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Abstract  

Amines are very important intermediates for chemical industry and life science, 

which can be synthesized through different traditional routes. Metals based catalytic 

amination of alcohols via the so-called “hydrogen borrowing” mechanism is a 

relative efficient and environmental benign way for synthesis of different primary 

amines. However, there are still some challenges exist, such as high cost of noble 

metals, low selectivity of primary amine products, and poor stability and 

recyclability for industrial applications. To solve these problems, different strategies 

have been applied in this thesis. 

Carbon deposition produced by catalyst pre-treatment with alcohols under the 

optimized conditions has been employed for major enhancement of the selectivity of 

alcohol amination to primary amines (from 30-50 to 80-90%), which arises from 

steric hindrance in hydrogenation of bulky secondary imines as intermediate 

products over partially carbon-decorated cobalt nanoparticles. An efficient approach 

to protect cobalt catalyst from catalytic deactivation by liquid bismuth promotion 

with different loading content was disclosed for selectively amination of 1-octanol. 

The N-alkylation of amines by alcohols over a cheap and efficient heterogeneous 

catalyst-titanium hydroxide was also proposed. The catalyst with mild Brönsted 

acidity provides the selectivity higher than 90% to secondary amines for 

functionalized aromatic and aliphatic alcohols and amines at high catalytic activity 

and stability.  

Keywords: Amination; hydrogen borrowing; carbon deposition; liquid bismuth; 

titanium hydroxide; acidic sites; alcohol pretreatment 

 



 
 

Résumé 

Les amines sont des intermédiaires très importants pour l‟industrie chimique et la 

science de la vie, qui peuvent être synthétisés par différentes voies traditionnelles. 

L‟amination catalytique d‟alcools à base de métaux via le mécanisme dit “d'emprunt 

d'hydrogène” est un moyen relativement efficace et respectueux de l‟environnement 

pour la synthèse de différentes amines primaires. Toutefois, certains problèmes 

subsistent, tels que le coût élevé des métaux nobles, la faible sélectivité en amines 

primaires, ainsi que la faible stabilité et la recyclabilité des catalyseurs. Pour 

résoudre ce problème, différentes stratégies ont été appliquées. 

Les dépôts de carbone produits lors du prétraitement des catalyseurs avec des 

alcools dans les conditions optimales ont été utilisés pour améliorer de manière 

importante la sélectivité de l‟amination d‟alcools en amines primaires (de 30-50 à 

80-90%). Cette amélioration provient de l‟empêchement stérique de l‟hydrogénation 

des imines secondaires sur des nanoparticules de cobalt partiellement décorées au 

carbone. Une approche efficace pour protéger le catalyseur au cobalt de la 

désactivation par la promotion avec du bismuth liquide a été décrite pour l‟amination 

sélective du 1-octanol. La N-alkylation d‟amines par des alcools sur un catalyseur 

hétérogène, peu coûteux et efficace, à base d‟hydroxyde de titane a également été 

proposée. Le catalyseur à faible acidité de Brönsted fournit une sélectivité supérieure 

à 90% en amines secondaires lors la réaction des alcools aromatiques et aliphatiques 

fonctionnalisés avec les amines 

Mots-clés: Amination; emprunt d‟hydrogène; dépôt de carbone; bismuth liquide; 

hydroxyde de titane; sites acides; prétraitement à l‟alcool 
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Chapter 1. Literature Review 

1.1 General Introduction  

Amines are compounds which contain a basic nitrogen atom with a lone pair [1,2]. 

Depending on the numbers of substituent of hydrogen atoms, there are three 

subcategories of amines: primary amines, second amines, and tertiary amines (Shown 

in Figure 1.1). Also, classified by the appearance of aromatic ring, there are aliphatic 

amines and aromatic amines. The simplest amine is ammonia, NH3, in which the 

central nitrogen atom is bonded to three hydrogen atoms which are all chemically 

equivalent. 

N

R1
H

H

N

R1
R2

H

N

R1
R2

R3

primary amine secondary amine tertiary amine 

Figure 1.1 Subcategories of amines. 

According to the functional properties, there are various types of amines 

including aliphatic amines (fatty and cyclic amines), aryl amines, heterocyclic amines 

and inorganic amines (hydrazine, hydroxylamine and amine ligands). Some 

representative amine molecules are shown in Figure 1.2.  
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Hydrazine (inorganic amine)
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Hydroxylamine (inorganic amine) 

Figure 1.2 Structures of some representative amines. 
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Due to the high chemical activity, amines are important feedstocks in chemical 

industry and life science [3]. For instance, most aliphatic amines and their derivatives 

are essential intermediates in the production of agrochemicals, pharmaceuticals, 

organic dyes, detergents, fabric softeners, surfactants, corrosion inhibitors, lubricants, 

polymers and so on [4,5,6,7,8]. (Figure 1.3) Furthermore, optically active amines 

have attracted great attention in asymmetric synthesis such as chiral auxiliaries, 

catalysts, and resolving agents [9]. 

 

Figure 1.3 Applications of amines in chemical industry and life science. 

Since the Haber-Bosch process was applied in the early 20
th

 century, ammonia 

has been available on a large scale and, nowadays, over 100 million tons are 

synthesized annually, consuming 1-2% of the worldwide produced energy [10]. The 

percentage of ammonia used in the production of amines is about 3% to 4% of the 

total worldwide output. There are lots of amines synthesized from ammonia with 

various functions for industrial applications. An example is fatty amines, which are 

found use in many applications such as water treatment, agro-chemicals, oilfield 

chemicals, asphalt additives, anti-caking and others which include mining, personal 

care, fabric softener, paints & coatings and many more. (Figure 1.4) There is a huge 

growth prospect of the global fatty amines market for the period 2015 to 2020. As is 

known to all, the world famous chemical industrial companies, like Dow, BASF, 

Solvay, Amark, Mitsubishi Chemical, whose annual yield of various amines is over 

hundreds of thousands tons have huge competition in amine market. In terms of 
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revenue, the global fatty amines market was valued at US$ 1,721 Mn in 2014, and is 

estimated to be worth US$ 2,193 Mn by 2020, whereas, in terms of volume, the 

global fatty amines market accounted for 615 Kilo Ton in 2014, and is anticipated to 

reach a volume of 718 Kilo Ton by 2020 [11]. 

 

Figure 1.4 Global fatty amines market-by application, 2015 [11]. 

 

Figure 1.5 Numbers of patents and publications from 2007-2016  

regarding different amination routes. 

Also, numbers of patents and publications in terms of approaches for amines 

production focused on this topic has risen exponentially. (Figure 1.5) All in all, 

investigation on the synthesis of amines is of significant importance for different 

purposes in the national and global economy. 

1.2 Synthesis Routes of Amines  

Owing to the importance from the industrial aspects above, a number of routes 
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for amines synthesis starting from many different types of raw materials have been 

developed till now, including Hofmann alkylation [ 12 , 13 ], Buchwald-Hartwig 

[14,15,16,17,18] and Ullmann reactions [19,20,21], hydroamination [22], reduction of 

nitriles [23], and reductive amination [24]. Here, as functions of the particular amine, 

raw material availability, plant economics and the ability to sell co-products, the 

following manufacturing methods are used commercially for synthesis of different 

amines. 

Route 1: Reductive amination. Reaction of an aldehyde or a ketone with ammonia 

or amines over a metal catalyst or hydrogenation of nitriles over a hydrogenation 

catalyst. 

Route 2: Amination of aliphatic acids or esters. Reaction of aliphatic acids or 

esters with ammonia over metal or metal oxides catalysts under high temperature and 

pressure.  

Route 3: Hydroamination. Amination of alkenes over a catalyst with acidic sites 

under high temperature and pressure. 

Route 4: Amination of halides. Reaction of ammonia or alkylamine with a halide 

over a supported metal catalyst. 

Route 5: Amination of hydrocarbons. Reaction of ammonia with hydrocarbons 

over bi-metal oxides. 

Route 6: Amination of ethers. Amination of ethers via cleavage of C-O bond by 

ammonia or amines over acidic catalysts. 

Route 7: Amination of carbon monoxide and carbon dioxide. Reaction of CO or 

CO2 with hydrogen and ammonia under high temperature. 

Route 8: Alcohol amination. Amination of an alcohol over a metal catalyst under 

hydrogen or over a solid acid catalyst. 

Other special routes for synthesis of amines, like N‑alkylation of sulfonamides 

and cross-coupling of primary amines.  

1.2.1 Reductive amination 

Amination of carbonyl compounds (generally regarded as reductive amination) is 
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considered as a practical and widespread strategy, which provides rapid access to 

different types of amines, important intermediates for synthesis of natural products 

and organic compounds, and also production of essential precursors needed for drug 

development in chemical and biological systems [7]. Generally, direct reductive 

amination of carbonyl compounds refers to reaction of carbonyl compounds 

(aldehydes or ketones) with ammonia, primary or secondary amines in the presence of 

a reductant for providing different kinds of amines (Figure 1.6). The initial step of the 

reaction is the formation of addition product (carbinol amine) which, under controlled 

appropriate reaction conditions, loses water to offer imine or iminium ion b, reduction 

of b produces the amine product. 

 

Figure 1.6 Reductive amination process [9]. 

Reductive amination (RA) was firstly described in the early days of the twentieth 

century by Mignonac [25]. Since then, it has been widely used for the preparation of 

different types of amines. A variety of aldehydes or ketones have been effectively 

converted into the corresponding amines by RA in the presence of homogeneous or 

heterogeneous catalysts in a continuous-flow reactor or the batch system. 

Beller et al. [26] reported the first example of a soluble transition metal Rh 

complex to catalyze reductive amination of benzyl aldehyde with aqueous ammonia 

to afford benzylamine. Up to an 86% yield and a 97% selectivity for benzylamines 

were obtained in the case of various benzaldehydes by using a Rh-catalyst together 

with water-soluble phosphine and ammonium acetate.  

Late on, different homogeneous catalysts like metal based complexes and triflic 

acids were applied for reductive amination. Enthaler [27] demonstrated the usefulness 
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of simple zinc(II) triflate catalyst with Lewis acid in the reductive amination of benzyl 

aldehyde with aniline to access the corresponding secondary amine. This commercial 

triflate catalyst [Zn(OTf)2] and PMHS [poly (methylhydrosiloxane)] as a cheap 

hydride source under non-inert conditions exhibited outstanding yields and a broad 

functional group tolerance. Werkmeister et al. [28] developed an easily available and 

inexpensive copper(II) acetate catalyst [Cu(OAc)2] for reductive amination of 

acetophenone with aniline to form secondary amine. Advantageously, no complicated 

ligands or additional acid or base is needed in this system. 

As the development of more convenient and operationally simple processes for 

the synthesis of advanced amines is highly desired, researchers tried to find 

recoverable and stable heterogeneous catalysts for reductive amination. An 

unsupported ultra-thin Pt nanowire has been developed by Qi et al. [29] for the 

synthesis of dibenzylamine through direct reductive amination of benzyl aldehyde 

with ammonia. This nanowire exhibited excellent stability for reductive amination, 

which would be an important type of catalyst for the industrial synthesis of amines. 

Shimizu et al. [30] also reported a highly effective modified supported platinum 

catalyst (Pt-MoOx/TiO2), which shows the highest yield of primary amine for the 

reductive amination of ketone (2-adamantanone) under ammonia and hydrogen 

compared with other platinum supported catalysts. It was suggested that Lewis acid 

sites on the support material plays an important role in this catalytic system. 

Among the metal based heterogeneous catalysts, the noble metal Ru-based 

catalysts are the most active catalysts for the reductive amination of carbonyl 

compounds to the corresponding primary amines. Bódis and co-workers [31] used 

carbon supported group VIII noble metals (Pt, Pd, Rh, and Ru) as catalysts for the 

reductive amination of butyraldehyde with NH3. It was found that Rh and Ru catalysts 

were active and selective in the production of primary amine under 50 bar H2 pressure, 

while Pt and Pd catalysts favored the secondary amine formation. Liang et al. [32] 

reported that partially reduced Ru/ZrO2 was an efficient catalyst for reductive 

amination of a variety of biomass-derived aldehydes/ketones in aqueous ammonia. 

The author explained that multivalence Ru association species worked as a 
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bifunctional catalyst, with RuO2 as an acidic promoter to facilitate the activation of 

carbonyl groups and Ru as active sites for the subsequent imine hydrogenation. This 

is the main reason for high yield of amines. 

As the high activity of aldehydes or ketones, selectivity to primary amine is 

always quite low during reductive amination. Different strategies were applied for 

primary amine selectivity enhancement. It was found that choosing a suitable support 

played an important role in determining the catalytic selectivity of primary amine 

[33,34]. It was reported by Dong et al. [35] that, for the model reaction of amination 

of heptaldehyde with ammonia, the amphoteric (θ-Al2O3 or γ-Al2O3)-supported Ru 

catalysts exhibited high selectivity for primary amine (heptylamine 94% yield) under 

100% conversion compared with purely basic (MgO, CaO) and relative acidic (Nb2O5, 

SnO2, MCM-41, HZSM-5) supports. Komanoya and co-workers [36] found that 

ruthenium nanoparticles supported on Nb2O5 was a highly selective and reusable 

heterogeneous catalyst for reductive amination of various biomass-based aldehydes 

with NH3 and H2 and prevent the formation of secondary amines and undesired 

hydrogenated byproducts, which is likely attributable to the weak electron-donating 

capability of Ru particles on the Nb2O5 surface (Figure 1.7). Also, some novel 

catalysts like magnetically separable Fe@Pd/C were used for selective reductive 

amination [37]. 

 

Figure 1.7 Electronic effect of reductive amination [36]. 

Addition of some additives will also enhance the yield of amines. Zhu et al. [38] 

described that reductive amination of aldehyde and amine proceeded smoothly with 

addition of benzothiazoline as an efficient hydrogen donor by means of 20 mol% 
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trifluoroacetic acid to give the corresponding amines in excellent yields. 

Hydrogenation of nitriles is also a desirable approach for synthesis of amines in 

hydrogen pressure under high temperature. This catalytic method has been studied by 

several investigators [39,40,41,42] with diverse results. Apparently this reaction is 

greatly influenced by the nature of the nitrile, the catalyst, the solvent, the conditions 

of temperature and pressure, etc. Secondary amines are usually formed as well as 

primary, and the former may frequently constitute the chief reaction products (Figure 

1.8). 

 

Figure 1.8 Hydrogenation of nitriles to primary amines and secondary reaction 

with the intermediate imines [39]. 

1.2.2 Amination of aliphatic acids or esters 

The general industrial process for amine synthesis is a three-step reaction starting 

from natural fats: 1) hydrolysis of fats to acids; 2) amination of acids into nitriles and 

3) hydrogenation-condensation of nitriles. An improvement of this process could be 

the direct conversion of acids or esters into amines. 

Amination from aliphatic acids or esters is also one of the most interesting 

methods in industrial application for the synthesis of fatty amines, which contains two 

ways: the synthetic route of aliphatic amines from aliphatic acids (or esters) through 

nitriles, and the direct synthetic route of aliphatic amines from aliphatic acids (or 

esters).  

 With the promotion of a good catalyst and high reaction temperature, the aliphatic 

acids (or esters) can react with ammonia to form the corresponding nitrile, followed 
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by hydrogenation to produce primary or secondary aliphatic amines. It was reported 

that under ammonia atmosphere, with the help of hydrogenation catalysts, such as Co 

or Ni based catalysts, the yield of primary amine could reach 97.8%. To avoid the 

disadvantage of low yield for one-pot synthesis of nitriles from aliphatic acids, which 

causes the low yield of aliphatic amines, researchers began to focus on the synthetic 

route of primary amines from directly reaction of aliphatic acids (or esters), ammonia 

and hydrogen. The mostly used catalysts in this reaction are zinc oxide, alumina, 

cobalt or nickel based sulfide. Although the total yield of primary amine is low, the 

cost is much lower than the two-step route. 

 

Figure 1.9 Amination of esters. 

 As shown in Figure 1.9, the transformation of ester into primary amine proceeds 

in three consecutive steps: amide formation; nitrile formation by dehydration; 

condensation of nitriles. It seems therefore advantageous to prepare multifunctional 

catalysts with acid-base properties for dehydration and a metallic character for 

hydrogenation of nitrile. As reported by Barrault [43], 83% of dodecylamine could be 

obtained in the amination of methyl dodecanoate (ester conversion was generally 

complete) in a fixed-bed reactor at 50 bar, 250 
o
C, LHSV 1/3 h

-1
, ester/NH3/H2 

1/10/100 using the multifunctional catalyst Cu19.6-Co2.5-Cr1.3/TiO2. Also, methyl 

dodecanoate could be easily converted into N-dimethyldodecylamine in the presence 

of ammonia, hydrogen and methanol over copper-chromite species deposited on 

alumina or on titania [44].Adding promoters such as Ca or Mn to CuCr/Al2O3 (TiO2) 

catalysts demonstrated that selectivity in N-dimethyldodecylamine was much 

enhanced. 

1.2.3 Amination of alkenes (Hydroamination) 

As most of the lower aliphatic alcohols are manufactured by alkene hydration, 
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which can be used for alcohol amination, the direct amination of alkenes (also called 

“hydroamination”) without water production is very valuable due to readily 

availability of olefins feedstocks and 100% atom efficiency [45,46,47,48,49]. (See 

Figure 1.10) Reaction of alkenes with ammonia is a thermodynamically favorable 

reaction. But alkenes are really inactive to ammonia. In order to accelerate the 

reaction, two possible activation approaches can be considered: (a) activating the 

carbon-carbon multiple bond of alkenes to make it more electrophilic for the 

nucleophilic attack of nitrogen-hydrogen bond in ammonia; (b) improving the 

nucleophilicity of ammonia to accelerate the formal addition with alkenes. As the 

importance of this reaction process, various types of catalysts were developed for the 

direct amination from alkenes, such as alkali metal catalysts, transition metal catalysts, 

zeolites, metal hydrides and so on. The direct amination of olefins over zeolites was 

first reported by Deeba et al. [50]. H-MOR (H-mordenite) and H-OFF (H-offretite) 

zeolites were shown to be active (~12% ethylene conversion, ~95% ethylamine 

selectivity) for ethylene amination through Markovnikov addition at 633 K and 52 

atm in a fixed-bed reactor (mole ratio of ammonia/ethylene = 4/1). The 

hydroamination was first used industrially for conversion of isobutene to 

tert-butylamine at temperature and pressure around 573 K and 300 atm 

commercialized by BASF with 13% yield [51,52]. On the other hand, the anti- 

Markovnikov hydroamination of simple alkenes provides direct access to linear, 

aliphatic amines. Through the anti-Markovnikov mechanism, Tillack and co-workers 

[53] introduced an easily available and stable titanium complex for hydroamination of 

internal and terminal alkynes with high selectivity. As both ammonia and olefins are 

nucleophiles, and due to the low reactivity, the thermodynamic equilibrium is reached 

at relatively high temperature. The base-catalyzed amination of aromatic olefins is 

described as an environmentally friendly synthesis of various -arylethylamines. 

Primary and secondary aliphatic amines as well as aromatic amines react with styrene 

derivatives to give the corresponding -arylethylamines with the  yield up to 99% 

[47]. More recently, group of Bell [54] systematically investigated the mechanism of 

amination of isobutene with NH3 over Brønsted acidic zeolites at 1 atm and 453-483 



18 
 

K by DFT simulations. 

 

Figure 1.10 Amination of alkenes. 

 Because of the large activation barrier, the process of catalytic alkenes amination 

is relatively harsh (high temperature and pressure), which needs a major  

breakthrough and more investigations upon the development of novel selective 

catalysts. 

1.2.4 Amination of halides 

Aminolysis of halides is also a traditional synthetic method of amination. Halides 

can first react with ammonia to form ammonium, which further contacts with 

excessive ammonia to produce primary amines. (See Figure 1.11) During middle 

1900s, researchers developed the method for the liquid-phase amination of aryl 

halides using palladium based homogeneous catalysts [15,17, 55 , 56 , 57 ]. Early 

literatures in this field are dominated by applications of different homogeneous 

catalysts. In the following years, several promising heterogeneous based catalysts 

have been gradually developed. Recently, the copper- and palladium-catalyzed 

amination of aryl halides has gained increasing attention [13]. The first example of 

palladium catalyzed amination of aryl halides with ammonia was reported in 2006 by 

Hartwig et al. [58]. Varieties of different supported ligand-free Pd catalysts were also 

reported, such as Pd/MgO, Pd/C, Pd/ZrO2, Pd/TiO2 and supported zeolite catalysts 
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[59]. 

 

Figure 1.11 The synthetic route of aliphatic amines from halides. 

 However, using ammonia directly in this reaction is complicated by several issues: 

first a facile displacement of ancillary ligands from the transition metal by ammonia 

can occur generating catalytically inactive species, and as this is a consecutive 

reaction, the produced primary amine can further react with halides to form secondary 

and tertiary amines. Thus, the final products are always a mixture of primary, 

secondary and tertiary amines, which largely influences the selectivity to desired 

amines. Another drawback is the formation of byproduct haloids during reaction, 

which lowers the atom efficiency. Furthermore, from the industrial point of view, the 

replacement of traditional expensive noble metal based catalysts by cheaper novel 

catalysts is urgent and is also of great scientific interest.  

1.2.5 Amination of hydrocarbons 

The important steps for amination of hydrocarbons are dehydrogenation of 

hydrocarbons to olefins and reaction with ammonia to form amines. For instance, 

toluene, toluidines and benzonitrile are formed in similar amounts from 

methylcyclohexane over the ZnO-TiO2 catalyst. (See Figure 1.12) The distribution of 

the products is controlled by the nucleophilic attack on an allylic carbenium ion 

intermediate [60]. 
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. 

Figure 1.12 The synthetic route of amines from hydrocarbons. 

1.2.6 Amination of ethers 

Based on the previous studies about selective C-O cleavage reactions [61], it was 

assumed that amination of ethers with amines might be a promising approach for 

amine synthesis. (Figure 1.13) Cui and co-workers [62] reported an effective 

approach to produce alkylated amines through catalytic coupling of amines with 

aromatic ethers or phenols in the presence of a commercial heterogeneous Pd/C 

catalyst and a co-catalyst with Lewis acid (LA). This protocol provides inspiration for 

future investigations on the direct transformation of oxygenated compounds to higher 

valued amines. More recently, Li [63] reported amination of aryl 2‑pyridyl ethers via 

cleavage of the carbon-oxygen bond in the presence of Ni catalyst.  

 

Figure 1.13 Synthesis of alkylated amines from ethers or phenols [62]. 

1.2.7 Amination of carbon monoxide or carbon dioxide 

Several reports showed that synthesis of amines from CO, NH3 and H2 is also an 

important pathway of amination. (See Figure 1.14) However, this reaction needs high 
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temperature and pressure, and the amount of side products are usually higher than that 

of amines, even at low CO conversion [64,65].  

 

Figure 1.14 The synthetic route of amines from carbon monoxide. 

 Without addition of hydrogen, direct amination of CO2 is a typical method for 

synthesis of methylamines over zeolites, which provides higher conversion and lower 

selectivity to monomethylamine compared with amination of carbon monoxide.  

1.2.8 Amination of alcohols 

Among the well-established and important ways for amine synthesis discussed 

above, by far the most utilized approach is the amination of alcohols, mostly be the 

reaction of alcohols with ammonia. As we all known, compared with aliphatic acids, 

esters, alkenes, ethers, and other reactants, alcohols and ammonia are inexpensive and 

readily starting materials for direct one-pot amination. Alcohols can be produced by 

different ways: fermentation, hydration of alkenes, reduction of carbonyl compounds, 

or direct production from synthesis gas. In addition, alcohols with different structures 

(such as aliphatic alcohols, phenols, amino alcohols and polyalcohols) can also be 

derived from biomass [61,66]. Another attractive advantage for alcohol amination is 

that the overall transformation during amination is highly atom-efficient, and water is 

the only generated side products, which makes this process environmentally benign 

and safe [4,67,68,69,70,71,72]. Thus, it is becoming more and more essential for the 

industrial production of various aliphatic amines. For alcohol amination, there exist 

two types of laboratory reaction systems: liquid phase and gas phase amination, 

corresponding to discontinuous batch reactors (stirred autoclaves) and continuous 

flow systems (fixed-bed reactors), respectively [73,74,75]. Continuous fixed-bed 
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reactors are frequently used as they do not cause high pressure during reaction but 

provide a good control of residence time of both reactants and products. It is 

particularly important for obtaining high selectivity to desired amines due to the 

possibility of consecutive side reactions. 

Amines are usually obtained by amination of saturated and unsaturated 

hydrocarbons, alcohols, halogen-compounds, and carbonyl compounds, by the 

reduction of a wide variety of nitro-compounds, and by other reactions. Synthesis of 

amines from alcohols over ThO2 was first achieved and reported by Sabatier and 

Mailhe in 1909. From this moment, many investigators were focusing on this reaction. 

According to the types of catalysts, catalytic alcohol amination can be divided into 

two categories: amination over dehydration catalysts and amination over 

dehydrogenation/hydrogenation catalysts in hydrogen atmosphere.  

 Under elevated temperature and pressure, in the presence of dehydration catalysts, 

such as Al2O3, SiO2, Al2O3-SiO2, Al2O3-MgO, AlPO4, and zeolite catalysts (ZSM-5, 

ZSM-11, ZSM-21), the first stage of amination is the reaction involving the 

dehydration of gaseous alcohols with formation of olefins, which further react with 

ammonia, primary, and second amines to form primary, second and tertiary amines, 

respectively. This reaction process is also named “dehydrative amination” [76]. In the 

area of industrial application, there is a large demand for ethylamine 

(Monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA), 

which are major industrial chemical intermediates) [77]. It was reported in 1884 that 

methylamines were first synthesized in the batch mode through reaction of methanol 

and ammonia using zinc chloride as a dehydrating agent at elevated temperature 

followed by the collection and separation of the desired products, MMA, DMA and 

TMA [78].    

 The amination over dehydration catalysts always requires harsh reaction 

conditions, such as high temperature and pressure. Low yields of amines appears due 

to a lot of side reactions. This is the reason why another type of catalysts for alcohol 

amination could be a more attractive approach. With the help of suitable 

dehydrogenation/hydrogenation catalysts, such as supported Ni, Cu, Pd, Ru, Co, Mo 
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and metal oxides catalysts, alcohols can react directly with ammonia to form desired 

amines. This reaction is also regarded as "dehydroamination" process, which has 

gained increasing attention recently due to its economic advantage. It performs under 

milder reaction conditions compared with dehydrative alcohols amination [79]. In 

1939, Schwegler [80] first proposed the mechanism of alcohol amination where 

alcohols are initially dehydrogenated to aldehydes or ketones, which will react with 

ammonia to form imines, followed by hydrogenation to primary amines. Also second 

and tertiary amines will be produced in the process. Researches showed that, beside 

the main products, primary, second and tertiary amines, some side products, such as 

nitriles and olefins occasionally appeared during dehydroamination process and  

become the main obstacle for achieving high yield and selectivity to desired amines. 

Thus, numerous works have addressed the exploration of different strategies to obtain 

high activity and selectivity for alcohol amination. From late 1970s, after major 

investments by large chemical companies such as Solvay, Dow and BASF, the 

dehydroamination  gradually became mature. This technique mostly uses transitional 

metals, such as Ni, Cu, Co, Fe, Pt, Ag, et al. as the main active catalysts. Baiker and 

co-workers started systematic works from 1977 about catalytic alcohols amination, 

with the goal to establish relationships between active sites of catalysts, activity, 

selectivity, optimal reaction conditions, formation of metal nitrides, reaction 

mechanism, kinetics, catalyst deactivation and surface adsorption of reactants 

[75,81,82,83,84,85,86]. 

