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RESUME

Les amines sont des composés utilisés dans de nombreux secteurs de I’industrie
chimique et dont, au vu d’études récentes, la demande devrait augmenter dans les années a
venir. A cet égard, le développement de technologies efficaces et écologiquement
responsables pour leur production est nécessaire pour notre société. La transformation des
alcools en amines via le mécanisme «d’emprunt d’hydrogene» (borrowing hydrogen)

apparait comme une voie performante et durable.

Ce travail se concentre sur le développement de nouvelles formulations de catalyseurs
hétérogenes permettant de synthétiser de manicre sélective des amines primaires a partir
d'alcools et d'ammoniac. Deux formulations bimétalliques supportées sur alumine ont été
développées a partir d’une stratégie séquentielle de criblage intensif et d’optimisation des
catalyseurs. Ces formulations montrent d’excellentes activité et sélectivité vers 1’amine

primaire ciblée: la n-octylamine.

Finalement, un modele cinétique a ét€ développé sur la base des données
expérimentales collectées. Il permet de bien rendre compte de 1I’ensemble complexe de

réactions en cascade du mécanisme.
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ABSTRACT

Amines are important building blocks for many fields of the chemical industry and,
according to recent studies, their demand is foreseen to increase over the following years.
In this regard, the development of efficient and ecologically responsible technologies for
their production is necessary for our society. The transformation of alcohols into amines
via the so-called borrowing hydrogen mechanism stands out as an efficient and ecological

route.

This work centers its efforts on the development of novel heterogeneous formulations
for the selective synthesis of amines from alcohols and ammonia via a sequential screening
and optimization of monometallic and bimetallic supported catalysts. Two bimetallic
formulations supported on alumina have been developed showing excellent activity and

selectivity towards the targeted primary amine: the n-octylamine.

Finally, a kinetic model has been developed on the basis of the experimental data
collected. It correctly predicts the reaction rates of the complex ensemble of cascade

reactions of the mechanism.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

Table of Contents

Chapter 1 General Introduction and Bibliographic Study ........... 1
1.1 Amines: Generalities and Market ...........cc.coooiiniiiiiiniiiiiceee 3
1.1.1 Industrial Context: A Brief Introduction...........ccccceeveenieeiiinicnnicniieeneene 3
1.2 Synthesis of (AIKY]) AMINES ......cccoveerriieeriieeiieeeieeeee e eeveeesaee e 5
1.2.1 Halide Amination ProCess. .........coviiriiriiiiniiiiienieeieenieeeeste e 5
1.2.2 Olefin Amination Process (Hydroamination) ............ccceceeerveeenveeenneeennnen. 6
1.2.3 Nitrile Hydrogenation Process...........cceovieeriiiiniiiiniiieeiiecieeciee e 7
1.2.4 Carbonyl Reductive Amination Process .........ccccceeevuieeniieiniiennieenieenee. 8
1.2.5 Direct Alcohol Amination Process ..........ccocceeveeviirieeniennienieiecnieeeene 9
1.3 Kinetic Modelling for the Amination of AIcohols ........c.ccceceeviiiiiinicnniens 19
1.4 CONCIUSION ...ttt sttt enee e 26
1.5 NOMENCIALUIE......coouiiriiieiieiieeeerte ettt ettt 27
1.6 REFEIENCES. ...uviiiiiiiieieceee ettt s 28
Chapter 2 Materials and Methods ...........coeeicccricccnnccsnncscnrcscancsnnes 39
2.1 MALEIIALS .ottt 41
2.2 Synthesis of Heterogeneous CatalystS.........ccccveeriiveeriieeeniieeenieeerieeevee e 42
2.2.1 Synthesis of bimetallic supported catalysts .........ccccueeeerveerciieenrieerreeennee. 42
2.3 Characterization Methods..........cccueeiiiiiiiiiiniiiieceeeeeeeee e 43
2.3.1 Elemental Analysis (ICP-0OES) .....ccccceoiiiiiiiiiiiieeeeeeeeeee e 43
2.3.2 Specific Surface Area Measurement (BET-BJH) ........cccccccvvvviiinnnnnnen. 44
2.3.3 X-Ray Powder Diffraction (XRD)........cccceeiiieiiiieiiiieiieeeiieeiee e 44
2.3.4 Scanning Transmission Electron Microscopy —EELS/EDS .................... 44
2.3.5 Temperature Programmed Reduction (H>—=TPR).......ccccceeevvieriiennnnnnne. 44
2.3.6 Temperature Programmed Pulse Oxidation (O2 Pulse-TPO).................. 45
2.4 CatalYtiC TESES ..veeeeurieiitieeiiie et eitee ettt e et ettt ettt e et e et esbteesanees 46
2.4.1 Three Parallel Fixed Bed Reactor - MPRS-3TC.........ccccoooiiiiiienniinnnnen. 46
2.4.2 High Pressure Fixed Bed Reactor - TERCH...........ccoociiiiiiiiiiiinniinnnnn. 48

© 2017 Tous droits réservés. lilliad.univ-lille.fr



© 2017 Tous droits réservés.

Thése de Javier Ibafiez Abad, Lille 1, 2017

2.4.3 High-Throughput Experiments — Flowrence® Unit.......c..cccccevcverueennen. 49
2.5 Kinetic MOAEING .....ccuviiiiiiiiiiiiiiieiee ettt 52
2.5.1 Fixed Bed FIow Model ......c..ccooiiiiiiiiiiiiiiiniecieeeeceeneeeee e 52
2.5.2 Mathematical description of the reactor hydrodynamics........................ 54
2.5.3 Least Squares - Kinetic FItting .........cccoceeiiiiiniiiiiieiniieeieeeeee e 55
2.5.4 Quality of the Fittings — Statistical Analysis .........ccccevvueeeriiieiniiennieennnne. 56
2.6 NOMENCIAUTE. ....cutiiiiiiiiiiieeteei ettt ettt et e 59
2.7 REEIENCES ..ot 60

Chapter 3 Cobalt-based Bimetallic Catalysts for the Direct

Amination of 7-0ctanol ............ccoueieceeccniciinrescnnissnnenens 61

3.1 Back@round........coceooiiiiiiiiiiiiiie e 63
3.2 Effect of the nature of the dopant...........cccooviiiriiiiniiiiniiiiceeeee 64
3.3 Effect of the Impregnation Sequence for Ru- and Ag-doped 5%Co/Al>O3 .66
3.3.1  Catalytic ACHIVILY coovvieiiiieeiieeeiiee ettt ettt ettt 66
3.3.2 Cobalt RedUCIDILILY ...coouviiiiiiiiiiiiiiieeeiiceeccte e 67
3.4  Optimization of the Dopant Loading............ccceeviieeviieeiiieniieeciee e 71
3.4.1  CatalyticC ACHIVILY veeeeuvieeiiiieeiiieeiieeeiteeeieeeeieeesaeeesreeeseaeeeereeeeaeeeeneeennnes 71
3.4.2 X-Ray DIffraction .........cccceocuieiiiiieiieeeieeciee et 77
3.4.3 STEM/EDS-SDD ......ooiiiiiiiiiieieeeetee ettt 77
3.5  Effect of the H; pressure at variable NHs-to-alcohol ratios ............c.cc........ 78
3.6 Optimization of Process Conditions ..........ccceerverrieerieeneeniennieenieeieeseeene 79
3.6.1  CONCIUSIONS....ccuuiiiiiiiiiiie ettt sttt et e 82
3.7 REEIENCES ..ot 84
Chapter 4 Kinetic modeling of n-octanol amination............cceee.. 87
4.1 Back@round.........cooueiiiiiiiiiiiiee e e 89
4.2 Reaction NEetWOTK ........coouiiiiiiiiiiiiiiiieeeeeeeec et 89
4.3 Experimental trendS........coccueeiiiiiiiiiiiiiieeiieeeee e 89
4.4  Development of kKinetic models...........cccoevveeiiiiiniiiiniiieiiieciccece e 92
4.4.1 Rationalization of the experimental trends ...........ccccceeeviieiniieiniieennieenns 92

lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

4.4.2 Hypotheses and apProXimations ...........ccveerrueeeriieeeriiieeniieeenieesseeesieeenans 95
4.4.3 Formulation of KiN€tiC €XPreSSIONS .......ccuveerrureeriiieeriieeniieerireeesieeesieeenans 97
4.5 KiINEtic FIHNE .couviiiiiieiiiieeieeeitee ettt st 101
4.5.1 Discrimination of the different deactivation mechanisms..................... 101
4.5.2 Kinetic Model OptimiZation ..........coccueeerieeeriiieeniieenieeeniee e eree e 105
4.5.3 Validation of experimental trends for model M.V_B ............cccccoeie. 109
4.5.4 Mapping of Process CONditions ..........ceeeveeerieeeriiieeniieeeniieeneieesiee e 112
4.6 CONCIUSIONS ...eiuiiiiiiiiiieiieeit ettt ettt et e e s e 114
477 NOMENCIALUTE......ceouiiiiiiiiiiiieeieet ettt 116
4.8 RETEIENCES. ..c.ueiiiiiiiieiiieeeee ettt et et 117
Chapter 5 General conclusions and perspectives .......cccceeeeeeccees 119
5.1 General CONCIUSIONS ....c.uiiuiiiiiiiienieeieeste ettt 121
5.2 PEISPECHIVES .eeeeutiieiiiieeeiiieeeieeeetee ettt e etteeeiteeetaeeetaeesstaeessseeenssaeensseeenneennns 122
ATNEXES cecvcrcccnecssncsssncssssessssesssssssssssssssossssessssessssesssssssssssssssesssses 125
Annex I.  Summary of the screening of mono-metallic catalysts................... 127
L1, INErOdUCHION.....cooiiiiiiiiieiecteeece e e 127
[.2. Materials and Methods........c..coceeriiiiiiniiniiiiiciecneceeeeecse e 127
L3, RESULES ettt 127
Annex II.  Kinetic experiments and table of results..........c.cccocveviiiiicnienneen. 134
Annex III. Validation of the proposed hydrodynamic model........................... 142
Annex IV. Development of the KinetiC eXpressions ..........oocveeeveerverneenveenueene 146
Annex V. Matlab code for the kinetic optimization of model M.V_B ........... 150
References of the anneXes .........cocueeiiiiiiiiiiiiiiiieceeee e 159

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

Chapter 1

General Introduction and Bibliographic
Study
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1.1 Amines: Generalities and Market

Amines are organic compounds derived from ammonia where one or more of the
hydrogen atoms has been replaced by an alkyl or aryl group. Depending on the number of
organic substituents amines can be classified as primary, secondary and tertiary [1,2].

1.1.1 Industrial Context: A Brief Introduction

During the first decade of the 20" century the German chemists Fritz Haber and Carl
Bosch developed a process that can efficiently transform atmospheric nitrogen into
ammonia by reaction with hydrogen. In 1913, the Haber-Bosch process was implemented
by the chemical company BASF and, ever since then, ammonia has been readily available
at large scale, exceeding an annual production of a 100 million metric tons, thus consuming
over 1% of the world energy resources [3,4]. At present, virtually all the manufactured
amines are issued directly or indirectly from ammonia, representing a total amine
production of about 6 to 7 million metric tons per year [5,6].

Amines are commodity chemicals with a wide variety of applications, serving as
building blocks in the manufacture of agrochemicals, surfactants, polymers, water
treatment chemicals, pharmaceuticals, solvents and dyes (Figure 1-1). In particular,
alkylamines and their derivatives have been extensively used in a broad range of
applications, including fabric softening or other antistatic uses [7—10], shampoos and hair
conditioners [11,12], cleaners and detergents including hard surface cleaners [13],
corrosion inhibitors [14], and agricultural surfactants [15,16]. For example, fatty amine
ethoxylates are nonionic surfactants used as wetting and dispersing agents, stabilizers,
sanitizers and defoaming agents in various industries like textile, paper, drilling and
chemical paints [17]. Cationic derivatives issued from fatty amines have a marked degree
of substantivity (adhesion) for solid surfaces (e.g., wool, leather, cotton, plastics, dye
pigments, metals) allowing the formation of firm cationic films with tunable properties for
a broad range of applications [10]. It is forecasted that the global demand of amines will
increase in the following years, especially driven by the Chinese and other Asian markets.
Overall, the demand for amines is foreseen to increase at an annual growth rate of 4 to 8%
during the next decade [6,18-20].

Even though the amine industry has reached a position of maturity, it still faces
numerous challenges, especially regarding the synthesis of primary alkylamines. The
existing processes often lack of selectivity, producing an equilibrium mixture of amines
[21], and/or encompass hazardous reagents and byproducts [22,23]. Both industry and
academia have tried to tackle this issue, as testified by the increasing number of patents and
scientific papers in this topic during the last decade. In Figure 1-2 (a) we can observe how
the main body of granted patents in the period 2007-2016 has mainly focused on
hydrogenation of nitriles and direct amination of alcohols, while the scientific community
- Figure 1-2 (b) - has concentrated its interest mostly on the direct amination of alcohols as
aroute towards the synthesis of primary amines, with more than 300 scientific publications
published in peer-reviewed journals related to the topic along this period.

p.-3
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Figure 1-1 Global market for amines, 2015 (6.1 million tons in total) (Data replotted from The Freedonia
Group Study) [24].
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Figure 1-2 (a) Number of patents granted from 2007 to 2016 regarding different amination routes.
(b) Number of publications by year and amination route (2007-2016).

Below we summarize the different processes for amine manufacture, with a special
focus on the synthesis of primary alkylamines via heterogeneously catalyzed processes,
which are of greater relevance for large-scale production. In the forthcoming chapters, the
reader will find a compilation of the most recent advances on heterogeneous catalysts for
the direct amination of alcohols as an efficient and sustainable route towards the synthesis
of primary amines.

p-4
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1.2 Synthesis of (Alkyl) Amines

Various reactions and processes are well known for the synthesis of amines, most of
them for more than a century. As early as 1849, the French chemist Charles-Adolphe Wurtz
already reported the synthesis of methyl and ethylamine by the hydrolysis of the
corresponding alkyl isocyanate [5,25]. In 1901, the alkylation of aniline with sodium
alkoxides was described by John Ulrich Nef [26]. Further on, Sabatier and Mailhe [27]
reported in 1909 the synthesis of amines by contacting alcohols and ammonia at high
temperatures (250-350 °C) in the presence of an acid thoria catalyst. This reaction is
interesting due to the availability of inexpensive alcohols derived from processes such as
hydroformylation/reduction of olefins, hydration of olefins, fermentation of sugars, or
directly produced from syngas. Moreover, the reaction is atom efficient, does not involve
hazardous compounds and generates water as sole byproduct [28,29]. Since these earlier
discoveries, many processes have been implemented for the synthesis of alkylamines via
the vapor-phase amination of alcohols with ammonia [30-32]. All these processes rely on
the direct amination of alcohols operating at high temperatures and pressures.

At present, the industrial production of amines is achieved through several different
processes involving different feedstocks, catalysts and reaction conditions. In sections 1.2.1
to 1.2.5, we discuss the most relevant processes for the manufacture of amines, as well as
their main advantages and drawbacks.

1.2.1 Halide Amination Process

The reaction between ammonia and halocarbon compounds is one of the oldest
known technologies for manufacturing amines [33,34]. The reaction occurs through a two-
step mechanism: first the nitrogen atom from ammonia attacks the electrophilic carbon
atom of the alkyl halide, creating a new carbon-nitrogen bond and displacing the halogen.
The positively charged nitrogen (ammonium) will be deprotonated by either the excess
ammonia, or by an externally added base, thus producing the primary amine and the
corresponding salt (see Reaction 1-1).

Na-OH . .
X—R1 +: ——» R1— + Na—X <4H,0
X = Halogen Reaction 1-1
R1= Alkyl

The produced primary amine, being a stronger nucleophile than ammonia, will readily react
with the alkyl halide following Reaction 1-2, producing a mixture of primary, secondary,
tertiary amines and quaternary ammonium salt, making it difficult to control the reaction
selectivity.

p-5
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- X —R1 X—Rf1 | X—Ri1
R1— _— i —— ——»  R1—N—RI

R1 R1 AN Reaction 1-2
R1=Alkyl R1 R1 I

X = Halogen

The reaction occurs under mild conditions in the absence of catalyst for alkyl and activated
aryl halides with strong electron withdrawing groups. For the amination of non-activated
aryl halides, the reactions can be assisted by an homogeneous palladium catalyst following
the Buchwald-Hartwig reaction [35].

Although this route represents a standard synthesis method at laboratory scale, the
amination of haloalkanes is not the preferred process for the industrial production of amines.
The difficulty to control the reaction selectivity, the higher price of the starting materials
and the disposal of stoichiometrically generated salts limit the economic feasibility of the
process at a large production scale [10,36].

Despite the above stated shortcomings, this route is still relevant for the manufacture
of allylamines, where other routes typically result in the hydrogenation of the double bond
or promote undesired side reactions (e.g., polymerization, cyclization) [37,38]. In 2012,
Kalpataru et al. [39] demonstrated the direct catalytic amination of allylic alcohols using a
Pt/DPEphos homogeneous catalyst attaining yields above 70% towards several amines,
proving the viability of a more eco-efficient selective synthesis of primary allylamines.

1.2.2 Olefin Amination Process (Hydroamination)

Hydroamination refers to the addition of a new C-N bond across an unsaturated C-C
bond. This route is inherently atom efficient and green, affording the transformation of
inexpensive and readily available alkenes and alkynes into amines [40].

The inclusion of the amine group is slightly exothermic and has negative entropy,
being thermodynamically favored at low temperatures and high pressures. Nonetheless, the
reaction presents a high energy barrier for activation, especially in the case of alkenes,
making it necessary the use of catalysts affording energetically-favored reaction pathways
[41]. The catalyst choice will determine the reaction route and the reaction products,
favoring Markovnikov or anti-Markonikov addition [42]. In practice, hydroamination
reactions are typically conducted at high temperature (200-350 °C) to overcome the energy
barrier, but it is limited thermodynamically by equilibrium to low conversions (typically
2%-10%). The use of pressures as high as 300 bar are necessary to shift the equilibrium
and limit the formation of side products such as nitriles [19].

p.-6
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Over the past 15 years, the interest in hydroamination reactions has experienced a
dramatic increase, as evidenced by the volume of published work in this field, especially
in the development of homogeneous catalysts. Despite these efforts, the development of
heterogeneous catalysts, of greater interest for industrial manufacture, is still limited [41].
Some examples of heterogeneous catalysts for hydroamination reactions can be found in
the open literature relying on the use of immobilized homogeneous catalysts. The study
reported by Jimenez et al. [43] on the immobilization of organometallic Pd complexes
constitutes an illustrative example.

Despite the progress in the field, the thermodynamic and kinetic limitations make
often hydroamination reactions non-economically feasible for a large-scale manufacture of
amines. To the best of our knowledge, the only commercial amine produced by this route
is tert-butylamine (see Reaction 1-3), being produced by BASF [44].

HsC CHg
Pentasil Zeolite
>: CH, + # HaC Reaction 1-3
2502C - 3502C
H5C 200 bar - 300 bar CHj

1.2.3 Nitrile Hydrogenation Process

The transformation of nitriles into alkylamines can be achieved by reduction over a
hydrogenation catalyst, typically based on Ni, Pt, Pd or Rh (see Reaction 1-4). The reaction
occurs via the formation of an imine or enamine intermediate that can further react to form
secondary and tertiary amines [40,45].

lary: Ni, Co+ NH, R1

2ary-3ary: Pt, Pd, Rh . (
— . N R . .
RI—=—1' + H, == "+ o 0 N+ o o Reaction 1-4
509C- 1509C ~N NS

5 bar - 150 bar

The selectivity of the reaction can be controlled by the catalyst choice and the process
conditions. On the one hand, primary amines can be obtained using Ni or Co-based catalysts
together with the presence of ammonia [46]. On the other hand, Pt, Pd and Rh catalysts are
preferred for the synthesis of secondary and tertiary amines [19,45]. Extensive research has
also been addressed to the use of additives for tuning the acidity of the catalysts. For
instance, Verhaak et al. [47] modified a Ni catalyst supported over alumina with sodium
and potassium, achieving excellent selectivity to primary amines. Likewise, Air Products
and Chemicals patented a lithium hydroxide treated Raney Co catalyst exhibiting over 95%
selectivity to primary amines [48].

A commercial example of the above stated process encompasses the industrial
production of hexamethylenediamine (HMDA) from adiponitrile, which is used for the
production of Nylon 6,6 via condensation with adipic acid. Typically, adiponitrile is
obtained from the hydrocyanation of butadiene (derived from oil feedstocks) over a Ni
catalyst, exploiting the technology originally developed by Drinkard (DuPont, 1970) [49].
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1.2.4 Carbonyl Reductive Amination Process

The amination of carbonyl compounds occurs over hydrogenation catalysts (e.g.,
based on Ni, Co, Ru, copper chromite, Pt or Pd) via the formation of an imine or enamine
intermediate depending on whether ammonia or an amine is used, which undergoes metal-
catalyzed hydrogenation to form an amine. The reaction is conducted at moderate
temperature and moderate-to-high pressure, according to Reaction 1-5 [19,40].

lary: Mi, Co, Ru

R1 2ary and 3ary: Pd, Pt R1\ .
>:c + + H S {CH_ + H.0 Reaction 1-5
R 502C - 1802C R

3 - 30 bar

The reaction selectivity depends strongly on the carbonyl substrate and can be
controlled to a certain extent by selecting the reaction conditions and the catalytic
formulation. An ammonia excess, high hydrogen pressure and Ru, Co or Ni-based catalysts
are often used for the synthesis of primary amines, whereas lower ammonia-to-substrate
ratios and noble metal catalysts are preferred for the synthesis of secondary and tertiary
amines [40].

The selective synthesis of primary amines via reductive amination with ammonia
was first reported by Beller et al. in 2002 [50]. The reaction is assisted by a homogeneous
Rh catalyst at 135 °C, 65 bar of hydrogen pressure and 8:1 ammonia-to-substrate molar
ratio. Good-to-excellent yields towards several benzylamines were obtained (up to 86% for
aniline), but the synthesis of primary aliphatic amines proved to be more challenging. More
recently, other groups have reported the homogeneously-catalyzed selective synthesis of
primary amines by substituting hydrogen with other reducing agents such as sodium
borohydride [51], ammonium formate [52], or silanes [53]. For instance, Miriyala et al. [51]
achieved good-to-excellent yields (>80-90%) for a diversity of primary amines starting
from ketones using titanium(IV) isopropoxide as catalyst and sodium borohydride as
reducing agent.

Regarding the use of heterogeneous catalysts, an excellent study was reported by
Miiller et al. [54] on the reductive amination of butyraldehyde with ammonia over noble
metal catalysts (Ru, Rh, Pd and Pt). The authors suggested a competitive mechanism
between hydrogenolysis and hydrogenation reactions controlling the product selectivity
(Figure 1-3). Metals such as Ru or Rh appear to promote the synthesis of primary amines,
whereas Pd or Pt favor the formation of secondary amines.

The reductive amination of aldehydes and ketones is used at industrial scale in
preference to alcohol amination whenever the carbonyl compound is cheaper than the
corresponding alcohol (e.g., acetone and lower aldehydes manufactured by
hydroformylation) [40]. However, the difficulty to control the product distribution and the
extension of side reactions of the reactive carbonyl group (e.g., hydrogenation to alcohol,
aldol condensation) constitute the main challenges. Moreover, the need of exogenous
hydrogen makes the reaction less attractive from an atom economy standpoint.
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Figure 1-3 Proposed reaction pathway for the reductive amination of butyraldehyde (Adapted from ref.
[54]).

1.2.5 Direct Alcohol Amination Process

Alcohols react with ammonia or amines in the presence of a catalyst according to
Reaction 1-6, producing the corresponding amine compound and water as the only by-
product [28]

R1 R3 (a) Ni, Co,Ru, Cu, Pd, Pt... R1 R3
\ (b) Zeolites, Acidic Oxides \ / i
—5 4 > CH—1: + HO. .
CH OH + ~ 2~ Reaction 1-6
/ / \ Rx =H/ Alkyl / Aryl
(a) 1302C - 2502C // 1bar - 150bar
R2 R4 (b) 3502C - 4502C // 10bar - 35har R2 R4

Two main classes of catalyst are used for the direct amination of alcohols, namely
metal catalysts and acid metal oxides. While the activity of metal-based catalysts resides in
their ability to dehydrogenate the alcohol to a more reactive carbonyl compound, metal
oxides typically proceed by acid-catalyzed dehydration via nucleophilic substitution
pathways [40]. Higher temperatures (350-450 °C) and pressures (10-35 bar) are usually
required for the dehydration route [55-57], while the metal catalyzed amination typically
is conducted at temperatures in the range 130-250 °C [10,20]. As in the case of alkyl halide
amination and reductive amination of carbonyl compounds (see sections 1.2.1 and 1.2.4),
the main challenge is to avoid overalkylation of the substrate with the produced amines.

The product distribution (either kinetically or thermodynamically controlled)
depends on the nature of the substrate, the catalyst type and the process conditions. On the
one hand, alcohol dehydration and self-condensation are the main competing reactions over
acid metal oxides, yielding alkenes and ethers. On the other hand, dehydrogenation of the
amine to the corresponding nitrile is promoted over metal catalysts, as it is a
thermodynamically-driven reaction. The formation of nitrile can be avoided by decreasing
the temperature, increasing the total pressure and/or increasing the hydrogen partial
pressure in the system.

p-9

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

An example of acid-catalyzed dehydration of alcohols at industrial level can be found
in the synthesis of methylamines from methanol via the so called Leonard process [21,58].
Typically, methanol and ammonia are contacted at temperatures about 400-420 °C over an
amorphous silica-alumina catalyst, producing an equilibrium mixture of monomethyl,
dimethyl and trimethylamine. The different amines are further separated by sequential
distillation and recycled according to market requirements. The equilibrium mixture of
amines is unlikely to match the market demand, which is usually higher for dimethylamine.
In this view, many efforts have been made aiming at developing more selective catalysts
yielding a non-equilibrated amine mixture, both by tuning the acido-basicity of the catalyst
[31,59] and by developing shape-selective materials [30,56,57,60,61]. In the case of longer
(fatty) alkylamines, the economic feasibility of the process is compromised due to the

excessive loss of alcohol attributed to competing reactions, yielding alkenes and/or ethers
[62,63].

As an alternative to nucleophilic substitution, the H, borrowing or H» auto-transfer
mechanism can be used for preparing amines from alcohols [64—69]. This mechanism relies
on three steps (Figure 1-4):

(i) The alcohol is dehydrogenated, forming a more reactive carbonyl compound;

(1) The carbonyl compound undergoes nucleophilic addition with the ammonia or
amine molecule, yielding an imine or enamine intermediate with concomitant C-o
cleavage by either dehydration of hydrogenolysis;

(iii)) The intermediate imine or enamine is reduced to the corresponding amine, returning
the borrowed hydrogen.

In this mechanism, H» is temporally borrowed by the action of a catalyst. Unlike reductive
amination, no external H> supply is in principle required. Furthermore, parasite reactions
such as aldol condensation over the carbonyl groups can be avoided. Furthermore, the
metal-activated reaction occurs at milder temperatures (130-250 °C) compared to the acid-
catalyzed route, avoiding the undesired side reactions and affording excellent selectivity to
amines.

OH

P PN
N

Dehydrogenation Hydrogenation

R1 R2

v MH
o

/J\R2 )J\RZ

HO0 R1

R1

Figure 1-4 Borrowing Hydrogen Mechanism.
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Light alkylamines (C2-Cs) and fatty amines are preferentially manufactured via
metal-catalyzed amination, since the acid-catalyzed route often leads to the formation of
alkenes and ethers [20,21]. As in the dehydration route, equilibrium mixtures of amines are
typically obtained and the development of novel catalytic formulations is necessary to
overcome this issue, especially regarding the synthesis of primary alkylamines.

To summarize, the H» auto-transfer strategy stands out as an efficient and green route
towards the synthesis of amines. Nevertheless, various challenges still need to be addressed,
especially regarding the synthesis of primary amines. Selective formation of primary
amines from alcohols is challenging, since ammonia is less nucleophilic and thus less
reactive than primary and secondary amines in the sequential formation of secondary and
tertiary amines, respectively [70]. Moreover, once generated, primary amines can react with
aldehydes/ketones, producing secondary amines that can also react to give tertiary amines,
leading to the formation of a mixture of products [71].

In sections 1.2.5.1 and 1.2.5.2 we introduce the most recent developments in the
design of homogeneous and heterogeneous catalysts for the direct amination of alcohols,
with special emphasis on the selective synthesis of primary alkylamines.

1.2.5.1 Homogenously catalyzed amination of alcohols

The first examples of homogenously-catalyzed amination of alcohols date back to
the early 1980s. In 1981 the n-alkylation of several primary and secondary amines over Re,
Ir and Ru metal-phosphine complexes was demonstrated by Grigg et al. [72]. In parallel,
Watanabe et al. [73] reported the activity of a Ru-based phosphine complex for the n-
alkylation of aniline with several saturated and unsaturated alcohols (e.g., methanol,
ethanol, allyl alcohol). Different Ru-phosphine complexes were described in the following
years, typically involving high temperatures (180 °C) and limited to primary alcohols
[74,75].

More recently, most of the reported studies have concentrated on the development
of Ru(Il) [76-80] and Ir(IIT) [81-84] homogeneous complexes. These catalysts afford the
synthesis of secondary and tertiary amines from alcohols under mild conditions, often with
the help of a basic co-catalyst to promote alcohol dehydrogenation (see Figure 1-5).

NH, [Ru(cod)Cl,],/PTA @
+ H

toluene, 55 °C

Yield: 97%

Figure 1-5 N-Alkylation of aniline with benzyl alcohol over Ru-based homogeneous catalyst, assisted by
potassium tert-butoxide (Adapted from ref. [76]).

In particular, Fujita et al. reported the alkylation of aqueous ammonia over a Cp*Ir-
amine complex [85], but only the synthesis of secondary and tertiary amines was observed.
In this regard, the first selective synthesis of primary amines from alcohols and ammonia
was described by Milstein et al. [71] using a Ru(II) pincer-type phosphine complex (Figure
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1-6), but the system was ineffective for the amination of secondary alcohols. Later on, Vogt
et al. [69] successfully reacted cyclohexanol and ammonia over [Ru3(CO)i2] and a
phosphine ligand, affording selectivities up to 75% to the primary amine, even at 90%
conversion. Similarly, Beller [70,86] and Deutsch [87] reported the selective synthesis of
primary amines from primary and secondary alcohols over different Ru PNP pincer
complexes using cheaper ligands than those reported by Milstein.

0.1 mol% cat.
R”"NH, + H,0

NH3, toluene, (
135°, 12-30h '

Figure 1-6 Selective synthesis of primary amines by Gunanathan and Milstein over Ru/PNP pincer
complex (Adapted from ref. [71]).

In the last years, most of the efforts have concentrated on the discovery of more
available and lower-cost substitutes to traditional precious metal complexes [88]. In this
regard, Barta et al. [89] demonstrated the applicability of Knolker Fe complex for the
monoalkylation of anilines and benzylamines with several alcohols and diols (e.g., n-
pentanol, ethylene glycol). Co [90] and Mn [91] pincer-type phosphine complexes were
reported as a competitive alternatives to Ru(Il) and Ir(Ill) organometallic catalysts for the
synthesis of secondary amines. Nevertheless, progress is still required towards the selective
synthesis of primary amines.

