alcohols features atomic economy. Mak-
ing metal nitride formation clear and solving the catalyst deac-
tivation in the catalytic process is also the basic problem in this
kind of catalytic reaction. The modified heterogeneous catalyst
is showing the dawn here.
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