In 1995, Gary and co-workers reported the gas phase amination of ethanol using 

silica-supported cobalt and nickel catalysts in an atmospheric, continuous fixed bed 

reactor. They deeply investigated the factors that influenced the reaction: space 

velocity, hydrogen and ammonia pressure, and reaction temperature [87]. The market 

also requires the production of bi- and polyfunctional amines. Thus, amination of 

ethylene glycol to ethylenediamine is meaningful. In an early patent, a Co-oxide 

catalyst, which provided 70% selectivity to ethylenediamine at 90% glycol conversion, 

could be achieved under 180 
o
C and 300 bar pressure [88]. Hammerschmid et al. [89] 

reported that cyclization of amino-alcohols in a continuous fixed bed reactor at 
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200-210 
o
C in the presence of hydrogen is well catalyzed by alumina-supported 

copper catalyst. The selectivity obtained was higher than 90%.  

 

Figure 1.15 Pathway for synthesis of aniline through amination of phenol. 

Phenols are considerably less reactive than aliphatic alcohols. In the presence of 

ammonia and hydrogen, phenols can be converted to aniline. (See Figure 1.15) 

Chang et al. [90] achieved over 90% both of phenol conversion and selectivity of 

aniline using H-ZSM-5 catalyst at 290 bar and 510 
o
C. 

Except for the above discussed traditional routes for synthesis of amine products, 

some other special approaches are also developed, like disproportionation of primary 

amines through thermal method [91,92,93] or photocatalysis [94], and N‑alkylation of 

sulfonamides [95]. 

1.3 Mechanisms of Alcohol Amination 

Information about the reaction mechanism is important for description and 

understanding of reaction kinetics, formation of intermediates and catalyst 

deactivation. Sabatier et al. [96] firstly reported the mechanism of alcohol amination 

using ThO2 as the catalyst. They have found that various alcohols react with ammonia 

when the vapors are passed over thorium oxide at 350-370 
o
C. Water is eliminated and 

the primary amine is formed. So they assumed that the alcohol initially reacts with the 

catalyst (ThO2) to form an unstable intermediate ester-alkyl thorate, followed by the 

rapid reaction with ammonia to produce primary amine. Furthermore, secondary and 

tertiary amine can be obtained by interaction of alkyl thorate with primary and 

secondary amine, respectively. During the whole reaction, some side products like 

olefins might appear. (Figure 1.16) 
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Figure 1.16 Reaction mechanism proposed by Sabatier [96]. 

 Based on the results of alcohol amination over alumina, Baum [97] suggested that 

ethers formed from alcohols dehydration were intermediates in the synthesis of 

desired amines. (Figure 1.17) 

 

Figure 1.17 Reaction mechanism through ether formation proposed by Baum [97]. 

 Popov [98] thought that in the presence of dehydration catalysts, alcohols were 

first dehydrated to olefins, which further reacted with ammonia, primary and 

secondary amines to form primary, secondary and tertiary amines. (Figure 1.18) 

 

Figure 1.18 Reaction mechanisms through olefin assumed by Popov [98]. 

 In contrast to all the mechanisms reported above, Gruyot and Schwegler [80] 

speculated that the alcohol was first catalytic dehydrogenated to the corresponding 

aldehyde or ketone which were stable intermediates of the reaction. The latter would 

then react with ammonia or an amine to give an imine product which was readily 

hydrogenated to desired amines. (Figure 1.19)  
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Figure 1.19 The dehydrogenation/hydrogenation mechanism proposed  

by Gruyot and Schwegler [80]. 

In addition, Bashkirov and co-workers [99] came to the similar conclusion based 

on the isotope experiments. In their study, by amination of labeled alcohols with 

ammonia over dehydrogenation catalysts, they found that dehydrogenation of alcohols 

take place during amination which indicates that this step may determine the rate of 

overall reaction. The proposed detailed reaction mechanism is as followed. (Figure 

1.20)  

 

Figure 1.20 Reaction mechanism proposed by Bashkirov and co-workers [99]. 

 It has not been previously identified that an aldehyde (or ketone) is a stable 

intermediate of alcohols amination. Earlier speculation about mechanism of 

dehydroamintion of alcohols with ammonia was further confirmed until that the 

aldehyde was first isolated and identified by Baiker [84]. Isotope experiments of the 

amination of octanol and α,α-dideuterated octanol, C7H15CD2OH, with dimethylamine 

were carried out in the gas phase over alumina-supported copper catalyst at 443 K. 

The ratio of the reactant conversions was consistent with the kinetic isotope effect 

found by Miyamoto [100], which supported the view that the rate-determine step 

involves the abstraction of an α-hydrogen. The most important thing is the consistence 
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ratio of the product mixture. The absence of the di-substituted product further offered 

strong support that an aldehyde was the main intermediate during alcohols amination. 

 In summary, based on the numerous researches, the general mechanism gradually 

becomes much more clear that the alcohol amination on metal catalysts under 

hydrogen can be achieved via the so called “Borrowing Hydrogen (BH)” 

[92, 101 , 102 , 103 , 104 , 105 , 106 , 107 , 108 , 109 , 110 ]sequence, which consists of 

dehydrogenation and hydrogenation processes. This mechanism is also known as the 

hydrogen auto transfer process [69, 111 , 112 , 113 , 114 ]. The well-known BH 

mechanism in on-pot alcohol amination generally consists of three consecutive steps: 

(i) dehydrogenation of an alcohol to a reactive aldehyde (or ketone) (the limiting step); 

(ii) imine formation from the corresponding aldehyde (or ketone) and the intermediate 

of amino alcohol; (iii) amine formation via hydrogen transfer from the alcohol to the 

imine through metal-hydride intermediates. (Figure 1.21) During the whole process, 

water is the only by-product, which means that the route is environmental friendly. 

 

Figure 1.21 A “Borrowing Hydrogen” methodology for directly one-pot 

amination of alcohol. 

1.3.1 Kinetics of amination 

The kinetics [84] was investigated in the absence of mass transfer limitations for 

the dehydroamination of octanol with dimethylamine in both gas and liquid phases 

using supported copper catalysts. The kinetics in the gas phase was described using 

the rate equation: 
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                     r = 
k0KROHPROH

(1+ ∑ KiPi)2                  (1-1) 

where Ki and Pi are the adsorption equilibrium constants and partial pressures for 

species i, respectively. In order to minimize the correlation between the estimated 

parameters K0 and Ki, the parameters were transformed according to the supposition 

of Himmelblau [115]: 

                 k0 =  k0 (Tm) exp  [(−E0/R)(1/T − 1/Tm)]          (1-2) 

                 ki =  ki (Tm) exp  [(−∆Hi/R)(1/T − 1/Tm)]          (1-3) 

where K0(Tm) and Ki(Tm) are the values of K0 and Ki at the mean reaction temperature, 

Tm = 458 K, and Eo andΔHi are the parameters expressing the temperature 

dependence of K0 and Ki. 

The liquid-phase reaction of octanol with dimethylamine on alumina-supported 

copper was found to be first order with respect to the octanol concentration and could 

be well described by 

                         r = kCROH                          (1-4) 

where CROH (kmol/m
3
) is the alcohol concentration in the liquid phase and k (m

3
/kg·s) 

is the rate constant. 

1.3.2 Reaction conditions 

The optimal reaction conditions depend, of course, on the types of reactors used 

for amination reactions. The parameters for bath reactor and fixed-bed reactor will not 

be the same for the same model amination reaction. Here, we take amination of 

ethanol by fixed-bed system as an example to discuss the different reaction 

parameters which influence the reaction conversion and selectivity. Sewell et al. [87] 

reported that a silica supported nickel-rhenium catalysts have been shown to be 

efficient for the amination of ethanol using ammonia. The fixed-bed system is shown 

in Figure 1.22.  



29 
 

 

Figure 1.22 Schematic of ethanol amination apparatus designed by Sewell [87]. 

Several factors influence the reaction: catalyst, space velocity, hydrogen and 

ammonia pressure, and reaction temperature. Increasing the residence time will result 

in an increase in ethanol conversion for both the Co/SiO2 and Ni/SiO2 catalysts. 

Decreasing the partial pressure of hydrogen results in a large decrease in ethanol 

conversion for the Co/SiO2 which may be ascribed to cobalt nitride formation; 

whereas the ethanol conversion for the Ni/SiO2 decreases only slightly which is 

probably due to the deposition of carbonaceous material. It has been reported that 

only a small hydrogen pressure is required to prevent nickel nitride formation. 

Decreasing the hydrogen partial pressure results in a large decrease in the selectivity 

to the ethylamine product, principally due to the formation of the diethylether 

[(C2H5)2O] byproduct, which might be due to an acid catalyzed condensation of 

ethanol by the support silanol groups. Thus, hydrogen plays an important role in 

alcohol amination, although it has no significant influence on the overall amination 

reaction rate. Hydrogen improves the selectivity to primary amines by suppressing the 

simultaneously catalyzed disproportionation of reactant and product amines, and it is 

crucial to prevent catalyst deactivation caused by metal nitride and/or metal carbide 

formation occurred by interaction of amines with the metal surface [82,116].  

The molar ratio of ammonia to alcohol also affects the whole amination activity 

and selectivity due to the competitive adsorption of different molecules (reactants and 

products) on the surface of the catalyst [117]. Increasing the partial pressure of 
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ammonia resulted in decrease of conversion and increase in MEA selectivity for both 

Co/SiO2 and the Ni/SiO2 catalysts. 

1.3.3 Side reactions 

1.3.3.1 Disproportionation of amines 

Disproportionation of amines plays a decisive role as a major side reaction during 

the catalytic amination of alcohols, which can strongly decrease the selectivity to the 

desired amines [75,118]. Braun et al. [119] proposed the following mechanism for the 

disproportionation of simple mines over hydrogenation /dehydrogenation catalysts 

(Figure 1.23): 

 

Figure 1.23 Mechanism for the disproportionation of primary amines [119]. 

Based on the experimental observations, Volf et al. [120] proposed that either 

addition of amine to imine or decomposition of diamino derivatives is the rate 

determining step for the disproportionation. 

1.3.3.2 Aldehyde condensation  

Aldol condensation of intermediate aldehydes may also occur during amination 

[75,84]: 

                 

(1-5)

 

This reaction can occur unassisted by a metal catalyst. Note that during 

copper-catalyzed amination, the aldol concentration never exceeded 1 wt% of the total 

product mixture. 
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1.3.3.3 Formation of nitriles 

Formation of nitriles can also occur as a side reaction during dehydroamination of 

alcohols with ammonia or primary amines. The nitriles are formed by 

dehydrogenation of the corresponding imines, which are formed as intermediates 

during amination: 

                                    (1-6) 

Generally, nitrile formation is favored at high temperatures (> 570 K) and at low 

hydrogen partial pressures [121]. 

1.4 Catalysts Used for Amination of Alcohols 

For industrial applications, a suitable catalyst should have high activity, good 

selectivity, corrosion resistance, thermal stability and mechanical strength. Till now, 

numbers of homogeneous and heterogeneous catalysts have been applied for 

investigation of alcohol amination. 

1.4.1 Homogeneous catalysts 

Most of previous works have addressed development of homogeneous catalysis 

for alcohol amination reaction. Ru [67,110, 122 , 123 ], Pd [72], Rh [ 124 ], Ir 

[107,125,126], Fe [127,128,129,130,131], and Mn [132] complexes have shown good 

activity and selectivity. In addition, Ru and Ir complexes have been shown to catalyze 

this reaction at relatively low temperatures (90-150 °C). It is suggested that the 

reaction occurs over a coordinative unsaturated (reactive) metal site and cooperative 

adjacent acid/base sites. The use of relevant organic ligands is believed to be 

indispensable for smooth catalyst operation. Also, different metal triflates and 

triflimides, including the parent triflic acid (HOTf) were active for synthesis of 

secondary amines through N-alkylation of amines with alcohols. Gunanathan et al. 
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[123] developed a novel air stable ruthenium pincer complex for the selective 

synthesis of primary amines directly from alcohols and ammonia under mild 

conditions based on BH mechanism, precluding the need for stoichiometric amounts 

of toxic reagents, high pressure, and harsh experimental conditions. Payard and 

co-workers [ 133 ] demonstrated that among the best performing homogeneous 

catalysts for the direct amination of activated secondary alcohols using electron-poor 

amine derivatives, could be metal triflates, such as aluminum triflate, Al(OTf)3. Much 

higher selectivity was achieved when toluene was used as a solvent for amination of 

benzyl alcohol with aniline based via the SN2 mechanism predicted from the DFT 

modelling. 

However, these processes have several disadvantages due to use of expensive 

non-recoverable catalysts, difficulties in catalyst-product separation and indispensable 

use of additives or co-catalysts such as inorganic or organic bases and stabilizing 

ligands. All this makes it difficult for industrial application. For these reasons, there is 

an urgent requirement to develop heterogeneous catalysts for amination of alcohols. 

1.4.2 Heterogeneous catalysts  

The heterogeneously catalyzed amination of aliphatic alcohols shows several 

advantages compared to the homogeneous catalysis. First, the heterogeneous catalysts 

can be easily separated from the reaction mixture. Second, they can be reused for 

several runs after regeneration in hydrogen without obvious activity and selectivity 

loss. Till now, different types of catalysts containing supported and non-supported 

single metals (Ru, Pd, Au, Ag, Cu, Co, Ni, and so on) 

[117,134,135,136,137,138,139,140], bimetallic [141,142,143,144,145,146,147,148], 

hydroxides [108,149,150], zeolites [151,152], and some other oxides [73,153] have 

been applied for alcohol amination. 

Different heterogeneous based catalysts for amination of alcohols are summarized 

in Table 1.1. 
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Table 1.1 Heterogeneous catalysts used for amination of alcohols 

Catalysts Alcohols Reaction conditions Yield (%) Ref. 

PGM 

Ru/C Dodecanol Batch, 4 bar NH3, 2 bar H2, 200 oC Dodecylamine 68.7% [135] 

Ru NPs 1-Octanol 
Batch, NH3/octanol=17, 2 bar H2, 180 oC, 

24 h 
1-Octylamine 81% [134] 

Ru/HAP BA 
Batch, N-methylbenzylamine/BA=1/4, 

mesitylene, Ar, 130 oC, 6 h 
Tertiary amine 74% [154] 

Pd/C Dodecanol Batch, 4 bar NH3, 2 bar H2, 200 oC Dodecylamine 74.3% [135] 

Pd/K-OMS-2 BA Batch, aniline, 1 bar N2 or air, 160 oC Secondary amine 95% [136] 

Pd/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 78.2% [141] 

Pd/Al2O3 Phenol 
Continuous, 

phenol/NH3/H2/H2O=1/9.3/9.3/1.1, 250 oC 
Aniline 30.9% [155] 

Pd/Fe2O3 BA Batch, BA/aniline=1.5, Ar, 140 °C, 12 h Secondary amine 70.3% [156] 

Pd/CeO2 BA Batch, BA/aniline=3, N2, 160 °C, 3 h Secondary amine 79% [166] 

Pt/C Dodecanol Batch, 4 bar NH3, 2 bar H2, 200 oC Dodecylamine 40.9% [135] 

Pt/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 59.8% [141] 

Ir/C Dodecanol Batch, 4 bar NH3, 2 bar H2, 200 oC Dodecylamine 46.1% [135] 

Os/C Dodecanol Batch, 4 bar NH3, 2 bar H2, 200 oC Dodecylamine 24.7% [135] 

Au 

Au/ZrO2 Myrtenol Batch, aniline, 9 bar N2, 180 oC Secondary amine 59.9% [140] 

Au/ZrO2 BA 
Batch, BA/aniline=1, N2, toluene, 110 oC, 

22 h 
Secondary amine 93.1% [157] 

Au/TiO2 BA 
Batch, BA/NH3/H2O=1/1/5, o-xylene, 160 

oC, 22 h 
Secondary amine 42.9% [139] 

Au/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 35.3% [141] 

Ni 

Ni/-Al2O3 2-Octanol Batch, 4 bar NH3, 160 oC 2-Octylamine 67.2% [71] 

Ni/Al2O3/SiO2 BA 
Continuous, 60 bar NH3, BA/NH3=1/7, 

o-xylene, 160 oC 
Secondary amine 100% [139] 

Ni/CaSiO3 2-Octanol 
Batch, NH3/2-octanol=2.23, o-xylene, 160 

oC, 20 h 
2-Octylamine 86% [158] 

Ni/LaAlSiO Isopropanol 
Continuous, total 20 bar, n(NH3):n(IPO) = 

6:1, WHSV=1 h-1, 180 oC 
Isopropylamine 94.1% [159] 

Ni/HAP 1-Propanol 
Continuous, propanol/NH3/H2=1/5/95, 

flow rate at STP = 30 mL min-1, 150 oC 
Propylamine 9.9% [137] 

Co Co/Al2O3 1-Butanol Continuous, NH3/alcohol=7, 1 bar, 1-Butylamine 64% [251] 
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GHSV=20-50 L/g·h, 140 oC 

Co/SiO2 Ethanol 
Continuous, 

EtOH/NH3/H2/N2=1/2/8.6/17.1, 180 oC 
Ethylamine 32.8% [160] 

Co/-Al2O3 2-Propanol 
Continuous, 2-propanol/NH3/H2/N2= 

1/4/6/22.8, WHSV=4.29 h-1, 210 oC 
Isopropylamine 58.4% [161] 

Cu 

Cu BA 
Batch, BA/aniline=1.3, KOH, toluene, Ar, 

160 oC, 24 h 
Secondary amine 99% [138] 

Cu(OH)x/Al2O3 BA Batch, mesitylene, 1 bar Ar, 135 °C, 65min Secondary amine 85% [150] 

Cu(OH)x/TiO2 BA Batch, mesitylene, 1 bar Ar, 135 °C, 65min Secondary amine 80% [150] 

Bimetal 

Pt-Sn/-Al2O3 BA 
Batch, BA/aniline=1, o-xylene, 1 bar N2, 

145 oC, 8 h 
Secondary amine 97% [162] 

PdZn/Al2O3 BA 
Batch, BA/aniline=1, p-xylene, 1 bar Ar, 

110 oC, 0.5 h 
Secondary amine 99% [185] 

Cu-Cr 1-Octanol Continuous, NH3, 200 oC 1-Octylamine 35% [148] 

CuO-Cr2O3/γ-Al

2O3 
Dodecanol 

Continuous, NH3, DMA/DOL = 5.5, 230 

oC 
Tertiary amine 92.2% [163] 

PdPt/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 80% [141] 

AuPd/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 44.8% [141] 

AuPt/MgO BA 
Batch, BA/aniline=3, N2, n-dodecane, 180 

oC 
Secondary amine 31.3% [141] 

Co-La 
1,3-Propanedi

ol 
Continuous, diol/NH3/H2 = 1/60/2, 210 oC Secondary amine 22.5% [142] 

Co-Fe 
1,3-Propanedi

ol 
Continuous, diol/NH3/H2 = 1/60/2, 210 oC Secondary amine 32.3% [142] 

NiCu/γ-Al2O3 BA 
Batch, 1 bar argon, alcohol/aniline=5/2, 

o-xylene, NaOH, CaCl2, 160 oC, 12 h 
Secondary amine 90% [164] 

Rh-In/C 1,2-Propanedi

ol 

Batch, aqueous NH3, H2, 180 oC, 24 h 1-Amino-2-propanol 5% [143] 

NiCu/Diatomite 1-Octanol Batch, NH3/H2 (40%/60%, vol/vol), 230 oC Trioctylamine 97.3% [165] 

CoAl/HT 
p-methoxybe

nzyl alcohol 

Batch, benzylamine, K2CO3, air, 160 °C, 9 

h 
Secondary amine 92% [167] 

*BA: benzyl alcohol 
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Supported metal based dehydrogenation/hydrogenation catalysts for the 

ammonolysis of alcohols have been extensively studied. Yan and co-workers [166] 

reported a Pd/CeO2 catalyst based on high-surface CeO2 (CeO2-HS) pre-treated at 500 

o
C, which had an abnormally high activity and selectivity in the amination of benzyl 

alcohol with aniline (and ammonia). They proposed that unlike standard Pd supported 

catalysts, a promoted H2 transfer on high-surface Pd/CeO2 via spillover between Pd 

and ceria can be regarded as a main driver for amination based on the borrowing 

hydrogen mechanism. (Figure 1.24) It opens an avenue for the fine design of H2 

pumps based on ceria for industrially relevant amination reactions.  

Ni has been widely used for amination of alcohols due to its high activity and 

selectivity towards primary amine. Leung et al. [139] investigated that highly 

selective synthesis of primary amines from alcohols and NH3 was achieved using a 

commercially available Ni catalyst (65 wt % Ni-Al2O3/SiO2), without adding H2. 

Using a fixed-bed reactor, the amination of aliphatic alcohols can be achieved in good 

yields and selectivity (51-100% conv., 90-100% sel.), as the accumulation of water 

byproduct can be removed. Shimizu and co-workers [71] also reported the synthesis 

of primary amines from alcohols and NH3 by an Al2O3-supported Ni nanoparticle 

catalyst as a recoverable and noble-metal-free catalytic system  

 

Figure 1.24 Hydrogen transfer pathway over Pd/CeO2-HS for the amination of 

benzyl alcohol with aniline (and ammonia) [166]. 

without additional hydrogen under relatively mild conditions. Various aliphatic 

alcohols are tolerated, and turnover numbers were higher than those of Ru-based 
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homogeneous catalysts. It is clarified that the surface metallic Ni sites are the 

catalytically active species, and the co-presence of acidic and basic sites on the 

support surface is indispensable for this catalytic system. It is generally accepted that 

the reaction begins with the dehydrogenation of alcohol by Ni sites to a carbonyl 

compound, which reacts with ammonia to give an imine. Finally, hydrogen transfer 

from the Ni-H species to the imine gives the primary amine. It was tentatively 

assumed that basic sites of the alumina promote the dehydrogenation step, possibly by 

abstraction of a proton from the alcohol, and the acidic nature of alumina might be 

relevant to the hydrogen transfer step. Shi [138] proposed a simple self-supported 

copper powder catalyst for alcohol amination. Notably, the self-supported Cu catalyst 

showed a significantly better catalytic performance than oxide-supported nano-copper 

catalysts. In addition, the copper powder catalyst presented stable recyclability and 

good substrate tolerance. (Figure 1.25) 

He et al. [150] reported that easily prepared inexpensive supported copper 

hydroxides, Cu(OH)x/Al2O3 and Cu(OH)x/TiO2, can act as efficient heterogeneous 

catalysts for the N-alkylation of primary amines or ammonia with alcohols. Generally, 

copper-catalyzed N-alkylation performed under high H2 pressures (≥100 atm) and 

high temperature (≥160 
o
C), and/or stoichiometric amounts of bases (e.g., K2CO3) to 

attain high yields of desired amines [167]. In contrast, N-alkylation with supported 

copper hydroxide catalysts efficiently performed under relatively mild reaction 

conditions (1 atm of Ar, 135 
o
C) without any co-catalysts. 

 

Figure 1.25 N-alkylation of amines with alcohols over self-supported Cu [138]. 

Recent years, researchers have found that supports can play an important role in 

amination of alcohols [168]. Recently, group of Bell [137] reported a Ni-supported 

hydroxyapatite catalyst (Ni/HAP), which was quite efficient for propanol amination to 
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propylamine at 423 K. The authors proposed that the superior performance of Ni/HAP 

is mainly attributed to the high density of basic sites on HAP compared with other 

oxides, which are responsible for stabilizing alkoxide intermediates and suppressing 

the disproportionation of primary amines. (Figure 1.26) 

 

Figure 1.26 Support effects for amination of propanol [137]. 

1.4.3 Challenges in amination of alcohols  

Although heterogeneous catalysts are widely used for amination of alcohols 

under hydrogen, they still suffer from some drawbacks such as limited substrate scope, 

the need for high temperature, high pressure of NH3 and H2, different undesired side 

reactions during amination in particular at high conversion, such as disproportionation 

of amines, aldehyde condensation and formation of nitriles.  

i) Difficulties of alcohol dehydrogenation (limiting step); 

As we know, the limiting step of alcohol amination was regarded as the 

dehydrogenation of alcohol to the corresponding aldehyde [111]. Generally, high 

reaction temperature (150-200 
o
C) was needed for amination of alcohols (especially 

aliphatic alcohols) due to the high temperature requirement for oxidant-free alcohol 

dehydrogenation. During amination reaction, higher temperature is also needed for 

desorption of surface strongly adsorbed species to accelerate the whole reaction rate.    

ii) Catalyst poisoning and leaching problems; 

In liquid phase amination, under high temperature, pressure and base 

environment, active metal sites can be easily poisoned by reactants or amine products. 

Also, metal particles can be leached from the surface of support in the strong basic 
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conditions. This problem creates difficulties for industrial application.       

iii) Insufficient primary amine selectivity; 

The most challenging task for alcohols amination is the selective synthesis of 

primary amines. As amination of alcohols is a consecutive reaction, 

disproportionation of the produced primary amine proceeds through self-coupling 

reaction to produce secondary or tertiary amines, leading to the low selectivity of 

primary amines [91,94,95].  

Thus, it is still challenging to develop catalysts with high activity, selectivity and 

stability for amination of alcohols. 

1.5 Strategies for Selectivity Control  

Several strategies can be considered for improvement of the selectivity to primary 

amines in the alcohols amination. They can be classified into 3 main groups: 

(1) selective catalyst deactivation (“capping”) strategy; 

(2) selectivity control on the basis of structural sensitivity, metal particle size 

effects; 

(3) catalyst promotion, design of bimetallic catalysts. 

The amination selectivity can be also improved by optimizing the reaction 

conditions such higher ammonium content and conduction of the reaction in 

supercritical medium. 

Catalyst deactivation due to coke formation is an important technological and 

economic problem of great and continuing concern in the practice of industrial 

catalytic processes [169,170 ,171]. Deactivation issues greatly impact research, 

development, design and operation of commercial processes. The mechanisms of 

solid catalysts deactivation can be due to poisoning, fouling, thermal degradation and 

sintering, vapor formation, vapor-solid and solid-solid reactions, and attrition or 

crushing, which are caused by chemical, mechanical and thermal aspects. Among 

them, poisoning is the strong chemisorption of species (reactants, products, or 

impurities) on catalytic sites which block some sites for catalytic reaction 
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[172,173,174]. Peña et al. [175] reported that during Fischer-Tropsch (FT) synthesis, 

three types of carbonaceous species (hydrocarbons, strongly adsorbed hydrocarbons 

and amorphous polymeric carbon) were detected on the surface of used catalysts, 

which lower the reaction activity. Moodley et al. [176] also investigated the role of 

carbon deposition in the deactivation of cobalt catalysts exposed to the commercially 

relevant conditions of FT synthesis.  

 Although catalyst deactivation is generally undesired, some poisons may be 

added purposefully to selectively block some active surface sites, thus, ether to 

moderate the activity and/or to improve the selectivity of fresh catalysts. In addition to 

other deactivation mechanisms, deposition of carbonaceous species on the surface of 

the catalyst appears to be one of the main reasons of catalyst deactivation.  

Capping agents [177] (organic ligands, polymers, surfactants, etc.) can act as a 

“poison”, limiting the accessibility of active sites, as well as a “promoter”, producing 

improved yields and unpredicted selectivity control. Different capping agents have 

been applied for metal nanoparticles synthesis (Figure 1.27): 

 

Figure 1.27 Representative capping agents used in metal nanoparticle synthesis [177]. 

In heterogeneous catalysis, almost all phenomena involved in the catalytic cycle 

take place at the interphase between the catalyst surface and the reaction medium. 

Therefore, describing the interface at the nanoscale is necessary for elucidating kinetic 

mechanisms and the nature of the active sites. The presence of an organic shell 

generated by capping agents on the nanoparticle surface introduces two different 
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interfaces: the metal-ligand interface and the ligand-solution interface (Figure 1.28). 