1.2.5.2 Heterogeneously catalyzed amination of alcohols

Early reports on the use of metallic hydrogenation catalysts for the amination of
short-chain alcohols with amines and ammonia operating via the borrowing H> mechanism
consisted of metal catalysts, typically Ni, Co or Cu supported over silica and alumina [92—
101]. Typically, alcohols and ammonia are contacted at 150-250 °C under pressure,
affording high alcohol conversion and amines yield (above 95%). The reaction produces
an equilibrium mixture of primary, secondary and tertiary amines. In these examples, the
reaction was carried out under a H> atmosphere to maintain the catalyst activity [102—104].
Unsupported Co-Fe catalysts prepared by co-precipitation [105-107], and Cu/Ni/Ca/Ba
colloidal mixed-oxide catalysts prepared from stearate precursors were selective in the
synthesis of primary diamines from diols [108]. In the former case, the catalyst was
stabilized by Fe, which appeared to kinetically preserve the otherwise thermodynamically
unstable B-Co active phase. A yield up to 32% to 1,3-diaminopropane was achieved under
supercritical ammonia conditions. Similarly, the introduction of noble metals on Ni and Co
based catalysts was reported to facilitate the reduction of the active phase and increase the
catalytic activity. For instance, 15-20 wt% Ni or Co supported over alumina, silica or titania
were modified with 0.5-3 wt% Pd, Pt, Rh, Ru or Cu, favoring the catalytic activity [109].
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The catalytic activity in alcohol amination over supported metal catalysts is often
conditioned by the alcohol dehydrogenation reaction, this being the rate-limiting step of the
overall process. This fact explains the low reactivity and high temperatures (150-210 °C)
and pressures (18-200 bar) commonly required for achieving high activity. Some studies
have shown that Co-based catalysts exhibit higher activity relative to Ni counterparts [110],
the activity being related to the amount of reduced Co available [111]. Other bimetallic
catalysts (15-20% Ni or Co + 0.5-3% Pd on alumina, silica or titania) [109] exhibit higher
activity and can be usually activated at lower temperatures (200 °C vs. 400 °C). Co-
exchanged Y-zeolite catalysts were also developed favoring the formation of primary and
secondary amines relative to tertiary ones [112].

Despite the great progress in the topic, none of the aforementioned heterogeneous
catalysts was successful in the selective synthesis of primary amines. Sewell and coworkers
did a comparative study between Co and Ni catalysts, supported on silica, regarding the
direct amination of ethanol [110]. Higher reactivity and selectivity of Co towards the less
substituted amines was evidenced despite strong metal-support interactions. Similarly, Co
[103] and Ni [104] catalysts supported over y-Al.O3; were studied by Cho et al. Both
catalysts proved excellent selectivity towards the primary amine for ethanol amination with
ammonia with yields of 80% and 76%, respectively.

Since these earlier studies, a great deal of work was dedicated to the quest of more
active and selective heterogeneous catalysts for the direct amination of alcohols. Excellent
reports and reviews can be found in the literature exemplifying the amination of alcohols
over a variety of supported and unsupported metal catalysts. In these studies, the acido-
basic and/or redox properties of the support were correlated to the activity and selectivity
for alcohol amination. In this regard, we review below the reported literature concerning
the effect of the support properties of the catalysts on the activity and selectivity for alcohol
amination.

(i)  Catalytic supports with acid-base properties

This family of catalysts relies on the Brgnsted and Lewis acid-basic properties of the
metal oxide support. For instance, Corma and coworkers [113] reported the use of Pd/MgO
basic catalyst for the synthesis of N-phenylbenzylamine in the reaction of benzyl alcohol
with aniline at 180 °C at short reaction times (<2 h). The initial reaction rate was enhanced
by decreasing the Pd nanoparticle size, revealing the structure sensitivity of the hydrogen
transfer process. The importance of the basic nature of the support was evidenced when
comparing the catalytic activity to that achieved over a Pd/C, which afforded lower activity
and selectivity to the desired product.

Ishida et al. [114] studied the influence of the support on the catalytic activity and
selectivity of supported Au nanoparticles for the reaction between benzyl alcohol and
aniline. Despite a higher activity of Au/CeQO; for the alcohol dehydrogenation step, surface
hydroxyl moieties present on ZrO> played an important role on the overall hydrogen
transfer efficiency of Au/ZrO; (Figure 1-7). The authors proposed a plausible mechanism
where the alcohol deprotonation was promoted by surface basic sites, while acid -oH groups
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and hydrides on Au nanoparticles protonated the intermediate hemiaminal, stating the
relevance of the amphoteric nature of the support for the tandem reaction.

deprotonation of alcohol

/’-l’\ Zr
Ph”” “NHPh adsorption ofalkoxideon Au

hydrogen transfer

H
Ph—N\
H

Ph\< 0
NHPh H
0 /A 8 /A \paeen

Zr
formation of hemlamlnk %hydride elimination
H

Zr

Figure 1-7 Proposed reaction pathway by Ishida et al. for the n-alkylation of aniline with benzyl alcohol
over Au/ZrO» (Adapted from ref. [114]).

Shimizu and coworkers [115,116] stated the importance of the amphoteric nature of
the support. In the first study, regarding the n-alkylation of aniline with n-octanol and
benzyl alcohol, a positive correlation between the acidity of the oxide support and the
reaction rate for supports with basic to amphoteric nature (CaO ~ Al,O3) was found. In
contrast, acid supports exerted a negative impact on the catalytic activity (Figure 1-8-(a)).
Moreover, the basic and acid sites of the best performing catalyst (Ni/6-Al2O3) were
selectively poisoned, impacting negatively the catalytic activity (Figure 1-8-(b-c)).
Comparable results were obtained for the reaction between 2-octanol and ammonia [116].

In summary, basic and amphoteric supports are beneficial for alcohol amination,
proving the active role of both moderately acid and basic sites of the support. However,
differences may arise regarding the reacting substrate and the metal-support combination.

(i) Catalytic supports with redox properties

This family of supports covers metal oxides with redox properties. These supports
can effectively store and release oxygen, potentially affecting the oxidation state of the
supported metal. This flexibility on their oxidation state can effectively promote the
hydrogen transfer efficiency.

For instance, a Pd/Fe>Os catalyst was developed by Zhang and coworkers [117] by
co-precipitation of Pd and Fe precursors followed by calcination. A reaction mechanism
was proposed operating via a redox cycle based on active Pd(IV) and Pd(II) species (Figure
1-9) as inferred from experimental results and DFT calculations. More recently, a Pd/CeO>
catalyst has been reported by Yan et al. [118]. The reversible hydride transfer between Pd
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and the support was key to the overall activity. Interestingly, the reversible hydrogen
storage capacity of the catalyst could be tuned by thermal treatment and correlated with the

catalytic activity.
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Figure 1-8 (a) Rate of N-alkylation of aniline with (O) n-octanol or (V) benzyl alcohol (144°C,
Ni/support) as a function of the electronegativity of the support metal oxide (<< acidity). (Lines for
tendency added to original plot) (b) and (c) Rate of N-alkylation of aniline with (O) n-octanol as a function
of the concentration of pyridine and acetic acid (Adapted from ref. [115]).
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Figure 1-9 Proposed mechanism for the Pd/Fe,O; catalyzed N-alkylation of amines with alcohols by
Zhang et al. (Adapted from ref. [117]).

Multimetallic Ni-Cu-Fe>O3 formulations were also reported as active in the N-
alkylation of ammonia and amines with alcohols, exhibiting outstanding moisture and air
stability [119]. Likewise, 95 wt% Co — 5 wt% Fe formulations were developed by Fischer
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et al. [105]. As pointed out above, Fe effectively hindered the phase transformation of Co,
stabilizing the thermodynamically disfavored 3-Co phase. The absence of strong acid and
basic sites was argued as crucial to improve the catalytic selectivity, avoiding side reactions.

Finally, ceria was demonstrated to behave as a promoter of noble-metal catalysts for
amination. For instance, Au/CeO> (2.5 wt.%Au) afforded the coupling of two multistep
catalytic cycles for the one-pot synthesis of propargylamines from N-benzylamine and
benzyl alcohol [120]. Recently, M. Ousmane et al. [121] also reported a Pd-substituted
octahedral molecular sieve (Pd/K-oMS-2) for the amination of benzyl alcohol with aniline.
The catalyst presented a prominent catalytic performance that was ascribed to the in situ
generation of an active Pd/Mn304 phase during the reaction with a large density of surface
oxygen moieties and Pd(IV)/Pd(II) active sites. The same team reported a Pd/CeO> catalyst
with a prominent reversible H, storage capacity which revealed a high activity and selectivity in
the direct amination of benzyl alcohol with aniline and ammonia via hydrogen borrowing
mechanism [118].

1.2.5.3 Amination of fatty alcohols

Most of the studies reported above focus on the amination of cyclic, aromatic and
substituted or branched alcohols over metal-supported catalysts. However, only few studies
were reported on the direct amination of aliphatic alcohols. In this section, the reader will
find a brief compilation of studies targeting fatty amines.

The most studied heterogeneous catalysts for the direct synthesis of amines from
long-chain (fatty) alcohols via the borrowing H> mechanism rely on the Ni-Cu couple
comprising Raney Ni [122,123], as well as Ni [101,109,115,116,124,125], Cu [126-131],
NiCu [132-134], NiCuFeOx [119], NiCuZn [135], CuAl [136], CuAg [137] and CuCr [138]
supported over alkaline or amphoteric oxides (e.g., y- and 6-Al,0s3). The reactions are most
often carried out at laboratory scale in liquid phase in the presence of a solvent (e.g., t-amyl
alcohol, o-xylene). In particular, Cu-Ni formulations have been extensively studied,
offering tunable selectivities to the desired amines by varying the Cu/Ni ratio or by adding
a third element. In 2002, Li. et al. [135] studied the amination of fatty alcohols catalyzed
by Cu-Ni supported over CaCOs. The promotional effect of Zn or Mg (as a third element)
could be related to the Ni reducibility in the catalyst. In general, lower reducibility of Ni**
led to higher selectivity. Kimura et al. [132] reported the one-step amination of dodecyl
alcohol and dimethyl amine to N,N-dimethyl dodecylamine using Cu/Ni/Ca/Ba colloidal
catalysts with a selectivity of 98% and an alcohol conversion of 99% at 210 °C for 4 h.

Alternative metal formulations have been explored for the liquid-phase synthesis of
alkylamines, but with poor success. For instance, Co either unsupported or supported over
silica, was reported as a highly selective catalyst for the direct amination of short-chain
alcohols (see section 1.2.5.2) [103,110], ethoxylated alcohols [139] and diols [105,107],
but with few examples of developments for fatty alcohols [131]. Finally, as a rule, noble
metals such as Ru, Pd and Pt usually suffer from lower productivity for amination and lower
selectivity to monoalkylation, favoring C-C and C-o cleavage pathways [116,130,140,141].
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One of the first systematic reports on metal-supported catalysts was published by
Kliger et al. [142] in 1961 describing the amination of butyl alcohol over an Fe catalyst.
The optimal reaction conditions were 230 °C, 20 bar, a WHSV of 1200 h'! and 43.5% v/v
NH3 in the feed, obtaining a 76% yield to amines. A positive correlation was evidenced
between the ammonia content, the yield to amines and the catalyst productivity. Later on,
studies on the influence of the alcohol structure [143] and its molecular weight [144] on the
amination reaction were reported by the same group. The amination of Cg-alcohols was
inhibited when shifting the hydroxyl group from the first and second carbon atoms towards
the chain center, while it kept unaffected by the length of the carbon chain (in the range Cs-
Cig). On the contrary, an increase of the molecular weight promoted the formation of
secondary and tertiary amines.

In an interesting work, Shimizu er al. [116] recently studied the effectiveness of
several transition metal catalysts supported over y-Al>O3 for the amination of 2-octanol.
Overall, Pt, Ni and Ir afforded the highest conversions. While noble metals (Pt, Ir) afforded
a mixture of primary and secondary amines and the ketone, Ni transformed selectively the
1- and 2-octanol into the corresponding primary amines. Likewise, Murzin et al. [141]
investigated the direct amination of n-dodecanol over Ru, Pd, Pt Ir and Os supported over
carbon. Similar activities (in terms of TOF) were achieved for Ru, Pd and Pt, which
afforded the highest conversions. Pd maintained an excellent selectivity towards
dodecylamine over the studied range of conversion (>95% selectivity up to 77%
conversion), while Ru and Pt promoted the formation of the secondary amine and dodecane.

Despite the great progress in the topic, important challenges still need to be
overcome, especially regarding the selective synthesis of primary amines. In this regard,
the reaction between n-octanol and ammonia will be chosen along this study as a model
reaction for assessing the efficiency of novel heterogeneous catalysts. The most relevant
literature on the amination of n-octanol and other aliphatic alcohols with ammonia is
summarized in Table 1-1. Mizuno and coworkers [140] reported the direct amination of n-
octanol using 0.2 equivalents of NH3 (aq. NH3z 28%) under Ar atmosphere using
Ru(OH)x/TiO> as a catalyst. The tertiary amine was obtained as main product with 88%
yield relative to the initial ammonia. In 2011, Li er al [134] reported a Ni-Cu
(1.25:1)/diatomite catalyst for n-octanol amination with 3 equivalents of NHj3 at 230 °C for
5 hin NH3/Hz (40/60 v/v%). A 97% yield towards the tertiary amine was obtained at almost
full conversion. Likewise, Shi and coworkers [119] reported a Ni-Cu-FeOx catalyst for n-
octanol amination with 1.2 mmol NH3 at 200 °C for 24 h, achieving 61% yield to the
secondary amine. In 2013, Shimizu and coworkers [116] reported for the first time the
synthesis of primary amines from secondary alcohols and NH3 at high yields using
Ni/ALxOs3 as a catalyst under relatively mild conditions and without additional H> supply
(Table 1-1). A yield >80% to 2-octylamine was achieved at 160 °C for 4 h under 4 bar NH3
using 1 mol% of 10 wt.%Ni/y-Al203 or 8-Al>0s. For n-octanol amination, the authors only
reported an example, underlying 70% n-octylamine yield at 90% conversion using 5 mol%
of 10 wt.%Ni1/0-Al,03 at 160 °C for 13 h. The authors argued about a major role of surface
metallic Ni nanoparticles in strong synergy with acid and basic groups of the support.
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Table 1-1 Relevant examples on heterogeneously catalyzed ammonia alkylation with fatty alcohols (Cs and related)

Gas (Press.) Yield Amines (%) Ref.
Catalyst Alcohol Temp. H, : NH; : R-OH Conv.(%)
Liquid (Solv.) lary 2ary  3ary
n-octanol 95% 71%@° 15%@© 390
Fused Fe G - 50bar 240°C 23:16:1 [143]
2-octanol 92% 83% ) 4.5%°  4.5%
Ni.Cu.FeOx n-octanol L — xylene 200°C 0:12:1 - - 61% - [119]
Ni-Cu/ Diatomite n-octanol L — no solvent 230°C 40% : 60% H, :NH3 100% <3% <3% 97% [134]
Ru(OH),/TiO, n-octanol L — mesitylene 141°C 0:02:1 - - - 88% ™ [140]
n-octanol 90% 70% T% -
10% Ni/ 9 -Al,O3 2-octanol L — o-xylene 160°C 4 bar NH3, no H» 939 88% 5% - [116]
4-octanol 94% 85% 3% -
Ni or Co/ SiOs, 2ary Ci6— Cas L —no solvent 270°C  20bar Hy 93% 81% 7% - [131]
71O,
1-10% CoorNi+ -Gy G — 20-25bar 190°C- 53:54:1 60% - 90%  40% - 20%- <%0 op
dopant/ ZSM-5 (Butanol) 210°C 60%© 30%©
17% Ni/y-Al,O 170°C 6:8:1 93% 77 % 11% -

o AR 2-Propanol G -1 bar ’ ’ ’ [104]
23% Coly-Al,O3 190°C 12:6:1 90% 80% - - [103]
Ru/C 99% 69% 18% -

n-Dodecanol L — Decane 200°C 4 bar NH3, 2 bar H, [141]
Pd/C 77% 74% - -

(a) Obtained by potentiometric titration; (b) Yield based on the nitrogen source; (c) Calculated from data in the original document
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1.3 Kinetic Modelling for the Amination of Alcohols

Despite the vast efforts dedicated to the discovery of novel catalytic formulations for
direct alcohol amination reactions, only few representative kinetic models can be found in
the open literature. The complexity of the reaction network (Figure 1-10) and the need of
large sets of experimental data have apparently limited the research on this topic. In the
forthcoming sections we will introduce the existing kinetic models comprising, (i) direct
alcohol amination, as well as (ii) relevant kinetic models reported in the literature on
alcohol dehydrogenation with neither ammonia nor amines, and (iii) reductive amination
of carbonyl compounds. These models are useful not only for rationalizing the different
reaction pathways present during alcohol amination, but also for further reactor engineering
and design to help optimizing the yield to the desired amine (in our case primary amines).

(6) o, )
R N Ri” /\m
R

(4)
-H,0 +H, /—
A (@) R (2) G) / i

# _ —
OH T s © Thot N\ )
“H,0 \ RI——=

+H,
(8)
P N

Figure 1-10 Reaction network scheme for the amination of alcohols.

Kinetic Models for Alcohol Amination

(i)

The first kinetic models accounting for direct alcohol amination were developed by
Kliger [145,146] and Baiker [147] encompassing the gas-phase reaction of n-octanol with
ammonia, monomethylamine and dimethylamine under hydrogen pressure over molten
iron and copper catalysts. The reaction rate of the overall process was described using the
following equation (Eq. 1-1). A detailed nomenclature is given in section 1.5.

kK rori Fron
2
+ KH20PH20 + KNSPNS]

r:
1+K, P Eq. 1-1

ROH " ROH

[

This model relies on two main assumptions: (i) the rate-determining step involves the
abstraction of a a-hydrogen from the alcohol and its transfer to an adjacent vacant site of
the catalyst, and (ii) equilibrated single-site Langmuir adsorption of the reactants and
products. The inhibition of the reaction was considered to be significant at a 95%
confidence interval for n-octanol, water and dimethylamine. A high concentration of the
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intermediate aldehyde was found to compete for the adsorption sites, but its concentration
was irrelevant at the studied reaction conditions. Similarly, under the tested conditions (1-
40 kPa), competitive adsorption by hydrogen was regarded as negligible.

In a subsequent study, Bassili and Baiker [148] adapted this kinetic equation to
describe the amination of 1-methoxypropan-2-ol with ammonia over a Ni/SiO» catalyst (Eq.
1-2). In this case, the dissociative adsorption of hydrogen and the amine product were
considered as the only adsorbates inhibiting the reaction.

k K.opP

_ ro T ron
2 Eq. 1-2
[1 T4 Ky, Py, + KRNHZPRNH2:|

The role of hydrogen, otherwise not necessary from a stoichiometric point of view,
was attributed to the inhibition of catalytic deactivation by ammonia, forming the
corresponding metal nitride. Overall, the model could satisfactorily describe the kinetics of
the reaction except for low ammonia-to-alcohol molar ratios, where the considered
hydrogen effect failed to explain the experimental results.

More recent work has been dedicated to the development of kinetic models for the
n-alkylation of aniline. Zotova et al. [149] developed a model describing the reaction
between aniline and benzyl alcohol over a Au/TiO> catalyst. As in the previously described
models, the model was built on the basis of a Langmuir-Hinshelwood (LH) type kinetic
equation, considering in this case the formation of the carbonyl compound as the rate-
limiting step. The formed aldehyde could desorb from the catalyst and undergo competitive
non-catalytic condensation with aniline in the liquid phase (Figure 1-11). An Increase of
the temperature boosted the rate of the surface reaction, improving the selectivity towards
the primary amine. A similar mechanism was described by Demidova and coworkers [150]
accounting for the reaction between aniline and myrtenol. The catalytic and non-catalytic
reaction between the aldehyde and the amine were considered in parallel. Furthermore, the
hydrogen transfer steps were determined to exclusively occur on the catalyst surface.
Interestingly, a deactivation term was considered, modeling the decrease in active sites by
means of coke deposition during the time on stream. The intermediate imine was proposed
as coke source.

The exogenous hydrogen pressure is known to promote the catalytic activity in the
amination of aliphatic alcohols operated under the H, borrowing mechanism [103,104,147].
This effect has been the subject of study by several groups. Baiker ef al. [102] studied the
influence of hydrogen pressure on the amination of n-dodecanol with dimethylamine over
a supported Cu catalyst. It was concluded that ammonia, formed via disproportionation of
dimethylamine, could transform the metallic Cu into inactive Cu nitride species. The
presence of hydrogen in the feed could effectively recover the activity of the catalyst by
reducing the formed Cu nitride. Detailed temperature-programmed desorption and
differential scanning calorimetry studies conducted by Baiker [151,152] and Cho et al.
[103,104] pointed out that the same deactivation mechanism could be extrapolated to Co
and Ni based catalysts In the latter studies, equivalent flows of hydrogen and nitrogen were
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alternated in the feed. Whenever hydrogen was removed from the feed, the conversion

rapidly decreased, recovering immediately its original value after the hydrogen feed was
restored (Figure 1-12).

AWTIO, ks
a2 —W——> [}
1a Ka
] —= PhHCHO
Ph”” NHPh Ph
/Q\H Kg
4a OHtlj H PhCHO + 2a =———= 3 + H,0
P I 2
. Ti Ti----Au
~a e ko
Ph”” OH o N I+ 2a 4a + H,0
1a 1
[ I A \
ik /k ' i
Ph 0% “pp Ka
?H N o Ph. _H
-0 . | LN B = H
o ‘O/TINO/TI-_‘ 4 /T|\0/T\ "-/:\Iu—H o

switches from being competitive (130 °C) to productive (150 °C)

Figure 1-11 Proposed catalytic cycle for the reaction between benzyl alcohols and aniline over Au/TiO;
(Adapted from ref.[149]).
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Figure 1-12 Evolution of 2-propanol amination over a Co/Al,O3 catalyst both in the presence and absence
of exogeneous hydrogen (Adapted from ref. [103]).

An alternative mechanism was recently proposed by Murzin et al. [141] relying on
a complete kinetic study on the amination of 1-dodecanol with ammonia over a Ru/C
catalyst. The positive order of reaction with respect to hydrogen was attributed to a partial
surface regeneration of the catalyst from coke deposition. In this view, a term accounting
for reversible deactivation was included in the kinetic model affording a successful
description of the experimental results. As in previous studies, the activation-deactivation
cycle was found to be very fast, reaching equilibrium along the reaction (Eq. 1-3). The
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effect of hydrogen on the reaction selectivity was evidenced and explained by the proposed
kinetic model.

= kCROH PHz 1
1+ K\ Croy k"+ Py 1+, [K.K,P, +K.P,

Eq. 1-3

Overall, most of the proposed kinetic models agree to designate the initial hydride
abstraction from the alcohol as rate-determining step. The relative rates of the consecutive
condensation reactions with ammonia or amines and hydrogenation of the intermediate
imine/enamine will dictate afterwards the product selectivity.

(ii) Kinetic Models for Alcohol Dehydrogenation into Carbonyl Compounds

Various kinetic studies regarding alcohol dehydrogenation into aldehydes and
ketones can be found in the open literature [153—163]. The dehydrogenation of 2-butanol
into methyl ethyl ketone (MEK) over a solid brass catalyst was studied by Thodos et al.
[153,154] in the late 50s. In these studies, a change in the rate-controlling step was
evidenced by tuning the reaction conditions. The reaction was carried out in a differential
reactor in the temperature range 290-370 °C and pressures range 1-15 atm. Various reaction
mechanisms were proposed considering the adsorption/desorption and the surface reaction
as rate-limiting step. The shape of the initial rate vs. total pressure curves at different
temperatures was used to discriminate between different reaction mechanisms. The
experimental results, presented in Figure 1-13-(b), provided evidence of a change in the
reaction mechanism above 600 °F (316 °C). At lower temperatures, the results were
properly fitted by a mechanism involving a dual-site surface reaction-limiting step (Eq.
1-4). An alcohol molecule, adsorbed on a single site, was involved with an adjacent site to
produce the ketone and molecular hydrogen. The alcohol, the aldehyde and molecular
hydrogen were considered to compete for adsorption on the active sites.

% 008}
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$ g |
g 4 005t
4 i £
5 § . ~
é 'g CO4H—
£ & \\
& 3 003K — ]
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Figure 1-13 (a) Variation of initial rates with the total pressure for different rate-controlling steps. (b)
Initial rate of reaction vs. pressure for the dehydrogenation of 2-butanol (Adapted from ref. [154]).
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PR:OPHZ }

eq

k|:PR0H -

2
[1 + Ko Pron + Ko Proo + KHZPHZ:I

Eq. 1-4

r =

As can be observed in Figure 1-13-(b) the reaction followed a different mechanism
when the temperature was increased above 600 °F (316 °C). In this case, the authors
proposed a kinetic model comprising hydrogen desorption as the rate-determining step.
Later on, Ford and Perlmutter [162] studied the dehydrogenation of 2-butanol over brass
catalyst, corroborating the temperature-dependency of the reaction mechanism. The authors
proposed a mechanism controlled by a single-site surface reaction at lower temperatures
(Eq. 1-5), while the adsorption of the alcohol became rate controlling at temperatures
between 350 °C and 400 °C. When the temperature was increased above 425 °C, the single-
site surface reaction became again the rate-controlling step.

kPROH
[1 + KronFron + KHZPH2 :|

r= Eq. 1-5

The dehydrogenation of ethanol was studied by Franckaerts and Froment [155] over
CuO with 5% CoO and 1% Cr203 supported over an asbestos catalyst. The study covered
reaction temperatures in the range 225-285 °C and pressures between 1 and 10 atm. The
shape of the alcohol pressure vs. initial reaction rate curves suggested a mechanism
controlled by the surface reaction on dual sites (Figure 1-14), in agreement with the model
proposed by Thodos and Thaller [154] presented in Eq. 1-4. Similar results were further
reported by Peloso ef al. [158].

o 75 s 75 10.0

rag as a function of p.4, for pure feed.

Figure 1-14 Initial rate of reaction vs. pressure of alcohol for the dehydrogenation of ethanol (Adapted
from ref. [155]).
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In 2001, Keuler and co-workers [163] studied the dehydrogenation of 2-butanol over
Cu catalysts supported over MgO and SiO,. The data were properly described by Eq. 1-4,
suggesting a mechanism limited by a dual-site surface reaction. Interestingly, a negative
value for the hydrogen adsorption equilibrium constant (impossible according to
thermodynamics) was obtained, evidencing a promoting role of hydrogen on the reaction
rate. This effect, counterintuitive for a dehydrogenation reaction, was attributed to a
decoking role of hydrogen. In line with this study, Sheintuch and Dessau [164] reported
examples comprising the dehydrogenation of alcohols and alkanes, where the presence of
hydrogen promoted the reaction rate.

More recently, Crivello et al. [160] studied the dehydrogenation of n-octanol over a
Cu-Mg catalyst in the temperature range 225-280 °C. The data were properly represented
by a mechanism driven by a dual-site surface reaction. Opposing to previous models,
hydrogen was considered to dissociate on the catalyst, giving the rate expression in Eq. 1-6.
The activation energy of the rate-determining step was determined at 4.76 kcal/mol.

kP,

ROH
2 Eq. 1-6
[1 + Kron Pron + KicoFroo + \ KHZPHZ }

To summarize, various kinetic models can be found in the literature describing
alcohol dehydrogenation. Overall, there is consensus about a mechanism controlled by the
surface reaction below 300 °C. The equilibrium constants for aldehyde adsorption are
generally high, resulting in a relevant inhibition of the reaction. The discrepancy between
single- and dual-site mechanisms may be related either to differences in process conditions,
or to the nature of the catalysts.

r =

(iii) Amination of Carbonyl Compounds

Only a very few number of kinetic models are available in the literature accounting
for reductive amination of carbonyl compounds, mostly covering the alkylation of anilines.
The condensation reaction between amines and aldehydes or ketones occurs fast in the
homogeneous phase without the need of a catalyst, producing the corresponding
imine/enamine and water. The imine/enamine is then hydrogenated in the presence of a
catalyst to form the corresponding amine [165]. The combination of homogeneous and
heterogeneous reactions, together with the high reactivity of carbonyl compounds, makes
it difficult to elucidate the surface catalytic mechanism.

Lehtonen et al. [165] studied the liquid-phase amination of anilines over a Pt/C
catalyst at 15 bar H» pressure in the temperature range 30-75 °C. The authors proposed a
mechanism combining liquid-phase (non-catalytic) and surface reactions, as summarized
in Figure 1-15. The first homogeneous step (1) and the latter surface reaction (3) were
considered as rate determining. The surface reaction was described using Eq. 1-7,
considering dissociative hydrogen adsorption. Nonetheless, several competing kinetic
models could fit the data, comprising either competitive or non-competitive adsorption of
the aromatic molecules. Similarly, it was impossible to statistically discern if hydrogen
adsorbed molecularly or dissociated on the Pt surface.
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1. homogeneous reaction in the liquid phase

R R OH
NH; Il\lCHR'
+RCHO =—= H
M1

A

2. homogeneous reaction in the liquid phase

R OH R

NCHR' N=CHR'

H — +Hy0
M1 M2

3. heterogeneous surface reaction

R

R
N=CHR' NCHR'
+H, == H

Figure 1-15 Proposed reaction scheme for the reductive alkylation of anilines by Lehtonen et al. (Adapted
from ref. [165]).

kCR:N—RCHZ
3 Eq. 1-7
[1+KR:N_RCR:N_R+,/KHZCH2 +ZKiCi] d

Similar kinetic models were further developed by Roy et al. [166,167]. In an
interesting experiment, these authors sorted out the homogeneous and surface reactions by
carrying out the reaction (i) in the absence of catalyst and Ho, (ii) with H> but no catalyst,
and (iii) with catalyst but no H> (Figure 1-16). Similar results were obtained by Gomez et
al. [168] for the formation of dibenzylimine from benzaldehyde and benzylamine.

r =
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Figure 1-16 Concentration vs time profiles for the homogeneous reaction between aniline and acetone:
effect of H, and Pd/ALOs. (1,1) in the absence of catalyst and H», (2,2) with H2 but no catalyst and (3,3)
with catalyst but no H, (Adapted from ref. [166]).

In 2004 Gomez et al. [169] studied the reaction between benzaldehyde and NHj3
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over Pd/C and Ru/C catalysts. The reaction kinetics over the different catalysts was
explained using a general mass action law model, considering a nearly empty catalytic
surface. No simplifications regarding the rate-determining step were considered, solving
a set of 5 differential equations that described the formation rate of the primary and
secon-dary amines. Interestingly, the selectivity difference between the Pd/C and Ru/C
catalysts could be rationalized from the fitted parameters. While both catalysts led to a
similar rate of formation of dibenzylimine (DBI), Ru/C seemed to promote DBI
transimination to BI and BA. In contrast, Pd/C was more effective in DBI hydrogenation
towards the secondary amine (DBA). A similar mechanism was proposed by Lercher et
al. [52 ] for the reductive amination of butyraldehyde (Figure 1-3)

(iv) Summary

As discussed above, very few examples of representative kinetic models for the
metal-catalyzed amination of alcohols have been reported. Nonetheless, interesting
information can be obtained from relevant studies regarding the dehydrogenation of
alcohols and the amination of carbonyl compounds. In this context, new kinetic studies
could help to integrate the information gathered in the presented studies and help to better
rationalize the reaction mechanism for alcohol amination driven by the borrowing hydrogen
mechanism. This information is also required to assist reactor design for target amination
reactions.

1.4 Conclusion

As previously stated, amines are important building blocks for many fields of the
chemical industry and their demand is foreseen to increase over the following years. In this
regard, the development of efficient and ecologically responsible technologies for its
production is a societal need. In this frame, the transformation of alcohols into amines via
the so-called borrowing hydrogen mechanism stands out as an efficient and eco-efficient
route. This route has already attracted the attention of both academia and industry and
noticeable progress has been made in the last years.

The breakthrough developments in homogeneous catalysis (e.g., Milstein [71],
Beller [70,86], Deutsch [87]) represent an important milestone, allowing the selective
synthesis of primary amines from alcohols and ammonia. Nevertheless, as a rule, such
homogeneous catalysts rely on expensive organometallic complexes and ligands, which are
also difficult to be recovered and reused, having a limited scale-up feasibility. As a way
out, the development of inexpensive and reusable heterogeneous catalysts is an urgent need
for the industrial production of amines. It is relevant to mention the latest contributions by
Cho [103,104], Shimizu [116] and Murzin [141], achieving promising selectivities for
primary amines over metal-supported catalysts. Nevertheless, there is still room for
improvement through the development of better performing formulations.

In this context, this work will center its efforts on the development of novel
heterogeneous formulations for the selective synthesis of primary amines from alcohols
and ammonia. The reaction between n-octanol and ammonia will be chosen as a model
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reaction and the efficiency of the catalysts will be evaluated in terms of activity and
selectivity towards the synthesis of n-octylamine.

The problem will be approached via a sequential catalytic screening and formulation
optimization. An initial library of catalysts will be tested relying both on the open and patent
literature to move to novel multimetallic formulations in a second step (Chapter 3).
Ultimately, a kinetic model will be developed for the best performing catalyst (Chapter 4),
allowing a better understanding of the role of the different process variables on the catalytic
properties.

1.5 Nomenclature

k = Kinetic constant

Kegq = Chemical equilibrium constant
Ki = Adsorption equilibrium constant
r = Reaction rate

Subscripts:

H = Hydride

H> = Molecular Hydrogen

H.O = Water

NS = Nitrogen source (ammonia or amine)
R=N-R = Secondary Imine

R=0 = Aldehyde or Ketone

ROH = Alcohol
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2.1 Materials

The metal oxides, metal precursors and chemical reagents used in the course of this thesis
are listed, respectively, in Table 2-1., Table 2-2. and Table 2-3. All the reagents were used
as received, without further purification.

Table 2-1 List of metal oxides used as supports for the synthesis of heterogeneous catalysts

Metal Oxide = CAS number Commercial Name 25 f_gfci: Provider
v-Al,0O3 1344-28-1 Puralox SCCa-5 ~150 m%/g Sasol

TiO, 13463-67-7 P25 ~50 m%/g Evonik

SiO; 112945-52-5 Aerosil 200 ~200 m%/g Evonik

Fe;03 1309-37-1 - ~150 m%/g Sigma-Aldrich
CeO, 1306-38-3 HSA 5 ~250 m%/g Solvay

Table 2-2 List of metal precursors used for the synthesis of heterogeneous catalysts

Metal Precursor CAS number  Supplier

Co Co(NOs3), 6H,0 10026-22-9 SCR-China, Sigma-Aldrich
Ag AgNO3 7761-88-8 SCR-China, Sigma-Aldrich
Ru Ru(III) nitrosyl nitrate 34513-98-9 J&K Scientific Sigma-Aldrich
Pt Pt(NH3)4(NO3)> 20634-12-2 J&K Scientific

Pd Pd(NO:3), 2H,0 32916-07-7 J&K Scientific

Au HAuCls 3H,0 16961-25-4 J&K Scientific

Ni Ni(NOs)2 6H20 13478-00-7 SCR-China, Sigma-Aldrich

Table 2-3 List of chemical compounds used as reagent or analytical standard

Chemical CAS Number Purity Supplier
n-octanol 111-87-5 = 99%

n-octylamine 111-86-4 99%

Heptyl Cyanide 124-12-9 97%

Di-n-octylamine 1120-48-5 98% J&K
Tri-n-octylamine 1116-76-3 98% Scientific Sigma-
Octanal 124-13-0 99% Aldrich
tert-Amyl Alcohol 75-85-4 99%

Biphenyl 92-52-4 = 99%

1,3-Propanediol 504-63-2 98%

NH; 7664-41-7 = 99.9%

N, 7727-37-9 = 99.99% Air Liquide
H, 1333-74-0 = 99.99%
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2.2 Synthesis of Heterogeneous Catalysts

The monometallic and bimetallic catalysts were synthesized by incipient wetness
impregnation (IWI) over various supports. This method relies on the use of an impregnation
solution with a volume equal to that of the pore volume of the support. The low solution
volume favors the dispersion of the active phase driven by capillarity, which is much faster
than diffusion. The protocol used for preparing the catalysts is as follows. A weighted
amount of metal precursor was dissolved in just enough water to fill the pore volume of the
support (e.g., 0.55 mL-g"! for -Al,03). The solution was sonicated for 10 min at room
temperature to completely dissolve the metal precursor. The resulting solution was then
added dropwise to the metal oxide while mixing with a glass bar. The as-obtained mixture
was kept at room temperature for 2 h, then dried at 120 °C for 12 h and finally calcined at
400 °C for 4 h using a heating rate of 2 °C-min’! under static air. A general scheme of the
protocol is presented in Figure 2-1.

Vg

(i) — Metal Precursor
Salt Aquecus Solution (ii) — Dropwise addition onto
the support while stirring
Vaolume = Pore Volume

of the Support

(iii) — 2 hours impregnation (iv) — Drying and Calcination (v) — Calcined Catalyst

Room Temperature 400°C, 4 h

120°C, 12 h 2°C - min™*

2°C - min™!

Figure 2-1 General protocol for the synthesis of supported metallic catalysts by the incipient wetness
impregnation method.

The catalysts synthesized by this method will be termed hereinafter as M%/S, where M is
the active metal, M% is the weight loading of the metal and S is the support. For instance,
5%Coly-Al,O3 stands for 5% loading by weight of Co supported over y-Al>Os.

2.2.1 Synthesis of bimetallic supported catalysts

A series of bimetallic formulations based on Co and a noble metal (NM) were
prepared. The general scheme of the protocol was similar to that depicted in Figure 2-1
only differing from the impregnation sequence of both metals. In this view, two main
sequences were considered, namely sequential impregnation and co-impregnation.

(i) Catalysts synthesized by sequential impregnation

This procedure consists of the consecutive impregnation of the two metal precursors.
One of the metal precursors was first impregnated over the support followed by drying and
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calcination as specified in Figure 2-1. The as-obtained catalyst was further impregnated
with the second metal following the same protocol. Two possible sequences were
considered, namely Co then NM and NM then Co, and the impregnation order was specified
in the nomenclature of the catalyst.

The catalysts synthesized by this procedure will be termed hereinafter by indicating both
metals (Co, NM) separated by a hyphen. Likewise, the Co weight loading (M%), the noble
metal weight loading (X%) and the support (S) will be specified using the general
expression: M% Co-X% NM/S For instance, 5%Co0-0.24%Pt/y-Al,O3 stands for 5% by
weight of Co supported over y-AlOs further doped with 0.24 wt.%Pt. Besides,
0.24%Pt-5%Coly-Al>O3 represents a catalyst with the same formulation, but where the
noble metal precursor was first impregnated followed by impregnation of the Co precursor.

(ii) Catalysts synthesized by co-impregnation

This procedure consists of the simultaneous impregnation of Co and the noble metal
dopant according to the protocol depicted in Figure 2-1. First, an aqueous solution with the
appropriate amount of Co and noble metal precursors was prepared and added dropwise
onto the support under mild stirring. The suspension was left at room temperature for 2 h,
then dried at 120 °C for 12 h and finally calcined at 400 °C for 4 h.

The catalysts synthesized by this procedure will be termed hereinafter by indicating the
dopant weight percent (X%) and nature (NM) in parentheses after Co. Likewise, the Co
weight loading (M%) and the support (S) will be specified as M%Co(X%NM)/S. For
instance, 5%Co(0.24%Pt)/y-Al>O3 stands for Swt%Co supported over y-Al,O3; doped with
a 0.24wt%Pt, where Co and Pt were co-impregnated.

2.3 Characterization Methods
2.3.1 Elemental Analysis (ICP-OES)

The quantitative analysis of the composition of the different catalysts was carried out
by inductive coupled plasma-optic emission spectroscopy using a 720-ES ICP-OES
(Agilent) instrument available at the REALCAT platform (UCCS, Lille) equipped with
axially viewing, simultaneous CCD detection and ICP ExpertTM software (version 2.0.4).
The instrument was calibrated using certified standard solutions. Before the analyses, the
dried and ground sample (~10 mg) was dissolved in 1.5 mL of concentrated aqua regia and
250 pL of a 48% hydrofluoric acid (HF) solution. The solution was heated at 50 °C and
sonicated for 24 h. After digestion, a solution containing a mixture of the complexing and
buffering agents (UNS-1 solution developed by Inorganic Ventures) were used to
deactivate HF in excess by increasing the pH to a value between 7.5 and 8.0 and maintain
the solubility of the sample by complexation. The solutions were stirred and the volume
was adjusted to 50 mL using ultrapure water before analysis.
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2.3.2 Specific Surface Area Measurement (BET-BJH)

The specific surface area (Sger), the total pore volume (Vp) and the mean pore size
(d_p) of the catalysts were characterized by N> adsorption/desorption at -196 °C using a
Tristar II Plus apparatus from Micromeritics available at the REALCAT platform (UCCS,
Lille). Prior to analysis, the samples were degassed at 100 °C overnight. The specific
surface area was calculated using the Brunauer-Emmer-Teller (BET) equation in the P/P°
range 0.05-0.25 [1]. The pore size distribution was measured from the desorption isotherm
using the Barrett-Joyner-Halenda (BJH) method [2].

2.3.3 X-Ray Powder Diffraction (XRD)

The crystalline structure of the samples was analyzed by X-Ray powder diffraction
(XRD) using a Bruker D8 Discover diffractometer in Bragg-Brentano geometry equipped
with monochromatic Cu Ko radiation (A=0.1538 nm) and available at the REALCAT
platform (UCCS, Lille). Typically, the XRD patterns were recorded at room temperature
in the range 10° < 20 < 70° with a step-size of 0.014°. The experimental patterns were
compared with the ICDD database to identify the crystalline structure of the samples. The
average crystallite size of Co30s was estimated from the line broadening at 26 = 36.9°
corresponding to the (311) crystal plane using the Scherrer equation (see Eq. 2-1)

e KA
Bcosb Eq. 2-1

where T is the mean size of the ordered crystalline domains, K is a dimensionless shape
factor (typically ~ 0.9), A is the X-ray wavelength, B is the peak broadening at half the
maximum intensity [A(20), in radians] and O is the Bragg angle. The average size of Co°
crystallite (spherical) was corrected by the factor 0.75 accounting for the density difference
between Co® and Co30s4 [3].

The Co dispersion was estimated assuming spherical monocrystalline particles according
to Eq. 2-2, where T was expressed in nm [4,5]

D% =96/t Eq.2-2

2.3.4 Scanning Transmission Electron Microscopy —-EELS/EDS

The morphology and elemental composition of the bimetallic Co catalysts were
characterized by STEM-EELS/EDS analysis using a 200 kV FEI Tecnai F20 microscope
available at ICMPE (CNRS, Paris) [6]. The microscope was equipped with a FEG electron
gun, a STEM unit and EDAX Optima T60 SDD EDS spectrometer. The images were
analyzed using EDAX Team microanalysis software.

2.3.5 Temperature Programmed Reduction (H>-TPR)

The reducibility of the metallic species present in the catalysts was characterized by
H>-TPR using a Micromeritics AutoChem 2920 instrument equipped with a thermal
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conductivity detector (TCD) and available at E2P2L (Solvay, Shanghai). Typically, ~100
mg of calcined catalyst were placed in a U-shaped quartz reactor and reduced under a 5%
v/v Ha-Ar mixture (40 cm?(STP)/min). The sample was gradually heated from room
temperature up to 900 °C using a rate of 10 °C-min"'. The effluent leaving the reactor was
passed through a coil submerged in an isopropyl alcohol slurry cold trap, where any water
formed was condensed (Figure 2-2), and further analyzed using a TCD detector. The H»
profiles were recorded using Autochem II software and the H> consumption was measured
after band integration.

2.3.6 Temperature Programmed Pulse Oxidation (O Pulse-TPO)

The extent of reduction (EOR) of the metallic species present in the catalysts was
characterized by O: pulse-TPO using a Micromeritics AutoChem 2920 instrument
equipped with a thermal conductivity detector (TCD) and available at E2P2L (Solvay,
Shanghai). In a typical test, ~100 mg of calcined catalyst were placed in a U-shaped quartz
reactor and reduced under a 5% v/v Hx-Ar flow mixture (40 cm?(STP)/min) by heating
from room temperature up to 500 °C at a rate of 5 °C-min™!, and held at this temperature for
1 h. After reduction, the sample was cooled down to 400 °C under Ar and held at this
temperature for 1 h to ensure complete H, desorption. Subsequently, Oz pulses were fed
into the reactor until no further O> consumption was observed.

Mt crermrrees

- ﬁ ],
_.”f# -

E— » Cold Trap (IPA)

¥ - . !
Figure 2-2 AutoChem 2920 instrument from Micromeritics available at E2P2L.

» Furnace (max. 1100°C)

The O consumption was used to calculate the extent of Co reduction (EOR) using
Eq. 2-3 by assuming complete oxidation of CoO and Co” species in the sample to Co30x4
[7]. The reactions involved in the oxidation process are specified in Reaction 2-1

)
EOR=— 6 Eq. 2-3

Co

where No2 and N, refer the number of moles of O, consumed and the number of moles of
Co in the sample, respectively.

1 1 1
Co’ + EO2 — CoO + gO2 - 5C03O4 Reaction 2-1
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The catalytic tests were conducted in the MPRS-3TC reactor (Yashentech, China),
available at E2P2L. (Solvay, Shanghai). The reactor consists of a 3 parallel fixed-bed
reactors allowing the simultaneous study of three reactions at the same feed and
temperature conditions. The main features of the reactor are summarized in Figure 2-3
together with a process flowsheet diagram of the system. The inlet gas flow rates were
adjusted using thermal mass flow controllers (+1% accuracy, Seven Star Electronics), while
the liquid flow rate was adjusted with a liquid metering pump (£3% accuracy, Beijing

(1) 3 Parallel bed Reactor (a)
o T e 500°C
ID: 0.4 cm
Isothermal zone: 10 cm
Catalyst Mass: 0.1 - 0.8 g
(2) Ewvaporator-Preheater
T s 300°C
Separate channels for Liquid and Gas
(3) Liquid Feed
Flow Range: 0.01- 0.5 ml/min
Accuracy: £3%
(4) Gas Feed
NH3, Nj, Hy: 0 = 250 sccm
Accuracy: £1%
(5) Distribution system
= Capillary distribution
= Accuracy: £2%

(b)

Evaporator -
Preheater

Figure 2-3 (a) Image and details of the MPRS-3TC 3 parallel fixed bed reactor; and (b) process flowsheet

diagram of the MPRS-3TC unit available at E2P2L.

The stainless steel reactors (i.d. 4 mm) were loaded from the bottom to the top as

detailed in Figure 2-4. A first layer of 200 wm SiC ensured the positioning of the catalyst
within the isothermal zone in the reactor. The desired amount of catalyst was loaded as

a second layer followed by 200 um SiC that facilitated the feed mixing and brought it up
to the reaction temperature. The different layers were separated using glass wool.
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Before the reaction, the catalysts were activated Inlet
under a 20%v/v H>-N2 flow mixture. The reactors were |
heated up to 500 °C at a rate of 5 °C-min-1 and held at
this temperature for 1 h. The reactors were then cooled
down to the desired temperature under a H>-N> flow
mixture. Subsequently, the temperature was stabilized
under a N> flow, the reaction conditions were set and
the system was stabilized for 1 h. The reactor outlet was
cooled down to room temperature and liquid samples
were recovered every hour. The gas outlet was passed
through an acid trap to remove the unreacted NHs.
Whenever the reaction conditions were changed, the

| - + 200 wm SiC

—* Catalyst
= 200 pum SiC
+Glass Wool

o

Outlet

reactor was stabilized for at least 1 h between tWO  Figure 2-4 Reactor filling scheme

consecutive catalytic tests. on the MPRS-3TC unit (ID=4 mm,
stainless steel).

The reaction conditions RC-1 listed in Table 2-4
were used for screening the performance of mono-
metallic catalysts (Annex I), bimetallic catalysts and the optimization of the impregnation
sequence (Chapter 3). Furthermore, the reaction conditions RC-2 listed in Table 2-7 were
used for the optimization of the noble metal loading on Ru- and Ag-promoted Co
catalysts (Chapter 3).

Table 2-4 Reaction conditions RC-1 used for the catalytic screening of monometallic (Annex I) and
bimetallic formulations based on Co (Chapter 3)

Catalyst weight 510 mg [WHSV =29 h']
NH; flow rate 38.3 cm*(STP)/min [9 equiv]

H: flow rate 10.7 cm*(STP)/min [2.5 equiv]

N, flow rate 3.8 cm*(STP)/min [0.9 equiv]
n-octanol flow rate 1.8 mL.h! [1 equiv]
Pressure 1 bar

Table 2-5 Reaction conditions RC-2 used for the loading optimization of Ru- and Ag-doped Co
bimetallic catalysts (Chapter 3)

Catalyst weight 510 mg [WHSV = 1.9 h-1]
NH; flow rate 25.7 cm*(STP)/min [9 equiv]

H; flow rate 9.6 cm*(STP)/min [3.4 equiv]

N flow rate - -

n-octanol flow rate 1.2 mL-h-1 [1 equiv]
Pressure 1 bar

The recovered liquid samples were analyzed offline using a GC (Agilent GC-7890A)
equipped with a 30 m x 0.32 mm x 0.25 um HP-5 column and a FID detector. The column
was programmed with a 3 °C-min’! initial ramp from 80 °C to 100 °C followed by a 50
°C-min™! ramp to 300 °C and this temperature was held for 3 min. The conversion and yields
(based on n-octanol) were calculated by interpolation using biphenyl as internal standard.
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2.4.2 High Pressure Fixed Bed Reactor - TERCH

The catalytic tests for optimizing the process conditions were conducted in a high-
pressure continuous fixed-bed reactor (Terch Scientific, Beijing) available at E2P2L
(Solvay, China). The reactor was equipped with 3 standardized gas feeding streams, 2 liquid
feeding streams, an automatic sampling system for exhaust gas (not used for this project)
and a manual sampling system for liquid products. The main features of the system are
shown in Figure 2-5. H», N> and NH3 were fed into the reactor using mass flow controllers
(£1% accuracy) (Seven Star Electronics for H, and N> and Brooks for NH3). The liquid n-
octanol was weighed using an electronic balance (Hengping/Lianmao, China) and the
corresponding flowrate was controlled using a liquid metering pump (*1% accuracy, NS
Japan). Liquid NHj3 could also be fed with a double-piston metering pump (+1% accuracy,
Xingda, China). The gas-liquid mixture was prepared in a preheater evaporator and then
fed into the reactor.

(1) Fixed Bed Reactor (a)
* Tmax 600°C
* Accuracy: +1°C
* Internal Diameter: 0.9 cm
4 + Catalyst loading capacity: 5 cm?
0 . . + |Isothermal Zone: 9 cm
D) 99 G0 ¢ M'l * o RS
e 5 ; (2) Evaporator-Preheater
: AR 7 * Tmax 300°C
LA I + Gas-phase liquid-phase mix
(3) Liquid Feed
* ROH Flow Range: 0.1 — 0.5 ml/min
+ Liguid Ammonia Flow Range: 0.05 — 0.5 ml/min

(4) Gas Feed
* N,, NHj;: 200 sccm
* H,: 500 sccm
+ Accuracy: +1%

" Vv

(5) Sampling system
* Manual port for liquid products
* Pneumatic valve for gas-phase

W v

Figure 2-5 Image and details of fixed-bed reactor TERCH

The stainless-steel reactor (i.d. 9 mm, 5 cm® catalyst filling capacity) was located at the
center of the reactor with an isothermal filling height of 90 mm (Figure 2-6). A bottom
layer of 420 wm SiC ensured the positioning of the catalyst within the isothermal zone of
the reactor. The desired amount of catalyst was loaded as a middle layer followed by a top
layer of 420 um SiC that facilitated a good feed mixture and brought it up to the reaction
temperature. The different layers were separated by glass wool. The reaction mixture was
feed from the top inlet radially and out from the bottom outlet axially.
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Prior to the amination reaction, the catalyst was Inlet
activated under a 20%v/v H>-N» flow mixture. The reactor |
was heated at 5 °C-min™! up to 500 °C and held at 500 °C
for 1 h. The reactor was then cooled down to the desired
temperature under a H>-N> flow mixture and further
stabilized under a N; flow. The reaction mixture was 420 pm SiC
passed through the catalyst bed in downflow mode. The
catalysts typically attained steady-state performance after
1 h on stream. Unless otherwise stated, the reaction
conditions RC-3 listed in Table 2-6 were used for
optimizing the noble metal loading for Ru- and Ag-
promoted Co catalysts and assessing the influence of the Outlet
operational variables on the catalytic performance.

— Catalyst
420 pm SiC
+Glass Wool

o

Figure 2-6 Reactor filling scheme
After the reaction, the product mixture entered the  on the TERCH reactor (ID=9 mm,

gas-liquid separation tank by cooling in a condenser. The  stainless steel).

condenser and gathering tank were equipped with

cooling/heating jackets. The gas-phase mixture containing unreacted NH3; was sent to a
scrubber via a venting line. The liquid-phase product samples were collected at the manual
sampling port for further analysis. The recovered liquid samples were analyzed in an offline
GC (Thermo Scientific, Trace 1300) equipped with a 30 m x 0.32 mm x 0.25 wm Thermo
Scientific TG-5MS column and a FID detector. The column was temperature-programmed
with a 3 °C-min initial heating rate from 80 °C up to 100 °C, followed by a 50 °C-min’! rate
up to 300 °C, and held at this temperature for 3 min. The conversion and yields (based on
n-octanol) were measured by interpolation using biphenyl as internal standard.

Table 2-6 Reaction conditions RC-3 used for the loading optimization of Ag and Ru doped cobalt
bimetallic catalysts (Chapter 3).

Catalyst weigh 0.540¢g

NH; flow rate 25-200 cm*(STP)/min [3-21 equiv]
H: flow rate 10-100 cm*(STP)/min [3-15 equiv]
N flow rate - -

n-octanol flow rate 3.9-5.0 mL-h! [1 equiv]
Pressure 1-15 bar

Temperature 160-220 °C

2.4.3 High-Throughput Experiments — Flowrence® Unit

The high-throughput (HT) experiments for kinetic modelling were conducted in a
Flowrence unit (Avantium, Netherlands) available at the REALCAT platform (UCCS,
Lille). The Flowrence unit consists of 16 parallel fixed-bed reactors each one equipped with
a liquid and a gas inlet. The 16 reactors are divided within 4 blocks with independent
temperature control (Figure 2-7).
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i\

\
o0
o0
o0
o0

| Block |11 Block IV

s o)
Figure 2-7 (a) Flowrence unit by Avantium; (b) Reactor Block scheme of the Flowrence unit.

The inlet gas and liquid flowrates were adjusted using thermal mass flow controllers
(£1% accuracy, Brooks) and a compact HPLC pump (1% accuracy, Jasco PU-2080),
respectively. The liquid flowrate variation between the reactors was lower than 3%. The
liquid samples were recovered at the outlet of the reactors using a dedicated sampling robot.
A simplified process flowsheet diagram of the unit is depicted in Figure 2-8. Fused silica
capillaries were used to equalize the pressure drop differences between the reactors
ensuring homogeneous flow (Figure 2-10). The stainless steel reactors (i.d. 2.4 mm) were
loaded as indicated in Figure 2-9. A first a layer of 100 um SiC was used to ensure the
positioning of the catalyst within the isothermal zone of the reactor. The desired amount of
catalyst (10, 20 or 30 mg) was diluted with y-Al>O3 up to 100 mg and loaded as a second
layer followed by 200 pm SiC that facilitated a good mixture of the feed and brought it up
to the reaction temperature. On top of the reactor, a glass sock avoided liquid dripping by
favoring the liquid-gas contact and in turn its vaporization.

<90 barG _l =D s I
L) E . 1 AL L )
H, k] — : :
<90 barG . :
e ] ! i
.1.' C ]
I
Ny (5] : I
<7 b G | 1 :
I
= . IR
I
NH; —P———= | ‘ |
I
]
: I w4 ingependent
" Mamperatura control
n-Octanol —&.‘}—@—» I_;___J________J
T GC Analysis
ﬁ 000 )

wd samples for reacior

Figure 2-8 Simplified plug flow diagram of the Flowrence unit.

Before the reaction, the catalysts were activated under a 20%v/v H>-N> flow mixture.
The reactors were heated using a 5 °C-min™! rate up to 500 °C and held at this temperature
for 1 h. The reactors were then cooled down to the desired temperature under a H»-N> flow
mixture. After the reduction, the reaction conditions were set. The reaction sampling started
after 1 h on stream for stabilization and the sample was collected during 1.5 h. Two
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experimental conditions were tested in the course of each run, allowing 1.5 h between them

for stabilization.

The recovered liquid samples were
analyzed offline using a GC (Agilent GC-
2010 Plus) equipped with a 30 m x 0.25
mm x 0.25 pm Zebron ZB-5MS column
and a FID detector. The column was
programmed with a 3 °C-min’! initial
heating rate from 80 °C to 100 °C followed
by a 50 °C-min! rate to 300 °C and this
temperature was held for 3 min. The
conversion and yields (based on n-
octanol) were calculated by interpolation
of the calibration using
1,3-propanediol as internal standard.

curves

A full factorial design of experiments was
implemented, affording the study of the influence of the
different reaction variables, as well as their interactions.
The temperature, the catalyst weight and the H» partial
pressure were studied over three levels, while the n-
octanol and NH3 partial pressures were varied within two
levels and a central point allowing a survey of non-linear
effects. The range and levels of the studied variables are
summarized in Table 2-7. The evaluated feed mixtures
are represented within the experimental space in Figure
2-11. The experimental conditions are specified in Table
2-8. Overall, 126 experimental points were obtained and
used for the evaluation of different kinetic models. The
full list of tests is presented in Annex II.

Table 2-7 Full factorial design of experiments for kinetic modeling

system of the Flowrence unit.

Liquid inlet

Gas Inlet
& (

|

s+ Glass sock

——p= 200um SiC

— Catalyst
—» 100um SiC
— Frit

.

Outlet

Figure 2-9 Reactor filling scheme on
the Flowrence unit (ID =2.4 mm,
stainless steel).

(covered in Chapter 4)

Variable Range Levels H,

Py, 0.1-0.5 bar 3

Pr_on 0.1-0.2 bar 2 + Central Point -

Pni, 0.3-0.6 bar 2 + Central Point N
n-Octanol

Temperature 160-180 °C 3

Catalyst weight 10-30 mg 3 Figure 2-11 Feed mixtures tested

within the full factorial design.
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Table 2-8 Reaction conditions RC-5 used for kinetic modeling (covered in Chapter 4)

Catalyst weigh 10-20-30 mg -
NH; flowrate 2.8-4.2-5.6 cm*(STP)/min [3-4.5-6 equiv]
H, flowrate 0.9-2.8-4.6 cm*(STP)/min [1-3.0-5 equiv]
N, flowrate Fill up to 14.8 cm*(STP)/min -
n-octanol flowrate 0.36-0.54-0.72 mL-h! [1-1.5-2 equiv]
Pressure 2 bar -
Temperature 160-180°C -

2.5 Kinetic Modeling

A detailed kinetic modeling was carried out to rationalize the influence of the
different operation parameters for n-octanol amination with NHs. As the reaction rates may
vary with the position in the reactor, it is necessary to integrate the kinetic expressions over
the reactor length/radius and consider an appropriate hydrodynamic model. Overall, the
kinetic study comprised the following steps:

1. Development of kinetic expressions: different kinetic models were formulated taking
into account previous knowledge of the reaction mechanism and the observed
experimental trends as a function of the operation variables. The reader will find more
detailed information in Chapter 4.

2. Reactor modeling: the kinetic expressions were incorporated in the reactor mass
balances and integrated over the reactor length/radius. The validity of the proposed flow
model is discussed in section 2.5.1 and the corresponding mass balance expressions are
presented in section 2.5.2.

3. Parameter optimization: the model variables were adjusted using an iterative
algorithm that minimizes the sum of square differences between the experimental and
predicted data (partial pressures of n-octanol and N-products) at the reactor outlet.
Further details can be found in section 2.5.3.

4. Validation of the models: kinetic models including positive adsorption enthalpies and
negative activation energies or rate constants lacking of physical consistency were
rejected. Kinetic models providing incoherent values for different parameters due to low
sensitivity and correlation effects were also rejected.

5. Statistical analysis: the kinetic models were judged by their capacity of convergence,
goodness of fit, random error distribution and accuracy of the fitted parameters. More
details on the statistical methods used are presented in section 2.5.4.

2.5.1 Fixed Bed Flow Model

The kinetic models were implemented by assuming isothermal plug-flow reactor
(PFR) hydrodynamics with neither heat nor radial/axial diffusion. This model assumes a
flat velocity profile within the reactor, implying an equivalent residence time for all the
fluid elements. In the following lines we will assess the validity of this model for describing
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the hydrodynamics of our reactor using well-established heuristic criteria and related
literature.

(iii)  Axial dispersion

Flow-through packed-bed reactors may present some degree of backmixing due to,
for instance, molecular diffusion. To minimize this effect, the reactor length must be long
enough so that the dispersion front becomes negligible. Mears [8,9] proposed a criterion
(Eq. 2-4) for determining the minimum reactor length for mitigating dispersion effects. The
application of this criterion (see calculation details in Annex III) validates the assumption
of negligible axial dispersion for our reactor.

L. 20,6
d, Pe, C, Eq.2-4

Likewise, the effect of temperature differences over the longitudinal axis can be
neglected for reactors presenting a length-to-particle diameter ratio above 30 [8].In our case,
since the ratio of bed length (>25 mm) to particle (~0.15 mm) in our reactor (Flowrence
unit) was 166, the temperature can be considered constant along the reactor length.

(iv) Radial dispersion

Radial dispersion effects are generally caused by thermal gradients normal to the
reactor flow and may drastically alter the reaction rate across the radius. This effect can be
minimized when working with small reactor diameters and under bed dilution. In our case,
the effect of radial thermal profiles can be neglected considering the small reaction enthalpy
(AH°= -13 kJ-mol ™) and small reactor diameter (i.d. 2.4 mm). Radial dispersion caused by
eddy or molecular diffusion is generally small, since the corresponding Péclet numbers are
about one order of magnitude higher than the axial Péclet numbers [10,11] and can
accordingly be safely neglected.

(v) Wall effects

Velocity profiles may exist within packed-bed reactors due to local differences in
bed porosity. As a rule, the catalyst is less closely packed near to the walls, creating a zone
of maximum speed at about one particle diameter from the wall. This effect can be
minimized by using larger reactor diameter-to-particle ratios. A minimum ratio between 8
and 15 is commonly proposed to ensure negligible wall effects [12,13]. Since in our reactor
the ratio of the reactor diameter (2.4 mm) to particle (~0.15 mm) was 16, wall effects can
be regarded as negligible.