 

Figure 1.28 The metal-ligand interphase. 

The metal ligand interphase can affect the activity and selectivity according to 

different mechanisms: charge transfer, selective blocking, chiral modification, 

molecular recognition, adsorption geometry control and steric hindrance [178]. The 

altered electron density originated by charge transfer process (electron donation) at 

the metal ligand interphase can promote the activation of the adsorbed reactant, thus 

enhancing the catalytic activity. Similar effect has been reported by Tsukuda et al. 

[179]. Electron donation from electron-rich capping agents to the metal surface can be 

also exploited to control the selectivity of a reaction, by favouring the adsorption of 

electron deficient substrates. This effect has been proved by Zheng et al. [180]. In 

other cases the competitive effect between metal-ligand and metal-substrate 

interactions is on the basis of a modified selectivity of a reaction. Shevchenko and 

co-workers [181] studied the effect of the capping agent (trioctylphosphyne oxide 

(TOPO) as) on the selectivity in the hydrogenation reaction of alkynes to alkenes. A 

similar effect has been evidenced by Kaneda et al. [ 182 ] in the case of 

dimethylsulfoxide (DMSO)-protected Pd nanoparticles. By selecting a proper ligand, 

which strongly adsorbs only on specific active sites (selective blocking), it is possible 

to suppress undesirable processes without affecting the overall activity of the catalyst. 

Recently, Campisi et al. [183] ascribed the improved selectivity in benzyl alcohol 

oxidation to the presence of PVA on Pd NPs. 
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As shown in Figure 1.29, the active site isolation effect has been used for 

preventing the formation of undesired benzyl benzoate in the Au-catalysed selective 

oxidation of benzyl alcohol to benzaldehyde [184]. 

 

Figure 1.29 Active site isolation effect in benzyl alcohol oxidation [184].  

Based on the strategies for selectivity controlling and challenges in amination of 

alcohols, different attempts have been tried to improve the performance of this 

reaction. Generally, the reaction rates and selectivity of many metal-catalyzed 

reactions depend on the size of the metal particles in the nanoscale range. Liang and 

co-workers [134] developed non-supported ruthenium nanoparticle catalysts (2-9 nm). 

They found that the smaller Ru nanoparticles has higher primary amine selectivity due 

to the strong surface negative charge, which could make them less favorable for 

adsorption over isolated metal domains and activation of the electron-rich secondary 

imine to form secondary and tertiary amines. (Figure 1.30)    

 

Figure 1.30 Ru nanoparticle size and effect of support on self-coupling  

of primary amines [134]. 
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An appropriate combination of two metal elements provides not only a 

substantially modified electronic structure of the active metal component but also a 

uniform reaction environment. Furukawa et al. [185] developed a bimetallic system 

by formation of a PdZn intermetallic phase (PdZn/Al2O3), which was an efficient 

catalyst for amination of alcohols. The authors proposed that the unique catalytic 

performance of PdZn originates from the fundamental change in the C-H activation 

property and adsorption affinity of the substrates, allowing preferential activation of 

alcohols over amines (Figure 1.31). As we know, the main reason for low selectivity 

in the synthesis of primary amines is that the product amines are significantly more 

reactive than the reagent NH3. Ficher et al. [186] found that the application of 

supercritical ammonia (scNH3) as a solvent and reactant provides a remarkable 

selectivity improvement in the amination of aliphatic diols, compared with the 

performance of the same catalyst under similar conditions. This selectivity 

enhancement in the near-critical region may be attributed to elimination of the 

interfacial mass transfer leading to a higher surface concentration of ammonia. 

 

Figure 1.31 Enhancement of amination selectivity in bimetallic system [185]. 

1.6 Objectives and Research Plans of this Thesis  

In summary, amination of alcohols is a relatively environmental benign way 

compared with other routes for amine synthesis. However, the most challenging 

problem of alcohols amination is selective synthesis of primary amines, as the reason 

of easily self-coupling reaction of primary amines, producing secondary or tertiary 
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amines, leading to the low selectivity of primary amines. So, development of cost 

saving heterogeneous catalysts for selective amination of alcohols is meaningful and 

urgent.  

Herein, in this thesis, our goal is, to improve the selectivity to primary amines of 

alcohol amination reactions. This goal will be achieved via, modification on the one 

hand, of the existing metal based heterogeneous catalysts and elaboration on the other 

hand, of new efficient non-metal catalysts for selectively synthesis of primary amines 

by alcohols amination through liquid and gas phase reactions. 

1.6.1 Catalyst deactivation for primary amine selectivity enhancement 

Generally, catalyst deactivation is an undesired technical issue, which leads to a 

decline of the catalytic activity and necessity to regenerate, to replace and to recycle 

the spent catalysts, causing high cost of catalysts for industrial application. However, 

intentionally blocking some active sites through poisoning, carbon fouling, thermal 

degradation and sintering may have a positive effect on the catalytic performance, 

especially on the selectivity to some desired products. 

In this thesis, we consider that restraining self-coupling of primary amine through 

selective blocking active sites by intentional deposition of polymeric carbonaceous 

species to form some isolated domains on the surface of metals would be possible to 

improve the selectivity of desired primary amine products.  

1.6.2 Creation of highly dispersed Co and Ni nanoparticles by carbon deposition 

Co and Ni based catalysts are among the most popular materials used nowadays 

in industry. Traditional methods of catalyst preparation like impregnation or 

precipitation lead to formation of large metal nanoparticles (15-30 nm) composed of 

highly aggregated metal clusters. It results in relatively low metal dispersion and 

catalytic activity.  Hereby we propose an efficient way to significantly increase the 

dispersion (2-3 times) of metal catalysts by disassembling of metal clusters by in-situ 

polycondensation of aldehydes produced during dehydrogenation of long chain 

alcohols. Deposition of bulky polymers at the interface areas decompose metal 

nanoparticles. Removal of carbon species demonstrates isolated metal nanoparticles 
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with the sizes about 2-7 nm and 3-6 times higher activity in the reactions of 

hydrogenation, amination and oxidation. 

1.6.3 Bi as a promoter for selective amination of 1-octanol 

Except for selective poisoning, catalytic activity and selectivity can be also 

adjusted by addition of secondary metal promoters over the parent catalysts. The 

synergetic of bimetals usually have positive effect towards the catalytic performance. 

Fischer et al. [186] reported the catalytic synthesis of 1,3-diaminopropane from 

1,3-propanediol and ammonia in a continuous fixed-bed reactor using unsupported 

Co-based catalysts. Promotion of the unsupported cobalt catalyst with iron or 

lanthanum would significantly improve the selectivity of 1,3-diaminopropane. It was 

suggested that addition of a small amount of iron suppresses the transformation of 

active metastable β-cobalt phase to the thermodynamically more stable α-cobalt phase 

under reaction conditions, which was better for catalytic selectivity.  

In this thesis, supported cobalt catalyst was modified by addition of metallic 

bismuth promoter to improve the catalytic activity, primary amine selectivity and 

stability during liquid phase amination of 1-octanol. The mechanism of bismuth 

promotion was also uncovered through different characterizations and model 

reactions. 

1.6.4 Design of non-metal heterogeneous catalyst for amination of alcohol 

Conventionally, amination of alcohols using different noble metal based 

homogeneous or heterogeneous catalysts, such as Ru, Ir, Rh, and Pt, has been widely 

reported. However, disadvantages due to use of expensive non-recoverable catalysts, 

difficulties in catalyst-product separation and low selectivity to primary amines. 

Development of easily recoverable and recyclable non-noble metal based 

heterogeneous catalysts for amination of alcohols is still a challenging topic. In this 

thesis, we applied the easily available transition metal- and solid acid-based 

heterogeneous catalyst titanium hydroxide for liquid-phase amination of alcohols. 

Interestingly, this catalyst exhibits the highest activity and selectivity towards the 
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desired amine, compared with other hydroxides, metal oxides and zeolites. The 

mechanism of the reaction using such catalyst involves dehydration of alcohols to 

ethers with subsequent C-O bond cleavage by amine with formation of secondary 

amine and recovery of alcohol. The reaction mechanism was investigated in details in 

chapter 6. 

1.7 Outline of this Thesis 

This thesis consists of seven chapters: 

Chapter 1 summarizes the importance and utilizations of amine products in our 

daily life and different conventional routes for synthesis of amines. Amination of 

alcohols is a relatively green route compared with other methods. The basic 

borrowing hydrogen mechanism for amination of alcohols was illustrated in details. 

Despite the huge advantages of alcohols amination, it still suffers from the drawback 

of low selectivity to primary amines caused by some side reactions. Different 

strategies of catalyst design used for different reactions, such as FT synthesis, 

hydrogenation and oxidation to optimize the catalytic performance, have been 

summarized. However, only few studies focus on the primary amine selectivity 

enhancement by catalyst modifications. Also, few papers reported the non-metal 

based catalysts for amination of alcohols. The goals of this thesis are summarized in 

Chapter 1.   

Chapter 2 introduces the experimental procedures used for catalyst preparation, 

methodologies of catalyst characterization and evaluations of catalytic performance.  

Chapter 3 explains the strategy of selective carbon deposition over cobalt catalyst, 

which aims to increase the selectivity to primary amine through suppressing of 

hydrogenation of secondary imine for both gas-phase and liquid-phase amination of 

alcohols. This catalytic modification process provides an efficient way for selectivity 

enhancement even for other reactions.  

Chapter 4 is focused on application of carburization of metal catalyst for the 

synthesis of highly dispersed catalysts to increase catalytic activity of the catalyst in 
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amination and other catalytic reactions.  

Chapter 5 is devoted to application of bismuth as liquid metal promoter to 

enhance the catalytic performance of cobalt catalyst. The metallic bismuth as a liquid 

phase during high temperature amination reaction could “wash” the surface of cobalt, 

which largely increases the activity and stability of amination of 1-octanol. It also has 

the similar effect as carbon deposition for primary amine selectivity enhancement.  

Chapter 6 presents a new cheap non-noble metal based heterogeneous catalyst 

titanium hydroxide, which provides the selectivity higher than 90% to secondary 

amines for functionalized aromatic and aliphatic alcohols and amines at high catalytic 

stability. The mechanism of alcohol amination using such catalyst through ether 

formation followed by C-O bond cleavage was first proposed in this thesis.  

Chapter 7 gives the general conclusion of this thesis and perspectives towards 

catalyst and process designing for selective amination of alcohols.  
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Chapter 2. Experimental Section 

2.1 Catalyst Preparation 

2.1.1 Chemical reagents 

All the chemicals used in the experiments were listed in Table 2.1. Unless 

otherwise stated, commercial reagents were used without any purification. Neon, 

nitrogen, hydrogen, and ammonia used in the catalytic amination test were supplied 

by Air Liquide.  

Table 2.1 Chemical reagents used in the experiments 

Chemical Formula Purity Company 

Cobalt (II) nitrate 

hexahydrate 
Co(NO3)2•6H2O >99.0% Sigma-Aldrich 

Nickel (II) nitrate 

hexahydrate 
Ni(NO3)2•6H2O >99.0% Sigma-Aldrich 

Bismuth (III) nitrate 

penthydrate 
Bi(NO3)3•5H2O >98.0% Sigma-Aldrich 

Aluminum oxide -Al2O3 / SASOL 

Zeolite Socony 

Mobil-5 
ZSM-5 / Honeywell 

Titanium dioxide TiO2 / Evonik Degussa 

1-Butanol C4H10O >99.5% 
Sinopharm Chemical Reagent 

Co., Ltd. (China) 

1-Hexanol C6H14O >99.9% 
Sinopharm Chemical Reagent 

Co., Ltd. (China) 

1-Octanol C8H18O >99.5% 
Sinopharm Chemical Reagent 

Co., Ltd. (China) 

2-Octanol C8H18O >99.5% J&K Chemical Ltd. (China) 

2-Octanone C8H16O 98.0% J&K Chemical Ltd. (China) 

Benzyl alcohol  C7H8O 99.8% 
Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. 

Tert-amyl alcohol C5H12O 98.0% 
Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. 

Butylamine C4H11N >99.5% J&K Chemical Ltd. (China) 

Di-butylamine  C8H19N >99.5% J&K Chemical Ltd. (China) 
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Tri-butylamine C12H27N >99.5% J&K Chemical Ltd. (China) 

Octylamine C8H19N >99.5% 
Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. 

Di-octylamine C16H35N >99.5% 
Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. 

Tri-octylamine C24H51N >99.5% 
Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. 

Benzylamine  C7H9N >99.0% J&K Chemical Ltd. (China) 

Di-benzylamine C14H15N 97.0% J&K Chemical Ltd. (China) 

Tri-benzylamine C21H21N >99.0% J&K Chemical Ltd. (China) 

Octanal  C8H16O 99.0% Alfa Aesar 

Tricosan-12-one C23H46O 98.0% Alfa Aesar 

N-benzylideneaniline C13H11N 99.0% Alfa Aesar 

Biphenyl  C12H10 >99.0% Sigma-Aldrich 

Toluene  C7H8 >99.5% 
Sinopharm Chemical Reagent 

Co., Ltd. (China) 

Titanium (IV) 

isopropoxide 
C12H28O4Ti >97.0% J&K Chemical Ltd. (China) 

Aluminum 

isopropoxide 
C9H21AlO3 98.0% J&K Chemical Ltd. (China) 

Aluminum 

tert-butoxide 
C12H27AlO3 98.0% J&K Chemical Ltd. (China) 

Zirconium(IV) 

n-butoxide 
C16H36O4Zr 

76-80% in 

n-butanol 
J&K Chemical Ltd. (China) 

Zirconium ethoxide C8H20O4Zr >99.0% J&K Chemical Ltd. (China) 

Pyridine  C5H5N >99.5% 
Sinopharm Chemical Reagent 

Co., Ltd. (China) 

Aniline C6H7N >99.5% Sigma-Aldrich 

2.1.2 Preparation of supported Co, Ni and Bi catalysts 

Incipient wetness impregnation (IW or IWI), also called capillary impregnation or 

dry impregnation, is a commonly used technique for the synthesis of heterogeneous 

catalysts (Figure 2.1). This method relies on the use of an impregnation solution with 

a volume equal to that of the pore volume of the support (e.g., 0.65 mL·g
-1

 for 

γ-Al2O3). The low solution volume favors the dispersion of the active phase driven by 

capillarity, which is much faster than diffusion. In this thesis, the Co/γ-Al2O3 (14.5 wt% 

Co) catalyst was prepared by impregnation of γ-Al2O3 (SASOL, SIRALOX or 
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PURALOX SCCa-5/170, D50: 50μm-100μm) using an aqueous solutions of cobalt 

nitrate hexahydrate [Co(NO3)2·6H2O]. The impregnated sample was dried under air at 

80 
o
C overnight and calcined under an air flow [~10 mL (STP)/min] with a heating 

ramp of 2 
o
C·min

-1
 from room temperature to 500 

o
C to get the oxidized catalyst. 

Before catalytic tests, the catalyst was activated under a pure H2 flow at 450 
o
C for 10 

h to reduce the cobalt oxide species. The freshly activated Co catalyst is labeled as 

“CoAl-act”. The general scheme of the synthesis procedure was presented in Figure 

2.1. 

 

Figure 2.1 Synthesis of supported metallic catalyst through impregnation 

method.  

Ni/γ-Al2O3 (10 wt% Ni) and Bi/γ-Al2O3 (10 wt% Bi) catalysts were prepared by 

the same method. 

2.1.3 Preparation of the alcohols pretreated Co and Ni catalysts 

The Co or Ni catalyst was subjected to different alcohols pretreatment under 13 

v/v % alcohol/N2 gas flows (1-butanol, 1-hexanol, 1-octanol) at a flow rate of 1.16 

mL (STP)/min at 250 
o
C and atmospheric pressure in a continuous fixed-bed system 

for several hours (Figure 2.2). The Co/γ-Al2O3 catalysts pre-treated under 1-butanol 

was denoted as “CoAl-B-250-t” (t = 0.25 h, 0.5 h, 1 h, and 3h), whereas the catalysts 

pre-treated under 1-hexanol and 1-octanol for 1 h were denoted as “CoAl-H-250-1” 

and “CoAl-O-250-1”, respectively. To investigate the catalyst reusability of the 

pretreated catalyst, the CoAl-B-250-1 catalyst was reduced under pure H2 at 400 
o
C 

for 5 h after the amination tests. The regenerated catalyst was denoted as 

“CoAl-B-250-RG”. Finally, for the liquid-phase amination tests, the in-situ pretreated 
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catalysts were taken out from the fixed-bed reactor and transferred under N2 

protection to the autoclaves for the catalytic tests. 

The Ni/γ-Al2O3 catalysts pre-treated under 1-butanol was denoted as “NiAl-B-T-1” 

(T = 250 
o
C and 300 

o
C). 

 

Figure 2.2 Process for in-situ alcohols pretreatment on metallic catalysts. 

2.1.4 Preparation of highly dispersed Co and Ni nanoparticles 

Before 1-octanol pretreatment, the oxidized Co/Al2O3 and Ni/Al2O3 were reduced 

at 400 
o
C for 2 h and then transferred to 30 ml autoclave mixed with 1 g 1-octanol 

followed by charging 10 bar N2. The catalyst was treated at 250 
o
C for 2 h and then 

washed by ethanol and acetone for several times followed by drying at 80 
o
C under 

vacuum for overnight. The catalysts were denoted as “Co-Oct/Al2O3” and 

“Ni-Oct/Al2O3”. To remove the surface carbonaceous species after 1-octanol 

pretreatment, the pretreated catalysts were calcined again at 400 
o
C for 2 h which was 

labeled as “Co-Oct-Cal/Al2O3” and “Ni-Oct-Cal/Al2O3”. Before each catalytic test, 

the catalysts were activated under a pure H2 flow at 400 
o
C for 2 h to reduce the cobalt 

or nickel oxide species. To trace the formation process of small Co NPs during 

1-octanol pretreatment, different pretreatment time (10-120 min) were performed. 

2.1.5 Preparation of Bi promoted Co catalysts 

The Bi promoted catalysts CoxBi/Al2O3 were prepared through co-impregnation 

of γ-Al2O3 using an aqueous solutions of cobalt nitrate hexahydrate [Co(NO3)2·6H2O] 

and bismuth(III) nitrate pentahydrate [Bi(NO3)3•5H2O], where x represents the weight 

percentage of Bi (x = 0.5, 1.0, 2.0, and 5.0). The weight percentage of Co for all the 

samples was kept 10 wt%. The impregnated samples were dried in an oven at 80 
o
C 
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for overnight and calcined in air with a heating ramp of 2 
o
C·min

-1
 from 25

 o
C to 500 

o
C to get the oxidized catalysts. All the catalysts were activated under pure H2 flow at 

450 
o
C for 2 h before each test. The catalysts Co/Al2O3 and Co1.0Bi/Al2O3 after 

amination test were labeled as Co/Al2O3-AA and Co1.0Bi/Al2O3-AA, respectively. To 

evaluate the level of catalytic deactivation resistance for fresh and Bi promoted Co 

catalysts, Co/Al2O3 and Co1.0Bi/Al2O3 catalysts were poisoned by CO chemisorption 

using CO pulse on the Micromeritics AutoChem instrument before further amination 

test. 

2.1.6 Preparation of titanium hydroxide 

Titanium hydroxide was prepared through the hydrolysis of titanium 

isopropoxide (99%, supplied by J&K) under neutral condition. 200 ml of distilled 

water was heated up to 60 
o
C and 10 mL titanium isopropoxide was added dropwise 

using a peristaltic pump (0.05 mL/min) under continuous stirring (500 rpm) for 

almost 10 h. Then the obtained white suspension was centrifuged and washed with 

ethanol and distilled water for several times followed by drying in vacuum at 80 
o
C 

overnight. The obtained sample was denoted as TiOH. The hydrolysis of isopropoxide 

in hot water is an easy and efficient method to produce amorphous titanium hydroxide 

with high purity (no NH3 or Cl
-
) and surface area. This sample has been further 

calcined at 180 
o
C and 400 

o
C for 2 h to produce dehydrated samples denoted as 

TiOH-180 and TiOH-400, respectively.  

 

Figure 2.3 Synthesis of titanium hydroxide and corresponding oxides. 

The hydroxides of Al (Al-OH) and Zr (Zr-OH) have been prepared in the similar 

way using alkoxides of aluminium t-butoxide, aluminium isopropoxide, zirconium 

butoxide and zirconium ethoxide. For comparison, different metal oxides and 

commercial zeolite ZSM-5 were also used for this reaction as references. The 
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hydrolyzed AlOH sample was calcined under 180 
o
C, which was denoted as 

AlOH-180. 

2.2 Catalyst Characterization 

2.2.1 X-ray diffraction (XRD) 

The ex situ Powder X-ray diffraction patterns were measured using an X-ray 

diffractometer (D5000, Siemens) using Cu Kα radiation (λ = 0.15418 nm). The scans 

were recorded in the 2θ range between 10
o
 and 80

o
 using a step size of 0.02

o
 and a 

step time of 5 s. Crystallite phases were determined by comparing the diffraction 

patterns with those in the standard powder XRD files (JCPDS) published by the 

International Center for Diffraction Data. The catalysts for measurement were all in 

oxide state without reduction in hydrogen. The average Co3O4 and Bi2O3 crystal size 

were calculated using X-ray line broadening method by Scherrer equation [187] (see 

Eq. 2-1), which could be used for calculation of metallic cobalt size by the formula: d 

(Co
0
) = 0.75 d (Co3O4) [188]. 

                 𝜏 =
𝐾

 cos 𝜃
                           (2-1) 

where  is the mean size of the ordered (crystalline) domains, which may be smaller 

or equal to the grain size; K is a dimensionless shape factor, with a value close to 

unity. The shape factor has a typical value of about 0.9, but varies with the actual 

shape of the crystallite;  is the X-ray wavelength;  is the line broadening at half the 

maximum intensity (FWHM), after subtracting the instrumental line broadening, in 

radians. This quantity is also sometimes denoted as ∆ (2𝜃);  is the Bragg angle. 

2.2.2 Scanning transmission electron microscopy (STEM) 

Scanning transmission electron microscopy (STEM) characterization in the 

high-angle annular dark-field (HAADF) mode was performed using a Cs-corrected 

JEOL JEM-2100F microscope operated at 200 keV with an EDX mapping detector 

from JEOL Silicon Drift Detector (DrySD60GV: sensor size 60 mm
2
). The EDX 

analyses were performed far from the carbon membrane and without contamination 
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effect under acquisition, ensuring that the carbon signal was issued only from the 

sample. The histograms of metal particle size were obtained using more than 100 

detected cobalt particles from the TEM images.  

2.2.3 Hydrogen temperature-programmed reduction (H2-TPR) 

Optimum design and efficient utilizations of catalysts require a deep 

understanding of the surface structure and chemistry of the material. 

Temperature-programmed reaction techniques can provide much information about 

the active surface sites in catalysts design and production phases, as well as after a 

period of use in heterogeneous catalysis [189,190,191]. This technique is usually 

regarded as relative inexpensive, simple to operate, and fast compared to other 

techniques. Information from TPR analysis can give insights about phase-support 

interaction and extent of reduction of the phases at different temperatures for different 

supported metal based catalysts. 

  

Figure 2.4 Picture of Micromeritics AutoChem II 2920 analyzer and instrument 

schematic. 

The reducibility of all the metallic species in the supported catalysts was 

characterized by hydrogen temperature-programmed reduction (H2-TPR), which was 

performed using a Micromeritics AutoChem II 2920 V3 0.2 apparatus (E2P2L, 

Solvay Shanghai) equipped with a thermal conductivity detector (TCD) using ~60 mg 

sample (Figure 2.4). The thermal profiles were measured from room temperature to 

800 
o
C with a temperature ramp of 5 

o
C·min

-1
 under a 5 v/v% H2/Ar flow [10 mL 
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(STP)/min]. The total hydrogen consumption was calculated by integration of peaks 

area based on the calibrated database.  

2.2.4 Temperature-programmed reduction-mass spectrometry (TPH-MS) 

To investigate the types of deposited carbon species on the surface of metallic 

catalysts, Micromeritics AutoChem II 2920 V3 0.2 apparatus equipped with a thermal 

conductivity detector (TCD) and a Balzers Omnistar mass spectrometer (MS) was 

applied (TPH-MS). In a typical test, the amount of the sample for the test was about 

80 mg. The hydrogenation of carbonaceous species: Cads + 2H2 → CH4 (m/z = 15, 

instead of 16 to avoid interference from ionized oxygen coming from water vapor) 

was monitored by MS [192]. 

2.2.5 CO pulse chemisorption  

A Pulse Chemisorption analysis determines active surface area, percent metal 

dispersion, and active metal particle size by applying measured doses of reactant gas 

to the sample. The techniques of H2, O2 or CO-TPD are efficient methods to evaluate 

metal dispersion of supported catalysts. It is based on the stoichiometry relationship 

between gas molecule and metal sites. The ways of CO adsorption on the surface of 

metals (Pt, Pd, Ru, Ni, Co…) contains linear, bridge and twin, which can be identified 

through IR analysis (Figure 2.5) [193,194,195]. 

 

Figure 2.5 Different models for CO adsorption on metal sites. 

CO pulse measurements were performed on a Micromeritics AutoChem 

instrument. Typically, for Co/Al2O3 catalyst without alcohol pretreatment or bismuth 

promotion and CoxBi/Al2O3 catalyst, the calcined samples were firstly placed in 
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AutoChem for reduction. After reduction with pure H2 at 400 
o
C for 4 h, the gas was 

switched into pure He and the sample was kept in He at 400 
o
C for 1 h to remove H2. 

After cooling down to room temperature, calibrated pulses of CO-He (20 vol% CO) 

were then added into the continuous He flow until no further adsorption of CO was 

detected. The cobalt metal surface area and dispersion corresponding to amount of 

CO adsorption were calculated from the known CO pulse volume, temperature, 

pressure, and the number of pulses.  

For alcohols pretreated Co/Al2O3 catalyst, before CO adsorption, the sample was 

in-situ pretreated by dosing of gas-phase 1-butanol at 250 
o
C for 1 h or 3 h. For H2 

regenerated Co/Al2O3 catalyst, the alcohols pretreated sample was kept in H2 at 400 

o
C for 2 h to remove the deposited carbon species before CO adsorption. As reported 

[196], the ratio of adsorbed CO to metallic Co is 1:1.  

2.2.6 Temperature-programmed desorption of NH3 (NH3-TPD) 

NH3-TPD was carried out on a Micromeritics AutoChem 2920 with a thermal 

conductivity detector (TCD). In all the experiments, ~50 mg of sample was calcined 

at 100 
o
C for 1 h in helium gas flow (20 mL min

-
1) and then cooled down to 40 °C 

followed by saturation with 10% ammonia-helium for 1 h. Then the sample was 

flushed with helium for 1 h to remove the physisorbed ammonia molecule. Finally, 

desorption profiles were recorded in the temperature range of 40 
o
C-800 

o
C with a 

heating rate of 5 °C min
-1

. 

2.2.7 Surface area and pore size distribution  

BET specific surface area and pore size distribution were measured from the N2 

adsorption-desorption isotherms at 77 K on an automated gas sorption analyzer 

Micromeritics ASAP 2010. The pore size distribution curves were calculated from the 

desorption branches of the isotherms using Barrett-Joyner-Halenda (BJH) formula 

[197]. 

2.2.8 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out under air flow [10 mL 
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(STP)/min] in the temperature range of 20-800 
o
C using a heating rate of 5

 o
C·min

-1
 

on a Mettler Toledo SMP/PF7458/MET/600W instrument. 

2.2.9 X-ray photoelectron spectrometry (XPS) 

Ex situ X-ray photoelectron spectrometry (XPS) was carried out using a PHI 

5000 Versa Probe X-ray photoelectron spectrometer with Al Kα radiation, and C 1s 

(284.6 eV) was used to calibrate the peak position. 