(vi) Mass and Heat Transfer Limitations on the Catalyst

The kinetics in catalytic reactors can be affected by heat and mass diffusion between
the fluid and the particle (external transfer) and within the catalyst pores (internal transfer).
In our case, heat transfer can be omitted due to the low reaction enthalpy for n-octanol
amination with NH3 (AH= -13 kJ-mol™), the small reactor diameter (i.d. 2.4 mm), and the
use of bed dilution (1/10-3/10). The absence of inter- and intraparticle mass/heat transfer
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limitations are assessed below on the guidance of well-established heuristic criteria and
literature examples.

External Mass Transfer

External mass transfer can become rate limiting when the reactants are consumed on the
catalyst surface at a faster rate than their corresponding diffusion rate from the bulk solution.
This effect can be minimized by increasing the reactant flow speed or by decreasing the
intrinsic reaction rate (e.g., by decreasing the temperature or the catalyst loading). The
criterion proposed by Mears [8] is widely used for assessing the influence of external
mass/heat transfer limitations (Eq. 2-5).

—r R n
ROH(obs)pb 14 < O 15 Ed. 2.5
kg ROH 4

In our case, this criterion is satisfied, since Eq. 2-5 is fulfilled (0.07, see calculation details
in Annex III). Accordingly, we can safely assume the absence of mass transfer limitations
on the measured reaction rates.

Internal Mass Transfer

Internal mass/heat transfer can become rate-controlling when diffusion within the catalyst
pores becomes slower than the intrinsic reaction rate. This effect is especially relevant for
fast reactions occurring in micro- and mesoporous catalysts. Internal mass/heat transfer
limitations can be discouraged by decreasing the particle size. The Weisz-Prater criterion
[14] is generally accepted for assessing the influence of pore diffusion on the experimental
reaction rates. For first-order reactions, the criterion is expressed using Eq. 2-6. With a
value of 0.09 (see calculation details in Annex III), this criterion is fulfilled for our reactor,
confirming negligible contribution of intraparticle mass transfer to the experimental
reaction rates.

2
—h ROH(abs)pcRp

<0.6
' : Eq. 2-6
DROH CROH

2.5.2 Mathematical description of the reactor hydrodynamics

As discussed in the previous section, the isothermal PFR model appears to be a good
choice for representing the hydrodynamics of our fixed-bed reactor. The PFR model
consists of an open tube with material entering and leaving the system boundaries. In this
model, mass balances are conducted over a differential volume (plug) of the tube with the
assumptions that: (i) all the volume elements have the same residence time on the reactor,
(i1) radial mixing is instantaneous, and (iii) no axial mixing exists between adjacent plugs
(Figure 2-12). Assuming steady-state operation, the mass balance for a given compound i
can be represented by an ordinary differential equation (Eq. 2-7).
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dF. Initial conditions:
~ = Eq.2-7
dM Mc=0—F=F, -

c

The different kinetic models developed in this study, all based on Langmuir-
Hinshelwood type kinetics (see Chapter 4 and Annex IV for details) were incorporated into
the material balances and solved numerically using the Matlab functions ode45 or odel5s
[15]. The ode45 function is a one-step solver based on an explicit Runge-Kutta (4,5)
formula, while the odel5s is a multistep solver based on numerical differentiation formulas,
more suitable for stiff systems. Both solvers use adaptive step-size discretization to
minimize the integration error (relative error <0.1%) and ensure stability. The solver
operates inside a “for” loop, evaluating the 42 experimental conditions.

dV o<dMc

-~

Fie= ==Fi+ dFi

[Flow i IN] + [Generation i] = [Flow i OUT]
Fi v + (1) dMe = F, +dF,

Figure 2-12 Differential volume (dV) or its equivalent in mass of catalyst (dMc) for a PFR, with F and r
being the flow and rate of consumption per unit mass of catalyst for reactant i.

2.5.3 Least Squares - Kinetic Fitting

The different kinetic models for n-octanol amination with NH3 were fitted using the
non-linear curve-fitting function Isgcurvefit available in Matlab software [16]. The kinetic
and thermodynamic parameters of the models were fitted using the Levenberg-Marquardt
or L-M algorithm based on least-square minimization of the square distance between the

experimental and predicted partial pressures of n-octanol and N-products at the reactor
outlet (Eq. 2-8)

min Y [f(Z.P)-y, T Eq.2-8

where Z is a vector including the model parameters, P is a vector including the reaction
variables (feed composition, flow, temperature, pressure and mass of catalyst), f(K,P) is a
vector including the model output and yexp 1s a vector including the experimental data (n-
octanol conversions, yields to different products).

The L-M algorithm operates through an iterative procedure. To start the optimization,
the user provides an initial estimate for Z named Zy. In each iteration the parameter vector
Zx is replaced by a new estimate (Z,+0k), which is calculated by a linear approximation of
f(Z,P) in the neighborhood of Z. The algorithm adaptively varies the parameter updates
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between the gradient descent and the Gauss-Newton methods using a damping factor Y.
Initially, a large yis set so that first updates are small steps in the steepest-descent direction.
As the solution is improved, Y is decreased and the solution accelerates towards the local
minimum. In the case an iteration results in a worse approximation, 7y is again increased,
proceeding through the steepest-descent method. A comprehensive flow-chart is presented
in Figure 2-13. More information on the L-M algorithm can be found in dedicated literature

[17,18].
Successful Integration
| Calculate S5, :Z[/’(ZO,P)ﬂ-m]: Solve ODE system
Fail to Integrate
| Set y (damping factor) |
I I
| calculate ss, =3 [/(7,.P)-7, 7|
. | .
£ 2
@ Iterations = Max. Iter. m H
2 ’ | swp | g
5 2
E 2
2‘ Yes g
@ SSg < Error Tolerance Output £
3 Qo
b
ASS; < Step Tolerance | Stop |
Decrease y Increase y |ﬁ

Figure 2-13 Iterative optimization Levenberg-Marquardt algorithm simplified flow chart (SSg=sum of
squared error, Z= vector of parameters, P=reaction variables and yexp=experimental values).

2.5.4 Quality of the Fittings — Statistical Analysis

The discrimination between the different kinetic models was carried out by statistical
analysis of the fittings. The goodness of fit, the correlation matrix and the confidence
intervals of the fitted parameters were computed to assess the quality of the fittings. Finally,
the residuals were analyzed and checked for establishing their patterns. At equal quality of
the fitting, the simpler model would be chosen as the preferred one. The statistical
expressions used in this section and summarized below can be found in dedicated literature
[19-23].

The goodness of fit was measured in terms of the residual sum of squares (SSg) and
the coefficient of determination (R?). Both descriptors were calculated using Eq. 2-9 and
Eq. 2-10, respectively. It is important to notice that a superior R? value does not imply per
se a better model unless SSEg is minimized.

$E=Z(yi_j/7)2 Eq. 2-9
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~ 2
2 SS E Z (y i~y ,')
R =1-—5=1- ; Eq. 2-10
SS T z (y i yz) 4=
The 95% confidence interval for the optimized parameters was calculated according
to Eq. 2-11, where ti.o refers to the Student-t (1.96 for 95% confidence interval), and covi;
are the diagonal elements of the variance-covariance matrix (Eq. 2-12).

CIJ: = A / cov, =1.96 cov, Eq.2-11

cov=(J" ><J)'1MSE=£(JT xJ)!

n -n Eq. 2-12
y P

where J is the Jacobian matrix and MSE is the mean square error that is calculated by
dividing SSg by the number of degrees of freedom ny- n,, where ny and n, refer to the
number of experiments and parameters, respectively.

The Jacobian matrix is a (ny X np) matrix representing the first-order partial derivatives of
the least-squares function. This matrix is numerically computed at each iteration step of the
Levenberg-Marquardt algorithm by evaluating the function change in the vicinity of each
parameter as expressed by Eq. 2-13. The approximation of the Jacobian matrix at the
optimized solution is retrieved and used to estimate the different parameters.

_df(y,)

where f(y,)1s the function value at the point y;.

The correlation matrix (corr) was calculated as expressed in Eq. 2-14, where %
indicates element-wise matrix division. The resulting square matrix is a standardized
version with unit variances of the covariance matrix, ranging in values from -1 to +1, both
included. Values > | 0.95 | indicate high correlation between the fitted parameters.

_ T
corr = cov%,/(cov jXeov) ‘ Eq. 2-14

Multicollinearity between the fitted parameters was assessed by means of the variance
inflation factor (VIF), which was calculated according to Eq. 2-15. A VIF >10 for a given
parameter is generally considered as a sign of multicollinearity for that parameter.

VIF = diag(corr™") Eq. 2-15

Finally, the residuals from the regression model were standardized using the sample
variance according to Eq. 2-16

)

! MSE Eq. 2-16
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The standardized residuals were plotted against the experimental values and checked for
outliers and patterns. Ideally, 95% of the residuals should fall between £1.96,/MS,. , have

an almost zero mean and be randomly distributed. Typical patterns found in residual
analysis are summarized in Figure 2-14.

1.96 - 1.96 ]
° Y . * . * 4 °
° .
° e ©®
_ e ° °
‘JMSE 0 ] \l" MSE 0 ® e L, ° ® ®
. ® ® P ® e o ® ® °
o ™ L] [ .. L [
Lo ° o ® L] L 96 ™ * . [ ] [
- - .
(a) (b)
(a)
[ ]
1.96 ° L . 1.96 -
.o . . . ® . o
S e ° . ¢ ° *
e ® . ° N . °
JMs; 0 - Jus; o .
. ° L] .. ° ] e o .. L ]
e o : ° ® . 0 °
1.96 R 1.96 —
(c) ()

Figure 2-14 Typical patterns from standardized residual plots, (a) satisfactory, (b) funnel, (c) double bow,
and (d) non-linear (Adapted from [19]).
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SSg=

Nomenclature

Experimental data
Mean of experimental data
Predicted data

Concentration (mmol-mL™)
Confidence interval

Correlation matrix
Variance-covariance matrix
Diameter

Standardized residuals
Mass/Molar Flow

Jacobian matrix

Dimensionless shape factor (~ 0.9)
Mass transport coefficient (cm-s™)
Reactor Length

Mean squared error of residuals
Number of moles

Reaction order

Number of parameters

Number of experimental points
Vector of reaction variables
Péclet number

Radius (cm)

Reaction rate (mmol-g-cat!-s™)
Coefficient of determination
Squared sum of residuals

Total sum of squares

Vector of model parameters

Thése de Javier Ibafiez Abad, Lille 1, 2017

Subscripts:

0= Initial

A= Axial

b= Catalytic Bed

c= Catalyst

exp. = Experimental

f= Final

obs = Observed

p= Particle

r= Radial

Greek Letters

0= Diffraction angle

Ok = Parameter update factor in
L-M algorithm

B= Peak Broadening at half
maximum intensity (A(20),
in radians)

Y= L-M damping factor

A= X-ray wavelength

p= Density (g-L1)

T= Mean crystallite size
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Chapter 3
Cobalt-based Bimetallic Catalysts

for the Direct Amination of n-octanol
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3.1 Background

As already discussed in Chapter 1, the direct amination of alcohols via the H>
borrowing mechanism emerges as an atom-efficient, step-efficient and ecologically
responsible route for the industrial synthesis of amines. Numerous examples of hetero-
geneous metal-supported catalysts for amination reactions have been reported both in the
open and patent literature. However, as of today, the available catalytic formulations suffer
from important limitations, especially when regarding the synthesis of primary amines. In
this view, the development of efficient and selective catalysts for the mono-alkylation of
NH3 with alcohols could help to diminish the environmental footprint of current industrial
processes.

With the purpose of identifying performing catalysts for amination reactions, a
library of catalysts was prepared comprising Pd, Pt, Au, Ni, Co and Cu supported over SiO2,
TiO2, AlO3, CeO> and Fe;Os. The catalysts were further screened for the gas-phase
amination reaction between n-octanol and NH3 (Annex I). From this preliminary study,
Co/y-Al,03 emerged as the most selective formulation towards aliphatic primary amines.
Nonetheless, this catalyst suffers from low activity (molar basis) compared to supported Ni
or Pt, most likely due to a strong metal-support interaction [1-3]. Numerous examples of
noble-metal dopants used to enhance the Co reducibility can be found in the literature,
mostly related to Fischer-Tropsch synthesis [4-12]. Moreover, examples on Pd [13] and
Ru-promoted Co catalysts have been reported in the patent literature for direct alcohol
amination [14,15]. Since noble metal oxides can be reduced at lower temperatures than
cobalt oxide [16], these can dissociatively chemisorb H>. The as-generated hydrides can
eventually migrate to nearby Co oxide particles, removing oxygen atoms and thus redu-
cing cobalt oxide to its active metallic phase. The nature of the noble metal [10], the
impregnation protocol [12], and the metal/Co atomic ratio [11] can greatly impact the
catalytic performance.

In this context, a series of noble-metal promoters (e.g., Au, Pd, Pt, Ru and Ag) were
used for enhancing the catalytic activity of Co/y-Al,Os for conducting the gas-phase
amination reaction of n-octanol and NH3 to n-octylamine (OA). To survey the promoting
effect of the different noble metals and preparation protocols in detail, the different
bimetallic catalysts were prepared over the same batch of a model Co catalyst, i.e.
5%Col/v-Al203 (see Chapter 2 for details).

Along this chapter, the effect of the nature of the noble metal will be first assessed
using the OA yield as descriptor of the catalytic performance. Second, the effect of the type
of promoter, impregnation sequence and loading will be evaluated to attain optimal
catalytic formulations. Third, the influence of the NH3 and H» partial pressures on the
catalytic activity and selectivity will be studied as an attempt to decouple pure Co reduct-
ion enhancement effects from a co-catalytic role of the noble metal. Finally, the process
conditions will be optimized for the best performing catalyst targeting the highest OA yield.
The catalytic results will be analyzed in parallel with relevant characterization techniques
(i.e. TPR, XRD, STEM-HAADF), allowing a deep understanding of the catalytic behavior.
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3.2 Effect of the nature of the dopant

A series of 5%Co/y-Al,O3 catalysts doped with different noble metals (NM) were
manually prepared by sequential incipient wetness impregnation (IWI). The promoters
were impregnated in a second step over the same catalyst batch (1.5%a/a). This allowed to
better study the net influence of the noble metal by minimizing side effects such as changes
in Co dispersion. Table 3-1 lists the catalysts prepared, as well as the corresponding weight
loading of noble metals.

Table 3-1 List of catalysts synthesized to study the influence of the nature of the noble metal dopant (1.5%
a/a) on the catalytic performance of 5%Co/y-Al>O;

Catalyst® NM promoter Promoter a/a
5%Coly-Al,Os-Benchmark - -
5%Co0-0.25%Pt/y-Al,03 Pt 1.5%
5%Co-0.14%Pd/y-Al,O3 Pd 1.5%
5%C0-0.14% Ag/y-AL,0; Ag 1.5%
5%Co0-0.25% Au/y-Al,O3 Au 1.5%
5%Co-0.13%Ru/y-Al,O3 Ru 1.5%

(a) Theoretical weight %; calculated from the mass of precursor used in the preparation

The synthesized catalysts were tested in the gas-phase amination of n-octanol with
NHs;. The reaction was carried under the operation conditions RC-1 (Table 2-4). The main
products formed were n-octylamine (OA), octanenitrile (ON) and di-n-octylamine (DOA).
Side products such as di-n-octylimine (DOI) were detected in trace amounts. The results
are compiled in Figure 3-1-(a). Among the different noble metals, Pt and Pd exhibited the
highest activity increase, the n-octanol conversion being enhanced from 25% for the parent
5%Coly-Al,03 to 44% and 32% for Pt and Pd-promoted catalysts, respectively. Ag and Ru
only afforded a slight increase in activity with a n-octanol conversion of 28% and 29%,
respectively. Opposing these trends, Au dropped the n-octanol conversion down to 15%.
In terms of TOF, the intrinsic activity of the catalysts decreased with the extent of reduction
as shown in Figure 3-1-(b). The Au-promoted catalyst was out of the trend, suggesting a
poisoning effect of Au.

Turning now our attention into the selectivity, Pt and Pd exerted a negative impact
towards OA, transforming 11% of n-octanol into DOA. The remaining noble metals kept
the OA selectivity with only traces of DOA (yield <0.5%). Overall, the highest OA yields
were achieved with Pt (20%), Ag (18%) and Ru (17%). Since Ag and Ru maintained a good
OA selectivity towards, both noble metals were kept in the remainder of our study.

To rationalize the mechanism behind the loss of selectivity over the Pt- and Pd-
promoted 5%Co/y-Al>,O3 catalysts, an equimolar mixture of OA, ON and water was fed to
the reactor under the same conditions as in the screening tests. The reaction was carried
over Pt- and Ru-promoted catalysts as contrasting examples of selectivity. As evidenced
from Figure 3-2, the Pt-promoted sample exhibited a much higher capacity for DOA
formation. These results suggest the activation of undesired side reactions, such as amine
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disproportionation (Reaction 3-1) or nitrile-amine reductive condensation (Reaction 3-2)
in the presence of Pt according to the pathway described by Gomez et al. [17].
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Figure 3-1 (a) Conversion and yields in the amination of n-octanol with NH3 over 5%Co/y-Al,O3 doped
with noble metals (1.5% a/a Pt, Pd, Ag, Au and Ru). (b) Turnover frequency based on moles of amine
formed per hour and per mole of reduced Co vs extent of reduction (calculated from H»-TPR <500°C, see
below). Catalysts prepared by sequential impregnation, 1% Co, 2" NM. Reaction conditions: 180 °C; NHj :
H; : N2 : ROH (mol%)=9 : 2.5 : 0.9 : 1; WHSVgon = 2.9 h'!; P=1 bar. Carbon balance in the range 95-
99% for all the catalytic tests.

o

o @
< &
¢
‘b-lo' ,p‘-’
> Q

Figure 3-2 GC chromatograms for the reaction of OA with ON in the presence of water. Reaction
conditions: 180 °C; P=1 bar; NH;z : Hy : N : ROH (mol%) =9:2.5:0.9: 1; WHSVgrou =2.9 h'l.
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3.3 Effect of the Impregnation Sequence for Ru- and Ag-doped
5% Co/AL203

In a subsequent step, the effect of the impregnation sequence (i.e. sequential
impregnation of either Co or the noble metal, and coimpregnation) was studied for Ru- and
Ag-doped 5%Co/y-Al,O3 catalysts (1.5%a/a). Overall, six catalysts were prepared
according to the protocols described in Chapter 2 (Table 3-2). For clarity, the different
catalysts will be termed hereinafter as Co(X) for coimpregnated catalysts and Co-X and X-
Co for the sequentially impregnated samples, where X stems for either Ru or Ag.

Table 3-2 List of catalysts synthesized to study the influence of the impregnation sequence on the promoting
effect of Ru and Ag (1.5%a/a) over 5%Co/y-AlLO;

Catalyst Promoter Promoter a/a Impregnation®
5%Co/y-Al,Os-Benchmark - - -
5%Co-0.13%Ru/y-Al>O3 1.5% S — 1 Co, 2" Ru
0.13%Ru-5%Co/y-Al,Os Ru 1.5% S — 1’ Ru, 2 Co
5%Co(0.13%Ru)/y-Al,03 1.5% Coimpregnation
5%Co-0.14%Ag/y-AlxO3 1.5% S—1%Co, 2™ Ag
0.14%Ag-5%Co/y-AlxO3 Ag 1.5% S — 1% Ag, 2" Co
5%Co(0.14%Ag)/y-Al,O3 1.5% Coimpregnation

(a) S stands for sequential impregnation.

3.3.1 Catalytic Activity

The performance of the different catalysts in the amination reaction of n-octanol with
NH3 was evaluated under the operation conditions RC-1 (Table 2-4). The results, plotted
in Figure 3-3, point out an increase of the n-octanol conversion for all the noble-metal
promoted samples with respect to the parent 5%Co/y-Al>Os. In the case of Ru-promoted
5%Coly-Al>0s, the coimpregnated catalyst [Co(Ru)] afforded the highest OA yield (23%)
followed by the catalyst prepared by sequential impregnation of Ru and Co (Ru-Co) with
a yield of 20%. Regarding the Ag-promoted 5%Co/y-Al>O3, the catalyst prepared by
sequential Ag and Co impregnation (Ag-Co) exhibited the most prominent activity
enhancement, transforming 25% of n-octanol into OA. In contrast, the Co(Ag) and Co-Ag
catalysts afforded a yield of 19% and 18%, respectively. No negative effect on the
selectivity was evidenced for the different catalysts, the main reaction products being OA
and ON.
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To summarize, the most promising formulations for n-octanol amination with NH3
were Ag-Co and Co(Ru), affording in each case a 65% and 50% increase of the OA yield.
These catalysts have been used in the remainder of this study as the most promising

formulations.
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Figure 3-3 Conversion and yields in the amination of n-octanol with NH3 over 5%Co/y-Al>,O3 doped with
1.5%a/a Ru (a) or Ag (b) with different impregnation protocols. Reaction conditions: 180 °C; P=1 bar;
NH; : Ho : Np : ROH (mol%) =9 :2.5: 0.9 : 1; WHSVRron = 2.9 h'!'. Carbon balance 95%-98%.

3.3.2 Cobalt Reducibility

The effect of the impregnation sequence on the Co reducibility was studied by Ho-
TPR from room temperature up to 900 °C under a 5%v/v Hz-Ar flow (40 mL(STP).min™").
Table 3-3 lists the main bands observed in the reduction profiles. The H2-TPR profile of
5%Coly-Al,0O3 (Figure 3-4) comprises two differentiated bands. The first and sharper band
(o), centered at ~300 °C, is generally attributed to the reduction of Co3z04 to CoO, while
the second band (B) in the temperature range 350-700 °C represents the subsequent
conversion of CoO into metallic Co’[5,18,19]. This band is broad, covering the reduction
of different CoO species. Larger Co particles with low metal-support interaction (1) are
expected to reduce at lower temperatures (~450 °C), whereas smaller Co nanoparticles (32)
with stronger interaction with alumina reduce at temperatures above ~550 °C. The observed
3:1 stoichiometry for the H> consumption is in agreement with the ratio of surface areas
between both bands. The H> consumption at temperatures higher than 750-800 °C is
attributed to the reduction of spinel CoAl204 [20,21], which is generated by the diffusion
of Co ions into the Al>Os3 lattice during calcination.
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Table 3-3 Main bands observed in the H>-TPR profiles of 5%Co/y-Al,O3 catalysts promoted by Ag and Co (1.5% a/a) as a function of the impregnation protocol

C03;04 » CoO @

Co0O - Co" @

Catalyst Band () - . Tel;le[;l;;ttlg?e(b) CoALO4”  Ratio B /a.
Position 297°C 451°C 592°C < 500°C > 750°C

5% Coly-AlOs-Benchmark 3.2
H; uptake (mmol-g™!) 0.22 0.55 0.18 0.52 0.02
Position 189°C 347°C - <500°C > 750°C

5% Co-0.13%Ru/y-Al,O; 2.7
H; uptake (mmol-g™) 0.29 0.78 - 1.04 0.02
Position 221°C 403°C - < 500°C > 750°C

0.13% Ru-5% Co/y-AlO3 29
H; uptake (mmol-g™!) 0.24 0.71 - 0.92 0.03
Position 145°C 311°C - <500°C > 750°C

5% Co(0.13%Ru)/y-Al,O3 3.0
H, uptake (mmol-g™) 0.26 0.78 - 1.02 0.03
Position 289°C 457°C 605°C < 500°C > 750°C

5% Co-0.14% Ag/y-Al,O3 3.1
H; uptake (mmol-g™) 0.21 0.48 0.15 0.56 0.02
Position 257°C 368°C 541°C <500°C > 750°C

0.14% Ag-5% Coly-Al,O3 4.0©
H; uptake (mmol-g™!) 0.20 0.72 0.08 0.96 0.03
Position 264°C 352°C 550°C < 500°C > 750°C

5% Co(0.14% Ag)/y-Al,O3 5.3
H; uptake (mmol-g™) 0.14 0.64 0.11 0.80 0.04

(a) H> consumption calculated after curve deconvolution using Gaussian distributions. (b) H, consumption calculated by integrating the H»>-TPR profiles using trapezoidal
numerical integration. (c) Highly overlapping bands, difficult to deconvolute
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Figure 3-4 H>-TPR band deconvolution for 5%Co/y-Al>Os.

Figure 3-5-(a) plots the reduction profiles for the Ru-promoted 5%Co/y-Al>O3
catalysts. Regardless of the impregnation sequence, both bands shift towards lower
temperature upon Ru introduction. In particular, the second band attributed to the reduction
of CoO into Co® becomes significantly sharper after impregnation. A new band appears at
lower temperature [79 °C for Co(Ru) and 135 °C for Co-Ru and Ru-Co sequentially
impregnated catalysts], which is most likely ascribed to the reduction of RuQO,. The
remarkable shift towards lower temperature for the coimpregnated Co(Ru) catalyst might
indicate the existence of Ru species in different combination with Co. The impregnation
sequence influences to an important extent the Co reducibility. The coimpregnated Co(Ru)
catalyst exhibits the largest effect, shifting the a and B bands by 152 °C and 249 °C,
respectively. Both bands are very sharp, suggesting a homogeneity of Co particles with low
metal-support interaction. The Co-Ru catalyst shows a temperature shift for each band by
108 °C and 213 °C, respectively. Both bands are broader than those observed for the other
Ru-promoted catalysts. This observation might be explained on the basis of a higher
heterogeneity of Co species for the latter catalyst, showing most likely varying interactions
between Co and Ru. Finally, the Ru-Co sample displays a moderate temperature shift for
both bands (76 °C and 157 °C, respectively). The same effect on the impregnation sequence
was observed by Kogelbauer er al. [22]. Coimpregnated Co(Ru) exhibited well resolved
and sharp bands, while a broader o band was observed for the Ru-Co and Co-Ru catalysts.
Likewise, Cook et al. [12] measured a higher reducibility for coimpregnated Co(Ru)
catalyst. Finally, a similar ratio of 3 + 0.3 between the surface areas of both bands is
observed, supporting the assumption of two sequential reduction steps.
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The reduction profiles were modified in a much different way in the presence of Ag
[Figure 3-5-(b)]. The a band attributed to the transformation of Co3zO4 into CoO shifts
slightly by 8-40 °C towards lower temperatures. In case of the B band corresponding to the
reduction of CoO into metallic Co’, shows marked differences depending on the
impregnation protocol considered. The  band in Co-Ag exhibits a small prominence by
~457 °C, which is probably related to large CoO nanoparticles (B1) in closer contact with
Ag clusters. A shoulder at ~605 °C (32) reveals the existence of CoO particles in strong
interaction with the alumina support. These species are less prominent in the Co(Ag) and
Ag-Co catalysts, showing weaker shoulders at ~550 °C. These observations suggest the
ability of Ag for decreasing the metal-support interaction when Ag is either impregnated
before or concomitantly with Co. The band related to easily reducible CoO species shifts
to 352 °C and 368 °C for the Co(Ag) and Ag-Co catalysts, respectively. The latter catalyst
shows a more prominent 3; feature, achieving a higher Co reducibility. Similar H>-TPR
profiles were previously reported in the literature for Ag-promoted Co/Al,O5 at low Ag
loading (~0.06-0.55 wt%. vs 0.14 wt.% in our case), showing a displacement of the 3 band
by 100-200 °C [4,23]. Jacobs et al. [23] reported a displacement for both reduction bands
for Ag loadings >0.8 wt%. The ratio between the surface areas of both bands is 4.0 and 5.3
for Ag-Co and Co(Ag), respectively, instead of the expected value of 3.0. This observation
might be related to the difficulty in deconvoluting the overlapping bands.

[ Ru - Promoted Co Reduction (a) [ Ag - Promoted E:D-n | Reduction (b)
- 1.5% afa Temperature | 15% a/a 25720 3EE:C | Temperature
1azEC 3L
26450 S0EC ]
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Figure 3-5 H>-TPR profiles for 1.5%a/a (a) Ru- and (b) Ag-promoted Co/y-Al>Os catalysts synthesized by
different impregnation protocols (coimpregnation and sequential impregnation). The dotted lines indicate
the reduction temperature before the catalytic tests (500 °C).
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The extent of reduction (EOR), calculated from the H> consumption below 500 °C
for the different catalysts, was plotted against the OA yield [Figure 3-6-(a)]. As a rule, a
higher OA yield is observed at higher EOR. However, the different catalysts show a
different behavior. Ag-Co displays the highest OA yield at a slightly lower EOR than in
the case of Co(Ru) or Co-Ru. This observation might be attributed to a difference in either
the metal dispersion for the different catalysts, or to electronic effects induced by the dopant.
Interestingly, Co-Ru displays the lowest OA production, even if this catalyst shows almost
complete reduction at 500 °C. As can be observed in Figure 3-6-(b), the intrinsic activity
cannot be maintained for these catalyst and the TOF decreases monotonically while
increasing the EOR. This behavior might be ascribed to the existence of differentiated
catalytic sites or Co® species with different intrinsic activities on the catalyst surface.

Ag-Co @ (a) | co-Benchmark (b)
2 4 w Co-Ag
E '-+'_'B : L i -."
z Colag) .-+ R
O i - 0 , 40 F *. Ag-Co
& Co-Ag . ® Rru-co 5 CG{‘E"E}O OCD{RU}
= i et = 0 =
2 n-l‘. O i_ Ru-Co o "‘
_ Co-Ru e i .-L
@ Co - Benchmark = Co-Ru
n i i < L . 1

H, TPR - Extent of Reduction < 5002C H, TPR - Extent of Reduction < 5002C
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Figure 3-6 (a) OA yield and (b) turnover frequency based on moles of OA formed per hour and per mole
of reduced Co vs EOR (calculated from H, TPR <500°C). Reaction conditions: 180 °C; P=1 bar; NHj :
H> : N> : ROH (mol%) =9:2.5:0.9 : 1; WHSVron = 2.9 h'!. Carbon balance 95%-98%.

3.4 Optimization of the Dopant Loading

The effect of the Ru and Ag loading on the catalytic properties was further studied
for the coimpregnated Co(Ru) and sequentially impregnated Ag-Co catalysts, which
previously led to the best OA yields. The catalysts listed in Table 3-4 were synthesized
according to the protocol previously described in Chapter 2 (Table 3-2).

3.4.1 Catalytic activity

The catalytic performance was evaluated under the operating conditions RC-2, pre-
viously described in Table 2-5. Compared to RC-1 the reaction conditions were adjusted to
obtain a higher n-octanol conversion and OA yield while minimizing ON formation. Below
50% conversion, the main reaction products were OA and ON (<5% yield, limited by
equilibrium). DOA formation was kept <2.5% for all the promoted samples.
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Table 3-4 List of catalysts synthesized to study the influence of the promoter loading on Co(Ru) and Ag-
Co (1.5% ala)

Catalyst Promoter Atomic Ratio Impregnation

5%Co/y-Al,O3-Benchmark - - -

12%Co/v-Al,O3 - - -

5%Co(0.003%Ru)/y-Al>0; 0.03%

5%Co0(0.01%Ru)/v-Al,O3 0.1%

5%Co0(0.03%Ru)/v-Al,O3 0.3% _ _
Ru Coimpregnation

5%Co0(0.06%Ru)/v-Al,O3 0.75%

5%Co(0.13%Ru)/v-Al,O3 1.5%

5%Co0(0.26%Ru)/v-Al,O3 3.0%

0.07% Ag-5%Col/v-Al,O3 0.75% )

0.14%Ag-5%Coly-ALO; Ag 1.5% lslsff;;ﬂ%o

0.28% Ag-5%Co/v-Al,O3 3%

0.46% Ag-5%Co/v-Al,O3 5%

The effect of the Ru loading in Co(Ru) catalysts was studied in the range 0.003-0.26
wt%, corresponding to 0.03-3% a/a (Figure 3-7-(a)). The activity of the promoted catalysts
increases with the Ru loading from 0.003 wt.% to 0.03 wt.%, where an optimum
performance is attained. Interestingly, the catalytic activity is unaffected by further
increasing the Ru loading to 0.06 wt.%, while it becomes negatively affected at higher
loadings. The optimal formulation, namely 5%Co(0.03%Ru)/y-Al,O3, affords a 40% OA
yield, which is comparable to that obtained over 12%Co/y-Al>O3 (41%), but containing 2.4
times less Co by weight.

The effect of the Ag loading on the different Ag-Co catalysts was studied in the range
0.07-0.46 wt.% corresponding to 0.75-5%a/a. All the catalysts displayed an increase of the
activity compared to the benchmark catalyst. Indeed, the optimal catalytic performance was
achieved at 0.28 wt.%, affording an OA yield of 42%, which is comparable to the value
achieved over 12%Co/y-Al203 (41%). A further increase of the Ag loading to 5%a/a
dropped the catalytic activity, the OA yield showing a value of 31%.

The results for the best performing catalysts are summarized in Table 3-5. The
reported turnover frequencies (TOF) were calculated by dividing the reacted moles of n-
octanol per hour by the amount of surface Co°. The EOR and dispersion were respectively
obtained from the H, consumption during TPR at a temperature lower than 500 °C. The
parent Co catalysts exhibited the highest intrinsic activity with a TOF of 191 h™!. A decrease
in the TOF was observed for Ag-Co and Co(Ru) with values of 112 h™! and 70 h’!
respectively. The increase of the Co° surface on the promoted catalysts does not correlate
with an increase in conversion. This discrepancy could be related to a heterogeneity of Co®
sites with different intrinsic activity.
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B 12% Co/Al,O;
B Co-Benchmark

W 5%Co(0.003%Ru)

5%C0(0.01%Ru)
m 5%Co0(0.06%Ru)
m 5%C0(0.03%Ru)
m 5%Co(0.13%Ru)
W 5%Co(0.26%Ru)

B 12% Co/Al;0;
® Co-Benchmark
W 0.07%Ag-5%Co
W 0.28%Ag-5%Co
0.14%Ag-5%Co
W 0.46%Ag-5%Co

Figure 3-7 Conversion and yields in the amination of n-octanol with NH3 over Co(Ru) (a) and Ag-Co
(b) catalysts with different promoter loadings. Reaction conditions: 180 °C; P=1 bar; NH3 : H, : N> : ROH

(mol%) = 9:3.4:0:1; WHSVrou = 1.9 h-1. Carbon balance 96%-99%.

Table 3-5 Reaction results for the best performing catalysts in operating conditions RC-2.

Catalyst Conv. OAyield ONyield DOAyield TOF (h')®
5%Co/y-Al,0O3-Benchmark 36% 28.5% 4.9% 1.1% 191
5%Co(0.03%Ru)/y-Al,O3 50% 40.0% 5.0% 2.4% 70
0.28% Ag-5%Coly-Al,Os3 51% 42.0% 4.8% 3.0% 112

(a) — TOF calculated for n-octanol conversion, taking into account XRD dispersion and H>-EOR extent of

reduction (Table 3-8)
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Table 3-6 Reducibility of 5% Co(X% Ru)/y-Al>Os catalysts with varying Ru loadings

C030; — CoO @ Co0O — Co" @ i i
Catalyst Band 304 Reduction o CoALO,® Ratio
() (B1) (B2) Temperature B/a

Position 297°C 451°C 592°C < 500°C > 750°C

5% Co/y-Al,O3-Benchmark 32
H; uptake (mmol-g™!) 0.22 0.55 0.18 0.52 0.02
Position 274°C 446° 569°C < 500°C > 750°C

5% Co(0.003 % Ru)/y-Al,O3 2.8
H, uptake (mmol-g) 0.22 0.52 0.09 0.72 0.02
Position 222°C 255°C 436°C - <500°C > 750°C

5% Co0(0.01 % Ru)/y-Al,O3 2.7
H; uptake (mmol-g™) 0.11 0.15 0.67 - 0.86 0.01
Position 176°C 207°C 394°C - < 500°C > 750°C

5% Co0(0.03 % Ru)/y-Al,O3 2.8
H; uptake (mmol-g™!) 0.07 0.21 0.78 - 1.01 0.03
Position 160°C 337°C - <500°C > 750°C

5% Co(0.07 % Ru)/y-Al,O3 2.8
H; uptake (mmol-g™) 0.27 0.75 - 1.01 0.03
Position 145°C 311°C - <500°C > 750°C

5% Co0(0.13 % Ru)/y-Al,O3 3.0
H; uptake (mmol-g™!) 0.26 0.78 - 1.02 0.03
Position 143°C 271°C - < 500°C > 750°C

5% Co0(0.26 % Ru)/y-Al,O3 2.8
H, uptake (mmol-g™) 0.26 0.73 - 0.98 0.02

(a) H> consumption calculated after curve deconvolution using Gaussian distributions. (b) H, consumption calculated by integrating the H»>-TPR profiles using trapezoidal

numerical integration
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Table 3-7 Reducibility of X% Ag -5% Co/y-Al,Os catalysts with varying Ag loadings

Co0304 > CoO @ Co0O = Co" @

Catalyst Band Reduction ®) Ratio
(o) B (B2) Temperature® CoALLO, B/o

Position 297°C 451°C 592°C < 500°C > 750°C

5% Coly-AlOs-Benchmark 3.2
H, uptake (mmol-g™) 0.22 0.55 0.18 0.52 0.02
Position 260°C 375°C 564°C < 500°C > 750°C

0.07 % Ag-5 % Coly-Al,O3 5.1©
H, uptake (mmol-g™) 0.15 0.71 0.06 0.90 0.03
Position 257°C 368°C 541°C < 500°C > 750°C

0.14% Ag-5% Coly-Al,03 4.0©
H, uptake (mmol-g™) 0.20 0.72 0.08 0.96 0.03
Position 263°C 350°C 550°C < 500°C > 750°C

0.28 % Ag-5 % Coly-Al,O3 7.2
H, uptake (mmol-g™) 0.12 0.82 0.06 0.99 0.02
Position 248°C 341°C 530°C < 500°C > 750°C

0.56 % Ag-5% Coly-Al,03 6.2¢)
H, uptake (mmol-g™) 0.13 0.77 0.05 0.96 0.02

(a) H> consumption calculated after curve deconvolution using Gaussian distributions. (b) H, consumption calculated by integrating the H»>-TPR profiles using trapezoidal
numerical integration. (c) Highly overlapping bands, difficult to deconvolute

Table 3-8 Summary of the properties for the optimized catalytic formulations

Catalyst Co®@ NM® SeET Pore Vol. Avg. Pore % H, % O, Co’ Avg. Dispersion
wt% wt% (m>gh  (em*>ghH®  Size (nm)® EOR® EOR®@ size (nm)®© %
Y-ALO; i - 150 0.49 12.8 i - i :
5%Co/y-Al> O3 4.9% - 136 0.45 12.7 28 % 18 % 8.2 11.7%
5%Co(0.03%Ru)/y-AlOs 4.9% 0.02% 137 0.45 12.7 86 % 64 % 6.6 14.5%
0.28%Ag-5%Coly-Al,0O3 5.0% 0.25% 134 0.45 12.7 83 % 31 % 10.1 9.5%

(a) Determined by ICP. (b) Measured from N, adsorption at 77 K using the BJH method. (c) Calculated from the H,-TPR profile below 500°C. (d) Calculated from the O,-TPO
profile (reduction at 500°C, 1h). (e) Calculated from the XRD reflection at 2 § = 36.9° using Scherrer equation. Contraction 0.75 Co3;04—Co® (e) D%=96/d(nm) [24,25]
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The H> consumption in the H>-TPR profiles until 500 °C was used as a descriptor
of the EOR of Co. The reduction degree increases linearly with the Ru loading in the
range 0.003-0.03 wt.% [Figure 3-8-(a)], achieving a H> consumption equivalent to 90%
of the total Co reduction. A further increase of the Ru loading does not enhance the Co
reducibility. Interestingly, the catalytic performance of Co(Ru) catalysts [Figure 3-7-(a)]
increases with the catalyst reducibility. However, at a Ru loading higher than 0.03 wt.%,
the activity declines. Since Ru is generally related to an increase of the Co dispersion
[11, 20, 21], the observed decrease of the catalytic activity appears to be most likely
attributed to a poisoning effect of Ru on Co. Similarly, an enhanced reducibility was
observed upon introduction of 0.07 wt.%Ag [Figure 3-8-(b)], increasing from 28% for
the calcined benchmark Co catalysts up to 73%. A further increase of the Ag loading to
either 0.14 wt.% or 0.28 wt% increased the EOR to 80-83%. No further enhancement
was observed at higher Ag loading, i.e. 0.46 wt.%.

100%
o 100% o
o 0.03 wite 0.13 wie 2 gpw%
S 90% A 0.14 wi% PARAED
W W
80% . 80%
8 0.06 W% 026 wi% O 028 wios @
g 70% g 70% 0.07 wt%
= 0.01wi% o
3 60% 2 60%
5 50% 0.003 wt% S 5o
T 40% g
g ? £ 40%
< 30% Co - Benchmark m
o g o - Benchmar! (a) e 30% [ o Co - Benchmark
& 20% 1 1 1 1 1 1 1 & {b}
f ) R , , , , :E‘ 20% L L L L i
§F &F &F 8F 6F 8F &F - .
P F P q;_sb 0% 0.75% 1.50% 3.00% 5.00%
afa Ag %
afaRu % /aAg %

Figure 3-8 H, consumption in the H>-TPR profiles up to 500 °C for (a) Co(Ru) and (b) Ag-Co catalysts
with various promoter loadings.

The EOR was also measured by pulse O>-TPO for the best performing catalysts
using the protocol described in section 2.3.6. In these tests, the catalysts were reduced
following the same thermal treatment as that used before reaction. The EOR was
calculated from the O consumption, assuming total oxidation to Co3O4. The results,
listed in Table 3-8, show a remarkably lower Co reducibility for the different catalysts
than the values measured from the H> consumption in the H>-TPR profiles. The
differences cannot be explained on the basis of a difference in the reduction protocols,
since the samples were reduced for longer time prior to O2-TPO, thus expecting, if ever
possible, a higher EOR for the latter experiments. The disparity in the results might be
ascribed to an incomplete oxidation of Co in the O>-TPO tests. Khodakov et al. [27]
stated that under inert atmospheres and temperatures above 350 °C, supported CoO could
be more stable than Co304. Therefore, O» titration under inert atmosphere (Ar) could
result in the oxidation of Co to CoO or to a mixture of CoO and Co30s, thus explaining
the underestimation of the EOR calculated from O»-TPO [28, 29].
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3.4.2 X-Ray Diffraction

The crystal structure of the best performing catalysts was studied by X-ray
diffraction (XRD). The XRD patterns of the calcined catalysts (Figure 3-9) confirm the
presence of Co3z04 and y-AlO3 phases. Ru and Ag were not detected on the promoted
samples. The intensity of the reflections depends both on the metal loading and on the size
of the Co nanoparticles. The average crystallite size was calculated using Scherrer equation
using the reflection centered at 2 0 = 36.9° corresponding to the (311) crystal plane of
Co304. A decrease in the intensity of the (311) reflection for Co(Ru) is evidenced,
indicating a smaller average particle size of Co for this latter sample. This observation is
consistent earlier results reported in the literature [21,22,26]. For instance, Park et al. [26]
observed a decrease in the Co particle size from 21.9 nm to 14.7 nm for a catalyst containing
5 wt.%Co and 0.1 wt%Ru supported over y-Al>O3. Opposing this observation, a sharper
reflection centered at 26 = 36.9° is visible for the Ag-promoted catalyst, indicating the
presence of larger Co nanoparticles upon Ag promotion. The results are summarized in

Table 3-8.
* Co304 #
# 1-ALOs
*
} * # *
5%Co(0.03%Ru)/y-A1203 , *
s * # * #
*
* # i
0.28% Ag-53%Co/y-AL203 " " *
* d * #
*
*, # *
Co - Benchmark & ' *
L * * \ # /
[\ *
\ S N\ N
10 15 20 25 30 35 40 45 50 55 60 65 70
26

Figure 3-9 XRD patterns for the parent Co and the best performing Ru- and Ag-promoted catalysts.

3.4.3 STEM/EDS-SDD

STEM/EDS-SDD imaging was carried out to assess the morphology and elemental
distribution of metallic species on the optimized catalysts. In Figure 3-10-(b) one can
observe a catalyst consisting of ~50 nm agglomerates of Co nanoparticles (size <10 nm)
decorated with Ag nanoparticles. The Ag nanoparticles appear to be selectively located
around the Co agglomerates, which could diminish the Co-Al;O3 interaction and thus
facilitate Co reduction. In the case of Co(Ru) [Figure 3-10-(d)] Ru seems to be
homogenously distributed within the Co particles, suggesting the formation of an alloy.
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Figure 3-10 STEM-HAADF images and elemental mapping of (a,b) Ag-Co and (c,d) Co(Ru) optimized
formulations. All the images are scaled to 100 nm.

3.5 Effect of the H: pressure at variable NHs-to-alcohol ratios

The H» pressure has been reported to promote the catalytic activity in the amination
of aliphatic alcohols operating via the borrowing hydrogen mechanism [30-33]. Since the
rate-limiting step is generally accepted to be the alcohol dehydrogenation [32-35], H is
often regarded as a driver for maintaining the active metal sites in reduced state. The main
body of published data attributes a role of H> on hindering the transformation of metal
catalysts (either at the bulk or surface level) into their corresponding nitrides in the presence
of NH3 [28-30, 34, 35]. More recently, an alternative mechanism was proposed by Murzin
et al. [33] correlating the activity enhancement to a partial surface regeneration of the metal
centers from coke deposition in the presence of H» by the formation of light hydrocarbons.
A similar type of effect was reported in the dehydrogenation of alcohols and alkanes [38,
39]. Since noble metals are known to easily activate Hz, the noble metal promoted catalysts
could show different responses to increasing H» pressure during amination. Keeping this
hypothesis in mind, the effect of H> was studied for n-octanol amination at variable NH3
partial pressures for Co(Ru) and Ag-Co catalysts.

Figure 3-11 plots the effect of the H> partial pressure on the performance of the
benchmark Co, Co(Ru) and Ag-Co catalysts at different NH3 partial pressures. At constant
NH3 partial pressure, the n-octanol conversion increases linearly with the Ho pressure for
all the catalysts. Benchmark Co and Co(Ru) show a similar response to a change in the H»
pressure, the latter being more active and selective to OA. In contrast, Ag-Co exhibits a
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flatter response, being the most active catalyst at low H» pressures. At higher Ho pressures,
the benchmark Co and Co(Ru) display a comparatively higher activity. The H> pressure at
which Ag-Co becomes the less active catalyst shifts to higher pressures at higher NH3
partial pressure. Overall, even if the NH3 partial pressure impacts only slightly the catalytic
activity, it affects to a higher extent the OA selectivity, especially at low NH3 pressures
(Figure 3-12). Likewise, an increase of the H» partial pressure promotes the formation of
DOA. Among the three catalysts surveyed, Ag-Co exhibits a superior OA selectivity,

affording the highest OA yields even at low n-octanol conversion.

H, Partial Pressure - kPa -
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Figure 3-11 Effect of the NH3 and H» partial pressures on the catalytic activity of Co, Co(Ru) and Ag-Co
catalysts. Reaction conditions: 180 °C; NH3 equiv. = (a) 3; (b) 6; (c) 9; H> equiv. = 3-5; N> used to keep
the total gas flow rate constant at 68 cm*(STP).min"'; WHSVron = 6.6 h'!'; P=1 bar. Carbon balance 94-
99%.

3.6 Optimization of Process Conditions

The effect of the total pressure, the NH3 excess and the temperature were studied
for the Ag-Co catalyst (0.28% Ag-5%Co/y-Al>O3) to optimize the OA yield.

(i) Effect of the total pressure

The effect of the total pressure on the amination of n-octanol with NH3 was
surveyed in the range 1-15 bar. Figure 3-13 plots the results obtained. An increase of the
total pressure from 1 to 5 bar enhances the n-octanol conversion from 66% to 75%.
However, a further increase from 5 to 15 bar exerts a negative effect on the n-octanol
conversion, achieving a value of 58% at 15 bar. This decreasing trend might be explained
on the basis of a transition from a pure gas-phase reaction to a gas-liquid
heterogeneously-catalyzed reaction at 15 bar. Similarly, an increase of the total pressure
was found to promote DOA and TOA formation, dropping the OA selectivity from 75%
at atmospheric pressure to 29% at 15 bar.
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Figure 3-12 Effect of the NH3 and H» partial pressures on the selectivity of Co, Co(Ru) and Ag-Co cata-
lysts. Reaction conditions: 180 °C; P=1 bar; NH3 equiv. = (a) 3; (b) 6; (c) 9; Ha equiv. = 3-15; N used to
keep the total gas flow rate constant at 68 cm3(STP).min"!; WHSVron = 6.6 h'l. Carbon balance 94-99%.
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Figure 3-13 Effect of the total pressure on the amination of n-octanol with NH3 over Ag-Co (0.28%Ag-
5%Coly-Al,O3). The histograms represent the conversion and selectivities, whereas the symbol -o-
represents the OA yield. Reaction conditions: 180 °C; P=1-15 bar; NH; : H> : ROH (mol%) =9:6: 1; N»
balance; WHSVron = 2.1 h'l.

(ii)

Effect of the NH3 excess

The effect of the NH3 excess on the amination of n-octanol with NH3; was surveyed
in the range 3-21 equiv. relative to n-octanol. As can be deduced from Figure 3-14, an
increase of the NH3 excess from 3 to 15 equiv. enhances drastically the OA selectivity from
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48% to 79%. A further increase to 21 equiv. enhances only slightly the OA selectivity up
to 81%. The catalytic activity is slightly penalized at higher NH3 partial pressures, evolving
from 70% to 53% in the studied range. The stability of the catalyst was tested over 6 h on
stream (Figure 3-15) using 9 equiv. of NHj3, showing no appreciable loss of catalytic

activity.
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@
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—
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?g 30% }
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Figure 3-14 Effect of the NH; excess on the amination of n-octanol with NH3 over Ag-Co (0.28%Ag-
5%Coly-Al,O3). Reaction conditions: 180 °C; P=1 bar; NH3 : H> : ROH (mol%) = 3-21 : 6 : 1; N, balance;
WHSVgrou =2.1 h_l.
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Figure 3-15 Catalytic stability of Ag-Co (0.28%Ag-5%Co/y-Al,03) vs. time on stream. Reaction
conditions: 180 °C; P=1 bar; NH3 : H, : ROH (mol%) =9 : 6 : 1; N, balance; WHSVgron =2.1 h'\.
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(iii) Effect of temperature

The effect of the temperature on the properties of the Ag-Co catalyst for n-octanol
amination with NH3 was surveyed in the range 160-220 °C using a ROH : H> : NH3 molar
ratio of 1 : 6 : 21 and balance N. Figure 3-16 plots the results obtained. The n-octanol
conversion increases from 40% at 160 °C to reach almost full conversion at 220 °C.
Interestingly, the OA selectivity is also enhanced with the temperature, attaining 87% at
200 °C. In the meantime, the OA yield reaches a value as high as 78%. ON formation is
thermodynamically favored at higher temperatures (AH’rx=+123 kJ/mol).
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Figure 3-16 Effect of temperature on the amination of n-octanol with NH3z over Ag-Co (0.28%Ag-5%Co/y-
AlO3). Reaction conditions: 160-220 °C; P=1 bar; NH3 : H, : ROH (mol%) = 21 : 6 : 1; N; balance;
WHSVROH =1.0 h'l.

3.6.1 Conclusions

In this chapter, we have presented the sequential optimization of cobalt-based
catalysts promoted by noble metals for conducting the amination reaction of n-octanol with
NHs. In a first step, we studied the effect of the promoter nature (Pt, Pd, Ag, Ru and Au)
on the performance of a model 5%Co/y-Al,O3 catalyst. Pt and Pd were found to greatly
improve the catalytic activity, but exerted at the same time a negative impact on the OA
selectivity. This effect might be related to the promotion of competitive amine-amine or
amine-nitrile condensation reactions, leading to the formation of the secondary amine. On
the contrary, Ag and Ru enhanced the catalytic activity while keeping the selectivity of the
parent catalyst towards the primary amine.

In a second step, the effect of the impregnation sequence was surveyed for the Ag-
and Ru-promoted catalysts. In the case of Ag, the sequentially impregnated Ag-Co sample
was found to be the most performing. A positive correlation was found between the Co
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reducibility and the catalytic activity. In particular, a remarkable increase of the 31 band in
the H>-TPR profile was observed, which can be ascribed to the reduction CoO nanoparticles
with low metal-support interaction. Regarding the Ru promoted samples, the most
performing catalyst was Co(Ru) prepared by coimpregnation. Likewise, the results could
be related to an enhanced extent of reduction (EOR). A shift in the reduction band ascribed
to Ru towards lower temperatures seems to indicate the existence of Ru in different
environments for sequentially impregnated samples. Interestingly, the Co-Ru catalyst (Ru
impregnated after Co), despite showing an excellent Co reducibility, displayed a
comparatively lower catalytic activity.

In a third step, the promoter loading was optimized for the Ag-Co and Co(Ru)
catalysts. In the former case, the catalytic activity was found to increase with the Ag loading
in the range 0.07-0.28 wt.%, where an optimum was found. Co(Ru) was more efficient in
promoting the Co reducibility per noble metal atom basis than Ag-Co. The catalytic activity
could be correlated with the EOR, increasing for a Ru loading in the range 0.003-0.03 wt.%,
where an optimal loading was found. A further increase of the Ru loading did not improve
the EOR at 500 °C and exerted a negative impact on the catalytic activity, suggesting a
poisoning effect of excess Ru. Further analysis of the optimized samples revealed
differences in the distribution of Ru and Ag noble metals with respect to Co. On the one
hand, Ag was found to be in the form of nanoparticles surrounding Co agglomerates. This
could limit the metal-support interactions and boost the Co reducibility in line with the
prominent 1 bands observed in the H>-TPR profiles. On the other hand, Ru was found to
be homogenously distributed within the Co particles, supporting the formation of a Co-Ru
alloy. Noteworthy, the optimized catalysts displayed an activity that is comparable to that
observed for a 12%Co/y-Al>Os3 catalyst containing 2.4 times more Co.

In a fourth step, the effect of the NH3 and H; partial pressures was studied for the
Ag-Co and Co(Ru) catalysts, evidencing dissimilar behaviors upon Ag and Ru doping. Ag-
Co showed the most interesting results, displaying the highest activity at low H» pressure
and showing a higher OA selectivity. Interestingly, a negative effect of the H» pressure on
the OA selectivity was observed for the different catalysts, being especially noticeable for
the benchmark Co and Co(Ru). In addition to an enhanced EOR, the superior selectivity of
Ag-Co suggests a co-catalytic role of Ag on the performance of 0.28%Ag-5%Co/y-Al>0Os.

Finally, the influence of the reaction parameters was studied for Ag-Co. The total
pressure exerted a negative impact on the OA selectivity, especially beyond 5 bar, favoring
the formation of DOA and TOA. A large NH3 excess and a temperature of 200 °C were
found as optimal, selectively transforming 78% of the alcohol into OA. This result presents
various advantages in comparison with the existing scientific literature, exploiting an
inexpensive heterogeneous catalyst [40—48], using mild conditions [49] and not involving
the use of organic solvents [50].
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4.1 Background

As already pointed in Chapter 1, comprehensive studies focusing on the kinetic
modeling of direct alcohol amination reactions are scarce [1-7]. Despite being a critical
variable, the effect of exogenous H» has been generally omitted from kinetic studies, being
only integrated in a recent model developed by Ruiz et al. [7] encompassing the direct
amination of n-dodecanol with NHs3.

Along this chapter, the reader will find a complete kinetic study of the direct amina-
tion of n-octanol with NH3 for the Ag-Co/Al20s catalyst presented in Chapter 3 (see Table
3-8, 4™ entry for the characterization details), since this catalyst presented the most
attractive performance. First, the results of a full factorial design of experiments will be
analyzed to devise relevant kinetic trends and assess the main interactions between the
operation variables. In a second step, these trends will be used to build kinetic models based
on a set of adjustable parameters relying on a series of simplifying hypotheses. The
candidate models will be further compared and discriminated in terms of goodness of fit
against experimental data, physical consistency of the fitted parameters, robustness, and
consistency with the initial hypotheses. As a result of this analysis, the surviving models
will be listed and discussed in detail at the end of the chapter and a cartography will be
presented showing the operation window affording the maximum yield and activity to the
primary amine (n-octylamine or OA).

4.2 Reaction Network

The direct amination of n-octanol with NH3 comprises a complex network of
sequential and parallel reactions as shown in Figure 4-1. First, the alcohol is
dehydrogenated, forming octanal and H; at rate ri. This step is generally considered as rate
limiting, controlling the overall reaction rate [1-7]. In a second step, the carbonyl
compound reacts with either NH3 or the as-generated amines, yielding reactive
intermediates being characterized by rates r2, rs and rs. Finally, the primary and secondary
intermediates are hydrogenated to generate the corresponding amines according to the
reaction rates 14 and re, respectively. The primary imine (i.e. octylimine or OI) can also
undergo dehydrogenation, favoring the formation of octanenitrile (ON) according to rate
r3. This step is equilibrated and can be limited either by decreasing the reaction temperature,
or by increasing the total or the H» partial pressure. The amine distribution is determined
by the relative rates of the parallel condensation (r2, 15, r3) and disproportionation reactions
(r7). Regarding the former reactions, only rates r2 and rs will be hereinafter considered,
since the tertiary amine is only generated in trace amounts (i.e. rg can be omitted) and r7
has been previously found to be negligible.

4.3 Experimental trends

Prior to the formulation and development of kinetic models, it is worth analyzing the
experimental trends observed for the catalytic activity and selectivity over Ag-Co/ Al>O3
as a function of the partial pressure of the reactants (n-octanol, NH3), the partial pressure
of H» and the temperature, as well as of the interactions between the operation variables in

p- 89

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

the experimental range considered in this study. Figure 4-2 summarizes the main trends
observed. The main factors impacting the catalytic activity were found to be the
temperature and the H» partial pressure. The effect of temperature is straightforward, since
higher temperatures will lead to an increase of the frequency of molecular collisions
overcoming the activation energy barriers. However, the effect of H» is rather unexpected
if we assume that the first and rate-controlling step is the dehydrogenation reaction of n-
octanol characterized by rate r;. Both variables seem to present a slight interaction, leading
the system to be more sensitive to the H» pressure at higher temperature. The n-octanol and
NH3 partial pressures exert an almost flat response on the activity, pointing out an almost
zero reaction order for both partial pressures under the tested conditions. These trends are
in line with the observations earlier reported in the literature for the direct amination of
aliphatic alcohols with NH3 [1-7].

Is
+H,
R'IA /\\R—P1 R*l/\ /\.\R1

I;
/ /H"-; "
-H,0 +H, /—
o I, R r / R
— . \— "
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Figure 4-1 Reaction network for the direct amination of n-octanol with NHs.

The effect of the reaction variables on the selectivity for consecutive reactions needs
to be assessed as a function of the conversion. The OA selectivity, which is defined as the
quotient between the OA yield and the total amine yield, was plotted against the n-octanol
conversion (Figure 4-3). In this analysis, the experimental points were differentiated by the
value of one operation variable at a time. The most sensitive variables (H> and NH3 partial
pressures) were deliberately set constant at the least selective conditions to survey the effect
of the other variables at higher resolution.
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Figure 4-2 Interaction plot showing the influence of the different operation variables on the catalytic
activity over Ag-Co/Al>O; for n-octanol amination with NHs. The TOFy is defined as the molar flow of
N-products divided by the moles of surface Co®.

Figure 4-3-(a) plots the effect of the NH3 partial pressure at a constant H pressure
of 62.5 kPa and at a n-octanol pressure in the range of 12.5-25.4 kPa. As expected from the
reaction network (Figure 4-1), the NH3 partial pressure enhances the OA selectivity. This
result is not surprising, since a higher NH3 partial pressure is expected to promote rate r> at
the expense of rate rs, favoring the formation of OA over DOA. Interestingly, an increase
of the H» partial pressure at a constant NH3 pressure of 37.5 kPa and at a n-octanol pressure
in the range of 12.5-25.4 kPa exerts a dramatic effect on the amine selectivity (Figure 4-3-
(b)), boosting DOA formation. This effect is in line with the catalytic results presented in
section 3.5. More subtle effects are however observed when varying the n-octanol partial
pressure and temperature while keeping constant the H, and NHj3 partial pressures at values
of 62.5 kPa and 37.5 kPa, respectively: an increase of the n-octanol pressure promotes the
OA selectivity (Figure 4-3-(c)). This result is counter-intuitive, since the NH3-to-alcohol
ratio decreases at higher n-octanol concentration. Finally, the OA selectivity is also
promoted by the temperature in the range 160-180 °C (Figure 4-3-(d)), which is consistent
with the results presented in section 3.6. At first sight, this observation can be attributed to
a thermodynamic effect, since DOA formation from the reaction of n-octanol with OA is
more exothermic (-46 kJ/mol vs. -13 kJ/mol), thus shifting the chemical equilibrium
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towards the least substituted amine at higher temperatures. Nonetheless, it is difficult to
discern kinetic from equilibrium effects at low conversions.
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Figure 4-3 Influence of: (a) NHj3 pressure, (b) H, pressure, (c) n-octanol pressure, and (d) temperature on
the OA selectivity over Ag-Co/Al,O3. Reaction conditions: pron: 12.5-25.4 kPa; puz: 12.5-62.5 kPa; pxms:
37.5-75 kPa; Temperature: 160-180 °C. Total pressure: 200 kPa The dotted lines are a guide to the eye.

4.4 Development of kinetic models

4.4.1 Rationalization of the experimental trends

The experimental trends presented above can be used as a basis for building kinetic
models for rationalizing the catalytic performance of Ag-Co/Al,O3;. Among the different
variables considered, the effect of the H> pressure on both the activity and selectivity for
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n-octanol amination with NH3 deserves special consideration, since this variable impacts
to an important extent the catalytic performance.