2.2.10 Infrared spectroscopy 

Ex situ Fourier transform-infrared (FT-IR) measurement of fresh and used 

catalysts was carried out on a Nicolet iS50 Spectrometer (Figure 2.6) using an 

Attenuated Total Reflectance (ATR) detector. 

 

Figure 2.6 Image and details of in-situ IR cell. 

In-situ Fourier transform-infrared (FT-IR) experiment for 1-butanol pre-treatment 

was carried out on the same apparatus as follows: a pellet sample Co/γ-Al2O3 

pre-reduced under pure H2 at 400 
o
C for 2 h was evacuated to 10

-5
 Torr for 1 h, 

subsequently cooling down to 250 
o
C, and finally exposing to about 10 Torr gas phase 

1-butanol for 0 min to 30 min. 

To investigate the nature of acid sites present on the catalyst, the pyridine FTIR 

technique was employed and the spectra were recorded in the range of 1700-1400 
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cm
-1

. The self-supported wafers of all the catalysts were prepared by a pellet press 

instrument and the samples were degassed at 100 °C for 30 minutes followed by 

saturation with pyridine as reported elsewhere [198 ,199 ,200]. To explain the 

mechanism of alcohol dehydration over titanium hydroxide, in-situ FTIR was 

performed through heating the pellet from 25 to 180 
o
C (step 25 

o
C) in benzyl alcohol 

vapors (20 Torr). 

2.2.11 Gas chromatography-mass spectrometer (GC-MS) 

The adsorbed carbon species on the surface of cobalt catalyst after alcohol 

pretreatment were extracted using an extracting solution of dichloromethane-methanol 

(CH2Cl2:CH3OH) in a volume ratio of 2:1. Initially, the sample was dissolved in the 

extracting solution for 10 h employing ultrasound bath. Subsequently, the organic 

solution was filtered and collected for GC-MS analysis (5977A Series GC/MSD 

System). 

2.3 Evaluation of Catalytic Performance 

2.3.1 Gas-phase amination of alcohols  

The catalytic activity of the prepared freshly activated and alcohols pretreated Co 

catalysts was assessed in the gas-phase amination reaction of 1-butanol with NH3, 

which was performed in a continuous fixed-bed reactor (down flow mode, D = 3 mm, 

L = 150 mm) under atmospheric pressure with online gas chromatographic detection 

of the reaction products (Figure 2.7, UCCS, Lille France).  

The fixed-bed reactor consists of gas supply, reaction and products analysis 

systems. To avoid the condensation of reagents and products, the whole gas line was 

heated at 150 °C. Catalyst loading was typically 30 mg. The bottom and the top parts 

of the reactor were filled with silicon carbide to have a better heat insulation. A 

thermocouple was placed in the center of catalytic bed zone to accurately monitor the 

reaction temperature. The whole gas line was thereafter flushed with H2 to remove air 

before catalyst reduction and the amination tests. The Co catalysts were reduced at 

450 
o
C for 10 h under pure H2 flow before amination test. The amination temperature 
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was varied between 100 and 180 
o
C at atmospheric pressure. A N2 flow (0.5~7 mL 

(STP)/min) was saturated with 1-butanol at 70 
o
C, resulting in a gas alcohol feed 

stream. The variation of the conversion has been performed by change of total flow 

rate at NH3/1-butanol molar ratio 7 from 10 to 25 mL (STP)/min with gas 

composition: 30 v/v % of H2, 0.8 v/v % of butanol, 5.4 v/v % of NH3, 4.9 v/v % of N2 

and Ne (rest). The NH3/1-butanol molar ratio was varied from 7 to 50 by increase of 

the flow of NH3 instead of Ne at the same composition of other gases. The reactants 

and products were analyzed online using a gas chromatography (Shimazu GC-2014) 

equipped with an Angilent HP-5 capillary column (length 30 m, diameter 320 μm, 

film thickness 0.32 μm) and a flame ionization detector (FID). 

 

  

Figure 2.7 (a) Image and details of a fixed-bed reactor; and (b) process flowsheet 

diagram of the fixed-bed reactor. 

2.3.2 Liquid-phase amination of alcohols 

The liquid-phase amination of different alcohols with NH3 or amines were carried 

out in a 30-mL stainless steel autoclave geared with a pressure gauge and a safety 

rupture disk (TVS-N2-30, Taiatsu Techno Corporation, Japan, Figure 2.8).  



59 
 

 

Figure 2.8 Setup for liquid-phase amination of alcohols. 

In a typical experiment, the reactor was charged with 1 ml of alcohol and catalyst 

(~100 mg). No solvent was used in the test. Then, the reactor was sealed and 

evacuated by applying vacuum followed by charging NH3 (~7 bar) and H2 (~3 bar) 

into the reactor (the exact amount of NH3 was charged by placing the reactor into 

ice-water bath to have high solubility). Finally, the reactor was placed on a heating 

plate equipped with an aluminum heating block and a magnetic stirrer (500 rpm) at 

100-180 
o
C for 5-48 h. At these conditions, the nominal NH3/alcohol molar ratio in 

the reactor was 4-18. After reaction, the reactor was cooled down to room temperature, 

and the mixture was filtrated and analyzed on a gas chromatography (Agilent 7890B) 

equipped with a HP-5 capillary column (length 30 m, diameter 320 μm, film thickness 

0.32 μm) using biphenyl as the internal standard.  

2.3.3 N-alkylation of amines with alcohols 

Typical procedure for N-alkylation of amines with alcohols was carried out in a 

30 mL stainless steel autoclave geared with a pressure gauge and a safety rupture disk. 

In a typical experiment, the reactor was charged with 4.62 mmol benzyl alcohol, 21.5 

mmol aniline and 100 mg of catalyst. 2 g xylene, THF or water was used as a solvent. 

Then, the reactor was purged with N2 several times to remove the air. Finally, the 

reactor was placed on a hot plate equipped with a magnetic stirrer (500 rpm) at 50
 

o
C-180 

o
C for 0.5-48 h. After the reaction, the reactor was cooled down to room 
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temperature, and the mixture was filtrated and analyzed using an Agilent 7890 GC 

equipped with a HP-5 capillary column using biphenyl as the internal standard for 

calculation of alcohol conversion and product yields. After each amination test, the 

catalyst was washed with ethanol and separated by centrifugation several times and 

dried at 80 
o
C for 10 h for further test of the recyclability. The used catalyst after 

reaction was denoted as TiOH-80-AR. For the rehydration of the dehydrated catalysts 

TiOH-180, water was added into the reactor before catalytic test. For characterization, 

the catalyst was suspended in distilled water overnight followed by drying under 

vacuum at 80 
o
C before test. The corresponding rehydrated samples were denoted as 

TiOH-180-Re, TiOH-400-Re, TiO2-Re and AlOH-180-Re. 

 

Figure 2.9 Mass transfer effect during amination of 1-octanol over freshly 

activated cobalt (molar ratio NH3/alcohol = 18; pH2 = 3 bar; alcohol: 1 ml, catalyst: 

50 mg; reaction temperature: 180 
o
C; 2 h; stirring rate 50-500 rpm; no solvent). 

The absence of external and internal mass transfer limitations has been checked 

both in gas-phase and liquid-phase reaction. The gas phase alcohol amination was 

conducted with a fixed bed reactor with a plug-flow hydrodynamics. The external 

diffusion limitation in a batch reactor was excluded by conducting the experiments 

with different stirring rates (Figure 2.9). No effect on the conversion was observed. 

The internal diffusion limitations were excluded using Weisz-Prater criterion 

[201,202]: 
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𝑁𝑊−𝑃 =
𝑅𝑟𝑝

2

𝐷𝑒𝑓𝑓𝐶𝑠
≤ 0.3 

where R = observed reaction rate (mol g
-1

 s
-1

) 0.017, rp= catalyst particle radius (m): 

30·10
-6

, Deff = effective diffusivity (cm
2 

s
-1

) 2·10
-2

, Cs = gas concentration at the 

external surface of the catalyst (mol cm
-3

) 3.5·10
-7

. It results in 𝑁𝑊−𝑃 equal to 0.002 

which is less than 0.3. 

For catalytic stability test, after each amination reaction, the used catalyst was 

washed with ethanol and water and separated by centrifugation for several times and 

dried at 80 
o
C under vacuum for 10 h for retest. After 3 cycles, the used Bi promoted 

Co catalysts were calcined at 400 
o
C under air to remove surface cokes followed by 

hydrogenation at 400 
o
C for further amination test. 

2.3.4 Analysis of reaction products 

1. Calculation of conversion and selectivity of gas-phase amination of 1-butanol; 

Conversion (%) = 
f
1
A1+ 2*f

2
A2+ 3*f

3
A3

f
BuOH

ABuOH+f
1
A1+ 2*f

2
A2+ 3*f

3
A3

 * 100 

Selectivity (%) = 
f
1
A1

f
1
A1+ 2*f

2
A2+ 3*f

3
A3

 * 100 

Ai refers to the area of peak exported from GC (i = 1, 2, 3 refers to primary, secondary 

and tertiary amines); fi are the different response factors; 

2. Calculation of conversion and selectivity of liquid-phase amination of alcohols; 

Conversion (%) = (1- 
nROH

t

nROH
0

 ) * 100 

Selectivity (%) = 
ni

t

nROH
0 − nROH

t
 * 100 

Carbon balance (%) = 
mole of formed products+reactants

mole of reactants
 * 100 

Where nROH
0  and nROH

t  refer to initial and final moles of alcohols, respectively, and I 

refers to different products. 
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2.3.5 Model reactions 

The liquid-phase disproportionation reaction of 1-octylamine over different 

catalysts was conducted in the same autoclave. In a typical experiment, the reactor 

was charged with 1 mL 1-octylamine, 20-50 mg of catalyst, NH3 at a nominal 

NH3/octylamine molar ratio of 18, and H2 (3 bar). The reaction was performed at 180 

o
C for 2 h. No solvent was either used during 1-octylamine transformation reaction. 

The hydrogenation of carbonyl compounds over fresh and 1-butanol pretreated 

catalysts was performed in the same autoclave at the following conditions: acetone 

0.5 g, octanal 0.5 g, tricosan-12-one 0.1 g, and N-benzylideneaniline 1 g together with 

3 mL of ethanol under 20 bar H2 in the presence of fresh or 1-butanol pretreated 

Co/Al2O3 (100 mg). The reaction was performed at 120 
o
C for 6 h. 

The catalytic tests for different reactions based on non-pretreated and 1-octanol 

pretreated highly dispersed Co and Ni catalysts were carried out in a 50 ml stainless 

steel autoclave. For amination reactions, the reactor was charged with 0.84-1 g of 

alcohols (1-octanol, 2-octanol and benzyl alcohol) and ~20 mg catalyst followed by 

charging NH3 (0.5 g) and H2 (3 bar) into the reactor. Finally, the reactor was placed on 

a hot plate equipped with a magnetic stirrer at 180 
o
C for 2-4.5 h. For hydrogenation 

reaction, the conditions were as following: tricosan-12-one 0.1 g (or octanal 0.5 g, 

octanonitrile 0.25 g) together with 5 ml ethanol and 10-20 mg catalyst under H2 20 bar. 

The reaction was performed at 120 
o
C for 10-120 min. For aerobic oxidation reaction, 

1 g alcohols (1-octanol, 2-octanol and benzyl alcohol), 2 g toluene mixed with 20 mg 

catalyst followed by charging 10 bar O2 was performed at 130 
o
C for 1-6 h. After each 

test for all the reactions, the reactor was cooled downed to room temperature, and the 

mixture was filtered and analyzed on an Agilent 7890 GC quipped with a HP-5 

capillary column using biphenyl as the internal standard. 

The dehydrogenation of 2-octanol over the freshly activated and Bi promoted Co 

catalysts were conducted in the same autoclave at the following conditions: 2-octanol 

50 mg, toluene 1 g in the presence of catalyst 50 mg. The reaction was performed at 

140 
o
C for 15 h.      



63 
 

*
Chapter 3. Catalyst Deactivation for Enhancement of 

Selectivity in Alcohols Amination to Primary Amines 

 

 

 

Abstract: Selective synthesis of valuable primary amines is an important target in 

modern industry. Amination of alcohols with ammonia is an economically efficient and 

environmental friendly process for primary amine synthesis. This consecutive reaction 

yields a mixture of primary, secondary and tertiary amines. High selectivity to primary 

amines is an important challenge of alcohol amination. Carbon deposition on the 

catalyst surface is conventionally considered as an undesirable process, which leads 

to poor catalytic performance. In this paper, carbon deposition produced by catalyst 

pre-treatment with alcohols under the optimized conditions has been employed for 

major enhancement of the selectivity of alcohol amination to primary amines (from 

30-50 to 80-90%). This extremely positive effect of carbon deposition on the 

amination selectivity arises from steric hindrance in hydrogenation of bulky secondary 

imines as intermediate products over partially carbon-decorated cobalt nanoparticles. 

 

 

 

* This chapter is based on the following publication: 

Feng Niu, Shaohua Xie, Mounib Bahri, Ovidiu Ersen, Zhen Yan, Bright T. Kusema, 

Marc Pera-Titus, Andrei Y. Khodakov and Vitaly V. Ordomsky. ACS Catal. 2019, 9, 

5986-5997. 

H2

Carbon 

deposition

H2

H2

H2



64 
 

3.1 Introduction 

Catalyst deactivation is an important technological hurdle in industrial processes 

[170,171,203]. Catalyst deactivation leads to a decline of the catalytic activity and 

necessity to regenerate, to replace and to recycle the spent catalysts. Deactivation can 

be induced by several phenomena: poisoning, carbon fouling, thermal degradation, 

sintering, and undesirable reactions involving active phase (Table 3.1). Poisoning 

occurs by reversible or irreversible adsorption of reactants, products, or impurities on 

the active sites [172,180,204,205]. Both coke and carbon species can be generated on 

the surface of the catalyst during catalytic reactions. Carbon species may vary from 

high molecular hydrocarbons or oxygenates to primary carbons (e.g., graphite) 

depending on the catalyst type and operation conditions. These species can alter the 

catalyst reactivity towards hydrogen, water, NH3 or oxygen. In the particular case of 

amination reactions, carbonaceous deposits and metal carbides are known to generate 

over Ni and Co during the reaction, resulting in an irreversible deactivation of the 

metal surface [85].  

Table 3.1 Mechanisms of catalyst deactivation 

Mechanism Type Description 

Poisoning Chemical 
Strong chemisorption of species on catalytic 

sites which block sites for catalytic reaction 

Fouling Mechanical 
Physical deposition of species from fluid phase 

onto the catalytic surface and in catalyst pores 

Thermal degradation & sintering Thermal 

Thermally induced loss of catalytic surface 

area, support area, and active phase-support 

reactions 

Vapor formation Chemical 
Reaction of gas with catalyst phase to produce 

volatile compound 

Vapor-solid & solid-solid reactions Chemical 
Reaction of vapor, support, or promoter with 

catalytic phase to produce inactive phase 

Attrition/crushing Mechanical 
Loss of catalytic material and surface area due 

to abrasion and mechanical-induced crushing 

The influence of carbon and coke on the catalytic performance depends on their 
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chemical composition, structure and localization within the catalysts. Menon [206] 

broadly classified catalytic reactions into two major classes: coke-sensitive or 

coke-insensitive. In the coke-sensitive reactions, coke precursors selectively form on 

the active sites and the catalytic activity rapidly declines. In contrast, in the 

coke-insensitive reactions, the catalyst can tolerate up to 6-10 wt. % of coke, which is 

principally deposed on the support, while the reactive coke precursors are readily 

removed from the active sites under the reaction conditions. At least three types of 

carbonaceous species (i.e. hydrocarbons, strongly adsorbed hydrocarbons and 

amorphous polymeric carbon) were reported by Peña et al. [175] and Moodley et al. 

[176] on Co catalysts after conducting Fischer-Tropsch synthesis. 

Although catalyst deactivation is generally undesired, blocking some active 

surface sites may exert a positive effect on the catalytic performance [207]. Indeed, 

deactivation can moderate the overall activity and/or improve the selectivity to the 

desired products. Baiker et al. [208] reported selective blocking of active sites on 

supported Au nanoparticles by 1-octadecanetiol and mercaptoacetic acid for benzyl 

alcohol oxidation and ketopantolactone hydrogenation, respectively. More recently, 

McKenna et al. [209] reported diphenyl sulfide and its sulfur residue as an appropriate 

poisoner for Pd/TiO2 catalysts leading to an enhanced selectivity in acetylene 

hydrogenation in the presence of ethylene. 

 

Figure 3.1 A proposed strategy for selectivity enhancement of primary amine. 

Based on the above mechanism and strategies, we consider that restraining the 

self-coupling of primary amine through selectively blocking active sites to form some 

isolated domains on the surface of metals would be possible to improve the selectivity 
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of desired primary amine products (Figure 3.1). 

In the present work, intentional deposition of polymeric carbonaceous species on 

the surface of Co/Al2O3 catalysts was used to considerably improve the selectivity of 

alcohol amination to primary amines in the reaction of aliphatic alcohols with NH3 

both in gas and liquid-phase processes. The catalysts were pretreated with alcohols at 

the temperature of the amination reaction. The effect was attributed to the suppression 

of hydrogenation of intermediate bulky secondary imines over Co domains isolated 

by carbon species. The selectivity enhancement to primary amines after the 

pretreatment of the catalysts with alcohols was observed for the 1-butanol, 1-octanol 

and benzyl alcohol amination. 

3.2 Results and Discussion 

3.2.1 Alcohol amination over cobalt catalysts 

The heterogeneous catalyst, 14.5 wt% Co/γ-Al2O3 was used for selective 

synthesis of primary 1-butylamine directly from 1-butanol and ammonia in the 

presence of hydrogen in a continuous fixed-bed reactor and in a batch reactor. No 

1-butanol conversion was observed in the blank experiments without catalyst 

addition.  

The catalytic performances at different reaction temperatures and NH3/1-butanol 

molar ratios in a fixed bed reactor are investigated. As shown in Figure 3.2a, the 

conversion increases with temperature and reaches 100% at 140 
o
C. As the 

NH3/1-butanol molar ratio increases from 7 to 50, the conversion drops to nearly 0, 

which might be due to the competitive adsorption between ammonia and 1-butanol 

over cobalt metal sites (Figure 3.2b). Importantly, no decrease in the catalytic activity 

with time on stream was observed at 120 °C in presence of hydrogen with the 

NH3/1-butanol ratio = 7. This observation suggests almost negligible catalyst 

deactivation under these conditions. These conditions are considered in this work as 

standard for the 1-butanol gas-phase amination in a continuous fixed bed reactor.  
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Figure 3.2 Effect of reaction temperature (a) (molar ratio NH3/alcohol = 7; P = 1 bar; 

gas composition: 30 v/v % of H2, 0.8 v/v % of butanol, 5.4 v/v % of NH3, 4.9 v/v % 

of N2 and Ne (rest), T= 100 to 160 °C) and ammonia to 1-butanol molar ratio at 

140 °C (b) (molar ratio NH3/alcohol = 7 to 50; P = 1 bar; gas composition: 30 v/v % 

of H2, 0.8 v/v % of butanol, 5.4-38 v/v % of NH3, 4.9 v/v % of N2 and Ne (rest)) on 

amination of 1-butanol over catalyst “CoAl-act”. 

 

Figure 3.3 Reaction paths in amination of 1-butanol over cobalt catalysts. 

The rate determining step for 1-butanol amination on metal catalysts is shown in 

Figure 3.3. The kinetically relevant step in the amination of 1-butanol appears to be 

its dehydrogenation to aldehyde [ 210 ]. Afterwards, the aldehyde might 

non-catalytically react with ammonia or 1-butylamine resulting in the formation of the 

primary or secondary hemiaminal, followed by dehydration into the primary or 

secondary imines, respectively [140]. Subsequent hydrogenation results in the 

synthesis of primary and secondary amines.    

As shown in Figure 3.4, at higher conversion, the selectivity to primary 
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1-butylamine decreases because of the side self-coupling reaction of imines and 

primary amines to secondary and then to tertiary amines [211]. This leads to the 

decrease in the primary amine selectivity. Likewise, the increase in the 1-butylamine 

selectivity at higher NH3/1-butanol ratios can be due to the competitive interaction of 

the aldehyde (or 1-butylimine) with NH3 and 1-butylamine. The presence of larger 

amounts of NH3 hinders the condensation of the aldehyde with 1-butylamine and 

self-coupling of 1-butylamine to dibutylamine or tributylamine.  

 

Figure 3.4 Selectivity-conversion curves for amination of 1-butanol over 

“CoAl-act” catalyst (GHSV = 20~50 L/g·h; molar ratio NH3/alcohol = 7; P = 1 bar; 

gas composition: 30 v/v % of H2, 0.8 v/v % of butanol, 5.4 v/v % of NH3, 4.9 v/v % 

of N2 and Ne (rest); catalyst: 30 mg; reaction temperature: 140 
o
C). 

The curves showing 1-butanol conversions as function of gas space velocity for 

the freshly activated cobalt catalyst and catalysts exposed to 1-butanol pre-treatments 

are displayed in Figure 3.5a. Pre-treatment of the catalyst in the gas-phase 1-butanol 

flow at high temperature (250 ºC) for different times (0-3 h) leads to lower catalytic 

activity. This is indicative of the catalyst deactivation. Only a slight decrease in the 

1-butanol conversion was observed after catalyst pre-treatment with 1-butanol for 15 

min, while very significant catalyst deactivation was observed after 3 h of the 

pre-treatment. As expected, for a given catalyst, the 1-butanol conversion gradually 

decreases at higher GHSV, which is due to the lower contact time between the catalyst 

and reagents. At the same GHSV, lower 1-butanol conversion was observed for the 
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catalysts pretreated with 1-butanol for longer time. This is consistent with a catalyst 

deactivation process.  

 

Figure 3.5 Conversion influenced by catalyst deactivation (a) and butylamine 

selectivity modification (b) for amination of 1-butanol over fresh and 1-butanol 

pre-treated cobalt catalyst for different time. (GHSV = 20~50 L/g·h; molar ratio 

NH3/alcohol = 7; P = 1 bar; gas composition: 30 v/v % of H2, 0.8 v/v % of butanol, 

5.4 v/v % of NH3, 4.9 v/v % of N2  and Ne (rest); catalyst: 30 mg; reaction 

temperature: 140 
o
C). 

Surprisingly, catalyst pre-treatment with 1-butanol produces a very strong impact 

on the 1-butylamine selectivity (Figure 3.5b). The selectivity to the primary amine 

significantly increases over the catalysts pretreated with 1-butanol. Even a relatively 

short time pre-treatment of the cobalt catalyst (for 0.25 h) results in a noticeable 

increase in the 1-butylamine selectivity. The selectivity to 1-butylamine (at the 80 % 

1-butanol conversion) increases from 30 % for the freshly activated catalyst to almost 

80 % over the cobalt catalyst pretreated with 1-butanol for 1 h. The effect of 1-butanol 

pretreatment on the 1-butylamine selectivity is particularly pronounced at high 

1-butanol conversion. 

Alcohol amination was also conducted in liquid phase in a batch reactor. 

1-Octanol and benzyl alcohol were used as substrates. No 1-octanol or benzyl alcohol 

conversion was observed in blank experiments without catalyst. Catalytic deactivation 

phenomenon was observed as well in the liquid phase amination of 1-octanol over 

catalysts exposed to 1-butanol pre-treatments at different times (Figure 3.6). However, 
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in comparison with gas-phase amination, the activity decrease was less significant, 

which could be explained by a stronger contact of carbon with the cobalt surface in 

gas phase in comparison with liquid phase.  

 

Figure 3.6 Conversion-time curves for amination of 1-octanol over fresh and 

1-butanol pre-treated cobalt catalyst at different times (molar ratio NH3/alcohol = 18; 

pH2 = 3 bar; amount of alcohol: 1 ml, catalyst: 100 mg; reaction temperature: 180 
o
C; 

time: 5-24 h; no solvent). 

The pretreatment of the freshly activated cobalt catalyst with 1-butanol also 

produces a strong effect on the selectivity to primary amines in the liquid phase. 

Figure 3.7 shows the selectivity-conversion curves for liquid-phase amination of 

1-octanol and benzyl alcohol measured on the cobalt catalyst before and after the 

1-butanol pre-treatment. Similar to 1-butanol amination in the gaseous phase, the 

selectivity to primary amines in the amination of 1-octanol and benzyl alcohol 

decreases with an increase in the alcohol conversion due to the self-coupling reactions 

of primary amines to di- and tertiary amines. On the freshly activated catalyst, the 

selectivities to primary amines were only about 60 % at the 80 % conversion of 

1-octanol or benzyl alcohol. This is similar to the selectivities observed in the 

gas-phase amination of 1-butanol. The catalyst pre-treatment with 1-butanol leads to a 

noticeable increase in the selectivities towards the primary octylamine or benzylamine. 

Over the cobalt catalyst after the 1-butanol pre-treatment, the selectivity to primary 

amines increases from 60 to more than 80 % at the 80 % conversions of 1-octanol and 
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benzyl alcohol. Moreover, the selectivity to primary amines can be controlled by 

adjusting the pre-treatment time. Clearly, the pre-treatment of cobalt catalysts with 

1-butanol results in the enhancement of the selectivity to primary amines in the 

amination of 1-butanol, 1-octanol and benzyl alcohol both in the gas and liquid phases. 

The enhancement in primary amine selectivity is particularly pronounced at high 

alcohol conversion. 

 

Figure 3.7 Selectivity-conversion curves for different alcohols amination before 

and after 1-butanol pre-treatment: (a) 1-octanol; (b) benzyl alcohol; (molar ratio 

NH3/alcohol = 18; pH2 = 3 bar; amount of alcohol: 1 ml, catalyst: 100 mg; reaction 

temperature: 180 
o
C; time: 5-24 h; no solvent). 

The pre-treatment of the freshly activated cobalt catalysts with 1-octanol and 

1-hexanol (instead of 1-butanol) also affects the selectivity of 1-octanol amination in 

liquid phase. Figure 3.8 shows the selectivity-conversion curves for 1-octanol 

liquid-phase amination before and after 1-octanol or 1-hexanol pre-treatments of the 

cobalt catalyst. Similar to 1-butanol, the catalyst pre-treatment with 1-octanol and 

1-hexanol leads to a significant enhancement of the selectivity to primary 

1-octylamine in the 1-octanol amination. The most significant effect in the 

1-octylamine selectivity is observed at the 1-octanol conversion higher than 70-80 %. 

The selectivity to primary 1-octylamine increases from 60 to 80 %. Indeed, the effect 

by alcohol pre-treatment on the selectivity to primary amines over cobalt catalysts 

does not depend on the used alcohol and seems to be rather general. The selectivity to 

primary amines is then affected in the amination reactions involving different 
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alcohols. 

 

Figure 3.8 Selectivity-conversion curves for 1-octanol amination before and after 

pre-treatment by: (a) 1-octanol; (b) 1-hexanol. (Molar ratio NH3/alcohol = 18; pH2 = 3 

bar; amount of alcohol: 1 ml, catalyst: 100 mg; reaction temperature: 180 
o
C; time: 

5-24 h, no solvent). 

 

Figure 3.9 Amination activity (a) and butylamine selectivity (b) recovery after 

regeneration under hydrogen at 400 
o
C for 5 h for the 1-butanol pre-treated cobalt 

catalyst (GHSV = 20~50 L/g·h; molar ratio NH3/alcohol = 7; P = 1 bar; gas 

composition: 30 v/v % of H2, 0.8 v/v % of butanol, 5.4 v/v % of NH3, 4.9 v/v % of N2  

and Ne (rest); catalyst: 30 mg; reaction temperature: 140 
o
C). 