On the guidance of the reaction network depicted in Figure 4-1, we can foresee a
priori two explanations accounting for the role of H> on the catalytic activity for the
Ag-Co/AlbO3 catalyst: (1) enhancement of the rates rs+ and re¢ provided that the
hydrogenation steps leading to amine formation are rate limiting, and (ii) increase of the
number of available Co® catalytic sites for reaction. The first assumption can be rapidly
dismissed, since reductive amination reactions starting from carbonyl compounds are
known to occur fast [7], these being typically conducted at milder temperatures than those
starting from the corresponding alcohols [8,9]. In this regard, considering alcohol
dehydrogenation as the rate-determining step, the role of H» is more likely attributed to the
second assumption encompassing a recovery of the catalytic surface from some
deactivating agent. As already discussed in section 1.3, such an effect was first studied by
Baiker et al. [10] for a Cu catalyst. It was proposed that H> could recover the active metallic
phase of the catalysts being poisoned by NH3 due to nitridation. Further work extended this
conclusion to Ni and Co catalysts [11-14]. These studies describe a fast and reversible
effect of Hz on the catalytic activity as previously shown in Figure 1-12. Unfortunately,
none of these studies transposed the effect of H» into kinetic models for amination. More
recently, a mechanism involving a reversible catalytic deactivation of Ru catalysts triggered
by coke deposition was proposed by Ruiz et al. [7] for the direct amination reaction of n-
dodecanol with NH3, in line with previous findings by the same group on the amination of
myrtenol [6].

Turning now our attention into the selectivity for the Ag-Co/Al>O3 catalyst, three
possible roles of the H> pressure can be in principle anticipated affecting the selectivity to
amines (Figure 4-1): (i) promotion of the secondary imine hydrogenation rate (r¢), favoring
the genesis of the secondary amine; (ii) increase of the imine-amine coupling rate (r7)
towards the secondary imine over the primary imine hydrogenation rate (rs), and (iii)
promotion of rate rs over r». On the guidance of the experimental results, the first
mechanism can be omitted, since the secondary imine yield is enhanced by the H» pressure
(Figure 4-4), pointing out a promotional effect of reactions leading to the secondary amine.
The second mechanism is also unlikely, since higher H> pressures should in principle favor
the primary imine hydrogenation rate rs4 over r7, increasing the selectivity towards the
primary amine. In this regard, the third option, namely the promotion of rate rs over ra,
seems to provide the most plausible explanation. Taking into account a potential role of H»
on liberating Co” sites for the reaction, it appears reasonable to imagine that rate rs might
be more sensitive to the number of free Co' sites than rate r2. This effect could be explained
by a non-competitive adsorption mechanism, often considered for reactions involving
bulky and small molecules [7,15]. In the adsorption of large molecules, steric hindrance or
multiple-site adsorption might hinder further adsorption of large molecules before the
surface is fully covered. On the contrary, lighter molecules can still be adsorbed on the
remaining isolated vacant sites. In such a situation, differentiated sites would be available
for non-competing adsorbents.
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Figure 4-4 Effect of the H» partial pressure on the average DOI yield (R=N-R) for the amination reaction
of n-octanol with NH3 over Ag-Co/Al,O3. Reaction conditions: pron: 12.5-25.4 kPa; pmo: 12.5-62.5 kPa;
pnms: 37.5-75 kPa; Temperature: 160-180 °C. Total pressure: 200 kPa The dotted lines are a guide to the

eye.

100%

50%

0%

-50%

% Deviation Mean Partial Pressure

-100%

100%

50%

0%

-50%

% Deviation Mean Partial Pressure

-100%

@ n-Octylamine

i i 1 i 1

10 13 16 19 22 25 28

n-Octanol Partial Pressure - kPa -

@ Dioctylamine

10 13 16 19 22 25 28

n-Octanol Partial Pressure - kPa -

100%

50%

0%

-50%

% Deviation Mean Partial Pressure

-100%

100%

50%

0%

-50%

% Deviation Mean Partial Pressure

-100%

@ Octanenitrile

1 i 1 i

10 13 16 19 22

n-Octanol Partial Pressure - kPa -

25

28

@ Dioctylimine

10 13 16 19 22

n-Octanol Partial Pressure - kPa -

25

28

Figure 4-5 Effect of the n-octanol partial pressure on the average OA, ON, DOA and DOI formation for
the amination reaction of n-octanol with NH3 over Ag-Co/AlbO;. Reaction conditions: pron: 12.5-25.4
kPa; pra: 12.5-62.5 kPa; pnus: 37.5-75 kPa; Temperature: 160-180 °C. Total pressure: 200 kPa The dotted
lines are a guide to the eye.

p. 94

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

In light of the comments above, the otherwise counterintuitive observation that higher
OA selectivities are obtained at higher n-octanol partial pressures might be explained by
either a direct or indirect role of such an adsorbed molecule on the reversible deactivation
mechanism. As can be deduced from Figure 4-5, only ON and DOI formation appears to
be promoted by the n-octanol partial pressure. According to the reaction network (Figure
4-1), the octanal and OI partial pressures are likely to follow the same trend as DOA.
Considering that the effect of the H> pressure on catalytic activity was previously reported
for secondary alcohols [13,14], where no nitrile is generated, the most likely candidates to
be considered in the deactivation mechanism are n-octanol, octanal and the primary and
secondary imine intermediates (i.e. OI and DOI).

On the guidance of the analysis above, the effect of the H> partial pressure will be
ascribed hereinafter to a catalytic deactivation-regeneration mechanism, as described in
Reaction 4-1, where D is the deactivating agent and d and n refer to the stoichiometric
coefficients.

dD + Co’ — CoP

nH, + Co”™™" — Co’ +X Reaction 4-1

4.4.2 Hypotheses and approximations

As arule, the catalytic transformation of chemicals on heterogeneous catalysts can be
described as a result of 7 consecutive steps [16]: (1) mass-transfer of the reactants from the
bulk phase to the catalyst surface, (2) intraparticle mass-transfer of the reactants, (3)
adsorption of the reactants on the catalytic sites, (4) surface reaction, (5) desorption of the
products from the catalytic sites, (6) intraparticle mass-transfer of the products, and (7)
mass-transfer of the products from the catalyst surface to the bulk phase. To develop kinetic
models, a series of assumptions and approximations needs to be considered allowing the
description of the complexity of a system with simpler mathematical expressions. In line
with the experimental trends described in section 4.3, the following general and particular
assumptions were taken into account:

(i) General assumptions

1. Plug flow model: We assume that the reactor hydrodynamics can be described by
an ideal plug-flow model in the absence of heat and mass transfer limitations, as
pointed out in section 2.5.1. In this model, the mass balance of a component in an
elemental volume can be described by Eq. 4-1 using the reactant flowrate at the
reactor inlet as boundary condition:

LI with Mc=0—E =E Eq. 4-1
dM il 1 1,

2. Quasi-equilibrium approximation (QEA): We assume that the concentration of

surface species encompassing fast adsorption or generation can be described by an

adsorption or chemical equilibrium expression. This affords an easy way for relating
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the surface coverage of the different species to the corresponding partial pressure in
the gas phase. This approximation was applied here to all adsorption processes and
to the second step of reversible hydrogenation/dehydrogenation reactions (entries
10 and 13, Table 4-1). The adsorption equilibria were described using Langmuir-
type isotherms (Eq. 4-2) [17] based on monolayer ad-sorption on an ideal
homogeneous surface and with constant adsorption enthalpy

Kp
8= Eq. 4-2
1+Y K p.

. Quasi-steady state approximation: We assume that the surface coverage of inter-

mediate species that are rapidly consumed can be estimated by considering equal
rates of formation and consumption. This approximation has been hereinafter used
for calculating the surface coverage of the intermediate primary imine and the extent
of surface deactivation (entries 9, 12 and 20, 21 of Table 4-1, respectively).

Particular assumptions

Reversible / irreversible surface reactions: We assume that the primary imine
surface hydrogenation reaction is fully reversible, whereas the forward reaction is
dominant for the other surface reactions.

Reversible deactivation: We assume a deactivation mechanism for the catalyst,
where a reactant, an intermediate or a reaction product partially inhibits the
catalytic activity via coke formation. The H» partial pressure is expected to
regenerate the catalyst surface, increasing the number of active sites for reaction.
This process can be regarded as fast if we assume instantaneous change of the
extent of deactivation the concentration of either the coke source or the H> partial
pressure. In line with the kinetic trends drawn in section 4.4.1, the possible coke
sources are: n-octanol, octanal, OA and DOI.

Non-competitive adsorption between bulky and small molecules: We assume the
presence of two different catalytic sites (Y and Z) with independent site balances
for small (Y) and bulky (Z) adsorbed species.

We assume that the deactivation mechanism only affects the catalytic sites for
larger molecules (Z) in line with the observed trends relating the OA selectivity
with the H partial pressure.
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approximation; QSSA: quasi-steady state approximation)
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# Elementary steps! Approximation Rate
1 R-OH  +Z —> R-OH” QEA
2 R-OH?+Y — R-OH-I* +H" - r
3 R-OHI*+Y —> R=0* +H" QSSA
4 H,, +2Y == 2H" QEA
5 = NN » e v/
R=0 +Z = R=0 QEA
6 — Y
NH, +Y = NH QEA
7 R=0” + NH] ——R=NH? + H,0" - r
8 — Y
HO,+Y==H),0 QEA
9 R=NH” +Y ——R-CN-I* +H' - 1
10 R-CN-IY + Y ——=R-CN? +H" QEA
Il R=NH” +H" —=R-NH,-I" +Y - r4
12 R-NH,-I” +H" —=R-NH/ +Y QEA
13 R. S\ R.NHZ
R-NH,  +Z == R-NH] QEA
14 R.CN+Z —— R-CN? QEA
15 R=0” + RNH? —— R=N-R” +H,0" - rs
16 R=N. — \R=N.R”?
R=N-R  +Z ==R=N-R QEA
17 R=N-R“ +H" ——R,-NH-I* +Y - ro
I8 R, NHI* +H" ——R,-NH” +Y QSSA
19 R. _NH?
R,-NH  +Z ==R,-NH QEA
20 d DZ SN ZDeact QSSA D
21 7Pt tn HY 5> Z+n Y +X QSSA IR

© 2017 Tous droits réservés.

1'The labels Y and Z refer to active sites

4.4.3 Formulation of kinetic expressions

A series of kinetic expressions was developed using the set of chemical
transformations listed in Table 4-1. In Table 4-2, each chemical transformation is related
to the rate of an elementary step in Table 4-1. The surface coverage of the different species,

0% or 0%, was computed using Langmuir-type expressions accounting for adsorption

equilibrium (Eq. 4-3) with the exception of 6“r=nH, 07D, 0“rcN-1 and 0”rNH2-1 cOrresponding
to the surface coverage of the OI, coke, ON and OA intermediates, respectively, all
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considered here as non-desorbable species. Table 4-3 compiles the expressions obtained
for the rate of the different surface reactions.

0; =K,p.0} Fq. 43

Incorporating Eq. 4.3 for the adsorption equilibria into Eqs. 4.4-4.11, the expressions
listed in Table 4.4 are obtained for reactions ri-r.

Table 4-2 List of surface reactions leading to the main reaction products and
deactivation-regeneration mechanism

RDS # Chemical Transformation Reaction #
(Table 4-1)
2 R-OH”+ 2Y —'— R=07 + 2H' Reaction 4-2
7 R=0%+ NHE L)R:NHZ+ H20Y Reaction 4-3
T
9 R=NHZ +2Y e——— R-CN? + 2H" Reaction 44
r
3
Ty
11 R-NH” +2H" &=——= R-NH,+2Y Reaction 4-5
r
4
15 R=0%+ R-NH? —>R=N-R%+ H,0" Reaction 4-6
17 R=N-R? + 2H" L} RZ-NHZ +2Y Reaction 4-7
20 d D* r;) ZPeet Reaction 4-8
21 ZPct L HY 'R s7 4 n Y +X Reaction 4-9

Table 4-3 Reaction rates for the elementary steps in Table 4-1

1 aZ 14

L _k1 6R-OH 6v Eq. 4-4
_ Z Y

L _kz eR=o eNH3 Eq. 4-5
_ z Y z Y

I _k+3 eR=NH ev - k-3 eR-CN-I eH Eq. 4-6
_ A Y Y Y

L L AL O eR-NHZ-I 0y Eq. 4-7
_ Z nZ

L _ks 9R=o eR-NH2 Eq. 4-8
_ z Y

L= ks eR=N-R eH Eq. 4-9

d
Z

i, =k, (6%) Eq. 4-10
_ Y\" oz

.=k, (0%) 6F Eq. 4-11
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Table 4-4 Expressions for the different reaction rates leading to chemical transformations

L =k'1 Pron 65 9%, Eq. 4-12
k) =k'2 Pr-o pNH3e§ 9%, Eq. 4-13
= (k'+3AR=NH -K'3Pr NP, )92{/9%/ Eq. 4-14
L= (k;4 AR:NH p 11422 _kl—4 pR-NHzp;{l/; ) 65 65 Eq. 4-15
e S A (¢ )2 Eq.4-16
T =k'6 Prxr plr/lzz 9%/ 95 Eq. 4-17

The OI and coke surface coverages (i.e. 0’r-nu and 6”p) were computed by applying the

quasi-steady state approximation, thus obtaining the expressions:

QSSA:1,=r1,+r,

Z Y z Y Y Y Eq. 4-18
0 = kz eR=o eNH3 +k-3 eR-CN-I eH +k-4 eR-NH2-1 ev
R=NH — Y Y
k+3 eV +k+4 eH
QSSA:r, =1,
d
0% = kD (ei) Eq. 4-19
D, _n
k, (e;)

where D = R-OH, R=0, R=NH, R>=N

In contrast, the surface coverage of ON and OA surface intermediates 0“rcen-1 and 0”rnH2-1
were computed by applying the quasi-equilibrium approximation, thus obtaining the

following expressions:

QEA: #13 in Table 4.1

v _Peo pif Eq. 4-20
e KR—CN»I
QEA: #10 in Table 4.1 Eq. 4-21

Z -l -1/2
eR-NHZ-I - KR-NHz-I pR-NHsz2

Introducing Eq. 4-20 and Eq. 4-21 into Eq. 4-18 and rearranging, the following expression
can be obtained, where ki’ is defined as a global constant collecting the corresponding

kinetic and equilibrium constants:
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0~ Eq. 4-22

R=NH "V

The fraction of Z and Y vacant sites (i.e. 0% and 67;) was calculated from the corresponding

Z and Y site balances using Eq. 4-23, where only the reactant, intermediate imine and
deactivated coverages were considered. The expression for the Y site balance,
corresponding to smaller molecules, is presented in Eq. 4-24. In the case of Z sites, two
different expressions were developed as a function of the stoichiometry of the deactivation
reaction (d=1 or 2), resulting in Eq. 4-25 and Eq. 4-26, where Kp’ is a global constant that
collects the deactivation constant and the respective adsorption constants. In the case of Eq.
4-26, a quadratic equation was obtained with only one positive solution.

0} =1—29? (x=ZorY)

i) Y sites
Y Y Y
1=0, +6NH3 +0,

eY =
Vv
NH3I NH3 \/ H2I H2

ii) Z sites

Stoichiometry d = 1

_nZ z Z z
1—9V +6R_OH +9R=NH +6D

0% = !

v

1+ Ky o5 Proow T Arawn T K Ppy (p
with D = R-OH, R=0, R=NH, R>=N

Stoichiometry d = 2

1=07+07  +67 . +67
1=67 +K

R-OH p R-OH R=NH "V

with D = R-OH, R=0, R=NH, R>=N

/2
H2

95)”’

9\Z,+A 9Z+K'Dp2D(p

0)) " (0)

Eq. 4-23

Eq. 4-24

Eq. 4-25

Eq. 4-26

The kinetic expressions for r; to re in Table 4-4 were included in the material balances, as

expressed in Table 4-5. The deactivation reaction was only included in the site balance,

since the fraction of mass loss via this route was considered negligible.

p. 100

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

Table 4-5 Expressions for the differential material balances

%: 1 Eq. 4-27
%: I -T,- I Eq. 4-28
dl}%: [ -, Eq. 4-29
CTR_WW =1, Eq. 4-30
dl;‘;;N =1, — 1, Eq. 4-31
dl:;*%NH =1, Eq. 4-32
% =-T, Eq. 4-33
dF2= L+ -1, - I Eq. 4-34
dW

Finally, the temperature dependency of the apparent rate and equilibrium constants was
expressed by Eq. 4-35 and Eq. 4-36, respectively.

E (1 1)]
K (T)=k' (T, (Caampif 1 2 Eq. 4-35
1( ) 1( M)eXp|: R T TM _ q
AH.(1 1)]
K' (T)=K' (T il P ]
((T)=K'( M)GXP{ RITT, ] Eq. 4-36

4.5 Kinetic Fitting

4.5.1 Discrimination of the different deactivation mechanisms

In light of the experimental trends drawn in section 4.3 and the theoretical corpus of
section 4.4, several molecules were selected as plausible candidates for controlling the
deactivation process over Ag-Co/Al>Os. Initially, 8 models (I-VIII) were fitted to the
experimental results, comprising the following permutations:

(1) Source of coke: n-octanol, octanal, OA and DOA
(i) Deactivation stoichiometry: d =1andd =2
The initial models were constructed as presented in section 4.4.2, encompassing the

fitting of 25 variables. The thermodynamic consistency of the fitted variables was initially
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imposed by forcing positive values of both the kinetic and equilibrium constants, as well
as negative adsorption enthalpies. The parameters were adjusted by minimizing sum of
squares difference (SSg) between the computed and experimental pressures of n-octanol,
OA, ON and DOA, which were scaled around their mean value (Eq. 4-37).
Complementarily, the goodness of fit was also judged in terms of the coefficient of
determination, which was computed according to Eq. 4-38.

SSfZZ{(PX,{EX ’j)z}wx’i Eq. 4-37

x=1 i=1

— 2
P, P,
R2=1-u Eq. 4-38

The results of the fittings to the different models are summarized in Table 4-6. Overall,
the best fittings were achieved for models M.V and M.VI relying on a deactivation
mechanism triggered by the primary imine (OI), and model M.VII considering the
secondary imine (DOI) as coke source. The least representative models were those based
on n-octanol and octanal driven deactivation. Regarding the stoichiometry, without
exception, the models considering d=2 led to higher SSg when compared to models
considering d=1. The analysis of residuals (Figure 4-6) confirmed the superiority of model
M.V, showing the lowest SSg. Models M.VI and M.VII exhibited a pronounced negative
correlation for OA, while model M.V exhibited an almost random pattern. Overall, all the
models exhibited deviations at higher yields and conversions, most likely due to a lack of
experimental data at higher product concentrations. A correction of model M.V to
circumvent these deviations will be proposed in the forthcoming chapter.

Table 4-6 Summary of fitting results for discrimination among different deactivation mechanisms

Model Coke d SS R? R? Highest Correlation
# Source i Pr-octanol Pproducts Factor
M.I R-OH d=1 40.5 99.1% 95.7% 1 =
¢ ¢ k3 —k4 =99.9%
M.II R-OH d=2 1883 98.5% 84.5% Ea’app2 _Ea’app5 =99.99
MIII R=0 d=1 458 99.1% 94.7% L =
¢ ¢ k3 —k4 =99.9%
M.IV  R=0 d=2 133.1 98.6% 91.2% 1 =
¢ ¢ k3 —k4 =99.9%
M.V R=NH d=1 29.7 99.0% 96.8% vl ~H,., =99.1%
M.VI R=NH d=2 332 98.3% 959% K _H =999
3 ROH :
M.VII R»=N d=1 345 99.0% 94.8% N R
2 ¢ ¢ k3 - k4 =99.9%
M.VIII R»>=N d=2 457 98.9% 93.6% N R
2 ¢ ¢ k3 - k4 =99.9%
p. 102

© 2017 Tous droits réservés. lilliad.univ-lille.fr



© 2017 Tous droits réservés.

Thése de Javier Ibafiez Abad, Lille 1, 2017

4 4 4
] ™ ™
3 3 2.
m [} m =
=]
& & ol &
& E =
E z E
E E 22
m m m
i i &
-4 -4 -4
a 10 20 30 1] 10 20 i} a 10 20 3
Conversion R-0H % Conversion R-0H % Conversion R-0H %
&4 4 &
m m m
p= | po 3
0 = = . O =
23 23 23
11} o o
I = I
Taot Bof Bot
B B o]
= o B T o
m m m
Tz E-2 E-z o
m m (] m
i i i
-4 -4 -4
a H] 10 15 i 25 a 5 10 15 i} 25 a ] 10 15 20 25
Yield R-NH., % Yield R-NH, %
= F
e = = e
EM 2 2, Be
221 % : S [ 8
- o o o go O o
o [} = o E
= E‘ 5] o 0 )
m 0 1 i & o
ko oG B B o 0 o
B a . =] & m o
o =]
‘E-z l o @ D% o E 'E.z b % o
2% i &
-4 -4
-4 = =
o i 2 3 Fl 5 a | i 3 a4 5 1} 1 Z 3 4 5
Yield R-CN % Yield R-CN % Yield R-CN %
4 4 4
= = (=] m &
2 . s 2 . = 4. oo
m < s m Ucl":' m < e o
[+ 11} [11]
o & = § a @ o
-
E = C'{:j o o B0 a o ° g0 28 By
M & B H
= g E 8 o =
] o = & o I = = T o
Fol w0 R 2% ° %0
& . b5 & %
-4 -4 -4
1] 2 4 & ] 10 12 Q 2 4 =} 3 10 12 a 2 2 [ i1 10 12
Yiedd R-NH % ield R _-NH % Yield R-ANH %

Figure 4-6 Standardized residual analysis for the kinetic models M.V, M.VI and M. VIL.

The fitted parameters for model M.V are listed in Table 4-7. The kinetic constants
affecting the n-octanol conversion, as well as the adsorption constants, could be safely
estimated with moderate standard errors. In contrast, the parameters defining the product
distribution showed correlation. This issue can be circumvented either by a mathematical
transformation of model M.V, or by removing parameters with low sensitivity, as described
in the next section.
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Table 4-7 Fitted parameters for model M.V

Parameter Unit Mean % RSE >95%
value (95% C.1.)* Correlation

k, mmol h! bar! mgea! 497 0.01% -

k'2 mmol h™! bar? mge,! 292.37 89.4% k;

, B B ,
k+3 mmol h™ mgca 1.90 122.3% "
k_, mmol h™! bar! mgea! 287.06 35.0% -
k., mmol h'! bar® mgea”! 13.22 115.4% Ko, k.,
k., mmol h™! bar® mgey! 17.20 45.2% -
k, mmol h! bar? mgea! 2.71E+04 100.4% k,
k, mmol h™! bar'S mgea! 1.55E+04 195.5% -
Ea,app 1 kJ l'IlOl'l 27.75 4.4% -
Eaapp2 kJ mol’! 36.26 128.7% -
Ea,app +3 kJ mol_l 116.81 491% -
Eaapp 3 kJ mol! -32.03 137.8% -
Ea,app +4 kJ mol_l 4934 102.5% -
Eaapp -4 kJ mol! -106.12 55.3% -
Ea,apps kJ l'IlOl'l —41.11 126.3% -
Eaapp 6 kJ mol! 550.25 95.5% -

K on bar™! 5.04E-04 192.1% -
H, ., kJ mol! -101.50 8.8% -
K, bar™! 2.48E-04 198.0% -
Hy, kJ mol! -99.90 9.6% -
Ky bar! 0.71 6.7% -
H, kJ mol! -30.01 9.9% -
K bar"? 62.96 116.0% k

D +4
H, kJ mol’! 60.94 82.5% -

N - 1.84 18.3% -

2 C.I. = Confidence Interval
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4.5.2 Kinetic Model Optimization

As pointed out in the previous section, model M.V showed the best fitting to the
experimental data. Nonetheless, some of the obtained parameters, presented in Table 4-7,
were found to be non-significant from a statistical viewpoint. As an attempt to improve the
statistical quality of the fittings, we decided to simplify the kinetic expressions included in
model M. V. using the following set of approximations:

(i)  N-octanol adsorption is negligible (Kron prou <<1)
(ii) NHs; adsorption is negligible (Knus pnm3 <<1)

(iii)) The deactivation stoichiometry factor was set to the closest integer: n=2

Moreover, model M.V predicts non-negligible octanal concentrations at the reactor
outlet, whereas this molecule was not experimentally detected. In the same line, only small
amounts of DOI were formed (<1% yield). Keeping these ideas in mind, two additional
simplifications were introduced to the model:

(iv) Quasi-steady state approximation for octanal (r1 = r2 + rs) if we consider its
concentration negligible in the global mass balance.

(v)  Quasi-steady state approximation for DOI (15 = r6) if we consider its concentration
negligible in the global mass balance.

By introducing the aforementioned 5 approximations into model M.V, new
expressions for the coverages and reaction rates ri-r¢ could be derived, which are compiled
in Annex IV. The kinetic parameters for the model were reduced from an initial number of
25 to 18 after simplification, and were again optimized. To increase the chance of finding
global minima, different fittings were run using different starting points. Overall, the
simplified model converged into two different solutions, resulting in models M.V_A and
M.V_B, for which the fitted parameters are compiled in Table 4-8 and Table 4-9,
respectively. Both models show excellent standard errors for the fitted parameters. The
highest determination errors are related to the backward reaction rates (i.e. r3 and r4) and
the secondary amine formation rate (rs). This could be explained by the use of experimental
data covering only low n-octanol conversions. Moreover, none of the fitted parameters
exhibited correlation factors above 95%. On the contrary, most of the parameters in model
M.V_A presented non-negligible variance inflation factors (VIF >10), implying the
existence of multi-colinearity (see Eq- 2-15 in Chapter 2 for further information). This fact
indicates that a change in one of the parameters during the fitting can be compensated by
the simultaneous change of multiple parameters, helping to explain the existence of variable
convergent solutions based on different combinations of values for the parameters. VIF
values were comparatively lower for model M.V_B with only two pairs of parameters with
VIF >10 (i.e. k’s and Eaapp 5; k’-4, and Ea app -4).

The statistics of the fittings for models M.V_A and M.V_B are compared in Table
4-10. Overall, model M.V_B provided a better fitting with the smallest SSg. As can be
observed in the corresponding parity plots (Figure 4-7 and Figure 4-8), model M.V_B was
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able to improve the prediction of DOI formation, while the other variables were similarly
predicted by both models. As in section 4.5.1, the ill-poisoned prediction of DOA formation
at high conversions can be ascribed to the relatively low number of experiments in our
matrix leading to high DOA partial pressures. Keeping this idea in mind, models M.V_A
and M.V_B were further refined and tested to improve the predictive level at higher
conversions. Figure 4-9 compares the reaction profile predicted by both models up to 70%
conversion. Overall, both models showed an excellent agreement with the experimental
data for OA and ON formation. In contrast, DOA formation was more accurately predicted
by model M.V_B, while model M.V_A presented severe deviations at conversions >50%.
In light of the smaller SSg, lack of correlation between the fitted parameters and superior
prediction level at higher conversions, model M.V_B was selected hereinafter as the best
performing model.

Table 4-8 Fitted parameters for model M.V_A

% RSE

: b
Parameter Unit Value (95% C.L)* VIF
k'l (mmol h—l bar—l mgcat_l) 5.53 1% 14
k'z (mmol h! bar? mgcat-l) 278.95 1% 22
k;_3 (mmol h—l mgcat_l) 1.97 1% 15
k'_3 (mmol h—l bar—l mgcat_l) 380.03 25% 4
K (mmol h™! bar®® mgea 12.51 1% 16
+4 1)
K (mmol h! bar®® mgea 18.85 29% 12
_4 1)
k's (mmol h! bar? mgcat-l) 2. TTE+04 20% 14
Ea’app 1 kJ mOl-l 26. 10 1% 23
Ea’app 2 kJ mOl-l 36.01 2% 81
Eaapp +3 kJ mol ! 116.09 1% 48
Eaapp 3 kJ mol ! 2422 >100% 4
Eaapp +4 kJ mol ! 48.74 1% 17
Ea’app -4 kJ mOl-l '62.36 8 1 % 9
Ea’app 5 kJ mOl-l _8.98 >100% 10
K, bar' 0.78 1% 8
H, W mol 62.86 1% 25
K . 49.87 1% 16
D
u J mol” 62.37 1% 40
D

2 C.I. = Confidence Interval; ® VIF = Variance Inflation Factor

p. 106

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Table 4-9 Fitted parameters for model M.V_B

Thése de Javier Ibafiez Abad, Lille 1, 2017

Parameter Unit Value (9;70%RCS.I;:.)3 VIF®
k‘l (mmol h! bar! mgea™) 119.55 <1% 4
k‘z (mmol h! bar? mgea) 12.42 <1% 3
k'+3 (mmol h”! mgea) 15.07 <1% 3
k‘_3 (mmol h! bar! mgea™) 8757.47 24% 4
k;4 (mmol h! bar®S mgea") 9791 <1% 3
K, (mmol ' bar® mge !y 49839 24% 14
k'ﬁ (mmol h™! bar? mgea) 2.74E+04 18% 15
Eaapp 1 kJ mol! 116.16 <1% 2
Eaapp 2 kJ mol! -469.65 <1% 4
Eaapp +3 kJ mol’! 127.12 <1% 3
Eaapp 3 kJ mol! 36.49 >100% 5
Eaapp 4 kJ mol! 85.44 <1% 4
Eaapp 4 kJ mol! 52.74 97% 13
Eaapp 5 kJ mol’! -446.07 8% 14
K, bar! 0.69 <1% 2
H,, i mol 125.46 <1% 4
K, bar 398.76 <1% 3
H, i mol 56.06 <1% 3

2 C.I. = Confidence Interval; ® VIF = Variance Inflation Factor

Table 4-10 Summary of statistics of fitting for discriminating models M.V, M.V_A and M.V_B

Model Coke d SSk R R Highest Correlation
# Source Pr-octanol  Pproducts Factor
M.V R=NH d=1 297 99.0% 96.8 % Ea’app11 -H,, = 99.1%
MVA  R=NH d=1 309 991% 93% |, _k =937%
MV B  R=NH d=1 259 992% 968% | _|.=944%
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Figure 4-7 Experimental vs. predicted partial pressures for n-octanol, OA, ON and DOA for model
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M.V_B.
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Figure 4-9 Experimental vs. predicted product distribution profiles at high conversions for models (a)
M.V_A and (b) M.V_B. Reaction conditions: n-octanol feed: 0.4 mL-h''; T = 180 °C, P = 200 kPa,

[NHs:Hx:N2:ROH] = [3:3: 4.5 : 1]).

4.5.3 Validation of experimental trends for model M.V_B

As pointed out above, model M.V_B was able to describe successfully the whole
body of experimental data for n-octanol amination over Ag-Co/Al2O3 at low and high
conversions. Figure 4-10 compares the experimental and predicted trends. Overall, the
experimental trends are in agreement with those predicted by model M.V_B:

®
(i)

Reaction order close to zero for NH3 and n-octanol;

Positive reaction order for Ho;

(ii1)) Enhanced sensitivity to H pressure at higher temperature.
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Figure 4-11 Experimental vs. predicted trends by model M.V_B for OA selectivity in the amination reaction of n-octanol with NH3 over Ag-Co/Al,O3 as a function of: (a)
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Despite the good prediction level of model M.V_B, some deviations from the
experimental trends can be observed. For instance, a slightly positive order for the n-octanol
pressure is noticeable, especially at high H> pressure. This could be attributed to the fact
that coke formation is not considered in the computed mass balance. Indeed, a higher
carbon loss is experimentally observed when increasing the n-octanol pressure, evolving
from 0.7% to 2.7% on average relative to total n-octanol in the feed. This deviation induces
the model to overestimate the rate of product formation as a compensation for the non-
accounted carbon loss. Overall, these deviations are small and do not exert an important
influence under the tested conditions. More interestingly, a deviation is observed regarding
the response to the H> pressure. While the experimental trends show a non-linear response
in a broad range of n-octanol and NHj3 partial pressures, the predicted trend is almost linear
and deviates especially on the central point. This could be well accounted by different
effects, such as by a non-langmuirian adsorption pattern for H>, or by a dual-site
deactivation mechanism.