The pre-treatment of cobalt catalyst with alcohols can lead to the formation of 

carbon species over the catalyst surface. These carbon species might affect the 

concentration, density, intrinsic activity and localization of active sites and thus the 

catalyst performance in alcohol amination. In order to confirm this hypothesis, the 

cobalt catalysts after the pre-treatment with 1-butanol were exposed to H2 at 450°C. 
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The results are shown in Figure 3.9. After catalyst regeneration in hydrogen, the 

amination activity totally recovers back to the initial state. This indicates that the 

carbon surface species formed from 1-butanol have been removed from the catalyst 

under hydrogen. Meanwhile, the selectivity enhancement caused by the 1-butanol 

pre-treatment also disappears. The selectivity-conversion curve recovers their initial 

shape observed for the freshly activated catalyst. 

3.2.2 Characterizations of 1-butanol pretreated cobalt  

The XRD patterns of all samples are shown in Figure 3.10. The unreduced fresh 

Co/γ-Al2O3 catalyst shows the patterns characteristic of the Co3O4 phase and γ-Al2O3 

support. The XRD profiles of all samples after their reduction in hydrogen at 450 
o
C 

indicate the presence of metallic cobalt fcc phase. Note that the XRD patterns of the 

reduced catalyst and pretreated with 1-butanol exhibit only very small modification of 

the XRD patterns. The shape and width of the XRD peaks are also identical before 

and after alcohol pre-treatment. XRD implies that cobalt species are present as a 

metallic phase after the catalyst activation and during the amination reaction with and 

without 1-butanol pre-treatment.  

 

Figure 3.10 XRD patterns of all the samples with and without pre-treatment. 

The TEM images and histograms (Figure 3.11) suggest average cobalt metal 

particle sizes of ~10 nm for freshly activated CoAl-act and 1-butanol pretreated cobalt 

catalysts. This indicates that no noticeable particle size modification occurs under the 

reaction conditions. In the spent catalysts, however, CoO was the major phase. The 
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presence of cobalt oxide can be caused by partial re-oxidation of the spent catalysts 

exposed to air during their transfer from the reactor for XRD measurements. No 

cobalt carbide was detected in all the spent catalysts. 

 

Figure 3.11 TEM images and histograms of cobalt particle size in (a) freshly 

activated and (b) 1-butanol pretreated cobalt catalyst. 

 

Figure 3.12 Temperature-programmed reduction of Co3O4/γ-Al2O3  

catalyst precursor. 

Figure 3.12 shows that the TPR profiles for the cobalt catalyst are constituted by 

several overlapping peaks, which are due to the reduction of supported cobalt species. 

Previous reports [212,213,214] suggest that the narrow TPR peak at 300 °C can be 

assigned to the reduction of Co3O4 to metallic cobalt with formation of intermediate 

CoO, while the broad peak at 450°C is usually attributed to strong interaction of 
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cobalt oxide species with alumina [190]. The TPR analysis suggests that a 

considerable fraction of cobalt is present as metallic species after catalyst activation in 

hydrogen at 450 °C.  

 

Figure 3.13 XPS of 2p Co before, after pre-treatment and after  

regeneration of the catalyst. 

XPS experiments provided additional information about cobalt species in the 

catalysts. The Co2p XPS spectrum of the calcined cobalt catalyst is very similar to the 

spectrum of the reference Co3O4 sample (Figure 3.13). The Co3O4 Co2p3/2 binding 

energies are about 780 eV; the spin-orbital splittings being 15.1 eV 

[215,216,217,218,219]. The XPS spectra of the activated catalyst, catalyst after 

1-butanol pretreatment and the regenerated counterpart exhibit an intense satellite 

structure centered at 797 and 804 eV characteristic of the Co
2+

 ions [220,221]; the spit 

orbital splitting being 15.7 eV. The main Co2p3/2 peak shifts to higher binding 

energies (782-782.4 eV) relative to the spectrum of Co3O4. Cobalt metal phase in the 

reduced catalysts was identified in the XPS spectra by Co2p binding energies (Co2p3 

/2=778 eV), spin-orbital splitting (15.0 eV) and line shape. The shape and intensity of 

the spectra is only slightly affected by the pre-treatment with 1-butanol and 

subsequent catalyst regeneration in hydrogen. 

Characterization by STEM confirms the assumption about small influence of the 

pretreatment with 1-butanol on cobalt dispersion (Figure 3.14). The initial Co/Al2O3 

catalyst demonstrates a broad distribution of metal nanoparticles on the surface of 
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alumina from 4 to 14 nm and Co nanoparticle aggregation. The treatment of the 

catalyst in 1-butanol or in 1-octanol flows does not lead to any significant changes in 

the distribution of Co species on the surface. Thus, the enhancement of the alcohol 

amination selectivity to primary amines cannot be explained by a modification of the 

cobalt dispersion and could be possibly due to other phenomena such as carbon 

deposition. 

 

Figure 3.14 TEM images of alumina supported cobalt catalysts after activation  

in hydrogen (a) and exposure to 1-butanol (b). 

3.2.3 Characterization of deposited carbon species 

The catalytic data are indicative of carbon deposition over the cobalt catalysts 

after their exposure to 1-butanol. TGA under oxygen atmosphere was performed in 

order to determine the weight loss related to the decomposition and oxidation of 

carbon species on the cobalt catalyst after its pretreatment with 1-butanol. As shown 

in Figure 3.15, the TG profile of the catalyst after 1-butanol pre-treatment for 3 h 

exhibits a total weight loss of about 3.5 %. The first weight loss of about 2 % can be 

ascribed to the removal of chemisorbed water from the catalyst. The second weight 

loss of about 3 % at around 200 
o
C can be due to desorption of the organic 

compounds [222]. Finally, the third weight loss of about 0.5 % at above 300 
o
C can be 

attributed to the oxidation of amorphous polymeric or graphene/graphite-like carbons. 

Longer pre-treatment time with 1-butanol results in a more significant weight loss. 

This suggests that the amount of carbon species on the surface of the catalyst can be a 

function of the alcohol pre-treatment time.  
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Figure 3.15 TGA profiles of the 1-butanol pre-treated cobalt catalysts  

for different time. 

The BET surface area and metal dispersion of fresh and pre-treated catalysts are 

shown in Table 3.2. The BET surface area of cobalt catalysts pre-treated with 

1-butanol decreases with an increase in the pre-treatment time. This could be due to 

the slight increase in the weight of the catalyst due to deposited carbon species and 

partial pore blockage. Both these phenomena can lower the apparent BET surface area 

[223].  

Table 3.2 Main Properties and Catalytic Activity of the Fresh and 1-Butanol 

Pretreated Catalysts 

Catalyst 
Surface area 

(m
2
/g)

 a
 

Metallic 

surface area 

(m
2
/g)

 b
 

Co (CO)/  

Co (%)
b
 

TOF for  

1-octanol 

amination 

(h
-1

)
c
 

TOF for 

octylamine 

coupling (h
-1

)
 

d
 

CoAl-act 146.2 9.07 0.92 104.8 158.3 

CoAl-B-250-1 140.0 6.62 0.67 104.6 33.4 

CoAl-B-250-3 138.6 4.23 0.43 101.9 27.5 

CoAl-B-250-RG 145.2 9.15 0.93 - - 

a
 BET surface area. 

b
 Obtained from CO chemisorption measurement (assuming CO/Co = 1). 

c 
Conditions: molar ratio NH3/alcohol = 18; pH2 = 3 bar; amount of alcohol: 1 ml, catalyst: 100 mg; 

reaction temperature: 180 
o
C; time: 3 h. no solvent used. TOF evaluated at low conversion (~10%). 

d
 Conditions: catalysts 50 mg; octylamine 1 ml, molar ratio NH3/octylamine = 18; pH2 = 3 bar; reaction 

temperature: 180 
o
C; time 2 h. no solvent used. TOF evaluated at low conversion (~10%). 
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The Co metal surface area was evaluated using CO adsorption in a pulse mode. 

The metallic surface area of cobalt catalysts decreases as the pre-treatment time with 

1-butanol prolongs from 1 h to 3 h (Table 3.2). This suggests that carbon deposition 

during the alcohol pre-treatment on the surface of cobalt metallic particles can 

possibly block the sites for alcohol amination. It also explains the observed decrease 

in the catalytic activity. 

 

Figure 3.16 (a) STEM-HAADF image of 1-butanol pretreated catalyst, (b) 

Corresponding STEM-EDX mapping of Co (in green) and C (in red). 

The localization of carbon species on the surface of the catalysts was further 

investigated using scanning transmission electron microscopy (STEM) combined with 

Energy dispersive X-ray analysis (EDX) (Figure 3.16). Figure 3.16b shows the EDX 

cobalt and carbon maps on the catalyst. Interestingly, cobalt and carbon mapping 

overlap in the catalyst pretreated with 1-butanol. This confirms the presence of carbon 

species produced during the 1-butanol pre-treatment on the surface of Co 

nanoparticles. The pre-treatment with 1-butanol results in a noticeable drop in the 

catalytic activity. Localization of carbon species over the surface of cobalt active 

phase and a significant drop in the overall activity after the 1-butanol pre-treatment 

are indicative of carbon sensitivity of the amination reaction according the 

classification of Menon [206]. No graphitic layers were observed by high resolution 

STEM on the support around Co nanoparticles. 
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Figure 3.17 In-situ FTIR spectroscopy of 1-butanol pre-treated cobalt catalyst. 

The mechanism of carbon deposition on the cobalt catalyst has been further 

studied by in-situ FTIR spectroscopy (Figure 3.17). The fresh catalyst CoAl-act (0 

min) does not exhibit any IR bands ascribed to carbon species. After the catalyst 

exposure to 1-butanol for 10 min, new IR bands appear at 2962 cm
-1

 and 2880 cm
-1

 

ascribed to the C-H stretching vibrations in the -CH3 and -CH2 groups, respectively, 

with a higher intensity of the -CH3 mode. In addition, two intensive bands were 

observed at 1585 cm
-1

, which might be assigned to the C=C stretching vibrations of 

conjugated olefins [224]. The sharp band at 1420 cm
-1

 might be assigned to OH 

bending vibration of hydroxyl group of adsorbed 1-butanol. The band at 1420 cm
-1

 is 

accompanied by a broad IR band at 3600 cm
-1 

attributed to the hydrogen-bonded 

hydroxyl groups and water molecules. As the pre-treatment time with 1-butanol 

increases, the intensity of the -CH2 signal becomes stronger. Besides, as the 

pre-treatment time prolongs from 10 min to 30 min, the intensity of the signals at 

1585 cm
-1

 and 1260 cm
-1

 ascribed respectively to the C-H bending vibrations of =C-H 

groups also increases. The IR spectra suggest therefore the presence of hydrocarbon 

fragments on the surface of cobalt catalyst after its pre-treatment with 1-butanol. 

These fragments also contain unsaturated C=C bonds.  

The methane TPH-MS profiles (m/z = 15, Figure 3.18) resulting from the 

decomposition of different types of carbonaceous species provided further 

information about the nature of carbon deposited on the surface of the catalysts. The 
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analysis of these peaks was performed in a similar way as reported by Moodley et al. 

[176]. In the TPH-MS profiles of freshly activated catalysts, no obvious methane 

signal was detected. This suggests that no carbon species are present. After 

pre-treatment with 1-butanol, two main peaks corresponding to methane signal are 

identified at 230
 
and 425

 o
C, indicating two major types of carbon species deposited 

on the active surface sites of the pre-treated catalyst. The shoulder-like peak at ~230 

o
C might be attributed to the deposited carbon species containing long chain 

hydrocarbons. The sharp peak at ~425
 o

C can be assigned to graphene/graphite-like 

highly condensed carbons. The temperature and methane peak shapes referring to 

different types of carbonaceous species are in good agreement with previous reports 

[180]. 

 

Figure 3.18 TPH-MS profiles (m/z = 15) measured on the fresh and 1-butanol 

pre-treated cobalt catalysts. 

The intensity of the TPH-MS peaks for the regenerated catalyst was close to those 

of the freshly activated catalyst, indicating that after regeneration of the spent catalyst 

under hydrogen atmosphere, the surface deposited carbon species could be almost 

removed to the initial extremely low level.  

Further information about deposited carbon species was obtained using X-ray 

photoelectron spectroscopy (XPS) (Figure 3.19). The C 1 s spectra of the 1-butanol 

pre-treated catalyst shows the presence of a peak at 284.8 eV, which could be assigned 

to the surface -CH2- species adsorbed on the surface of metallic Co [225]. The -CH2- 
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species may probably come from long-chain hydrocarbon fragments, which seem to 

be the main carbon species in the 1-butanol pretreated catalysts. The peaks at 286.2 

eV and 288.3 eV are attributed to the C-O and C=O groups in the polymeric carbons. 

Note that a very low-intense C 1s peak at 284.5 eV could be attributed to carbon 

contamination inside the XPS chamber for the fresh and regenerated catalysts. 

 

Figure 3.19 XPS spectra of C 1s for cobalt catalyst with and without  

1-butanol pre-treatment. 

Overall, the characterization results indicate the formation of unsaturated 

polymeric species constituted by long hydrocarbon chains on the surface of the cobalt 

catalysts after the pre-treatment with 1-butanol. The intensity of the IR broad band at 

3600 cm
-1

 suggests the production of water during this pre-treatment, which might 

arise from dehydration of oxygenates. To provide a more accurate identification of 

carbon species formed over cobalt catalysts after pre-treatment with 1-butanol, the 

catalysts were subjected to extraction with a mixture of dichloromethane and 

methanol. The extract was then analyzed using GC-MS. The relevant chromatograms 

are displayed in Figure 3.20. The GC-MS results are consistent with other 

characterization methods. They indicate the presence of polymeric compounds 

containing the C=C double bonds and ketone C=O groups. This clearly indicates aldol 

type condensation of aldehydes produced via alcohol dehydrogenation over cobalt 

metal sites. 
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Figure 3.20 GC-MS results for carbon species from carbon extraction. 

The combination of characterization results suggest that carbon deposition on the 

surface of the cobalt catalyst during its pre-treatment with alcohols proceeds 

according to the following sequence:  

i) dehydrogenation of the alcohol to aldehyde over Co sites, 

ii) subsequent fast aldol condensation between an aldehyde molecule and an 

adjacent alcohol molecule to an α,β-unsaturated carbonyl adduct, 

iii) dehydration with formation of unsaturated polymeric hydrocarbons  

observed by FTIR,  

iv) in the presence of hydrogen in the fixed bed reactor the C-C double bonds 

are hydrogenated to saturated polymeric hydrocarbons:  
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Figure 3.21 Processes for carbon deposition on the surface of cobalt 

during alcohol pretreatment. 

This scheme also explains localization of carbon species on the surface of Co 

nanoparticles (Figure 3.21). Indeed, the first step in carbon deposition is alcohol 

dehydrogenation with formation of the aldehyde. It could be expected that the highly 

reactive aldehydes would react with alcohol forming polymeric hydrocarbon 

fragments in a close proximity with the site where they were produced.  

3.2.4 Carbon deposition and enhancement of the selectivity to primary amines 

It is generally accepted that the secondary amines are produced by self-coupling 

reaction of primary amine at high conversions. In alcohol amination (Figure 3.3), the 

primary amine is first dehydrogenated to the corresponding imine, which reacts with 

another primary amine to form secondary imine. This reaction step coincides with the 

release of NH3. Additionally, the secondary imine could be formed by nucleophilic 

attack of the aldehyde by the primary amine. However, at high alcohol conversion in 

liquid-phase amination, this route is expected not to play a significant role in the 

decrease of selectivity to the primary amine (Figure 3.5, 3.7). In particular, the shape 

of the conversion-selectivity curves for gas-phase amination of 1-butanol is flatter in 

comparison with the sharper decrease for liquid-phase amination, which suggests a 

higher contribution of this route for gas-phase amination. 

Once formed, the secondary amine is produced by hydrogenation of the 

secondary imine. Alternatively, the secondary imine might interact with another amine 

molecule with formation of tertiary amine by the same mechanism. Figure 3.22 

shows the distribution of the 1-octylamine conversion products on the freshly 
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activated and 1-butanol pretreated cobalt catalysts at the same conversion level (≈

10%). It is interesting to note that the selectivity to secondary imine was relatively 

higher in the primary amine conversion over the 1-butanol pretreated cobalt catalysts 

compared to the freshly activated counterpart. The main product of 1-octylamine 

coupling over the cobalt catalyst pretreated with 1-butanol was the corresponding 

secondary imine, which is produced by a reversible coupling reaction of the primary 

1-octylamine and primary 1-octylimine. The selectivity to secondary amine was 

relatively low for the 1-butanol pretreated catalysts. An increase of the 1-butanol 

pre-treatment time from 0.25 h to 3 h leads to a gradual decrease in the selectivity to 

dioctylamine. Thus, carbon deposition seems to slow hydrogenation of secondary 

imines to amines. 

 

Figure 3.22 Model reaction of 1-octylamine transformation over freshly activated 

and 1-butanol pretreated cobalt catalyst at the conversion of ~10% (Conditions: 

catalysts 50 mg; 1-octylamine 1 ml, molar ratio NH3/1-octylamine = 18; PH2 = 3 bar; 

reaction temperature: 180 
o
C; time 2 h; no solvent). 

 The TOF values calculated for the 1-octylamine self-coupling reaction to 

secondary amine significantly varied as a function of carbon deposition (Table 3.2, 

Table 3.3). They were respectively 158, 33 and 27 h
-1 

for the fresh catalyst and after 

1-butanol pretreatment for 1 and 3 h, respectively. This observation points out a 

significantly lower intrinsic activity for 1-octylamine coupling to dioctylamine over 

partially deactivated catalysts compared to the parent catalyst. At the same time, the 
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TOF numbers for the different catalysts before and after deactivation in 1-octanol 

amination at low conversion are about 100 h
-1 

(Table 3.2). Thus, the ratio of TOF 

(1-octylamine coupling)/TOF (1-octanol amination) is almost 6 times higher for the 

parent catalyst compared to the pretreated catalysts. This observation suggests that the 

1-octylamine self-coupling rate over the surface Co sites in the presence of carbon 

species is much slower compared to that of 1-octanol amination to 1-octylamine. The 

similar effect of strong structure sensitivity in coupling of amines in comparison with 

insensitive 1-octanol amination has been discovered earlier for Ru nanoparticles [134].  

The rate of alcohol amination was independent on Ru nanoparticle size, while the rate 

of alcohol self-coupling decreases with the decrease in the size of Ru nanoparticles. 

Alcohol pretreatment of cobalt catalysts induces similar effect on the rate of alcohol 

amination and self-coupling as variation of Ru nanoparticle size. 

Table 3.3 TOF values calculated for 1-octanol amination and 1-octylamine 

self-coupling reaction for the catalysts with and without pretreatment 

Catalyst 

Conversion 

for  

1-octanol 

amination 

(%) 
a
 

Yield for  

octylamine 

coupling  

(%) 
a
 

TOF for  

1-octanol 

amination 

(h
-1

)
 b
 

TOF for 

octylamine 

coupling 

(h
-1

)
 b
 

Ratio of TOF 

(octylamine 

coupling)/TOF 

(octanol 

amination) 

CoAl-act 11 10 104.8 158.3 1.51 

CoAl-B-250-1 8 7 104.6 33.4 0.32 

CoAl-B-250-3 5 3 101.9 27.5 0.27 

CoAl-B-250-RG - - - - - 

a
 Reaction time for 1-octanol amination and 1-octylamine coupling are 3 h and 2 h, respectively.  

b
 The TOF value is defined as molreactant·molCosurf

-1
·h

-1
 at low conversion (~10%). 

Deposition of polymeric species over cobalt nanoparticles should lead to the 

growth of the carbon polymeric walls around domains of active metal sites and could 

result in formation of isolated cobalt domains. A possible explanation of the slow 

hydrogenation of secondary imines over the catalysts pretreated with alcohols could 

be steric hindrance effect, which inhibits the planar mode adsorption of bulky 
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secondary imines in comparison with easier vertical adsorption of primary imines. 

Recent report [226] assigned selective hydrogenation of cinnamaldehyde to cinnamyl 

alcohol over metal catalysts in the presence of alcohol to a steric effect induced by 

adsorbed alcohols on the catalyst surface. DFT modeling explained it by planary 

adsorption of internal C=C over the metal surface in comparison with vertical 

geometry for primary hydroxyl and carbonyl groups [227,228]. Similar phenomena 

seem to occur for alcohol amination. The formation of carbon deposits seems to affect 

differently the rates of hydrogenation of primary and secondary imines. 

 

Figure 3.23 Model hydrogenation reactions illustrating the steric hindrance effect 

on the hydrogenation of bulky secondary imines after carbon deposition. (Conditions: 

tricosan-12-one 0.1 g, octanal 0.5 g, acetone 0.5 g, N-benzylideneaniline 0.5 g, H2 20 

bar, ethanol 3 ml, tert-amyl alcohol 2 g, fresh and 1-butanol pretreated Co/Al2O3 

20-100 mg, 120 
o
C, 1-6 h). 

In order to confirm the strong influence of steric hindrances on the hydrogenation 

of bulky molecules, which might be created by carbon deposition, we have performed 

hydrogenation of model carbonyl compounds (tricosan-12-one, octanal, acetone) and 

secondary imine (N-benzylideneaniline) over the freshly activated catalyst and its 

counterparts pretreated with 1-butanol (Figure 3.23). Hydrogenation of the long chain 

secondary carbonyl compound (tricosan-12-one) was largely constrained over the 

1-butanol pretreated cobalt catalyst. However, hydrogenation of primary carbonyl 

compounds (octanal) occurred with only 20 % lower rate over pretreated catalyst 

compared to the freshly activated counterpart. The activity difference for 
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hydrogenation of short chain ketone (acetone) was only slightly affected by the 

catalyst pretreatment with 1-butanol. These model reactions suggest steric effects 

caused by carbon deposition over cobalt catalyst for the hydrogenation of bulky 

molecules such as tricosan-12-one. Interestingly, hydrogenation of secondary imine 

N-benzylideneaniline was also strongly constrained after carbon deposition over 

cobalt catalyst. It can explain suppression of self-coupling reaction of primary amine 

over cobalt catalysts after carbon deposition. These results confirm importance of 

steric effects on the selectivity of alcohol amination over metallic catalysts. 

3.3 Conclusion 

Pre-treatment of cobalt catalysts with alcohols leads to a decrease in the rate of 

alcohol amination with ammonia, but coincides with considerable enhancement of the 

selectivity to primary amines. The enhancement of primary amine selectivity is 

particularly pronounced at higher alcohol conversions. 

Extensive characterizations have provided important information about the 

carbon species, which form, on the catalyst during their pre-treatment with alcohols. 

During the pre-treatment, alcohols are dehydrogenated over cobalt nanoparticles to 

aldehydes, which then polymerize via the aldol type condensation into unsaturated 

long chain hydrocarbon species. The polymeric carbon species can be removed via 

treatment in hydrogen. The increase in the selectivity to primary amines occurs 

because of slowing down primary amine self-coupling and in particular because of 

hindering of secondary imine hydrogenation. The effect is attributed to the steric 

constrains for hydrogenation of bulky secondary imines occurring over isolated cobalt 

domains in the cobalt nanoparticles with deposited carbon species. 
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Chapter 4. Disassembly of supported Co and Ni 

nanoparticles by carbon deposition for the synthesis of 

highly dispersed catalysts 

 

 
 

Abstract: Co and Ni based catalysts are among the most popular materials used 

nowadays in industry. Traditional methods of catalyst preparation like impregnation or 

precipitation lead to formation of large metal nanoparticles (15-30 nm) composed of 

highly aggregated metal clusters. It results in relatively low metal dispersion and 

catalytic activity.  Hereby we propose an efficient way to significantly increase the 

dispersion (2-3 times) of metal catalysts by disassembling of metal clusters by in-situ 

polycondensation of aldehydes produced during dehydrogenation of long chain 

alcohols. Deposition of bulky polymers at the interface areas decompose metal 

nanoparticles. Removal of carbon species demonstrates isolated metal nanoparticles 

with the sizes about 2-7 nm and 3-6 times higher activity in the reactions of 

hydrogenation, amination and oxidation. 
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4.1 Introduction 

The cobalt and nickel based catalysts are among the most popular and important 

materials for modern chemical industry, which have been widely used in the reactions 

of methanation [ 229 ], Fischer-Tropsch synthesis [ 230 ], hydrogenation and 

dehydrogenation [231], oxidation [232] and hydrogenolysis [233]. Generally, Co and 

Ni based catalysts are prepared based on impregnation (or precipitation process) of Co 

and Ni salts precursors over silica (SiO2), alumina (Al2O3) or active carbon with 

subsequent calcination followed by reduction in hydrogen to form active metallic 

catalyst [234]. Nevertheless, the metal NPs synthesized by this way often shows a 

broad particle size distribution (20-200 nm) with relatively low metal dispersion and 

catalytic activity [235]. The reasons of large metal particle sizes is aggregation of 

metal oxide in the course of nucleation, calcination and sintering during the catalyst 

reduction and catalytic reaction [236].  

There are several different ways to prepare highly dispersed metal NPs proposed 

in the literature such as: (i) creation of high amount of nucleation sites and 

nanoconfinement in porous supports such as SBA-15, ZSM-5, MCM-48 or carbon 

materials [237]; (ii) use organic agents such as polyvinylpyrrolidone (PVP) to 

facilitate nanoparticle nuclelation and anchoring onto the support [238] and (iii) 

plasma treatment [239], (iv) mild decomposition of metal salts in the presence of NO 

[240]. The main drawbacks of these routes are application of complicated organic 

ligands and procedures as well as expensive equipment, which are difficult for 

large-scale catalysts preparation. It would be of great importance development of 

simple and efficient method for the synthesis of highly dispersed Co and Ni catalysts 

for industrial applications. 

The possible route to increase dispersion of the metal nanoparticles could be 

disassembling of metal nanoparticles in already prepared catalysts. Recently we have 

discovered that treatment of Co/Al2O3 catalyst by light alcohols results in selective 

carbon deposition over metal surface through fast polycondensation of in-situ formed 

aldehyde [251]. Hereby we propose the method to increase dispersion of Co and Ni 
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supported catalysts by formation of bulky polymers from long chain alcohols with 

subsequent removal of carbon species (Figure 4.1). It significantly increases the 

dispersion of Co and Ni metal catalysts and catalytic activity. 

 

     Figure 4.1 Scheme of disassembly of metal aggregates by carbon deposition 

4.2 Results and Discussion 

4.2.1 Catalytic reactions over highly dispersed cobalt and nickel catalysts 

The catalytic performance of non-pretreated and 1-octanol pretreated cobalt and 

nickel catalysts was evaluated in the reactions of amination of 1-octanol, 

hydrogenation of tricosan-12-one and aerobic oxidation of benzyl alcohol (Figure 4.2, 

Table 4.1). The selectivity to the target products for all the reactions was 85-100% for 

different catalysts with conversion lower than 15 % to define the reaction rate. The 

activity of the Co catalyst after pretreatment in alcohol and calcination results in 

significant (3-6 times) increase of the catalytic activity, which totally correlates with 

increase of accessible active sites for the reaction mostly due to higher dispersion. The 

catalytic activity can be to a lesser extent affected by slightly better cobalt reducibility 

in the catalysts pretreated by 1-octanol. The effect was less significant for amination 

reaction and stronger for hydrogenation and oxidation reactions. The catalytic tests 

over Ni catalysts show less significant effect with only 2-3 times higher catalytic 

activity after pretreatment, which correlates with characterization results and effect of 
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1-octanol pretreatment on the dispersion of Ni catalyst. 