Figure 4-11 compares the experimental and predicted trends by model M.V_B
affecting the OA selectivity. Noteworthy, the main experimental trends listed below are
accurately reproduced by the model:

(i)  Selectivity increase at higher NH3 pressure;
(i)  Selectivity loss at higher H; pressure;
(iii) Slight selectivity increase at higher n-octanol pressure;

(iv) Slight selectivity increase at higher temperature;

However, as a rule, the predicted selectivity at very low conversions (<10%) is higher
than the experimental values. This observation might be attributed to an ill definition of the
reaction rates leading to the secondary amine formation, as already pointed out in section
4.5.2. This deviation vanishes at higher conversions, where the kinetic predictions are of
greater interest for industrial production.

Overall, the experimental and predicted trends by model M.V_B show very good
agreement. Despite some deviations, the model offers a good compromise between the
accuracy of the prediction and its complexity. The introduction of additional parameters
could lead to an over-fitting of the experimental data and to a loss of physical significance
of the fitted parameters under the body of the assumptions made.

4.5.4 Mapping of Process Conditions

In view of the high prediction ability of Model M.V_B, this model was further used
to compute the product distribution by interpolation within the fitted experimental plane.
This exercise can help the engineer to identify the optimal conditions for the production of
the targeted amines (in our case primary amines).

As an illustrative example, the results of the product distribution at a constant contact
time (W/F) of 0.5 h are presented in Figure 4-12. The effect of the H> and NHj3 partial
pressures were screened over the experimental plane. For the sake of visual clarity, the
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effect of the temperature was computed in different plots. The predicted trends for the n-
octanol conversion are in agreement with those presented in Figure 4-11. The parallel
vertical lines indicate that the H» partial pressure is the variable exerting the most relevant
effect. Interestingly, the lines become steeper at the highest H> pressures, pointing out a
slightly negative effect of the NH3 partial pressure over this range. As expected, the
n-octanol conversion increases with the temperature. The maximum conversion (80%) is

achieved at the maximum temperature (180 °C) and H» pressure (62.5 kPa).
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Figure 4-12 Contour plots showing the estimated conversions and product yields for model M.V_B
over the fitted experimental plane. Conditions: P=200 kPa, W/F = 0.5 h'!, pron = 12.5 kPa).

Interesting patterns can be underlined regarding the primary amine (OA) formation.

© 2017 Tous droits réservés.

At low H> partial pressures, encompassing low conversions, the OA yield appears to be
virtually independent of the NH3 pressure. In contrast, at higher H> pressures, an optimal
operation zone for the OA yield is observed. As a matter of fact, the H> pressure exerts a
net positive effect on the OA selectivity from 12 to 40 kPa, while a further increase exerts
a negative effect. This negative effect can be somehow compensated by the NH3 pressure,
reaching a maximum value of 45% at 180 °C for a H> and NHj3 pressure of ~55 kPa and
~70 kPa, respectively. DOA is favored at lower NH3 pressures, being mainly dictated by

p. 113

lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

the H» pressure and the n-octanol conversion. The iso-yield lines tend to get closer and
steeper at higher H, pressures and conversions, which is mainly due to the competition
between the NH3 and the OA pressure. A maximum DOA yield of 45% can be achieved at
180 °C at minimum NHj3 (37.5 kPa) and maximum Hb> (62.5 kPa) pressures. The position
of the maximum indicates that a higher yield could be a priori obtained under conditions
out of the experimental plane covered in this work.

4.6 Conclusions

In this chapter, we have presented the development and fitting of a kinetic model
describing the direct amination of n-octanol with NH3 over a 0.28%Ag-5%Co/y-Al203
catalyst. In a first step, a set of experimental data was gathered, covering n-octanol
pressures between 12.5-25.4 kPa, NH3 pressures between 37.5-75 kPa and H» pressures in
the range 12.5-62.5 kPa. The temperature was varied between 160 °C and 180 °C. Finally,
the total pressure was set to 200 kPa. The analysis of the experimental trends observed in
the range of conditions considered in this study leads to the following conclusions:

¢ The n-octanol partial pressure exerts no relevant effect on the catalytic activity, but
promotes slightly the OA selectivity;

e The NHj3 partial pressure exerts no relevant effect on the n-octanol conversion, but
promotes the OA selectivity;

e The H» partial pressure impacts to an important extent the catalytic performance,
enhancing the n-octanol conversion and decreasing the OA selectivity;

¢ The temperature enhances the catalytic activity and favors slightly the OA selectivity.

In light of the observed experimental trends, a set of kinetic models was build aiming
at predicting the behavior of the Ag-Co/Al>O3 catalyst for amination with special focus on
rationalizing the role of the H» pressure on the catalytic properties. While direct alcohol
amination is expected to obey to a Hy borrowing mechanism, which a priori does not
require exogenous H», the H» pressure was surprisingly found to be the most impacting
variable on the catalytic performance. A series of models were built based on a
deactivation-regeneration mechanism, where H> would recover the catalytic surface from
coke deposition. The non-competitive adsorption between OA and NH3 was proposed as
the underlying mechanism explaining the selectivity loss at higher H> partial pressures:
while the bulkier OA rapidly reaches saturation at conditions favoring high coke coverage,
NH3 could still be adsorbed on isolated vacant sites. As a result, higher H> pressures would
decrease the coke coverage and facilitate OA adsorption, promoting in turn the formation
of DOA. Finally, the fact that higher OA selectivities were obtained at higher n-octanol
partial pressures suggests a relation between this molecule and the catalyst deactivation
process.

All this considered, a set of kinetic models were fitted to the whole body of
experimental data comprising different deactivation mechanisms and stoichiometries. The
best fitting model considers the primary imine (OI) as the coke source, affording an
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excellent fitting to the experimental data. In a further step, the as-obtained model was
simplified, decreasing the confidence interval of the fitted parameters while maintaining
the original goodness of fit. Two converging solutions were obtained for the simplified
model and discriminated based on their prediction accuracy for a set of high conversion
data, originally excluded from the fitting.

To sum up, a kinetic model was rationally developed accounting for gas-phase
n-octanol amination with NH3 over Ag-Co/Al,Os3, which was able to successfully
reproduce the experimental trends for the n-octanol conversion and OA and DOA
selectivities in a broad range of conditions. A plausible deactivation mechanism was
proposed, explaining the a priori non-intuitive effect of the H» partial pressure on the
catalytic activity and selectivity. The present model might be extrapolated to other
amination reactions and industrially applied for the optimization of process conditions.
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4.7 Nomenclature

r = Reaction rate (mmol-g-cat 'h™!)
0= surface coverage

P, = Computed partial pressure (kPa)
Py = Experimental partial pressure (kPa)
Py = Mean partial pressure (kPa)

= Deactivating agent
= Deactivation stoichiometry

DOA = Dioctylamine
DOI = Dioctylimine
Ea,app = Apparent activation energy
= Enthalpy of reaction/adsorption
K’1= Apparent equilibrium constant
K'i= Apparent kinetic constant
Ki= Equilibrium constant
ki= Kinetic constant
n= Regeneration stoichiometry
OA = n-octylamine
ON = Octanenitrile
R=NH = Octylimine
R=0= Octanal
R’= Coefficient of determination
Ro=N = Di-n-octylimine
R>-NH = Di-n-octylamine
R-CN = Octanenitrile
R-CN-1= Nitrile formation intermediate
R-NH> = N-octylamine
R-NH;-I=  Amine formation intermediate
R-OH = N-octanol
SSE= Sum of squared errors
TOA = Trioctylamine
TOF~= Turnover Frequency of Nitrogen containing Products (h-1)
VIF = Variance Inflation Factor
= Weight of catalyst (mg)
W/F = Contact time (g catalyst - g n-octanol™! - h)
Wy,i= Weight matrix scaling fitting values around its mean
= Site for small molecules
Yi= Yield component i (%)
Z= Site for bulky molecules
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5.1 General Conclusions

As presented over the introductory chapter, synthetic amines are extensively used in
the chemical industry as platform molecules for the production of agrochemicals,
surfactants, polymers, water treatment chemicals, pharmaceuticals, solvents and dyes.
Despite the maturity of amine manufacturing technologies, there are still several unsolved
challenges, especially related to the production of primary amines. The current industrial
processes often lack selectivity, involve hazardous reagents, generate salts as residues or
consume Hy stoichiometrically. In the meantime, biomass upgrading is expected to supply
a large portfolio of alcohols in the near future, potentially becoming interesting platform
molecules for the synthesis of amines via the so-called borrowing hydrogen mechanism.
The growing interest on this pathway has been manifest over the last decade, as evidenced
by the steady increase in the number of patents and scientific literature related to the matter.
As of today, the best performing formulations rely on expensive homogeneous catalysts
based on organometallic Ru or Ir complexes and ligands, difficult to be recovered and
reused. These shortcomings limit their scale-up viability, focusing the industrial interest in
the development of efficient heterogeneous formulations. In this context, this work centered
its efforts in the development of selective novel heterogeneous catalysts for the direct
amination of alcohols. Furthermore, aiming at better understanding the effect of the
different reaction parameters, a thorough kinetic study was carried out.

To meet the aforementioned objectives, the work comprised in this thesis was
divided in two sections:

(1) Sequential design and optimization of metal supported catalysts:

The interest of Co/y-Al,O3 as a selective catalyst for the synthesis of n-octylamine
was evidenced from a preliminary high-throughput screening of a library of catalysts
covering the use of different active phase and support combinations. The parent catalyst
was improved via noble metal doping, following a sequential optimization strategy. First,
the effect of the nature of the dopant was studied obtaining the best results for Ru and Ag
doped catalysts. In a second and third steps, the impregnation sequence and the noble metal
content were optimized, leading to the best following formulations:
5%Co(0.03%Ru)/y-Al,03 (obtained by coimpregnation) and 0.28%Ag-5%Co/y-Al,Os3
(obtained by sequential impregnation). Both dopants enhanced the reducibility of the parent
catalyst, but presented noticeable differences in their catalytic behavior:

(a) Ru was found to be in solid solution within the Co crystallites and presented
higher efficiency in boosting the Co reducibility in a per atom basis relative to
Ag. The parent and promoted catalysts responded similarly to changes in H and
NH3; pressures. These results suggested a role of Ru limited to the enhancement
of the Co reduction.

(b) Ag was present as isolated nanoparticles, selectively dispersed around the
corners of Co agglomerates. The promoted catalyst showed an enhanced
selectivity towards the n-octylamine over the range of studied conditions,
suggesting a co-catalytic effect of Ag.
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Finally, the influence of the reaction parameters was briefly studied for Ag-Co/Al>O3,
achieving a 78% OA yield at the optimal conditions. This result, in parallel with the use of
an inexpensive heterogeneous catalyst, the use of mild conditions and the absence of need
of organic solvents represents a significant step forward in comparison to the existing open
literature.

(i1) Kinetic study of n-octanol amination over a Ag-Co/y-Al,O3 catalyst

The second body of this thesis was focused on the development of a kinetic model,
serving a double objective. Firstly, the coverage of a broad range of experimental
conditions is of great industrial interest for the purpose of process optimization. Secondly,
the kinetic models claimed in the open literature typically exclude the effect of exogenous
H; pressure, which we found, in contrast, to be the most sensitive parameter.

With this in mind, a kinetic study was designed, comprising a full factorial DoE that
covered 126 experimental conditions. The analysis of the experimental kinetic regularities
allowed the development of various kinetic models in agreement with different proposed
mechanisms. The kinetic models were checked for thermodynamic consistency,
discriminated following statistical criteria and simplified in a final step. As a result of this
work, a kinetic model was obtained, successfully predicting the product distribution over a
wide range of experimental conditions. A deactivation-regeneration mechanism was
proposed, rationalizing the role of H> on the activity and selectivity of the reaction. This
last contribution complements the existing open literature and opens a discussion for further
studies on the matter. The proposed kinetic model could easily be extrapolated to other
amination reactions and different catalysts, considered that the same mechanism applies.
Moreover, the kinetic model could be exploited industrially for the purpose of process
optimization, implementing economic and technical constraints.

5.2 Perspectives

Based on the obtained results along this thesis, some perspectives can be proposed
for future research on the subject:

(i) Fundamental studies on the role of Ag and Co in the bimetallic Ag-Co
optimized formulation:

It would be interesting to better understand the role of Ag and Co during the catalytic
cycle. For instance, the use of in operando infrared spectroscopy could be envisaged in
order to identify and quantify the surface species at different reaction conditions. The
comparison of the data between the parent Co and the Ag promoted samples could provide
valuable information relative to the nature of the promoting effect.

(i) DFT modelling of Ag-Co catalysts and extrapolation to new formulations:

The information obtained from in operando spectroscopy techniques could
potentially be used for the refinement of DFT models. This could allow the prediction of
novel promising formulations and provide a better picture of the reaction mechanism.
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(iii)) SSITKA studies

The analysis of transient state kinetics would provide valuable information for the
improvement of the kinetic models. The use of labeled isotopic experiments would help to
understand the mechanism behind the hydrogen transfer process and provide valuable
information regarding the effect of exogenous Hz pressure.

(iv) Industrial process optimization

Provided the economic and technical constraints the proposed kinetic model could
be used to optimize the process conditions for the industrial production of n-octylamine.
The kinetic expressions could be adapted to conditions out of the studied experimental
space and/or to other amination reactions after optimization using the corresponding
experimental data.
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Annex I. Summary of the screening of mono-metallic catalysts

I.1. Introduction

Along this annex, the results of the screening of an existing library of catalysts for
the amination reaction of n-octanol with NH3z will be presented. The library consisted of
metal-supported formulations based on Ni, Co, Pd, Pt, Au and Cu supported over different
metal oxides such as AlbOs, TiO,, CeOy, Fe;03 and SiO». First, a high-throughput (HT)
screening of catalysts was carried out to assess the most active formulations as an attempt
to discern the relative role of the metal and the support on the catalytic properties, as well
as metal-support synergistic effects. Subsequently, the selectivity of the most promising
catalysts towards the synthesis of the target product, i.e. n-octylamine (OA), was explored
under optimized conditions.

I.2. Materials and Methods

All the chemical reagents used in this section are listed in section 2.1. All the catalysts were
prepared by incipient wetness impregnation. The bulk metal content was measured by ICP.

An initial HT screening was conducted in the Flowrence unit (Avantium, Netherlands)
available at the REALCAT platform (UCCS, Lille). The details on the equipment used can
be found in section 2.4.3, while the experimental conditions S-A used are compiled in Table
A-2. The second screening at optimized conditions was conducted in a MPRS-3TC reactor
(Yashentech, China) available at E2P2L (Solvay, Shanghai). Further details on the
equipment are presented in section 2.4.1, while the experimental conditions S-B used are
compiled in Table A-2.

I[.3. Results
L.3.1. Primary High-Throughput screening of monometallic supported catalysts

A library of 26 metal-supported catalysts was screened under the reaction conditions S-A
(Table A-2). The reference and composition of the catalysts can be found in Table A-1,
whereas the n-octanol conversions and OA yields are listed in Table A-3 to Table A-6. It
is important to note that the operational conditions were not optimized at this point and low
carbon balances were generally obtained. Similarly, the use of NH3 in stoichiometric
amounts limited the OA selectivity. Accordingly, the activity of the catalysts was assessed
in terms of yield to amine products, as shown in Table A-6.

(i)  Effect of the support

The influence of the support on the catalytic activity varied among the different supported
metals. Among the different catalysts, Ni and Co supported over Al>O3 exhibited the
highest yield to amines, while Pd and Pt exhibited the best results when supported over
TiO> (Table A-6). The different metals supported over Fe>O3 displayed low activities.
Regarding the carbon balance (Table A-4), a negative effect of CeO2 was observed. The
online GC-FID analysis of gas effluents showed an increased formation of volatile products
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for the latter catalysts (see Figure A-1). A further offline GC-MS analysis of the products
pointed out the formation of dehydration and hydrogenolysis products (see Figure A-2),
suggesting a promoting effect of CeO> for these reactions.

(i)  Effect of the metal nature

A difference in terms of activity was evident among the different metal-supported catalysts.
Irrespective of the support, Cu and Au catalysts showed very low activity. On the contrary,
Ni catalysts afforded amine yields >10% except for the FeoOsz-supported catalyst, whereas
Pd and Pt afforded the highest amine yields (30% and 33%, respectively) when supported
over TiO». These results suggest a synergistic effect between TiO> and noble metals. Finally,
Co-supported catalysts displayed a moderate activity, showing the best result when
supported over Al>O3. No clear trend could be devised between the metal and the carbon
balance.

Table A-1 List of metal-supported catalysts and references used in the HT screening

Metal Support Reference ICP wt%
Co CeO, SHAC - 28 16.6 %
Co TiO; SHAC - 40 14.3 %
Co Fe 03 SHAC - 48 9.7%
Co AlO;3 SHAC - 27 14.7 %
Co SiO, SHAC - 39 13.1 %

Co - CD® Ce0O, SHAC - 30 14.9 %
Co - CD® ALOs SHAC - 19 15.6 %
Pd CeO, SHAC - 56 1.3 %
Pd TiO, SHAC - 54 1.5 %
Pd Fe;Os3 SHAC - 50 1.5 %
Pd ALOs SHAC - 55 0.5 %
Pd Si0, SHAC - 53 0.9 %

Pd - M@ CeO, SHAC - 4 2.4 %
Ni CeO» SHAC - 12 8.1 %
Ni TiO; SHAC - 54 9.0 %
Ni Fe»Os3 SHAC - 47 8.3 %
Ni AlO;3 SHAC - 11 9.8%®
Ni Si0O» SHAC - 9 12.6 %
Cu Ce0O, SHAC - 60 8.8 %
Cu TiO; SHAC - 58 11.8 %
Cu AlLO; SHAC - 59 9.1 %
Pt TiO; SHAC - 36 0.6 %
Pt Fe O3 SHAC - 52 0.6 %
Pt ALOs SHAC - 37 0.6 %
Au TiO, SHAC - 44 2.0 %
Au Fe O3 SHAC - 51 1.9 %
Au ALOs SHAC - 45 1.7 %

(a) Nominal metal loading values; (b) CD stands for cyclodextrin-assisted impregnation; (c) M stands for
manual synthesis.
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Table A-2 Experimental conditions used for the catalytic screening of supported monometallic

formulations
S-A S-B
Flow (STD Equivalents Flow (STD Equivalents
mL/min) mL/min)
NH; 3.65 1 38.3 9
H> 3.65 1 11.3 2.5
n-octanol 3.65 1 4.3 1
N> 32.85 9 3.8 0.9
He 10.0 2.7 - -
Mass of 100 mg 510 mg
Catalyst
W/F 0.08 h 0.34h
Temperature 220°C 180 °C
Pressure 1 bar 1 bar
Bac o
>~ Poor C.B.(Pd and Ni
Ce0O,)
Average C.B.
g0 (NiAlLO3) F50
Gdod C.B. (Ni Fe,O, =
and Blank) =
S S SO T B A N N T P [T N T S Td
12 13 14 ] ] 17 18 19 2 2 22 23

Minutes

Figure A-1 Online GC-FID results for the gas reaction products of catalysts with different carbon

balances.
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Figure A-2 (a) Online GC-FID and (b) off line GC-MS chromatograms example for the gas reaction
products of CeO, supported catalyst.
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Table A-3 N-octanol conversion on the screening of metal-supported catalysts

Conversion

CeO;

Co

32%

Pd

SiO:

>90%

Table A-5 OA yield on the screening of metal-supported catalysts

Yield to
R-NH2
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Table A-6 Yield to amines on the screening of metal-supported catalyst

Ximeli‘; Z;’ CeO, TiO» Fe:0s ALO; Si0, #}u
Co 0% 5% 0% 10% 4% | |
Pd 4% 33% 4% 4% 0%

Ni 13% 17% 1% 26% 12%
Cu 2% 1% 3%
Au 0% 0% 2%
Pt 30% 2% 6%
PdM 6%
Co CD 1% -

Table A-7 Results summary for the best performing catalysts

Metal Loading Support Conversion C.B. Y. Yieldto Yield to R-NH; to

wt % R-NH, Amines RCN amine ratio
Pt 0.6 % TiO; 68 % 69% 6% 30 % 7 % 0.20
Pd 1.5 % TiO; 68 % 74 % 8 % 33 % 9 % 0.24
Ni 9.8 % AlLO; 98 % 63% 5% 26 % 35 % 0.19
Co 14.7 % AlLO; 60 % 82 % 8% 10 % 31 % 0.80
Ni 9.0 % TiO; 73 % 0% 6% 17 % 26 % 0.35

The OA yield was in all cases lower than 10 % (Table A-5), obtaining the best results
for Pd/TiO; and Co/Al>O3 followed by Ni/TiO,, Pt/TiO; and Ni/Al;Os. This low yield is
not surprising regarding the low amount of NH3 fed. A net effect of the catalysts on the
selectivity was difficult to assess because of the very different conversions obtained.
Overall, a higher selectivity was noticeable for Co/Al,O3 and Co/TiO, for which =80% of
the amine yield corresponded to OA, but this was only =20% to 35% for the Ni, Pd and Pt

catalysts.

(iii)  Summary

A library of 26 catalysts comprising Co, Pd, Pt, Ni, Au and Cu supported over CeO2, TiO2,
Fe>03, Al,03 and SiO; were tested for 3 HT runs. The most promising results are shown in
Table A-7. However, the results must be analyzed with care because of the differences in
conversion, metal loading and as a rule low carbon balances. Despite these limitations, we
can conclude that the most promising catalysts from the screened library are: Ni/Al203,
Pt/TiO2, Pd/TiO2, Co/Al203 and Ni/TiQz. It is also especially noticeable a positive effect
on the OA selectivity for Co/Al20z.
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1.3.2. Secondary screening of mono-metallic supported catalysts

In light of the results presented above, a second screening was conducted, covering
combinations of the best performing metals and supports (Pd, Pt, Ni and Co supported over
ADOs3 and TiO2). The reaction conditions S-B (Table A-2) were used, adapted to decrease
the impact of side reactions leading to low carbon balances.

As can be observed in Figure A-3, the best results in terms of OA yield were obtained
for Ni and Co supported over AloOs3. These catalysts over-performed their counterparts
supported over TiO, suggesting a positive effect of amphoteric AI>O3. Nonetheless, the Pt
formulations afforded the highest activities per metal atom basis. It is important to analyze
these results with care, since differences in metal dispersion and extent of reduction were
not taken into account. Despite these differences, the superior selectivity of Co/Al203 is
evident, affording the highest OA yield (43%) with only 5% DOA yield. In contrast,
Pt/TiO; afforded the same DOA yield while generating <10% of OA. In light of these
results, Co/Al,O3; was selected in this study as the most promising formulation for the
synthesis of OA.
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Figure A-3 Conversion and yield results on the screening of mono-metallic supported catalyst in the amination of n-octanol with ammonia. Reaction conditions: n-octanol
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Annex II. Kinetic experiments and table of results

As presented in section 2.4.3, a full factorial design of experiments comprising two
central points was designed to assess the influence of the different operation variables. The
full list of experiments is presented in Table A-7. Each of the 14 listed conditions was tested
at 3 different temperatures (160 °C, 170 °C and 180 °C) and 3 catalyst weights (10 mg, 20
mg and 30 mg), resulting in 126 experimental points. Table A-8 summarizes the
experimental results obtained.

Table A-7 List of reaction conditions tested for the kinetic modelling of n-
octanol amination with NH3 in chapter 4.

Condition p’ ROH p’ NH3 p’ H2
reference (kPa) (kPa) (kPa)
1 12.5 37.5 12.5
2 12.5 37.5 37.5
3 12.5 37.5 62.5
4 12.5 75.0 12.5
5 12.5 75.0 37.5
6 12.5 75.0 62.5
7 254 37.5 12.5
8 25.4 37.5 37.5
9 254 37.5 62.5
10 25.4 75.0 12.5
11 25.4 75.0 37.5
12 25.4 75.0 62.5
13 19.0 37.5 37.5
14 12.5 56.3 37.5
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Table A-8 Summary of kinetic results for reactions conditions listed in Table A-7

Condition Reference

1

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight —-mg - 12.3 20.7 30.8 10.5 20 30 10.5 19.7 30.1
p R-NH: - kPa - 0.40 0.61 0.88 0.36 0.51 0.72 0.28 0.48 0.61
p R-OH - kPa - 11.66 11.06 10.60 11.52 11.49 10.93 11.86 12.10 12.10
p R-CN -KkPa - 0.18 0.33 0.46 0.14 0.21 0.30 0.09 0.15 0.20
p R2-NH - kPa - 0.02 0.03 0.04 0.02 0.02 0.03 0.01 0.02 0.02
Conversion 5.9% 10.6% 14.1% 6.3% 8.7% 11.4% 4.1% 5.6% 7.4%
Yield R-NH2 3.2% 5.0% 7.1% 2.9% 4.0% 5.8% 2.3% 3.7% 4.7%
Yield R-CN 1.4% 2.7% 3.7% 1.1% 1.7% 2.4% 0.7% 1.2% 1.5%
Yield R2-NH 0.4% 0.5% 0.6% 0.3% 0.4% 0.5% 0.2% 0.3% 0.4%
Carbon Balance 99.4% 97.8% 97.7% 98.2% 97.6% 97.6% 99.2% 99.7% 99.4%
Condition Reference 2
Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight —-mg - 12.3 20.7 30.8 10.5 20 30 10.5 19.7 30.1
p R-NH: - kPa - 0.65 1.13 1.68 0.60 0.94 1.34 0.42 0.81 1.13
p R-OH - kPa - 11.71 10.65 10.13 11.61 11.38 10.63 11.95 11.93 11.86
p R-CN - kPa - 0.15 0.23 0.29 0.10 0.14 0.16 0.06 0.07 0.08
p R2-NH - kPa - 0.04 0.07 0.12 0.04 0.05 0.09 0.03 0.05 0.08
Conversion 5.6% 13.9% 18.1% 5.6% 9.7% 13.9% 3.4% 7.0% 9.3%
Yield R-NH: 5.3% 9.1% 13.6% 4.9% 7.5% 10.9% 3.4% 6.3% 8.7%
Yield R-CN 1.2% 1.9% 2.3% 0.8% 1.1% 1.3% 0.5% 0.6% 0.6%
Yield R2-NH 0.7% 1.1% 1.9% 0.6% 0.9% 1.5% 0.5% 0.8% 1.2%
Carbon Balance 102.1% 98.8% 100.5% 101.0% 100.1% 100.3% 101.2% 101.1% 101.5%
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Condition Reference

3

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 9.4 19.8 28.1 10.7 22 29.2 10.7 21.2 28.8
p R-NH: - kPa - 0.94 1.71 2.40 0.91 1.61 2.10 0.74 1.26 1.59
p R-OH - kPa - 11.42 10.40 8.21 10.60 9.70 8.81 11.52 10.16 9.62
p R-CN - kPa - 0.13 0.14 0.12 0.06 0.06 0.06 0.03 0.03 0.03
p R2-NH - kPa - 0.16 0.35 0.63 0.21 0.47 0.62 0.20 0.37 0.44
Conversion 10.9% 20.4% 33.5% 13.0% 21.7% 29.0% 8.7% 17.8% 21.8%
Yield R-NH:z 7.3% 13.1% 19.4% 7.5% 13.0% 16.9% 5.9% 10.2% 12.9%
Yield R-CN 1.0% 1.1% 1.0% 0.5% 0.5% 0.5% 0.3% 0.3% 0.2%
Yield R2-NH 2.4% 5.3% 10.1% 3.4% 7.7% 9.9% 3.2% 5.9% 7.1%
Carbon Balance 100.5%  100.0% 98.0% 98.9% 100.0% 98.9% 101.0% 98.9% 98.8%
Condition Reference 4

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 9.4 19.8 28.1 10.7 22 29.2 10.7 21.2 28.8
p R-NH: - kPa - 0.33 0.57 0.85 0.33 0.59 0.76 0.28 0.46 0.61
p R-OH - kPa - 12.54 12.34 11.27 11.64 11.36 11.28 12.22 11.62 11.32
p R-CN - kPa - 0.14 0.29 0.42 0.11 0.21 0.28 0.08 0.13 0.17
p R2-NH - kPa - 0.03 0.05 0.10 0.03 0.07 0.10 0.03 0.05 0.08
Conversion 2.1% 5.4% 8.5% 4.5% 8.2% 8.9% 3.1% 5.9% 7.9%
Yield R-NH:z 2.6% 4.4% 6.9% 2.7% 4.7% 6.2% 2.2% 3.7% 5.0%
Yield R-CN 1.1% 2.2% 3.4% 0.9% 1.7% 2.3% 0.6% 1.0% 1.4%
Yield R2-NH 0.5% 0.8% 1.7% 0.5% 1.1% 1.6% 0.4% 0.8% 1.2%
Carbon Balance 102.2%  102.2% 103.8% 99.8% 99.5% 101.4% 100.3% 99.8% 99.8%
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Condition Reference

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 12.4 20.5 29.4 10 19.3 29.8 11.5 22.5 29.8
p R-NH: - kPa - 1.06 1.64 1.97 0.71 1.20 1.73 0.63 1.09 1.34
p R-OH - kPa - 10.99 10.15 9.78 11.37 11.10 10.47 12.14 11.80 11.16
p R-CN - kPa - 0.16 0.24 0.27 0.09 0.11 0.13 0.05 0.07 0.06
p R2-NH - kPa - 0.08 0.11 0.13 0.05 0.07 0.11 0.05 0.07 0.08
Conversion 12.8% 17.7% 20.3% 6.7% 10.4% 15.5% 5.3% 9.8% 9.7%
Yield R-NH:z 8.4% 13.3% 16.0% 5.8% 9.6% 14.0% 4.9% 8.4% 10.9%
Yield R-CN 1.3% 1.9% 2.2% 0.7% 0.9% 1.1% 0.4% 0.5% 0.5%
Yield R2-NH 1.2% 1.7% 2.0% 0.8% 1.1% 1.8% 0.8% 1.1% 1.3%
Carbon Balance 98.6% 99.8% 100.5% 100.8% 101.6% 101.7% 101.0% 100.4% 103.1%
Condition Reference 6

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 12.4 20.5 29.4 10 19.3 29.8 11.5 22.5 29.8
p R-NH: - kPa - 1.57 2.47 2.96 1.12 1.71 2.46 0.90 1.38 1.85
p R-OH - kPa - 10.29 8.93 8.30 10.75 10.11 8.93 11.67 9.43 10.14
p R-CN - kPa - 0.11 0.11 0.11 0.05 0.05 0.05 0.03 0.03 0.03
p R2-NH - kPa - 0.18 0.30 0.35 0.15 0.21 0.30 0.14 0.17 0.22
Conversion 18.3% 27.7% 32.4% 11.8% 18.5% 28.0% 9.0% 27.9% 18.1%
Yield R-NH:z 12.5% 20.0% 24.1% 9.2% 13.8% 19.8% 7.0% 10.5% 14.9%
Yield R-CN 0.9% 0.9% 0.9% 0.4% 0.4% 0.4% 0.3% 0.2% 0.2%
Yield R2-NH 2.8% 4.8% 5.6% 2.5% 3.4% 4.9% 2.1% 2.6% 3.5%
Carbon Balance 98.4% 98.5% 98.7% 100.6% 99.5% 97.4% 100.5% 85.6% 100.8%
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Condition Reference