 

Figure 4.2 Catalytic results of in amination, hydrogenation and oxidation reactions 

over Co and Ni catalysts before and after pretreatment (amination: 1-octanol/NH3/H2 

=1/4.5/0.85; PH2 = 3 bar; alcohol, 1 mL; 20 mg catalyst; 180 °C; hydrogenation: 

tricosan-12-one 0.1 g with 5 ml ethanol, 20 mg catalyst, 20 bar H2, 120 °C; oxidation: 

1 g benzyl alcohol with 2 g toluene mixed, 20 mg catalyst, 10 bar O2; 130 °C) 

Table 4.1 Catalytic performance of Co and Ni catalysts in different reactions 

Reactions Catalyst 

Catalyst 

amount 

(mg) 

Reactants 

(g) 

T 

(
o
C) 

t  

(h) 

Conv.%  

(%) 

Selec.%  

(%) 

Activity 

(molreactant·gCo
-1

·h
-1

) 

TOF 

(h
-1

) 

Amination 
Co/Al2O3 

25 0.84 180 
4.5 5.5 100 0.032 166 

Co-Oct-Cal/Al2O3 2 11.1 100 0.143 403 

Hydrogenation 
Co/Al2O3 

10 0.1 120 
0.75 10.8 100 0.043 220 

Co-Oct-Cal/Al2O3 0.17 15.8 100 0.28 873 

Oxidation 
Co/Al2O3 

20 1 130 
5.9 5 90 0.039 200 

Co-Oct-Cal/Al2O3 1.26 8 85 0.3 828 

Amination 
Ni/Al2O3 

20 0.84 180 
4 3.5 100 0.028 - 

Ni-Oct-Cal/Al2O3 4 8 100 0.064 - 

Hydrogenation 
Ni/Al2O3 

20 0.1 120 
1 6 100 0.009 - 

Ni-Oct-Cal/Al2O3 0.5 14 100 0.041 - 

Oxidation 
Ni/Al2O3 

20 1 130 
6 4 95 0.031 - 

Ni-Oct-Cal/Al2O3 6 10 80 0.077 - 
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To check the stability of the highly dispersed cobalt NPs, the catalytic 

performance in amination of 1-octanol was performed for 3 cycles (Figure 4.3). The 

catalyst “Co-Oct-Cal/Al2O3” demonstrates comparable conversion with slight 

deactivation, which was attributed to small cobalt metal leaching and poisoning of 

ammonia. The high stability of the highly dispersed cobalt NPs is consistent with 

earlier mentioned study by Llorca et al. that the smallest cobalt particles seemed more 

stable towards coking as compared to larger ones [241]. 

 

Figure 4.3 Catalytic stability of Co-Oct-Cal/Al2O3 in amination of 1-octanol 

(Reaction conditions: octanol: 0.84 g, molar ratio NH3/alcohol = 4.5, PH2 = 3 bar, 

catalyst: 25 mg, reaction temperature: 180 
o
C, time: 2 h). 

4.2.2 Characterizations and mechanism of decomposition 

The catalysts Co/Al2O3 and Ni/Al2O3 containing 10 wt. % of metal have been 

prepared by incipient wetness impregnation of γ-Al2O3 using an aqueous solutions of 

cobalt and nickel nitrates. The samples have been calcined at 400 °C and reduced at 

400 °C before reaction or subsequent pretreatment. For alcohol pretreatment the 

catalyst after reduction has been transferred to 30 ml autoclave mixed with 1 g 

1-octanol followed by charging 10 bar N2. The catalyst was treated at 250 
o
C for 2 h 

and then washed by ethanol and acetone for several times followed by drying at 80 
o
C 

under vacuum for overnight. The catalysts were denoted as “Co-Oct/Al2O3” and 

“Ni-Oct/Al2O3”. To remove the surface carbonaceous species after 1-octanol 
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pretreatment, the pretreated catalysts were calcined again at 400 
o
C for 2 h, which was 

labeled as “Co-Oct-Cal/Al2O3” and “Ni-Oct-Cal/Al2O3”. 

The characterization results of the catalysts before and after pretreatment are 

demonstrated in the Table 4.2. The amount of surface carbon species for the catalysts 

after 1-octanol pretreatment and calcination were analyzed by TGA technique (Figure 

4.4). There is no obvious weight loss for the fresh Co/Al2O3, which indicates 

carbon-free clean surface for the original catalyst. After 1-octanol pretreatment the 

catalyst Co-Oct/Al2O3 exhibits a total weight loss of about 6 % at 200-400 
o
C due to 

oxidation of amorphous polymeric carbon species. After calcination for the 1-octanol 

pretreated catalyst at 400 
o
C, the degree of the weight loss is similar to the initial 

Co/Al2O3 catalyst indicating the total removal of the surface deposited carbon species 

over Co-Oct-Cal/Al2O3. 

Table 4.2 Characterization of the catalysts Co/Al2O3 and Ni/Al2O3 before and after 

pretreatment 

Catalyst 
Weight 

loss, % 

Particle size (nm) TPR H2 

consumption 

(mmol/g)  

CO 

consumption 

(mmol/g) 

 

Co/

Al
a DMeOx 

XRD 
dMe

XRD
  d MeOx

TEM 
 

Co/Al2O3 2 12.2 9.2 20.5 0.9 0.019 0.52 

Co-Oct/Al2O3 6 - 3.0 6.6 2.9 0.01 - 

Co-Oct-Cal/Al2O3 2 4.8 3.6 5.2 0.9 0.036 1.0 

Ni/Al2O3 2 10.2 7.7 10.5 2.1 0.039 - 

Ni-Oct/Al2O3 4.5 - 7.1 5.6 4.5 - - 

Ni-Oct-Cal/Al2O3 1.5 6.6 5.0 5.2 2.1 0.06 - 

a
 The ratio of areas of Co to Al peak in XPS spectrum 
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Figure 4.4 TG analysis of Co catalysts before (Co/Al2O3), after pretreatment 

(Co-Oct/Al2O3) and calcination (Co-Oct-Cal/Al2O3) 

The nature of carbon species has been studied using FTIR spectroscopy (Figure 

4.5). The peak at 1560 cm
-1

 corresponds to stretching vibrations of olefins and the 

peaks at 1410 and 1250 cm
-1

 can be attributed to -CH2- bending frequencies [224]. 

Thus, FTIR spectroscopy indicates on the presence of unsaturated aliphatic polymer. 

 

Figure 4.5 XRD, TPR H2, FTIR and XPS analysis of the catalysts before 

(Co/Al2O3), after pretreatment (Co-Oct/Al2O3) and calcination (Co-Oct-Cal/Al2O3) 

A combination of characterization results suggest that carbon deposition on the 

surface of the cobalt catalyst during its pre-treatment with alcohols proceeds 

according to the following sequence: dehydrogenation of alcohol, fast aldol 

condensation, dehydrogenation with formation of unsaturated polymer and partial 

hydrogenation of polymer: 

 

The state of the catalyst and average particle size were analyzed by ex situ X-ray 

diffraction technique (Figure 4.5). The unreduced fresh Co/Al2O3 catalyst exhibits the 

patterns characteristic of the Co3O4 phase. After 1-octanol pretreatment, the peaks 
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corresponding to CoO and metallic Co appear, which is mainly because that the 

surface Co3O4 can be partially and gradually reduced to CoO and Co
0
 by 1-octanol at 

high temperature and pressure. It is interesting to note that, the main diffraction peak 

at 2θ = 36.8
o
 corresponding to Co3O4 becomes broader after calcination in 

comparison with the fresh Co/Al2O3 catalyst. The average particle size of Co3O4 is 

calculated by Scherrer equation using X-ray line broadening method. The calculated 

size of Co3O4 for Co/Al2O3 and Co-Oct-Cal/Al2O3 are 12.2 nm and 4.8 nm, 

respectively (Table 4.2). This indicates that the cobalt particle size significantly 

decrease after pretreatment in 1-octanol. 

 Additional information about the state and dispersion of Co in the catalysts 

before and after 1-octanol pretreatment could be obtained by XPS analysis (Figure 

4.5d). Each spectrum has two major peaks corresponding to Co 2p3/2 and Co 2p1/2 and 

satellite peaks. The parent catalyst contains peaks in Co 2p3/2 assigned to Co
3+

 and 

Co
2+

 at 780.2 and 781.8, respectively [242]. The peaks for Co-Oct-Cal/Al2O3 catalyst 

is broader and shifts (~ 0.3 eV) to higher BE in comparison with the fresh Co/Al2O3. 

This shift could be caused by presence of small size highly defected oxide 

nanoparticles, which should lead to higher positive charge of metal in oxide [243]. 

Increase of the dispersion of metal catalyst can be measured by analysis of the area of 

metal to the area of oxide peak in XPS spectrum [244]. Hereby, we have compared 

the ratio of the areas of Co to Al before and after pretreatment in 1-octanol (Table 4.2, 

Figure 4.6). The ratio in initial catalyst was 0.52 and increased to 1 in 

Co-Oct-Cal/Al2O3 indicating on significantly higher dispersion of Co in the catalyst 

after pretreatment. 

 

Figure 4.6 XPS spectra of Co 2p and Al 2p for Co/Al2O3 and Co-Oct-Cal/Al2O3 
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The particle size, dispersion and morphology were also studied by 

HAADF-STEM and EDX technique. As displayed in Figure 4.7, the fresh Co/Al2O3 

demonstrates large aggregated nanoparticles with sizes in the range 15-30 nm (Figure 

4.8). After 1-octanol pretreatment metal particles have been covered by polymeric 

carbon species (Figure 4.9). It is interesting to note that carbon deposits also in the 

intersection of aggregates with separation of nanoparticles from each other. Removal 

of carbon species shows highly dispersed isolated Co3O4 nanoparticles with sizes 2-7 

nm (Figure 4.7).  

 

Figure 4.7 HAADF-TEM analysis of Co/Al2O3 and Co-Oct-Cal/Al2O3 
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Figure 4.8 TEM images and cobalt particle size distribution in (a) Co/Al2O3 and 

(b) Co-Oct-Cal/Al2O3 

 

    Figure 4.9 HAADF-TEM analysis (a) and TEM-EDX analysis (b) of 

Co-Oct/Al2O3 

The reducibility of cobalt catalysts before and after 1-octanol pretreatment and 

calcination was studied by H2-TPR method. As shown in Figure 4.5, the TPR profile 

of fresh Co/Al2O3 depicts hydrogen consumption peaks at about 330, which 

corresponds to the two-step reduction of Co3O4 to metallic cobalt with formation of 

intermediate CoO [245]. The broad second reduction peak at 620 
o
C is usually 

attributed to strong interaction of cobalt oxide species with alumina [190]. The 

pretreated catalyst Co-Oct/Al2O3 shows single peak at 450 
o
C with higher hydrogen 

consumption (2.9 mmol/g) in comparison with the parent catalyst, which is due to 
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reduction of both cobalt oxides and carbon deposited on the surface. Removal of 

carbon for Co-Oct-Cal/Al2O3 shifts both reduction peaks to lower temperature 

especially for high temperature peak in comparison with the parent Co/Al2O3. This 

effect could be explained by easier reduction of small size Co oxide nanoparticles and 

weaker interaction with alumina support. 

The Co metal dispersion and surface area after reduction were evaluated using 

CO adsorption in a pulse mode. CO adsorption is not totally quantitative method to 

evaluate amount of surface Co sites due to different ratio depending on the surface 

coverage, however, should correlate with amount of surface active sites [246]. The 

CO adsorption over Co-Oct-Cal/Al2O3 (0.036 mmol/g) is nearly two times higher than 

that of the fresh Co/Al2O3 catalyst (0.019 mmol/g) [247].   

 

Figure 4.10 TEM analysis of Ni/Al2O3 and Ni-Oct-Cal/Al2O3 

 

Figure 4.11 XRD pattern of Ni catalysts before (Ni/Al2O3), after pretreatment 

(Ni-Oct/Al2O3) and calcination (Ni-Oct-Cal/Al2O3) 
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Similar effects have been observed for Ni catalyst (Table 4.2). Thus, the size of 

metal nanoparticles according to TEM (Figure 4.10) and XRD (Figure 4.11) results 

decreases twice from about 10 to 5 nm. CO adsorption over reduced catalyst shows 

1.5 times higher dispersion in comparison with the parent catalyst. The lower effect of 

1-octanol pretreatment for Ni based catalyst could be explained by higher 

hydrogenolysis activity of Ni catalysts during alcohol pretreatment leading to 

methanation of deposited carbon species. It results in lower content of carbon in the 

Ni catalyst (Figure 4.12).  

 

Figure 4.12 TG analysis of Ni catalysts before (Ni/Al2O3), after pretreatment 

(Ni-Oct/Al2O3) and calcination (Ni-Oct-Cal/Al2O3) 

Based on the results above, we can conclude about significant increase of the 

dispersion of Co and Ni catalysts after 1-octanol pretreatment. Treatment of Co and 

Ni catalysts in 1-octanol leads to intensive growing of the bulky polymer mainly on 

the metal surface due to fast polymerization process. Note that no cobalt dispersion 

enhancement was observed after the catalyst pretreatment with lighter alcohols [251]. 

Low temperature N2 adsorption shows fast increase of BET surface area from 110 to 

150 m
2
/g after 2 h of treatment due to highly porous structure of the polymer (Figure 

4.13). HRTEM analysis shows presence of high agglomerated metal clusters on the 

surface of alumina support (Figure 4.7). The dehydrogenation of 1-octanol should be 

especially intensive over edges or corners at the interface of Co clusters. Immediate 

polymerization at these zones should significantly increase the tension with finally 

decomposition of agglomerates into individual nanoparticles. Finally, after calcination 

in air under high temperature, the surface carbon layer will be totally removed, 
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leaving the highly dispersed and small size cobalt and nickel NPs with more exposed 

surface active atoms. 

 

Figure 4.13 BET surface area of Co/Al2O3 pretreatment in 1-octanol for 

different time (0-2 h) 

4.3 Conclusion 

To conclude, 1-octanol pretreatment followed by calcination of Co and Ni 

catalysts leads to significant decrease of the sizes of metal NPs with increase of 

dispersion 1.5-2 times. It arises from the decomposition of large Co and Ni 

agglomerates by gradually deposited surface carbon layer in the process of 

dehydrogenation of alcohol to aldehyde and immediate polymerization over metal 

surface. The catalytic results show a significant (2-6 times) increase of activity of the 

pretreated cobalt and nickel catalysts for amination, hydrogenation and oxidation 

reactions. 
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Chapter 5. Bi as Liquid Metal Promoter of Co Catalysts for 

Highly Efficient Amination of Alcohols 

 

 

 

Abstract: Supported cobalt catalysts are generally used for selective synthesis of 

primary amines in amination of alcohols with ammonia, which is an economically 

efficient and environmental friendly process. However, low selectivity to primary 

amines and cobalt catalyst deactivation due to surface coking and oxidation of 

metallic cobalt during reactions are still big issues. In this work, we disclosed an 

efficient approach to protect cobalt catalysts from deactivation by bismuth promotion. 

Characterizations identify the metallic bismuth on the interface between cobalt 

nanoparticles and support for bismuth modified cobalt catalyst. Amination activity and 

selectivity to 1-octylamine was obviously enhanced particularly at higher 1-octanol 

conversion (> 90 %). The observed phenomena are due to dehydrogenation 

promotion and selective poisoning by metallic bismuth. Moreover, catalyst recycling 

test uncovers the extremely high stability for bismuth promoted cobalt catalyst, which 

might be attributed to the coke resistance and ability for protecting from re-oxidation of 

metallic cobalt to cobalt oxides. 
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5.1 Introduction 

Due to the high chemical activity, amines are important materials in chemical 

industry and life science [5]. For instance, most aliphatic amines and their derivatives 

are essential intermediates for organic synthesis, which are widely used in productions 

of agrochemicals, pharmaceuticals, organic dyes, detergents, fabric softeners, 

surfactants, corrosion inhibitors, lubricants, polymers and so on [248]. In particular, 

primary amines have attracted great attention in different derivatization reactions. 

Owing to their importance, a number of routes for amines synthesis have been 

developed till now, including Hofmann alkylation, Buchwald-Hartwig and Ullmann 

reactions, hydroamination, reduction of nitriles, and reductive amination 

[13,23,49,249]. Among the well-established and important synthesis ways above, by 

far the most utilized approach is the direct one-pot amination of alcohols with 

ammonia. 

The alcohol amination on different supported metallic catalysts, such as Ru [134], 

Ni [250] and Co [251], under hydrogen can be achieved via the so called “Borrowing 

Hydrogen” or hydrogen auto transfer methodology [92,107,109,110], which consists 

dehydrogenation and hydrogenation processes. The one-pot alcohol amination 

generally consists of three consecutive steps: (i) dehydrogenation of an alcohol to a 

reactive aldehyde (or ketone); (ii) imine formation by dehydration of hemiaminal 

from the corresponding aldehyde (or ketone); (iii) amine formation via hydrogen 

transfer from the alcohol to the imine through metal-hydride intermediates. During the 

whole process, water is the only by-product, which emphasizes the advantage of 

environmental friendly. Generally, the catalysts usually suffer from the main 

drawback of low selectivity to primary amines in particular at high conversion [6]. 

Recently, liquid phase amination of 1-octanol with ammonia over unsupported Ru 

nanoparticles was reported to be a structure insensitive reaction and the selectivity to 

primary amines could be adjusted by tuning the Ru particle size [134]. 

Generally, catalytic activity and selectivity can be adjusted by different 

approaches, such as capping agents‟ modification [207], carbon deposition [251] and 
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promotion [252,253,254,255]. Baiker et al. [208] reported selective blocking of active 

sites on supported Au nanoparticles by 1-octadecanetiol and mercaptoacetic acid for 

benzyl alcohol oxidation and ketopantolactone hydrogenation, respectively. More 

recently, McKenna et al. [209] reported diphenyl sulfide and its sulfur residue as an 

appropriate poison for Pd/TiO2 catalysts leading to an enhanced selectivity in 

acetylene hydrogenation in the presence of ethylene. In our previous work [251], 

intentional deposition of polymeric carbonaceous species on the surface of Co/Al2O3 

catalysts was used to considerably improve the selectivity of primary amines in gas 

and liquid-phase amination of aliphatic alcohols with NH3. The selectivity 

enhancement was attributed to the slowing down of primary amine self-coupling and 

in particular because of hindering of secondary imine hydrogenation. 

Addition of secondary metals over the parent catalyst is also an efficient way to 

enhance the reaction activity and selectivity. Fischer et al. [142] reported the catalytic 

synthesis of 1,3-diaminopropane from 1,3-propanediol and ammonia in a continuous 

fixed-bed reactor using unsupported Co-based catalysts. Promotion of the 

unsupported cobalt catalyst with iron or lanthanum would significantly improve the 

selectivity of 1,3-diaminopropane. It was suggested that addition of a small amount of 

iron suppressed the transformation of active metastable β-cobalt phase to the 

thermodynamically more stable α-cobalt phase under reaction conditions, which was 

better for catalytic selectivity. Cherkasov et al. [252] reported that bismuth-poisoned 

Pd/SiO2 catalyst had a strong effect for hydrogenation of furfural. Compared to the 

initial Pd catalyst, the Bi-poisoned catalyst suppressed oligomerisation of furfural and 

increased the formation of cyclopentanol at a higher reaction temperature. It can be 

explained in terms of active site isolation. 

Supported cobalt nanoparticles have been widely used for Fischer-Tropsch 

synthesis [230], dehydrogenation reactions [70] and amination reactions [142]. 

However, it is generally accepted that cobalt catalysts will always suffer from 

catalytic deactivation due to coking, chemical residuals and re-oxidation of metallic 

cobalt to cobalt oxides after catalytic reactions. Recently, it was reported [256] that 

the promotion of iron catalysts with metals used for soldering (Bi and Pb) results in a 
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remarkable increase in the light olefin production rate with a possibility to conduct 

Fischer-Tropsch synthesis at low reaction pressure. 

Among the poisoning agents, metallic bismuth is particularly interesting because 

Bi atoms predominantly block the step sites of the cobalt nanoparticle leaving the flat 

terraces. Also, the high mobility of bismuth due to its low melting point makes it a 

flexible promoter during high temperature reaction [256]. There were few reports 

about the effect of Bi promotion of supported cobalt catalysts on selective amination 

of alcohols. In the present work, supported cobalt catalyst was modified by addition 

of metallic bismuth promoter to improve the catalytic activity, primary amine 

selectivity and stability during liquid phase amination of 1-octanol. The mechanism of 

bismuth promotion was also uncovered through different characterizations and model 

reactions. 

5.2 Results and Discussion 

5.2.1 Enhancement of catalytic performance on bismuth promotion 

Direct liquid phase amination of 1-octanol with ammonia over supported cobalt 

catalyst based on the “Borrowing Hydrogen” methodology comprises several 

consecutive reactions. The possible reaction pathway is shown in Figure 5.1.  
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Figure 5.1 Reaction paths in amination of 1-octanol over cobalt catalyst. 

Generally, the rate determining step in amination of 1-octanol appears to be its 
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catalytic dehydrogenation to corresponding aldehyde [67]. Then, condensation of 

octanal with ammonia or octylamine results in the formation of primary or secondary 

hemiaminal, followed by elimination of water to produce primary or secondary imines, 

which is a fast and non-catalytic process [135]. Finally, hydrogenation of imines leads 

to the formation of primary or secondary amines. Obviously, at higher 1-octanol 

conversion, the selectivity to 1-octylamine sharply decreases because of the 

self-coupling reaction of imine with 1-octylamine to secondary and to tertiary amines. 

The Co/Al2O3 catalysts with and without Bi promotion were used for selective 

synthesis of primary 1-octylamine directly from 1-octanol and ammonia in the 

presence of hydrogen in a batch reactor. Note that no 1-octanol conversion was 

observed in a blank experiment without catalyst addition. 

 

Figure 5.2 Catalytic conversion modification by Bi promotion (a) and 

selectivity-conversion curves (b) for liquid phase amination of 1-octanol over 

activated Co/Al2O3 and bimetallic CoxBi/Al2O3 catalysts (1-octanol, 0.84 g; molar 

ratio of 1-octanol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; catalyst amount, 100 mg; reaction 

temperature, 180 
o
C; time, 0-48 h; no solvent used). 

The catalytic activity for liquid phase amination of 1-octanol over the catalysts 

before and after Bi addition on Co is displayed in Figure 5.2a. The catalytic 

conversion and reaction rate for Co0.5Bi/Al2O3 catalyst (conv.% = 81 %, 0.105 

moloctanol·gCo
-1

·h
-1

) were ~2.3 times higher than that of fresh catalyst without Bi 

promotion (conv.% = 35.8 %, 0.046 moloctanol·gCo
-1

·h
-1

), which indicates that metallic 

Bi addition on Co would largely increase the amination activity. As the Bi loading 
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content increased from 0.5 wt% to 5 wt%, 1-octanol conversion gradually decreased 

from 81 % to 14.4 %. The corresponding reaction rate also decreased from 0.105 

moloctanol·gCo
-1

·h
-1

 to 0.019 mol1-octanol·gCo
-1

·h
-1

 (Figure 5.3).  

 

Figure 5.3 Catalytic reaction rate for liquid phase amination of 1-octanol over cobalt 

catalysts with different Bi loading content (1-octanol, 0.84 g; molar ratio of 

1-octanol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; catalyst amount, 100 mg; reaction 

temperature, 180 
o
C; time, 0-48 h; no solvent used). 

Cobalt dispersion is not much affected, while cobalt reducibility is even enhanced 

by the Bi promotion (see below). The possible explanation of the enhancement of 

catalytic activity in the presence of Bi could be continuous regeneration of the surface 

of Co by removal of adsorbed amines, alcohols and aldehydes due to high mobility of 

Bi on the surface of Co. In order to prove this assumption, amination of 1-octanol was 

performed in the presence of CO poisoned catalysts. The activity of freshly activated 

Co sharply decreased after CO poisoning while there was no big difference of 

1-octanol conversion for Bi promoted Co catalyst (Figure 5.4). Thus, indeed, increase 

of activity could be explained by Co surface “cleaning” by mobile Bi promoter. The 

higher Bi loading leads to deactivation of the catalytic activity due to decrease of the 

amount of accessible Co atoms for the catalytic reaction. The poisoning of active sites 

by Bi overloading is consistent with the decreased CO adsorption on Co (Table 5.1). 

For comparison, pure Bi/Al2O3 catalyst was also tested with a low conversion of 

4.5 %, which reveals that Co metal is the main active phase for 1-octanol amination 
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before and after Bi promotion. Mechanical mixture of Co/Al2O3 and Bi/Al2O3 

exhibited 61% conversion, which further proves the easy mobility of metallic Bi on 

the catalyst surface under high reaction temperature resulting the high amination 

activity. 

 

Figure 5.4 Catalytic amination of 1-octanol over Co/Al2O3 and Co0.5Bi/Al2O3 

catalysts with and without CO poisoning. (1-octanol, 0.84 g; molar ratio of 

1-octanol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; catalyst amount, 100 mg; reaction 

temperature, 180 
o
C; time, 0-48 h; no solvent used). 

The selectivity-conversion curves for amination of 1-octanol investigated for Co 

catalysts before and after Bi promotion with different loading content are shown in 

Figure 5.2b. Different 1-octanol conversions were obtained by varying the reaction 

time from 0 h to 48 h. The freshly activated sample Co/Al2O3 displays 90 % 

selectivity to 1-octylamine at the conversion of 20 %. As the conversion increases to 

nearly 100 %, the selectivity to 1-octylamine dramatically decreases to 11 %, which is 

similar to the reported results in both gas phase and liquid phase amination of alcohols 

due to the self-coupling of primary amines to secondary and tertiary amines [92]. 

Surprisingly, Co catalysts with Bi promotion have shown the selectivity enhancement 

especially at high 1-octanol conversion. The selectivity to 1-octylamine gradually 

increases (at the same 1-octanol conversion) as Bi loading content increases. The 

optimal selectivity (at 1-octanol conversion of 97 %) over Co5.0Bi/Al2O3 catalyst 

even increases from 11 % to 66 %, which is 6 times higher than that of freshly 
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activated Co/Al2O3. Clearly, the selectivity to primary 1-octylamine during liquid 

phase amination of 1-octanol can be controlled by adjusting the loading content of the 

promoting Bi metal.  

 

Figure 5.5 Catalytic reusability and stability for liquid phase amination of 1-octanol 

over activated Co/Al2O3 and Co1.0Bi/Al2O3 catalysts (1-octanol, 0.84 g; molar ratio 

of 1-octanol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; catalyst amount, 100 mg; reaction 

temperature, 180 
o
C; time, 5 h; no solvent used; reactivation condition: 400 

o
C 

calcination under air followed by H2 activation at 450 
o
C). 

The catalytic stability for liquid phase amination of 1-octanol over freshly 

activated Co/Al2O3 and Bi promoted Co1.0Bi/Al2O3 is shown in Figure 5.5. After 3 

catalytic amination cycles, for the freshly activated Co/Al2O3 catalyst, 1-octanol 

conversion gradually decreases from 35.8 % to 8 %, which is mainly due to the 

catalyst coking by residual amines, alcohol and aldehydes as well as partially 

oxidation of metallic Co to Co oxides when exposure to air during catalytic cycles. 

Interestingly, for the Bi promoted Co catalyst, there is nearly no conversion loss after 

3 cycles, which indicates higher stability and reusability of the Bi promoted Co 

catalysts. After hydrogen reactivation process for both catalysts, the 1-octanol 

conversion both recovers to the initial state, which further proves the high effect of 

coke and oxidation resistance after Bi promotion. 

To determine the generality of Bi promotion effect, we extend the substrate scope 

to other aliphatic and aromatic alcohols. 2-Octanol, 1-pentanol, benzyl alcohol, and 
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furfuryl alcohol were aminated in the presence of NH3 over Co/Al2O3 and 

Co1.0Bi/Al2O3 catalysts. As shown in Table 5.1, under the same amination reaction 

conditions, there were also some activity and selectivity enhancement for amination 

of different alcohols over Bi promoted Co. 

Table 5.1 Comparison of catalytic performance in amination of different alcohols 

over supported fresh and Bi promoted cobalt catalysts 
a
 

Substrate Catalyst 

 

Conversion 

(%) 

Selectivity (%) 

Primary 

amine 

Secondary 

amine 

Tertiary 

amine 

OH 
Co/Al2O3 36 94 6 0 

Co1.0Bi/Al2O3 75 70 27 3 

OH

 

Co/Al2O3 49 80 16 4 

Co1.0Bi/Al2O3 68 88 12 0 

OH 
Co/Al2O3 21 95 5 0 

Co1.0Bi/Al2O3 40 90 8 2 

OH

 

Co/Al2O3 
b
76 69 20 11 

Co1.0Bi/Al2O3 
b
88 78 13 9 

O OH

 

Co/Al2O3 
b
80 91 6 3 

Co1.0Bi/Al2O3 
b
100 92 5 0 

a: alcohol, 1 mmol; molar ratio of alcohol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; catalyst amount, 

100 mg; reaction temperature, 180 
o
C; time, 5 h; no solvent used. b: 160 

o
C, 15 h; toluene 2 g. 

5.2.2 Catalyst characterizations  

N2 adsorption-desorption and BET results shows similar surface area and pore 

size for fresh Co/Al2O3 and CoxBi/Al2O3 catalysts (Table 5.2). Figure 5.6 shows the 

XRD patterns of all samples. The calcined fresh Co/Al2O3 and Bi/Al2O3 catalysts 

show the presence of Co3O4 and Bi2O3 phases, respectively. For Bi promoted Co 

catalysts, 2 θ peaks corresponding to Bi2O3 phase gradually appear as the loading 

content of Bi increased from 0.5 wt% to 5.0 wt% and reached to the highest intensity 

for Co5.0Bi/Al2O3. 
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Figure 5.6 XRD patterns of oxidized Co/Al2O3, Bi/Al2O3 and bimetallic  

CoxBi/Al2O3 catalysts. 

The average particle size of Co3O4 calculated by Scherrer equation using X-ray 

line broadening method was around 10 nm for fresh and Bi promoted Co catalysts as 

well as the one after amination reaction (Table 5.2), which was consistent with STEM 

results calculated from size distribution (Figure 5.7). Therefore, it indicates no 

obvious modification of Co particle size and distribution after Bi promotion.  

 

Figure 5.7 STEM images and histograms of Co particle size distribution of catalysts 

(a) Co/Al2O3, (b) Co1.0Bi/Al2O3, and (c) Co1.0Bi/Al2O3-AA. 

The localization of Bi promoter for catalyst Co1.0Bi/Al2O3 was further 

investigated using HAADF-STEM and corresponding EDX mapping technique. As 

shown in Figure 5.8, Bi promoted Co catalyst exhibits a broad particle size 
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distribution of agglomerated Co nanoparticles in the range of 5 to 20 nm (Figure 5.7). 

The EDX mapping graph in Figure 5.8c clearly shows that Bi was uniformly located 

closely to alumina supported Co nanoparticles. As the HRTEM image shown in 

Figure 5.8d, the measured crystal interplanar spacing of the particle was 0.33 nm, 

which could be identified as (012) of metallic Bi. This result disclosed high affinity 

between Bi and Co for promotion. 

 

Figure 5.8 (a), (b) and (d) HAADF-STEM images of activated Co1.0Bi/Al2O3 

catalyst and (c) corresponding EDX mapping of Co (in red) and Bi (in green). 

The reducibility of Co before and after Bi promotion was investigated by H2-TPR 

technique. As shown in Figure 5.9, the TPR profile of fresh oxidized Co/Al2O3 

depicts two hydrogen consumption peaks at 335 
o
C and 622 

o
C. The first peak at 335 

o
C corresponds to the reduction process of Co3O4 → CoO → Co, while the broad 

reduction peak at 622 
o
C mostly due to the formation of Co-Al mixed oxide phases 

[190]. After Bi promotion, the catalysts CoxBi/Al2O3 exhibit extra hydrogen 

consumption peaks at 270 
o
C-310 

o
C, which corresponds to the reduction of α-Bi2O3 

phase. This was consistent with the increased total H2 consumption calculated by 

integration from TPR for Bi promoted catalysts (Table 5.2). Interestingly, the broad 

reduction peak at 622 
o
C corresponding to strong interaction between Co and Al 

disappeared for all CoxBi/Al2O3 catalysts, which indicates better cobalt reducibility 

after Bi promotion. The H2-TPR analysis suggests that all the samples were mostly 
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present as metallic Co for catalytic amination reaction after catalysts activation in 

hydrogen at 450 
o
C. 

 

Figure 5.9 H2-TPR profiles of calcined Co/Al2O3, Bi/Al2O3 and bimetallic 

CoxBi/Al2O3 catalysts. 

Cobalt metal dispersion and surface area were evaluated using CO adsorption in a 

pulse mode after in-situ reduction for all samples. The adsorption molar ratio of CO to 

Co was suggested to be 1:1 as reported [196]. Note that there was no CO adsorption 

on activated Bi/Al2O3. Fresh Co/Al2O3 catalyst shows relatively low dispersion 

(1.14%). The dispersion of Co gradually decreased from 1.14% to 0.18% caused by 

increasing content of Bi loading, which was consistent with H2-TPR results (Figure 

5.9, Table 5.2). This would be explained by partial coating of Co nanoparticles with 

Bi metal illustrated in EDX mapping graph (Figure 5.8c). 
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Table 5.2 Physical properties of supported fresh and Bi promoted cobalt catalysts 

Catalyst 
SBET 

a
 

(m
2
/g) 

Vtot 
b
 

(cm
3
/g) 

Dmeso 
c
 

(nm) 

Particle size (nm) Total H2 

consumption 

(mmol/g) 
g
 

Metallic surface 

area (m
2
/g) 

h
 

Co (CO)/Co 

(%) 
h
 dCo3O4 

d dCo 
e
 d Co

TEM f
 

Co/Al2O3 120.72 0.39 10.55 13.2 9.9 10.0  0.87  7.73 1.14 

Co0.5Bi/Al2O3 121.32 0.40 10.61 13.9 10.4 10.2 1.43  5.6  0.83 

Co1.0Bi/Al2O3 122.23 0.42 10.82 12.8 9.6 10.8 1.5  4.5  0.67 

Co2.0Bi/Al2O3 119.04 0.39 10.85 13.0 9.8 10.3 1.3  3.1 0.46 

Co5.0Bi/Al2O3 120.66 0.38 10.28 14.1 10.6 10.5  1.52 1.2 0.18 

Bi/Al2O3 124.06 0.41 10.45 - - - 0.67  -  - 

a BET surface area measured by N2 adsorption-desorption; 

b Pore volume of pores; 

c Pore diameter in mesoporous region; 

d The average particle size of Co3O4 is calculated by Scherrer equation using X-ray line broadening method; 

e Determined from the molar volume correction of size using d (Co) = 0.75 d (Co3O4); 

f Determined from randomly selected particles in HAADF-STEM; 

g The total H2 consumption from H2-TPR analysis; 

h Obtained from CO chemisorption measurement (assuming CO/Co = 1). 
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5.2.3 Mechanism of bismuth promotion effect 

To investigate the amination activity enhancement after Bi promotion over Co 

catalyst, liquid phase dehydrogenation of 2-octanol to 2-octanone was tested over 

activated Co/Al2O3 and bimetallic CoxBi/Al2O3 catalysts.  

 

Figure 5.10 Comparison of catalytic conversion for liquid phase dehydrogenation of 

2-octanol over Co/Al2O3 and bimetallic CoxBi/Al2O3 catalysts (2-octanol, 50 mg; 

toluene, 1 g; catalyst amount, 50 mg; reaction temperature, 140 
o
C; time, 15 h). 

As shown in Figure 5.10, the dehydrogenation conversion was only 2.8 % for 

fresh Co catalyst after overnight reaction [257]. After Bi addition, 2-octanol 

conversion increased to 16 %, which indicates that Bi addition on Co would increase 

the activity of dehydrogenation of 2-octanol. Then the conversion gradually 

decreased from 16 % to 1 % when Bi loading content increased from 0.5 wt% to 5 

wt%. The variation of the activity in dehydrogenation of 2-octanol with Bi content is 

consistent with the activity enhancement effect for 1-octanol amination. It can be 

therefore suggested that the amination activity promotion effect mainly comes from 

the enhancement of the limiting step of alcohol dehydrogenation during liquid phase 

amination of 1-octanol over Bi promoted Co catalysts. Higher amount of Bi would 

slows down the dehydrogenation reaction possibly by blocking the active sites of 

metallic Co. 
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Figure 5.11 Model reaction of 1-octylamine transformation over activated Co/Al2O3 

and bimetallic CoxBi/Al2O3 catalysts at a conversion of < 10% (1-octylamine, 1 mL; 

catalyst amount, 20 mg; molar ratio of 1-octanol/NH3/H2 = 1/4.5/0.85; PH2 = 3 bar; 

reaction temperature, 180 
o
C; time, 0-4 h; no solvent used). 

It is widely accepted that secondary and tertiary amines can form according to 

two mechanisms: amination of remaining 1-octanol with 1-octylamine or 

self-coupling reaction of 1-octylamine through condensation of primary amines with 

corresponding imines. 1-Ocylamine self-coupling reaction seems to be the main 

reason for the selectivity loss at higher 1-octanol conversion. To investigate the 

relationship between Bi promoter and the 1-octylamine selectivity enhancement 

during liquid phase amination of 1-octanol, transformation of 1-octylamine to 

dioctylamine was conducted at a relatively low 1-octylamine conversion (< 10%). 

Figure 5.11 shows the distribution of 1-octylamine converted products over freshly 

activated Co/Al2O3 and Bi promoted catalysts at a similar conversion. The main 

products of 1-octylamine coupling were secondary imine and amines. The selectivity 

to secondary imine is relatively higher for the Bi promoted Co catalysts than that of 

fresh Co/Al2O3, while the selectivity to secondary amine is lower.  

The calculated TOF values for 1-octylamine self-coupling reaction gradually 

decreased after Bi promotion (Table 5.3). They were respectively 364.5, 290.4, 

217.1, 196.1 and 148.4 h
-1

 for freshly activated Co and promoted Co with different 

Bi loading content, which indicates a significant lower intrinsic activity for 
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1-octylamine coupling to secondary amine over Bi promoted catalysts compared to 

the freshly activated Co catalyst. The corresponding TOF numbers for 1-octanol 

amination gradually increased as the Bi loading content increased. Thus, the ratio of 

TOF (1-octylamine coupling)/TOF (1-octanol amination) is about 10 times higher 

for fresh Co compared to Co5.0Bi/Al2O3 catalyst. This result demonstrates that the 

reaction rate of 1-octylamine self-coupling over Bi promoted surface Co sites was 

much lower than that of 1-octanol amination to 1-octylamine, which could be the 

reason of 1-octylamine selectivity enhancement after Bi promotion. A possible 

explanation for the selectivity enhancement effect would be the slow rate for 

hydrogenation of secondary imine caused by steric hindrance effect of metallic Bi on 

the surface of Co, which inhibits the planar mode adsorption of bulky secondary 

imine compared with easier vertical adsorption of primary imine. Similar effect has 

been disclosed in our previous work [251]. 

Table 5.3 TOF values for 1-octanol amination and 1-octylamine self-coupling 

reactions for supported fresh and Bi promoted cobalt catalysts 

Catalyst 

Conversion 

for 

1-octanol 

amination (%) 

Yield for 

1-octylamine 

coupling 

(%) 

TOF for 

1-octanol 

amination 

(h
-1

) 
a
 

TOF for 

octylamine 

coupling (h
-1

)
 

a
 

Ratio of TOF 

(octylamine 

coupling)/TOF 

(octanol 

amination) 

Co/Al2O3 

Co0.5Bi/Al2O3 

5 

7 

7 

4 

66.9 

214.3 

364.5 

290.4 

5.45 

1.36 

Co1.0Bi/Al2O3 7 2.5 199.2 217.1 1.09 

Co2.0Bi/Al2O3 6 1.5 226.1 196.1 0.87 

Co5.0Bi/Al2O3 4 0.6 282.4 148.4 0.53 

Bi/Al2O3 - - - - - 

a 
The TOF value is defined as molreactant·molCosurf

-1
·h

-1
 at low conversion (< 10%). 

Generally, Co based catalysts were easily to be deactivated by carbon deposition 

as well as oxidation of metallic Co to Co oxides after catalytic test, which would 

largely influence the catalytic performance. In this work, Bi promoted Co catalyst 

showed better catalytic stability for liquid phase amination of 1-octanol, in order to 
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uncover the reasons, TGA (Figure 5.12) and FTIR (Figure 5.13) techniques were 

used to investigate the ability of catalytic deactivation resistance for both fresh and 

Bi promoted Co catalysts before and after amination test.  

 

Figure 5.12 TGA profiles of fresh Co/Al2O3 and used catalysts Co/Al2O3-AA and 

Co1.0Bi/Al2O3-AA. 

As Figure 5.12 shows, the TG profile of freshly activated Co/Al2O3 after 

amination exhibits a total weight loss of about 8 %, which was nearly half of that of 

the Bi promoted Co catalyst (~4 %). It was obvious that after Bi promotion, Co 

catalysts exhibit less significant carbon deposition. 

 

Figure 5.13 Ex situ FTIR spectroscopy of fresh Co/Al2O3 and used catalysts 

Co/Al2O3-AA and Co1.0Bi/Al2O3-AA. 
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The identification of deposed carbon species over the surface of Co catalysts 

after amination test has been further studied by ex situ FTIR spectroscopy (Figure 

5.13). The freshly activated Co catalyst does not exhibit any IR bands ascribed to 

any carbon species. After amination test, both Co/Al2O3 and Co1.0Bi/Al2O3 exhibit 

IR bands corresponding to carbon deposits. IR bands appeared at 2965 cm
-1

 and 

2910 cm
-1

 were ascribed to C-H stretching vibration in -CH3 and -CH2 groups, 

respectively. The small band at 2360 cm
-1

 and 1650 cm
-1

 might be assigned to N-H 

stretching vibration in aliphatic amines. The vibration at 1250 cm
-1 

and 1050 cm
-1 

also shows the presence of amine-like compounds, which would deactivate the 

surface of Co catalyst after amination test.  

H2-TPR profiles of the re-oxidized fresh and Bi promoted Co catalysts were 

measured to provide further insights into the stability enhancement after the Bi 

promotion (Figure 5.14). After exposure of reduced Co/Al2O3 to air for a short time, 

the broad reduction peak at 622 
o
C corresponding to Co-Al mixed oxide phases 

appeared, which indicates partial cobalt reduction in the activated catalyst. After 

exposure of reduced Co1.0Bi/Al2O3 to air, no hydrogen consumption peak was 

observed. This suggests that in the Bi-promoted catalyst, cobalt remains in metallic 

state even after exposure to air.   

 

Figure 5.14 Comparison of H2-TPR profiles of (a) reduced Co/Al2O3 and (b) 

reduced Co1.0Bi/Al2O3 catalysts. 

To summarized, metallic Bi promoter really strongly improves the stability of 

supported cobalt catalysts and can protect metallic Co from the re-oxidation to Co 

oxides.  
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5.3 Conclusion 

We have disclosed a novel versatile bimetallic CoxBi/Al2O3 catalyst with high 

activity, selectivity and stability for liquid phase amination of alcohols with 

ammonia. Different characterizations have provided detailed information about the 

chemical state and localization of metallic Bi on the surface of Co. 

After the Bi addition, the amination activity largely increases due to the 

enhancement of the limiting step of alcohol amination, alcohol dehydrogenation. The 

effect has been proven by the model reaction of dehydrogenation of 2-octanol. The 

increase in the selectivity to 1-octylamine occurs after Bi addition possibly because 

of slowing down of 1-octylamine self-coupling caused by hindering of bulky 

secondary imine hydrogenation over isolated Co domains in Co nanoparticles with 

metallic Bi. Furthermore, the high stability of Bi promoted Co catalyst is attributed 

to less significant carbon deposition and ability for protecting metallic Co from the 

re-oxidation to Co oxides..  
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Chapter 6. Highly efficient and selective N-alkylation of 

amines with alcohols catalyzed by in-situ rehydrated 

titanium hydroxide 

 

 

 

Abstract: Catalytic N-alkylation of amines by alcohols to produce desired amines is 

an important catalytic reaction in industry. Various noble metal-based homogeneous 

and heterogeneous catalysts have been reported for this process. Development of 

cheap non-noble metal heterogeneous catalysts for N-alkylation reaction would be 

highly desirable. Hereby, we propose the N-alkylation of amines by alcohols over a 

cheap and efficient heterogeneous catalyst - titanium hydroxide. The catalyst 

provides the selectivity higher than 90% to secondary amines for functionalized 

aromatic, aliphatic alcohols and amines at high catalytic activity and stability. Mild 

Brönsted acidity formed by continuous rehydration of Lewis acidity excludes side 

reactions and deactivation by adsorbed species. The mechanism of the reaction 

involves dehydration of alcohols to ethers with subsequent C-O bond cleavage by 

amine with formation of secondary amine and recovery of alcohol. 
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6.1 Introduction 

Complex amines are very important intermediates in chemical industry and life 

science. They are widely used in the production of agrochemicals, pharmaceuticals, 

organic dyes, detergents, fabric softeners, surfactants, corrosion inhibitors, lubricants, 

polymers and so on [4]. Due to the widespread use of these products, a number of 

synthesis routes have been developed based on classic nucleophilic substitution, like 

Buchwald-Hartwig [5], Ullmann reactions [20], and hydroamination [22,49,51]. 

Conventionally, N-alkyl amines are synthesized using alkylating agents, such as 

alkyl halides, which is environmentally unfriendly due to the toxic nature of halides 

and production of large amount of inorganic salts as waste. The selectivity to desired 

amines is generally low due to further over-alkylation [17,18,258].  

In the last few decades, three main strategies have been applied for amination of 

alcohols: (i) “Borrowing Hydrogen” methodology using either noble metal based 

Ru- [110], Ir- [259], Rh- [260], and Pt- [261] complexes, and more recently 

non-noble metal Ag- [262], Co- [263] and Fe- [130] complexes. Also various of 

heterogeneous catalysts [128,138,141,149,157,166, 264 ] have been used. (ii) 

Tsuji-Trost type reactions for allylic alcohols using Pd [265] or Ni [266] complexes. 

(iii) Lewis-acid catalyzed reactions using a variety of salts and ligands [68,267]. 

Among the best performing catalysts, different metal triflates and triflimides, 

including the parent triflic acid (HOTf) were found active for synthesis of secondary 

amines through N-alkylation of amines with alcohols based on SN1 or SN2 

mechanisms [133]. However, these processes have several disadvantages due to use 

of expensive non-recoverable catalysts, difficulties in catalyst-product separation and 

indispensable use of additives or co-catalysts such as inorganic or organic bases and 

stabilizing ligands [164]. Thus, development of easily recoverable and recyclable 

non-noble metal based heterogeneous catalysts for N-alkylation system is still a 

challenging topic. 

Herein, we firstly report the selective N-alkylation of amines by alcohols in the 

absence of hydrogen, bases and organic ligands under ambient pressure of N2 by an 
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easily prepared transition metal- and solid acid-based heterogeneous catalyst such as 

titanium hydroxide. For comparison, a number of metal oxides and hydroxides have 

been tested in the N-alkylation process. Interestingly, titanium hydroxide exhibits the 

highest activity and selectivity towards the desired amine. In addition, the titanium 

hydroxide catalyst provides high catalyst stability and good substrate tolerance for 

amination of different alcohols and substituted amines under optimized conditions. 

To the best of our knowledge, this new efficient heterogeneous catalyst provides a 

green route for selective synthesis of amines. 

In terms of catalytic mechanism, it is generally accepted that substitution of 

OH-groups with N nucleophiles proceeds via a SN1 or SN2 type mechanism, in the 

presence of hard Lewis or Brönsted acids [268]. In this work, we show that 

N-alkylation process of alcohols involves intermediate formation of ethers, which 

could be a kinetic relevant step of the whole reaction. The high yield of secondary 

amine can be attributed to the easier C-O bond cleavage in the ether by amines based 

on effect of mild Brönsted acidity formed by adsorbed water over Lewis acid sites.  

6.2 Results and Discussion 

6.2.1 Catalysis over oxides and hydroxides 

The additive-free N-alkylation reaction of benzyl alcohol (1) with aniline (2) to 

give corresponding secondary amine N-phenylbenzylamine (3) has been used as a 

model reaction over different non-noble metal hydroxide, oxide and zeolite catalysts 

(Table 6.1). The product has been identified by GC-MS,
 1

H-NMR and 
13

C-NMR 

analysis (Figure 6.1, 6.2, 6.3). The blank test without catalyst did not show 

formation of desired amine (entry 1). The titanium hydroxide obtained by hydrolysis 

of titanium isopropoxide showed the highest catalytic activity and gave the desired 

secondary amine N-phenylbenzylamine (3) with the 99.6% yield (entry 2) without 

formation of secondary imine. Only traces of dibenzyl ether have been detected as 

byproduct. The product yield was slightly lower for the reaction performed without 

solvent due to easier formation of tertiary amine through condensation reaction 
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(entry 3). It is interesting to note that the reaction can be performed in aqueous phase 

(entry 5), however, organic solvents provide the highest yield of the product (entry 

4). The reaction in air atmosphere provides a bit lower yield than that under N2 

mainly due to the partial oxidation of benzyl alcohol to benzoic acid (entry 6). 

Hydroxides of Al and Zr prepared by hydrolysis of different types of alkoxides could 

afford the maximum yield of N-phenylbenzylamine of only 16.9% (entry 7-10). 

Additionally, different metal oxides were also tested for N-alkylation reaction. The 

yield was lower than 2% for TiO2, CeO2, ZrO2, MgO, SiO2 and Al2O3 (entry 11-16). 

The alkylation yield for commercial zeolite ZSM-5 was only 25% (entry 17). 

Table 6.1 Amine synthesis from benzyl alcohol and aniline over various non-noble 

metal oxides and hydroxides (benzyl alcohol (4.62 mmol), aniline (21.5 mmol), 

xylene 2 g, catalyst 0.1 g, reaction temperature 180 ◦C, 15 h, atmospheric N2) 

 

Entry Catalyst Yield of 3 (%) Entry Catalyst Yield of 3 (%) 

Hydroxides Oxides 

1 — 0 11 TiO2 1.4 

2 Ti-OH 99.6 12 MgO <1 

3 
a
Ti-OH 92.4 13 SiO2 <1 

4 
b
Ti-OH 99.2 14 Al2O3 <1 

5 
c
Ti-OH 97 15 CeO2 0 

6 
d
Ti-OH 89.8 16 ZrO2 <1 

7 
e
Al-OH 16.9 Zeolites 

8 
f
Al-OH 10 17 ZSM-5

 
25 

9 
g
Zr-OH 8.1    

10 
h
Zr-OH 12    

a
No solvent used; 

b
under solvent THF; 

c
under water; 

d
under air; 

e
hydrolysis from aluminium 

t-butoxide; 
f
hydrolysis from aluminium isopropoxide; 

g
hydrolysis from zirconium butoxide; 

h
hydrolysis from zirconium ethoxide. 
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Figure 6.1 GC-MS analysis of product 3, N-phenylbenzylamine. 

 

Figure 6.2 
1
H NMR spectrum of product 3, N-phenylbenzylamine. 
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Figure 6.3 
13

C NMR spectrum of product 3, N-phenylbenzylamine. 

Titanium hydroxide (TiOH-80) was the most active catalyst. The reaction 

temperature dependence of the secondary amine yield in the N-alkylation of benzyl 

alcohol with aniline on this catalyst was further investigated (Figure 6.4).  

 

Figure 6.4 Reaction temperature dependence on conversion for secondary amine 

formation from benzyl alcohol and aniline over titanium hydroxide. (Benzyl alcohol 

4.62 mmol, aniline 21.5 mmol, xylene 2 g, catalyst TiOH-80, 100 mg, 15 h, 

atmospheric N2.) 

Below 100 
o
C, there was nearly no activity in this reaction. The conversion 

gradually increases as the temperature increases from 100 to 180 
o
C reaching full 
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conversion. The apparent activation energy of the reaction corresponds to 66.4 

kJ/mol (Figure 6.5).  

 

Figure 6.5 The Arrhenius plot of secondary amine yield for N-alkylation from 

benzyl alcohol and aniline over titanium hydroxide TiOH-80 (a) and time 

dependence for N-alkylation with catalysts before and after dehydration (b). 

 

Figure 6.6 Time dependence on amine yield for N-alkylation from benzyl alcohol and 

aniline over titanium hydroxide. (Benzyl alcohol 4.62 mmol, aniline 21.5 mmol, 

xylene 2 g, catalyst 100 mg, 180 
o
C, atmospheric N2.) 

The time course of the secondary amine synthesis over titanium hydroxide 

(TiOH-80) at 180 
o
C was investigated (Figure 6.6). The reaction proceeded 

smoothly to afford the corresponding secondary amine with 99% yield in 15 h. 

Dibenzyl ether was observed at the initial stage and its yield slowly decreased with 

time, suggesting the dibenzyl ether could be an intermediate. The reaction seems to 
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proceed in two consecutive steps: 1) transformation of benzyl alcohol to dibenzyl 

ether and 2) secondary amine formation from dibenzyl ether with aniline. 

6.2.2 Characterizations of material 

To identify, whether the high performance of secondary amine synthesis comes 

from the suitable acidic sites formed from surface hydroxyl group of the catalyst, 

titanium hydroxide obtained by hydrolysis was calcined at different temperatures. The 

TGA analysis (Figure 6.7a) shows that titanium hydroxide exhibited weight loss in 

two main steps. The initial weight loss below 250 
o
C can be assigned to desorption of 

surface water. The weight loss between 250 
o
C and 450 

o
C could be due to the 

removal of surface hydroxyl groups through dehydroxylation process [269]. No 

obvious weight loss was detected for TiOH-400 sample. This indicates that high 

crystalline TiO2 phase was formed after calcination at 400 
o
C. The catalyst 

TiOH-80-AR after reaction showed similar weight loss compared to the fresh catalyst. 

This indicates similar content of hydroxyl groups and rehydration of the catalyst 

during reaction.  

 

Figure 6.7 Characterization of titanium hydroxide catalysts using TG analysis  

(a) and XRD (b) 

The state of the material during calcination at different temperatures has been 

studied by XRD. The parent sample and sample after calcination at 180 
o
C are 
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amorphous, the presence of anatase was detected after calcination at 400 
o
C [270]. 

XRD showed that the catalyst was still amorphous after reaction (Figure 6.7b). 

FTIR has provided further information about the concentration and acidity of 

surface hydroxyl groups in titanium hydroxide. As shown in Figure 6.8a, the 

titanium hydroxide without calcination exhibited a broad peak at 3600 cm
-1 

and a 

peak at 1626 cm
-1

 due to the stretching vibration of hydroxyl groups interacting with 

adsorbed water and bending vibration of hydroxyl groups of adsorbed water, 

respectively [271]. As the calcination temperature increased, the intensity of the peak 

at 1626 cm
-1

 decreased and finally disappeared at 400 
o
C with significant narrowing 

of the peak at 3600 cm
-1

. It indicates desorption of water and significant decrease in 

the amount of hydroxyl groups during dehydration of hydroxide and its 

transformation to anatase phase. 

 

Figure 6.8 FTIR spectra of titanium hydroxide catalysts (a) and Py adsorption over 

titanium hydroxide catalysts (b) 

To identify the acidic properties of the surface hydroxyl groups of the catalyst, 

FTIR spectra of pyridine adsorbed on titanium hydroxide calcined at different 

temperatures were recorded (Figure 6.8b). The interaction of pyridine with Lewis 

acid sites gives rise to the specific bending vibration bands of pyridine ring at 1448 

cm
-1

, 1575 cm
-1

 and 1605 cm
-1 

[224]. The peak located at 1540 cm
-1

 can be assigned 

to the interaction of pyridine with Brönsted acid sites. It can be observed that an 

increase in the calcination temperature of titanium hydroxide to 180 
o
C leads to 

decrease in the intensity of all the peaks related to Lewis acid sites and nearly 
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disappearance of Brönsted acid sites [269]. Further increase in the calcination 

temperature to 400 
o
C results in disappearance of all adsorbed pyridine species over 

the catalyst, which means nearly no acidic sites left on the catalyst. It is interesting to 

note that the process of dehydration is reversible and treatment of TiOH-180 in water 

leads to recovery of adsorbed pyridine species corresponding to Brönsted and Lewis 

acid sites (Figure 6.8b). However, rehydration process did not lead to acidity 

generation over the crystalline sample TiOH-400, which could be explained by high 

stability of anatase structure. Thus, defected labile nature of titanium hydroxide 

provides both Brönsted and Lewis acid sites, which disappear during dehydration 

procedure due to the process of healing of defected sites (Figure 6.9). Indeed, the 

formation of Brönsted and Lewis acid sites can be proposed as reaction of 

protonation of hydroxyl groups with subsequent dehydration. The easy rehydration 

process provide constant presence of both types of acid sites in the catalyst during 

reaction (Figure 6.9). 

 
Figure 6.9 Proposed process of dehydration and rehydration for titanium hydroxide 

To further identify the amount and strength of the acid sites, temperature 

programmed desorption of ammonia (NH3-TPD) has been measured as shown in 

Figure 6.10. The highest amount of acid sites is observed over pristine titanium 

hydroxide TiOH-80 with the broad desorption peak at 168 
o
C and narrow intensive 

peak at 312 
o
C corresponding to weak and intermediate acid sites, respectively [272]. 

Calcination of titanium hydroxide at 180 
o
C leads to nearly disappearance of 

intermediate acidity with the weak acidity peak shift to lower temperatures (100 
o
C). 

Combined with the results of Py-FTIR, it indicates that high temperature peak 

(intermediate acidity) can be assigned to desorption of pyridine from Brönsted acidic 

sites and low temperature peak (weak acidity) to desorption of pyridine from Lewis 
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acidic sites. The sample further calcined at 400 
o
C did not show any obvious NH3 

desorption.  

 

Figure 6.10 NH3-TPD profiles of different samples. 

The NH3-TPD results for titanium hydroxide were compared with those obtained 

for aluminum hydroxide and zeolites. Aluminum hydroxide also shows the presence 

of weak and intermediate acid sites. The broad desorption peaks at 220 
o
C and 420 

o
C for ZSM-5 can be respectively assigned to intermediate and strong acidities. The 

amount of acid sites for all the samples calculated through integration and calibration 

is listed in Table 6.2. 

Table 6.2 Acidity of the catalysts 

Catalyst 
Total acidity 

(mmol/g) 

Partial acidities (mmol/g)
a
 

Reaction rate 

(mmol/g·h) w i s 

TiOH-80 5.576 1.731 3.845 - 116.2 

TiOH-180 2.286 0.679 1.607 - 64.7 

TiOH-400 0.217 0.08 0.137 - 2 

TiOH-180-Re 4.026 1.314 2.712  106.1 

TiOH-400-Re 0.201 0.101 0.100 - 1 

Al-OH 6.487 1.786 4.701 - 19.4 

Al2O3 0.384 0.132 0.252 - 1.5 

ZSM-5 1.255 - 0.739 0.516 30 

a  w: weak (50-200 
o
C);  i: intermediate (200-400 

o
C);  s: strong (400-600

 o
C) 
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Figure 6.11 Comparison of the initial reaction rate for titanium hydroxide and 

calcined samples at different temperature (Benzyl alcohol 4.62 mmol, aniline 21.5 

mmol, xylene 2 g, catalyst 100 mg, 15 h, atmospheric N2). 

The samples pre-treated at different temperatures have been additionally tested in 

the N-alkylation reaction. The initial reaction rate for different samples is shown in 

Figure 6.11. The initial reaction rate for the sample TiOH-80 (Figure 6.5b, Figure 

6.11) was 12.8 mmol/g·h, which was nearly twice higher than that of dehydrated 

sample TiOH-180 (6.84 mmol/g·h). Calcination at 400 
o
C almost totally deactivates 

the TiOH catalyst in N-alkylation reaction. It means that anatase structure of TiO2 

without any significant amount of acid sites is not active in N-alkylation of benzyl 

alcohol with aniline. The catalytic test over commercial TiO2 catalyst further 

confirms this conclusion (Table 6.1). It is interesting to note that the sample calcined 

at 180 
o
C with low content of acid sites (Table 6.2) still provides significant activity 

in amination reaction. This result can be explained by rehydration of amorphous 

titanium oxide by water, which produces new acid sites for the reaction. Indeed, the 

structure of amorphous oxide is very labile and interaction of Lewis acid sites with 

water formed during reaction should result in regeneration of Brönsted acidity. 

Crystalline anatase TiO2 cannot be rehydrated to form acidity during reaction. This 

suggestion has been further proven by addition of extra water before amination test 
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with the dehydrated catalysts (Figure 6.11). The reaction rate (12.55 mmol/g·h) for 

amorphous titanium hydroxide (TiOH-180) was almost recovered to the initial state 

after addition of water. We could propose reversible process of dehydration and 

rehydration for titanium hydroxide during reaction, which provides permanent 

acidity for amination reaction [273,274] (Figure 6.9). 

Table 6.3 BET surface area of all samples 

Catalyst SBET (m
2
/g)

a
 Vtot (cm

3
/g)

b
 Dmeso (nm)

c
 

TiOH-80 279.15 0.58 7.85 

TiOH-180 165.03 0.32 7.58 

TiOH-400 114.43 0.23 7.32 

AlOH 332.19 0.84 5.37 

ZrOH 163.78 0.15 2.51 

TiO2 43.4 0.097 8 

MgO 10.8 0.03 9.3 

SiO2 333.3 0.7 8.8 

Al2O3 249.7 0.68 10.4 

CeO2 207 - - 

ZrO2 25 0.04 8.7 

ZSM-5 291.38 0.03 1.74 

a BET surface area measured by N2 adsorption-desorption; 

b Pore volume of pores; 

c Pore diameter in mesoporous region; 

To investigate the structure-performance correlation, BET analysis of all catalysts 

has been performed. There is no obvious relationship between reaction activity and 

surface area or pore structure of the catalysts (Table 6.3). Indeed, high surface area of 
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hydroxides AlOH and ZrOH or oxides Al2O3 and SiO2 does not provide high activity 

of these catalysts in amination.  

 

Figure 6.12 Relationship between reaction rate and intermediate acidity. 

Analysis of the structure-catalytic performance relationship shows good 

correlation between intermediate acidity measured by NH3 desorption in the range 

200-400 
o
C and reaction rate in amination over different catalysts (Figure 6.12). It is 

obvious that the reaction rate increases with increase in the intermediate acidity. 

However, high content of intermediate acid sites over Al-OH does not lead to high 

activity in amination. The possible explanation of this effect could be low rehydration 

of Al-OH at the reaction conditions. Dehydration of Al-OH at 180 
o
C leads to 

significantly lower activity in comparison with the parent catalyst Al-OH (Figure 

6.13). Rehydration of AlOH-180 does not show significant increase of the activity in 

comparison with the rehydration of TiOH-180. This fact could be explained by less 

labile structure of Al hydroxide in terms of reversible hydration-dehydration process. 

The activity recovery for the rehydrated sample TiOH-180 was mainly attributed to 

the continuous regeneration of intermediate Brönsted and Lewis acidic sites, (Figure 

6.9). The lower activity for ZSM-5 was partially because of quasi-irreversible 

adsorption of aniline on the zeolite strong acid sites under the reaction conditions. 

Consequently, we could assume that weak and strong acidities would not play a 

determining role in amination reaction. Titanium hydroxide with optimum 
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intermediate acidity and able to be rehydrated shows an exceptional catalytic 

performance for the N-alkylation reactions. 

 

Figure 6.13 Comparison of reaction rate for dehydrated and rehydrated  

aluminum hydroxide 

6.2.3 Proposed reaction mechanism 

 

Figure 6.14 (a) General hydrogen borrowing mechanism and (b) proposed non- 

metallic mechanism through ether formation. 
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Among various strategies for amines synthesis, amination of alcohols using a 

borrowing hydrogen methodology (or hydrogen auto-transfer process) has been 

regarded as a highly atom-efficiency choice [102,105,134]. In this approach (Figure 

6.14a) alcohol was first dehydrogenated to the corresponding aldehyde with 

assistance of noble metals like Ru, Pt, Pd, Ir [84,117,275,276]. Then the aldehyde was 

nucleophilically attacked by an amine to form secondary imine with the eliminating of 

water as the only byproduct. Finally, imine was hydrogenated to the desired 

secondary amine. During the whole process, additional hydrogen is usually added for 

inhibition of the catalyst deactivation and fast hydrogenation step to suppress 

secondary processes.  

 

Figure 6.15 (a) Products distribution under different amine/alcohol molar ratio. 

Condition: benzyl alcohol 4.62 mmol, aniline/benzyl alcohol molar ratio 0-9.28, 

xylene 2 g, catalyst 100 mg, 15 h, atmospheric N2. (b) Time dependence for amine 

formation directly from dibenzyl ether. Condition: dibenzyl ether 5 mmol, aniline 20 

mmol, xylene 2 g, catalyst 100 mg, atmospheric N2 (inset: reaction performed with 

different catalysts for 1 h). 

In our case, the non-metallic acidic heterogeneous catalyst such as titanium 

hydroxide without dehydrogenation/ hydrogenation functions was found to be very 

efficient for the direct N-alkylation of benzyl alcohol with aniline to give desired 

secondary amine. A possible reaction mechanism in this case can be based on SN2 

mechanism of direct nucleophilic attack of α-carbon atom by N of aniline 

[133,277,278]. The effect of the ratio of aniline to benzyl alcohol from 0 to 10 on the 

reaction selectivity is displayed in Figure 6.15. It is interesting and obvious to note 

the presence of dibenzyl ether, which might be produced by dehydration of benzyl 

alcohol. The intermolecular dehydration of benzyl alcohol catalyzed by acid sites of 

metal oxides like alumina has been observed earlier [279,280,281]. Surprisingly, in 
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the presence of larger amounts of aniline (amine to alcohol ratio >1), the dehydration 

of benzyl alcohol is completely suppressed. There are two possible explanations of 

this effect:  

1) acid sites of titanium hydroxide are responsible for dehydration of alcohol and 

amination of alcohol. The presence of excess of aniline suppresses the first 

reaction;  

2) ether is the primary product of the reaction. The ammonolysis of the ether by 

aniline proceeds much faster than that of the relevant alcohol.   

To provide experimental evidence for the second hypothesis, the catalytic 

reaction of dibenzyl ether with aniline over titanium hydroxide was investigated 

(Figure 6.15b). No product was formed without catalyst. TiOH-80 clearly catalyzed 

the ammonolysis reaction of dibenzyl ether with high initial reaction rate (80 

mmol/g·h), which was about 6 times higher than that of the whole N-alkylation 

reaction (12.8 mmol/g·h) (Figure 6.5b, Figure 6.10). It demonstrates that the 

ammonolysis of dibenzyl ether through C-O bond cleavage [62,63,282,283] to the 

desired secondary amine proceeds much faster than the relevant reaction of benzyl 

alcohol. This indicates that dehydration of alcohol could be the limiting step of the 

whole N-alkylation reaction (Figure 6.14). Water was the only byproduct during the 

whole reaction process. The product yield for the ammonolysis reaction dramatically 

decreased from 86 % to nearly 0 as the pretreatment temperature increased from 180 

to 400 
o
C (inset of Figure 6.15b). It indicates that the ammonolysis of dibenzyl ether 

requires acid sites as well, which is consistent with the previous report [95]. 

However, the reaction is less sensitive to amount of acid sites in comparison with 

dehydration of alcohol to ether. 

To investigate the alcohol dehydration process on the acid sites of titanium 

hydroxide, in-situ FTIR experiments were performed (Figure 6.16). Adsorption of 

benzyl alcohol leads to appearance of the bands at 1230, 1380, 1360, 1447, 1470 and 

1494 cm
-1

. The bands at 1447 and 1494 cm
-1

 can be assigned to the in-plane C-O-H 

bending modes [284]. The bands at 1230 and 1470 cm
−1

 are associated usually with 

methylene group. The bands at 1360 and 1380 cm
-1

 can be assigned to aromatic 

skeletal vibrations [285]. 
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Figure 6.16 In-situ FTIR spectra of titanium hydroxide exposed to benzyl alcohol 

vapor calcined under different temperature. 

 

Figure 6.17 FTIR spectra of titanium hydroxide (a) and Py adsorption (b) before 

reaction (TiOH-80), after reaction (TiOH-80-AR) and treatment in xylene 

(TiOH-80-AR-treated) 

As the temperature increased from room temperature to N-alkylation 

temperature, the additional bands appears at 1600 cm
-1

 and 1575 cm
-1

 (Figure 6.16) 

These bands can be assigned to bending vibrations of strongly adsorbed water over 

Lewis acid sites  and C=C stretching vibrations in benzyl ether [286]. This indicates 

dehydration of alcohol with formation of water and ether. 
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The FTIR spectrum of the catalyst after reaction and intensive washing in xylene 

shows the peaks at 1380 and 1360 cm
-1

 similar to FTIR spectra after benzyl alcohol 

adsorption (Figure 6.17). In order to verify if these species could be intermediates 

during catalytic reaction, the catalyst after reaction has been treated at the reaction 

conditions in pure xylene. The liquid phase after reaction contained 0.33 mmol (3.3 

mmol ether/gcat.) of dibenzyl ether which was the only product of the reaction 

(Figure 6.18).  

 

 

 

 

Figure 6.18 GC-MS analysis of the surface species of titanium hydroxide after 

washing in xylene. 
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The amount of the product corresponds well to the amount of acidic active sites 

determined by TPD of NH3 (Table 6.2). FTIR analysis shows that surface species 

have disappeared after reaction (Figure 6.17). In order to identify the localization of 

these species, Py has been adsorbed over the catalyst before and after treatment in 

solvent (Figure 6.17). It is interesting to note that the peak attributed to adsorption 

of Py over Lewis acid sites decreased significantly after reaction but has been totally 

recovered after treatment in xylene. The possible explanation of this effect could be 

formation of surface alkoxide species by interaction of alcohol with Lewis acid sites 

(Figure 6.17). The presence of intermediate surface alkoxides have been observed 

earlier over alumina [287]. FTIR analysis of low wavenumber region (Figure 6.17) 

of the catalyst after reaction (TiOH-80-AR) shows intensive bands at 1126, 1070 and 

1041 cm
-1

, which has been earlier assigned to vibration modes of Ti-O-C species in 

alkoxides [288]. 
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Figure 6.19 Kinetic analysis of (a) etherification, (b) ammonolysis, and (c) 

N-alkylation reactions. (Benzyl alcohol 4.62 mmol, aniline 21.5 mmol, xylene 2 g, 

catalyst 100 mg, 180 
o
C, N2.) 

The kinetic analysis of the reaction of benzyl alcohol dehydration to benzyl ether 

shows that it corresponds to the second order similar to the whole N-alkylation 

reaction (Figure 6.19).  

 

Figure 6.20 Scheme of the reaction mechanism of alcohol dehydration over TiOH. 

Based on the catalytic and characterization results discussed above, a possible 

reaction mechanism of ether formation on acidic titanium hydroxide as key 

intermediate for further ammonolysis to N-alkylation product was proposed in Figure 
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6.20. The alcohol reacts with Lewis acid sites over the TiOH catalyst with formation 

of surface alkoxides. Protonation of oxygen of alkoxide species by hydroxyl group 

with SN2 attack of α-carbon by oxygen of another alkoxide results in formation of 

ether and partial hydration of the catalyst. Subsequent dehydration leads to 

regeneration of the active sites. Thus, synergetic effect of mild Brönsted and Lewis 

acid sites over titanium hydroxide for activation of alcohol able to transform it to 

ether by dehydration is necessary. These properties make titanium hydroxide unique 

for this reaction. 

To investigate the stability and reusability of titanium hydroxide, the used 

catalyst was washed with ethanol and separated from the liquid phase by 

centrifugation for several cycles and dried at 80 
o
C for 10 h. As shown in Figure 

6.21, the titanium hydroxide could be used for at least three catalytic cycles without 

obvious change in reaction rate and amine yield, indicating good stability and 

recyclability for titanium hydroxide. 

 

Figure 6.21 Reusability test of N-alkylation of benzyl alcohol with aniline using titanium 

hydroxide. Reaction conditions: alcohols (4.62 mmol), amines (21.5 mmol), xylene 2 g, 

catalyst 100 mg, reaction temperature 180 
o
C, 15 h, atmospheric N2. 
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6.2.4 Substrate scope 

The scope of the present titanium hydroxide system with regard to alkylation of 

various amines and alcohols was also examined. Table 6.4 shows that the catalyst can 

be used for selective conversion with aniline of structurally diverse aromatic and 

biomass based alcohols to the secondary amines (entry 1-5). The o-methyl benzyl 

alcohol (entry 4) was less reactive, which could be due to the steric hindrance effect 

of the methyl group at the o-position [138]. Aniline derivatives bearing an 

electron-donating or electron-withdrawing group also reacted with benzyl alcohol to 

afford the corresponding secondary amines with the yields higher than 90 % (entry 

6-9).  

Table 6.4 Scope of alcohols and amines for amine synthesis
a 

 

Entry Alcohols  Amines Products Conv.% Selc.% 
Ethers 

(%) 

1 
     

99.4 100 0 

2 
     

99 100 0 

3 
      

97 98 0 

b
4 

            

90 91 2 

5 
          

100 98 0 

b
6 

            

99 95 0 
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7 
           

 

99 97 0 

8 
     

 

 

100 99 0 

9 
          

   
100 99 0 

c
10 

         
 

    
78 62 30 

c
11 

          
 

    

69 40 54 

d
12 

         
 

    
93 96 3 

d
13 

          
 

    

91 92 4 

e
14 

 

    

65 76 21 

e
15 

         

62 68 24 

e
16 

 

   
 

74 70 25 

f
17 

  

 

55 64 31 

f
18 

 

 

 

60 61 34 
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f
19 

 

 

 

67 66 29 

f
20 

 

 

 

64 71 26 

a
Reaction conditions: alcohols (4.62 mmol), amines (21.5 mmol), xylene 2 g, catalyst 100 mg, 

reaction temperature 180 
o
C, 15 h, atmospheric N2; 

b
24 h;

 c
48 h; 

d
48 h (alcohols 0.5 mmol, amines 

2.3 mmol, xylene 2 g, catalyst 200 mg); 
e
72 h; 

f
96 h. 

Aliphatic amines (butylamine and dibutylamine) can be also used for the 

synthesis of secondary and tertiary amines by reaction with benzyl alcohol, 

respectively (entry 10 and 11). However, the yield of the product in this case is lower 

than in the case of aromatic amines (<50 %) with significant contribution of ethers in 

the products due to the lower reactivity of aliphatic amine.  The reaction conditions 

have been modified: the time of the test, amount of the catalyst were increased, 

while the loading of reagents were decreased (entry 12 and 13). Higher yield of the 

products comparable to the aromatic amines (≈ 90%) was obtained. 

Titanium hydroxide provides high selectivity at reasonable conversions for the 

reaction of octanol, tetrahydrofurfuryl alcohol and isopropanol with aniline (entry 

14-16). There is still a significant contribution of ether but the yield of the target 

product can be easily improved by increase of the contact time as it has been 

demonstrated earlier (entry 12 and 13). 

Titanium hydroxide also provides reasonable yield of secondary aliphatic amine 

through N-alkylation of aliphatic alcohols (primary and secondary) with aliphatic 

amines (entry 17-20). The main difference in comparison with aromatic alcohols and 

amines is higher contribution of ether in the case of aliphatic amines and alcohols 

(Table 6.4). Note that variation of the product yields with time of aliphatic amine 

remains consistent with the hypothesis about the role of ether as an intermediate of 

alcohol ammonolysis. Indeed, N-alkylation of isopropanol with aniline demonstrate 

continuous increase of the yield of the product and a volcano curve for the 
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di-isopropyl ether as a function of time (Figure 6.22). Thus, unique structure of 

titanium hydroxide provides efficient amination of aromatic and aliphatic alcohols 

by aromatic and aliphatic amines toward secondary and tertiary amines. 

 

Figure 6.22 Reaction time dependence on secondary amine and ether yield for 

N-alkylation of isopropanol with aniline. 

6.3 Conclusion 

In summary, we have demonstrate that a non-noble metal solid titanium 

hydroxide acts as a stable, reusable and efficient heterogeneous catalyst for 

N-alkylation of amines with alcohols to secondary amines without hydrogen, bases 

or organic ligands promotion. The conversion and selectivity of titanium hydroxide 

were much higher than other hydroxides, metal oxides and zeolite due to the 

availability of mild intermediate Brönsted and Lewis acidities formed by 

rehydration-dehydration processes. The high yield for direct secondary amine 

synthesis can be attributed to the acidic catalytic intermolecular dehydration of 

alcohol to form corresponding ether followed by easier ether ammonolysis.   
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Chapter 7. General Conclusions and Perspectives 

Amines are very important platform molecules for the chemical industry and life 

sciences. Various ways of amine synthesis are discussed in the literature review. 

Amination of alcohols seems to be the most sustainable approach to amine synthesis. 

Different homogeneous and heterogeneous based catalysts have been applied for 

selective amination of alcohols. The most challenging thing for alcohols amination is 

the selective synthesis of primary amines. As amination of alcohols is a consecutive 

reaction, disproportionation of the produced primary amine will easily happen 

through its self-coupling reaction to produce secondary or tertiary amines, reducing 

the selectivity to primary amines. Also, the alcohol dehydrogenation to aldehyde is a 

rate limiting step in the amination; this step requires high temperatute to perform this 

reaction. Besides, metal leaching or poisoning problems often occur during liquid 

phase amination at high pH. Thus, in this thesis, several strategies in order to 

increase the selectivity to primary amines and to improve catalyst stability are 

evaluated. More specifically, we try to modify the supported cobalt catalyst by 

carbon deposition through different alcohol pretreatment procedures, addition of 

secondary metal and development of a highly stable heterogeneous based titanium 

hydroxide for selective amination of alcohols. 

This thesis was performed at “Unité de Catalyse et de Chimie du Solide” 

(UCCS), Lille, France, and Solvay‟s “Eco-Efficient Products and Processes 

Laboratory” (E2P2L), Shanghai, China.  

7.1 General Conclusion 

7.1.1 Modification of supported Co nanoparticles by poisons and promoters for 

selective amination of alcohols  

Intentional introduction of poisons or promoters could modify the catalyst 

structure, which will influence the amination reactions. In the conclusion of this 

thesis, we would like to summarize different approaches which were used to enhance 
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the activity, selectivity and stability of cobalt catalysts in amination of alcohols. 

(Figure 7.1) 

 

Figure 7.1 Modification of cobalt catalyst for selective amination of alcohols 

1. Pre-treatment of cobalt catalysts with alcohols leads to a decrease in the rate 

of alcohol amination with ammonia, but coincides with considerable enhancement of 

the selectivity to primary amines. The enhancement of primary amine selectivity is 

particularly pronounced at higher alcohol conversions. Extensive characterizations 

have provided important information about the carbon species, which form, on the 

catalyst during their pre-treatment with alcohols. During the pre-treatment, alcohols 

are dehydrogenated over cobalt nanoparticles to aldehydes, which then polymerize 

via the aldol type condensation into unsaturated long chain hydrocarbon species. The 

increase in the selectivity to primary amines occurs because of slowing down 

primary amine self-coupling and in particular because of hindering of secondary 

imine hydrogenation. The effect is attributed to the steric constrains for 

hydrogenation of bulky secondary imines occurring over isolated cobalt domains in 

the cobalt nanoparticles with deposited carbon species. The polymeric carbon 

species deposed on the catalyst surface by the pretreatment with alcohols can be 

removed via catalyst exposure to hydrogen at high temperatures. 

2. The pretreatment of cobalt and nickel catalysts with 1-octanol followed by 
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calcination results in another important phenomenon. When we tried to remove the 

surface carbons (formed through pretreatment of long chain alcohol 1-octanol) by 

calcination, highly dispersed and smaller cobalt and nickel nanoparticles was formed. 

The resulting catalysts exhibited enhanced activity of amination, hydrogenation and 

oxidation reactions. 

3. In this thesis, we developed a novel bimetallic CoxBi/Al2O3 catalyst, which 

showed high activity, selectivity and stability for liquid phase amination of 1-octanol 

with ammonia. Different characterizations have provided detailed information about 

the chemical state and localization of metallic Bi on the surface of Co. After Bi 

promotion, the amination activity significantly increases. The Bi promotion 

facilitates alcohol hydrogenation, which is the rate limiting step in amination. The 

increase in the selectivity to 1-octylamine occurs after the Bi addition because of 

slowing down of 1-octylamine self-coupling caused by hindering of bulky secondary 

imine hydrogenation over isolated Co domains in Co nanoparticles with metallic Bi. 

Furthermore, the high stability of Bi promoted Co catalyst is attributed to less 

significant carbon deposition and protection of metallic Co from the re-oxidation to 

Co oxides,  

7.1.2 Design of non-metal hydroxide for N-alkylation of alcohols with amines 

We have demonstrate that a non-metal solid titanium hydroxide acts as a stable, 

reusable and efficient heterogeneous catalyst for selective N-alkylation of amines 

with alcohols to give desired secondary amines without hydrogen, bases or organic 

ligands. The conversion and selectivity for titanium hydroxide were much higher 

than other hydroxides, metal oxides and zeolites due to mild intermediate Brönsted 

acidity formed by rehydration process of condensed structure. The high yield for 

direct secondary amine synthesis can be attributed to the acidic catalytic 

intermolecular dehydration of alcohol to form corresponding ether followed by 

easier ether ammonolysis. 



150 
 

7.2 Perspectives 

Controlling the primary amine selectivity by modifying the catalyst through 

alcohol pretreatment is a very useful way for selective amination of alcohol. Inspired 

by this strategy, in the future research, several work can be done in terms of catalyst 

modification or process optimizing: 

(1) Our result suggest that selective synthesis of primary amines is a sterically 

constraint reaction and requires small surface zone (domain) over cobalt 

nanoparticles. Selective poisoning of the metal catalyst surface by some 

gases, like CO, H2S and SO2 could improve the primary amine selectivity 

through creation of these small surface zones .  

(2) The addition of an ammonium salt (NH4Cl, CH3COONH4, etc.) can also 

lead to improved yield of primary amines by protonating the primary amine 

to yield less nucleophilic alkylammonium ion. 

(3) For future industrial application, it is promising to separate the produced 

primary amine immediately during reaction to improve the selectivity. 

(4) Facilitate the alcohol dehydrogenation by addition of hydrogen scavenges to 

facilitate the whole amination process under low temperature.  

(5) The uncovered method of redispersion of cobalt in supported catalysts by 

consecutive pretreatment with alcohols and calcination can be extended to 

other metal catalysts and can be used for enhancement of catalytic 

performance in numerous catalytic reactions.  

All in all, with the fast development of material science, more techniques can be 

elaborated to design more selective catalysts or explore new processes to enhance 

the primary amine selectivity in the alcohol amination.  
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