7

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 11.7 20.1 29.6 10.8 20.9 31.6 10.2 19.2 304
p R-NH: - kPa - 0.20 0.57 0.84 0.23 0.42 0.65 0.27 0.40 0.48
p R-OH - kPa - 25.50 23.16 23.57 24.52 23.95 23.75 24.31 24.29 23.97
p R-CN - kPa - 0.09 0.26 0.40 0.06 0.12 0.17 0.09 0.12 0.17
p R2-NH - kPa - 0.01 0.03 0.04 0.01 0.02 0.03 0.01 0.01 0.02
Conversion 3.8% 7.5% 9.1% 2.2% 3.9% 7.0% 3.3% 3.4% 4.6%
Yield R-NH:z 0.8% 2.3% 3.2% 0.9% 1.7% 2.5% 1.1% 1.6% 1.9%
Yield R-CN 0.3% 1.0% 1.5% 0.3% 0.5% 0.7% 0.4% 0.5% 0.7%
Yield R2-NH 0.1% 0.2% 0.3% 0.1% 0.1% 0.2% 0.1% 0.1% 0.2%
Carbon Balance 97.4% 96.3% 96.4% 99.2% 98.6% 96.7% 98.4% 99.1% 98.4%
Condition Reference 8

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 9.3 19.7 27.8 9.9 19.8 29.5 9.3 194 33
p R-NH: - kPa - 0.35 1.40 1.88 0.59 1.24 1.94 0.43 0.85 1.20
p R-OH - kPa - 23.82 21.97 20.60 23.24 24.12 22.50 22.76 22.44 22.44
p R-CN - kPa - 0.07 0.33 0.42 0.12 0.23 0.26 0.06 0.10 0.13
p R2-NH - kPa - 0.02 0.11 0.15 0.04 0.08 0.14 0.04 0.06 0.08
Conversion 5.3% 12.3% 16.3% 7.3% 8.9% 13.3% 8.7% 10.4% 12.2%
Yield R-NH:z 1.4% 5.6% 7.6% 2.4% 4.7% 7.5% 1.7% 3.4% 4.7%
Yield R-CN 0.3% 1.3% 1.7% 0.5% 0.9% 1.0% 0.2% 0.4% 0.5%
Yield R2-NH 0.2% 0.9% 1.2% 0.3% 0.6% 1.1% 0.3% 0.5% 0.6%
Carbon Balance 96.8% 96.1% 95.0% 96.2% 97.7% 97.0% 93.7% 94.2% 94.1%
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Condition Reference

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 94 194 28.2 10.4 18.5 28.8 11 18.3 29.1
p R-NH: - kPa - 0.95 1.99 2.47 0.89 1.55 2.31 0.65 1.16 1.65
p R-OH - kPa - 24.17 21.59 22.30 23.35 22.46 21.18 24.36 22.69 22.28
p R-CN - kPa - 0.15 0.22 0.24 0.09 0.10 0.10 0.05 0.05 0.05
p R2-NH - kPa - 0.13 0.30 0.36 0.13 0.24 0.41 0.10 0.20 0.28
Conversion 6.9% 13.7% 15.7% 7.1% 10.7% 15.6% 4.7% 9.0% 11.1%
Yield R-NH:z 3.6% 8.0% 9.3% 3.5% 6.2% 9.2% 2.5% 4.7% 6.6%
Yield R-CN 0.6% 0.9% 0.9% 0.4% 0.4% 0.4% 0.2% 0.2% 0.2%
Yield R2-NH 1.0% 2.4% 2.7% 1.0% 1.9% 3.3% 0.8% 1.6% 2.2%
Carbon Balance 98.8% 98.3% 98.3% 98.2% 98.4% 98.0% 99.2% 97.8% 98.3%
Condition Reference 10

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 11.7 20.1 29.6 10.8 20.9 31.6 10.2 19.2 304
p R-NH: - kPa - 0.30 0.73 1.07 0.30 0.54 0.79 0.37 0.56 0.65
p R-OH - kPa - 25.25 22.76 23.46 23.67 23.32 22.83 23.94 23.29 24.06
p R-CN - kPa - 0.13 0.32 0.49 0.08 0.16 0.22 0.12 0.15 0.22
p R2-NH - kPa - 0.01 0.02 0.04 0.01 0.02 0.02 0.01 0.01 0.02
Conversion 4.7% 9.0% 9.4% 5.6% 6.4% 10.6% 4.7% 7.3% 4.2%
Yield R-NH:z 1.1% 2.9% 4.1% 1.2% 2.2% 3.1% 1.5% 2.2% 2.6%
Yield R-CN 0.5% 1.3% 1.9% 0.3% 0.6% 0.8% 0.5% 0.6% 0.9%
Yield R2-NH 0.1% 0.2% 0.3% 0.1% 0.1% 0.2% 0.1% 0.1% 0.2%
Carbon Balance 97.0% 95.6% 97.2% 96.1% 96.6% 93.7% 97.4% 95.8% 99.6%
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Condition Reference 11
Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 9.3 19.7 27.8 9.9 19.8 29.5 9.3 194 33
p R-NH: - kPa - 0.35 1.53 1.96 0.59 1.22 1.96 0.43 0.84 1.18
p R-OH - kPa - 24.58 22.76 21.62 24.00 25.05 23.62 23.92 23.61 23.89
p R-CN - kPa - 0.07 0.31 0.40 0.10 0.19 0.24 0.05 0.09 0.12
p R2-NH - kPa - 0.01 0.07 0.09 0.02 0.04 0.07 0.00 0.01 0.02
Conversion 2.3% 9.2% 12.2% 4.3% 5.4% 9.0% 4.1% 5.8% 6.5%
Yield R-NH: 1.4% 6.1% 8.0% 2.4% 4.6% 7.5% 1.7% 3.3% 4.6%
Yield R-CN 0.3% 1.3% 1.6% 0.4% 0.7% 0.9% 0.2% 0.3% 0.5%
Yield R2-NH 0.1% 0.5% 0.7% 0.2% 0.3% 0.5% 0.0% 0.1% 0.2%
Carbon Balance 99.6% 99.1% 98.6% 98.8% 100.5% 100.5% 97.8% 98.0% 98.8%
Condition Reference 12
Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 94 194 28.2 10.4 18.5 28.8 11 18.3 29.1
p R-NH: - kPa - 1.15 2.29 2.87 1.05 1.80 2.64 0.79 1.37 1.93
p R-OH - kPa - 23.60 21.05 21.84 22.71 22.10 20.92 23.60 22.17 22.09
p R-CN - kPa - 0.16 0.22 0.25 0.10 0.10 0.10 0.05 0.05 0.05
p R2-NH - kPa - 0.10 0.18 0.22 0.10 0.16 0.23 0.09 0.15 0.19
Conversion 9.1% 15.9% 17.5% 9.7% 12.0% 16.8% 7.7% 11.1% 11.9%
Yield R-NH: 4.4% 9.1% 10.9% 4.2% 7.2% 10.5% 3.1% 5.5% 7.7%
Yield R-CN 0.6% 0.9% 1.0% 0.4% 0.4% 0.4% 0.2% 0.2% 0.2%
Yield R2-NH 0.8% 1.4% 1.6% 0.8% 1.3% 1.9% 0.7% 1.2% 1.5%
Carbon Balance 97.0% 96.0% 96.4% 95.9% 97.1% 96.3% 96.4% 96.0% 97.8%
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Condition Reference

13

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 11.3 22.8 27.8 10.4 20.6 28 10.9 18.4 27.5
p R-NH: - kPa - 0.87 1.55 2.05 0.30 1.02 1.42 0.30 0.47 0.78
p R-OH - kPa - 17.12 17.22 16.05 18.28 16.72 16.37 18.59 17.82 17.90
p R-CN - kPa - 0.21 0.34 0.38 0.06 0.16 0.20 0.03 0.07 0.09
p R2-NH - kPa - 0.10 0.11 0.16 0.01 0.07 0.11 0.01 0.03 0.06
Conversion 8.6% 13.0% 17.2% 2.9% 9.5% 12.8% 0.9% 4.5% 6.4%
Yield R-NH:z 4.6% 7.9% 10.6% 1.6% 5.5% 7.6% 1.6% 2.5% 4.1%
Yield R-CN 1.1% 1.7% 1.9% 0.3% 0.9% 1.0% 0.2% 0.4% 0.5%
Yield R2-NH 1.1% 1.1% 1.6% 0.1% 0.7% 1.2% 0.1% 0.3% 0.6%
Carbon Balance 98.9% 98.5% 97.8% 99.2% 98.1% 97.5% 101.0% 99.0% 99.1%
Condition Reference 14

Temperature - °C - 180 180 180 170 170 170 160 160 160
Catalyst weight -mg - 11.3 22.8 27.8 10.4 20.6 28 10.9 18.4 27.5
p R-NH: - kPa - 0.98 1.52 1.98 0.35 1.02 1.46 0.33 0.49 0.80
p R-OH - kPa - 10.66 10.36 9.64 11.66 10.32 10.04 11.65 11.20 11.36
p R-CN - kPa - 0.23 0.30 0.32 0.07 0.14 0.15 0.04 0.07 0.08
p R2-NH - kPa - 0.08 0.08 0.12 0.01 0.05 0.09 0.01 0.03 0.06
Conversion 13.7% 20.6% 24.6% 6.1% 15.3% 18.9% 5.8% 9.0% 9.9%
Yield R-NH:z 8.0% 11.7% 15.5% 2.8% 8.3% 11.8% 2.7% 4.0% 6.3%
Yield R-CN 1.8% 2.3% 2.5% 0.6% 1.2% 1.2% 0.3% 0.5% 0.7%
Yield R2-NH 1.4% 1.3% 1.8% 0.2% 0.9% 1.5% 0.1% 0.5% 0.9%
Carbon Balance 97.9% 95.1% 95.9% 97.6% 95.4% 96.0% 97.4% 96.2% 98.1%
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Annex III. Validation of the proposed hydrodynamic model

(i)  Evaluation of the axial dispersion — Mears criterion

According to Mears, axial dispersion in packed bed reactors can be neglected when the
following criterion is satisfied [1]:

L 20 1
Fike ——In— Eq. A-1

, Pe, 1-x
where L is the bed length (~ 3 cm in our case), dp is the particle diameter (~ 0.015 cm in
our case), Pe, is the axial Péclet number and x is the reaction conversion.

Assuming a conservative 50% n-octanol conversion (the maximum conversion achieved in
the kinetic tests is 34%), an axial Pe, >0.07 should imply negligible axial dispersion. The
Pe. number represents the ratio of advective transport to diffusive transport rates and its
value reflects the predominant flow regime in the reactor. The Pe, number can be usually
estimated using empirical correlations. In Figure A-4, the axial and radial Pe. numbers are
plotted against the Reynolds number (Re) for packed-bed reactors. Re can be calculated
using A-2 taking an average density and viscosity in the reactor.

Re= LotP _1.5107*4.4%1.610°

=0.56 Eq. A-2
P 1.910° a

where d, is particle diameter [cm], u is the spatial velocity [cm/s], pr is the fluid density
[g-cm™] and py is the fluid viscosity [g-cm™-s!]. The fluid viscosity was estimated using
the UNIQUAC property package in Aspen Hysys software.

10®
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Figure A-4 Axial and radial Péclet numbers as a function of the Reynolds number for packed-bed reactors
(Adapted from ref. [2]).

According to Figure, for Re = 0.56, the axial Pe, can be estimated in the range 0.5-1, well
above the limiting value of 0.07. This result confirms the absence of axial dispersion in our
reactor during the catalytic tests.
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Estimation of n-octanol diffusivity

(ii)

Thése de Javier Ibafiez Abad, Lille 1, 2017

The gas-phase mass molecular diffusivity in a multicomponent mixture can be calculated
according to the theory of diffusion in a semi-infinite column as expressed in Eq. A-3. [3]

D'A — 1_yA

>

DAX

Eq. A-3

where D4’ is the effective diffusion coefficient of gas A, yxis the molar fraction of the X

component and Dax is the binary diffusion coefficient of A in X.

The binary diffusion coefficients for mixtures of polar components at low pressure can be
calculated using the adaptation of the Chapman-Enskog correlation proposed by Brokaw

[4] according to Eq. A-4:

1/2
0.001858-T** L+L
MA MB
Dis = Po?.Q
AB==D

Eq. A-4

where Dag is the binary diffusion coefficient [cm?s'], T is the temperature [K], Ma and

Mg are the molecular weights of A and B [g-mol™'], respectively, P is pressure [atm], 0 ap

is the geometric mean of the characteristic length [A], and Qp is the integration of the

diffusion collision value [-]. The corrected value of € p for polar mixtures can be calculated

using Eq. A-5, where T* is the characteristic temperature (Eq. A-6)

0.1

Q, = (44.547 " +1.9117")"" 40.19 -

T = kT

8AB

2
§AB
*

Eq. A-5

Eq. A-6

where €ap and dag are the geometric means of the Lennard-Jones energy and the polarity

correction term of the pure components, which can be calculated using the correlations

grouped in Eq. A-7.

Gap = (04 Op:)”

8. = (8, 88)1/20
Expe = (SA"SBc)I/“

8 =1.94 x 10° u2/V,, T,

G =[1.585 V, /(1 + 1.3 &))"

S[f/k = 118 (1 + 13 6%)7‘],,‘

Eq. A-7

where Ty, is the boiling point temperature [K], Vy is the liquid molar volume at Ty, [mL- mol

' and p is the dipole moment [-] (Table A-9). The estimated effective diffusion coefficients
for n-octanol, according to Eq. A-3 and Eq. A-4, are summarized in Table A-10.
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Table A-9 Parameters of the pure components to calculate Dag by the Brokaw’s method.

Parameter n-octanol N: H, NH;
Tp (K) B! 468.0 77.4 20.3 239.8
Vy (mL-mol ) ! 158.0 34.7 28.5 19.8
p(-) 1.76 0 0 1.47

Table A-10 D’ron estimated values by the Brokaw’s method

T (K) D’ron (cm?s™)
433 7.5-10+ 0.007
443 7.9-102+ 0.008
453 8.2-102+ 0.008

(iii)  External mass transfer

The influence of the external mass transfer on the reaction rate can be assessed using the
Mears criterion as expressed by Eq. A-8 [1,7]

_rROH(obs)prpn<0 15
k. C '

¢ “ROH

Eq. A-8

where TrRoH(bs) iS the reaction rate [mmol-g-cat™-s!], pp is the bed density [g-cm?], R, is
the particle radius [cm], n is the reaction order, k, is the mass transfer coefficient [cm- s
and Cron is the n-octanol concentration [mmol-cm™].

The mass transfer coefficient at low Re number (Re=0.56) can be calculated from the
Froessling correlation: [8,9]

k, = d2(2.0+0.65c”3 Re'?) Eq. A9

p

where D is the mass diffusivity (previously estimated to be >0.068 cm?-s™! at 160 °C), d, is
the particle diameter and Sc is the Schmidt number.

The Schmidt number describes the ratio of viscous diffusion to molecular diffusion rates
and can be calculated using Eq. A-10, where i is the fluid viscosity [g-cm™-s™'] and pr is
the fluid density [g-cm™]:

4 191070
p,D 1.610°0.068

Eq. A-10

By substituting the Sc and Re numbers into Eq. A-9, the mass transfer coefficient can be
estimated as follows:

- 0.068
¢ 15107

(240.6-1.7".0.56"*)=11.5 cm-s™ Eq. A-11
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By applying the calculated mass transfer coefficient to Eq. , we obtain a value of
0.017 for the Mears criterion, far below the limiting value of 0.15. Having considered a
reaction rate 1.5 times higher than the highest value measured experimentally, as well as
the least favorable diffusivity, we can safely conclude the absence of external mass transfer
limitations under the working conditions.

—Tromr PR, 0.20.97.510711
k,Cron 11.56.710°

=0.017 << 0.15 Eq. A-12

(iv) Internal mass transfer

The contribution of internal mass transfer to the reaction rate can be assessed using the
Weisz-Prater criterion (Eq. A-13) [10,11]. Considering the bulk phase effective diffusion
coefficient previously calculated to be 0.068 cm? s, since Knudsen diffusion is unlikely
at 160 °C in 13 nm pores, the Weisz-Prater criterion gives a value of 0.09, implying no
relevant resistance due internal mass transfer.

2
~Troniom PRy _ 0.23.65(7.5107)
Dreons Cron 0.0686.7-10°

ROH

0.09 << 0.6 Eq. A-13
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Annex IV. Development of the kinetic expressions

In this annex section we present the development of the kinetic expressions
corresponding to the kinetic models M.V_A and M.V_B presented in section 4.5.2. The
different elementary reactions and the corresponding approximations applied are listed in
Table A-11.

Table A-11 List of elementary steps for n-octanol amination with NH3 relying on models M.V_A and
M.V_B (QEA: quasi-equilibrium approximation; QSSA: quasi-steady state approximation)

# Elementary steps' Approximation Rate
I ROH +Z— R-OH” QEA
2 R-OH” +Y — R-OH-I” +H" - I
3 R-OH-I” +Y — R=0” +H" QSSA
4 H,, +2Y ==2H" QEA
5 R=0, +Z == R=0’ QEA
6 NH, +Y—=NH; QEA
7 R=0? + NH] ——R=NH” +H,0" QSSA r2
§ HO,+Y=—=H0" QEA
9 R=NH”+Y —=R-CN-I’ +H" QSSA 13
10 R-CN-I” +Y —=R-CN” +H”" QEA
11 R=NH” +H" ——=R-NH_-I’ +Y QSSA 14
12 R-NH,-I” +H" —=R-NH, +Y QEA
13 R-NH,  +Z —=R-NH; QEA
14 R-CN+Z ——R-CN” QEA
15 R=0? +R-NH? —— R=N-R? +H,0" - rs
16 R=N-R +Z —=R=N-R’ QEA
17 R=N-R?+H" —> R -NH-I* +Y QSSA
18 R,-NH-I+H" —>R,-NH” +Y QSSA
19 R,-NH  +Z R,-NH? QEA
20 dD? —— 7™ QSSA o
21 Z°4nH" > Z+nY +X QSSA IR

I'The labels Y and Z refer to active sites
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(i) Balance of surface species

The existence of two differentiated catalytic sites is proposed, namely Y and Z. Y sites
correspond to the adsorption sites for lighter molecules (NH3, H> and H>O), while bulkier
molecules (Cs-X) are expected to adsorb in the Z sites. The consideration of two site
balances is justified by the non-competitive nature of the adsorption between lighter and
bulkier molecule [12,13]. According to the fitting results for model M.V, only the follo-
wing molecules were considered to compete for adsorption:

(1) H> adsorption in Y site

(i1) Octanal adsorption in Z site

(i11))  Octylimine (OI) adsorption in Z site
(iv)  Coke coverage - deactivated Z sites

The adsorption rates are considered fast, reaching equilibrium during the reaction. A
Langmuir isotherm, as expressed in Eq. 4-3, is considered. Certain molecules are proposed
to be non-desorbable, being fast consumed as they are formed on the catalyst surface. This
approximation is in agreement with the experimental observation of virtually 0 kPa partial
pressure for such molecules. The surface coverage is instead calculated via the quasi-steady
state approximation, as expressed in Eq. A-14 to Eq- A-17..

6; =Kip6y Eq. A-14

QSSA: r,=r,+1,
k16§.0H6{/ Eq. A-15
k26§H3 + kseg-NH2

Z
eR:O_

QSSA:r,=1,+1,

, k0500, + K 0% cnaOh + K (Op i, 10V Eq. A-16
RN k00 +k 07
QSSA:r,=1;
. Kp (07 ) Eq. A-17
02 = —
ke (03)

The incorporation of the Langmuir isotherms and the quasi-steady state intermediates into
the Y and Z site balances provides the following expressions for the balances:

(i) Y site balance

1=0y +0;

1 ;

=1+,/KHzpHz
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(ii) Z site balance

zZ
D

07 =1—(07_,+07_y +0”)

Where:

2 __ KOroudy

K0, +KsOp

;K0 0%, KOk eniOh +K O, 0y

R=NH — Y Y
k+3eV + k+4eH

1=0%+0%_,+0%_,,+0

Eq. A-19

0% = kD (92=NH)
D~ v\2
ke (631)

The expression for the Z balance becomes in this case implicit. The vacancies of Z sites
need to be calculated using an iterative process at each integration step. Only one solution

with physical meaning (0 < 6% <t 1) is found.

Finally, by applying the QSSA to rs=r¢ and integrating the coverage expressions into the
rate equations, the rate expressions listed in Table A-12 are obtained. The incorporation of
these rate expressions into the mass balances gives the expressions listed in Table A-13.

Table A-12 Expressions for the different reaction rates

VA Y zZnY
I =k+39R=NH9V - k-3pR—CNpH29VeV Eq. A-20
) _
I, =k+49§:NHpH/§9{,- k_3pR,NH2pH?9€9§ Eq. A-21
' Z 2
I5= 1=K’ Pr_oProm, (OV ) Eq. A-22
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dE
dl;\(])H — (1‘3 +1,+ rs) Eq. A-23
dF,
. ;\:{o — Eq. A-24
dE
d‘;I:]HZ =1, -1 Eq. A-25
dF,
dl;;N =1, Eq. A-26
dE, _
d‘i;;N =0 Eq. A-27
dE
LM o Eq. A-28
dW
dE
d$3 =- (r,+1,) Eq. A-29
dE,
Lo 42 Eq. A-30
dW

© 2017 Tous droits réservés.

Finally, the temperature dependency of the apparent rate and equilibrium constants was

expressed by Eq. A-31 and Eq. E-32, respectively.

Eoi1 1)
kK (T)=k' (T _aappi | 11 A
1( ) 1( M)exp{ R [T TMJ_ Eq. A-31
AH. (1 1
K' (T)=K" (T —t| = ]
(T)=K'( M)exp{ R [T TMJ Eq. A-32
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Annex V. Matlab code for the Kinetic optimization of model
M.V_B

Matlab® code for the kinetic optimization of model M.V_B in section 4.5.2.

function MV_II

cle

close all

clear all

% Load experimental Data

data_profile=xlIsread('Kinetic_data");

% Create vector of experimental conditions

Initial_conditions=data_profile(2:5,2:127);

% Create Vector of experimental partial pressures
EP_RNH2(:,1)=data_profile(15,2:127);
EP_R2NH(:,1)=data_profile(18,2:127);
EP_R2N(:,1)=data_profile(19,2:127);
EP_RCN(;,1)=data_profile(17,2:127);
EP_ROH(:,1)=data_profile(16,2:127);

%Create vector of experimental yields and conversions
EY_RNH2(:,1)=data_profile(22,2:127).*100;
EY_R2NH(:,1)=data_profile(24,2:127).*100;
EY_R2N(:,1)=data_profile(25,2:127).*¥100;
EY_RCN(:,1)=data_profile(23,2:127).*100;
EC_ROH(:,1)=data_profile(21,2:127).*%100;

% Weights for experimental data - Eliminate experimental points out of the
% calibration sensitivity

W_RNH2(:,1)=data_profile(28,2:127);
W_R2NH(:,1)=data_profile(30,2:127);
W_RCN(:,1)=data_profile(29,2:127);
W_ROH(:,1)=data_profile(32,2:127);

W_R2N(:,1)=data_profile(31,2:127);

% Scale the experimental pressures around its central value
Pw_RNH2(:,1)=EP_RNH2./0.9948.*W_RNH?2;
Pw_R2NH(:,1)=EP_R2NH./0.0912.*W_R2NH;
Pw_RCN(:;,1)=EP_RCN./0.1211.*W_RCN;
Pw_ROH(:,1)=EP_ROH./15.6568.*W_ROH;
Pw_R2N(:,1)=EP_R2N./0.031.*W_R2N;

% Create vector with the experimental values for the mass of catalyst

Mc=data_profile(7,2:127); % mass of cat in mg

R=8.314*1e-3; % Ideal Gas Constant

p. 150

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Javier Ibafiez Abad, Lille 1, 2017

Pt=2; % Total Pressure, bar

In=zeros(10,1); % Empty vector of Inlet conditions

Temp=[453.15 443.15 433.15]; % Vector of experimental temperatures

© 2017 Tous droits réservés.

)

% Empty Vectors for optimization function
p_RNH2opt=zeros(126,1);
p_RCNopt=zeros(126,1);
p_R2NHopt=zeros(126,1);
p_ROHopt=zeros(126,1);
p_R2Nopt=zeros(126,1);
p_RNHopt=zeros(126,1);

% Experimental Values for optimization

Exp=[Pw_RNH2;Pw_R2NH;Pw_RCN;Pw_ROH];

% Initial Values for Optimization

BETAO0=[119.55 12.42 15.07 8757.47 97.91 498.39 27378.9 116.16 -469.65 127.12 36.49 85.44 52.74 -446.07 0.69 -25.46

398.76 56.06];
% Optimization function
optionsLSQ=optimoptions('Isqcurvefit','UseParallel',true, Display', iter',' Algorithm', levenberg-marquardt');

[BETA,ResNorm,Res,ExitFlag,Output,~,J]= Isqcurvefit(@fopt, BETAO,[],Exp,[],[],optionsLSQ);

Go======mmmmmmmmm e Data Statistics

% Confidence Interval

CI = nlparci(BETA,Res,'jacobian',J);
Err=abs((CI(:,1)-BETA")./BETA")*100;
Nvar=1:length(BETA");

% Output Table with Variables and 95% CI
Tablel=table(Nvar' ,BETA',CI,Err)

SSE=(Res'*Res); % Standard Error
MSE=(Res'*Res)/(length(Exp)-length(BETAO)); % Mean Squared Error
cov=(inv(J'*J))*MSE; % variance-covariance matrix
corr=cov./(sqrt(diag(cov)*diag(cov)")); % correlation matrix

VIF=diag(inv(corr)); % Variance Inflation Factor

% Standardized Residuals R-NH2

Res_RNH2=Res(1:126);
MSE_RNH2=(Res_RNH2'*Res_RNH2)/(126-length(BETAO0));
Std_RNH2=Res_RNH2./sqrt(MSE_RNH?2);
Std_RNH2(Std_RNH2 == 0) = NaN;

% Standardized Residuals R2-NH

Res_R2NH=Res(127:252);
MSE_R2NH=(Res_R2NH'*Res_R2NH)/(126-length(BETAO));
Std_R2NH=Res_R2NH./sqrt(MSE_R2NH);
Std_R2NH(Std_R2NH == 0) = NaN;
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% Standardized Residuals R-CN

Res_ RCN=Res(253:378);
MSE_RCN=(Res_RCN'*Res_RCN)/(126-length(BETAO));
Std_RCN=Res_RCN./sqrt(MSE_RCN);
Std_RCN(Std_RCN == 0) = NaN;

% Standardized Residuals R-OH

Res_ROH=Res(379:504);
MSE_ROH=(Res_ROH'*Res_ROH)/(126-length(BETAO));
Std_ROH=Res_ROH./sqrt(MSE_ROH);
Std_ROH(Std_ROH == 0) = NaN;

% Calculate determination coefficients R2
% R2 global;
a=[Pw_R2NH.*0.0912.*W_R2NH;Pw_RNH2.%0.9948.*W_RNH2;Pw_ROH.*15.6568.*W_ROH;Pw_RCN.*0.1211.*W_RCN];

b=[pw_R2NHopt.*0.0912.*W_R2NH;pw_RNH2opt.*0.9948.*W_RNH2;pw_ROHopt.*15.6568.*W_ROH;pw_RCNopt.*0.1211.*W
_RCNJ;

a=a(a~=0);

b=b(b~=0);

Rg2=corrcoef([a b])."2;

% R2 Products
a=[Pw_R2NH.*0.0912.*W_R2NH;Pw_RNH2.%0.9948.*W_RNH2;Pw_RCN.*0.1211.*W_RCN];
b=[pw_R2NHopt.*0.0912.*W_R2NH;pw_RNH2o0pt.*0.9948.*W_RNH2;pw_RCNopt.*0.1211.*W_RCN];
a=a(a~=0);

b=b(b~=0);

R_PROD=corrcoef([a b])."2;

% R2 ROH

a=Pw_ROH.*15.6568.*W_ROH;

b=pw_ROHopt.*15.6568.*W_ROH;

a=a(a~=0);

b=b(b~=0);

R2_ROH=corrcoef([a b])."2;

R2_All=[SSE R2_ROH(2) Rg2(2) R_PROD(2)];

% Output Table with R2

R2_tn={'SSE';'R"2 ROH';'R”2 Global';'R"2 Products'};
Table2=table(R2_All',RowNames',R2_tn)

Go---=======mmmmmmmmm- Plot figures
YoParity Plots

figure(1)

subplot(2,2,2)
plot(Pw_RNH2.%0.9948.*W_RNH2,pw_RNH20pt.*0.9948.*W_RNH?2,'+");
title('Partial Pressure RNH_2 - kPa -")
xlabel('Experimental');ylabel('Predicted')

axis([0 5 0 5])

refline(1)

subplot(2,2,3)
plot(Pw_RCN.*0.1211.*W_RCN,pw_RCNopt.*0.1211.*W_RCN,'+");
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axis([0 1 0 1])

title('Partial Pressure RCN - kPa -')
xlabel('Experimental');ylabel('Predicted")
refline(1)

subplot(2,2,4)
plot(Pw_R2NH.*0.0912.*W_R2NH,pw_R2NHopt.*0.0912.*W_R2NH,'+");
axis([0 10 1])

title('Partial Pressure R_2NH - kPa -')
xlabel('Experimental');ylabel('Predicted")

refline(1)

subplot(2,2,1)
plot(Pw_ROH.*15.6568.*W_ROH,pw_ROHopt.*15.6568.*W_ROH,+");
axis([0 30 0 30])

title('Partial Pressure ROH - kPa -')
xlabel('Experimental');ylabel('Predicted")
refline(1)

%Residual Plots
figure(2)

subplot(2,2,1)

plot(EC_ROH,Std_ROH,'0");

axis([0 35 -4 4])

title(ROH")

xlabel('Conversion ROH %);ylabel('Normalized Residual’)

subplot(2,2,2)

plot(EY_RNH2,Std_RNH2,'0");

title(RNH_2")

xlabel('Yield RNH_2 %');ylabel('Normalized Residual')
axis([0 25 -4 4])

subplot(2,2,3)

plot(EY_RCN,Std_RCN,'0");

axis([0 5 -4 4])

title(RCN")

xlabel('Yield RCN %');ylabel('Normalized Residual')

subplot(2,2,4)

plot(EY_R2NH,Std_R2NH,'0");

axis([0 12 -4 4])

title('R_2NH")

xlabel('Yield R_2NH %");ylabel('Normalized Residual')

snapnow

save VARIABLES

% Optimization function

function fx=fopt(p,~)
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% Reaction & Equilibrium constants
kl=p(1);
k2=p(2);
k3=p(3);
k_3=p(4);
k4=p(5);
k_4=p(6);
k5=p(7);
Eal=p(8);
Ea2=p(9);
Ea3=p(10);
Ea_3=p(11);
Ead=p(12);
Ea_4=p(13);
Ea5=p(14);
K_H2=p(15);
H_H2=p(16);
KD1=p(17);
HD1=p(18);
a=1;

b=2;

for cn=1:14
In(1:3)=Initial_conditions(1:3,9*cn-8); %mmol/h
nROHi=In(1);
nNH3i=In(2);
nH2i=In(3);

for i=3*cn-2:3*cn
T=Temp(i-3*cn+3);
M(2:4)=Mc(3*i-2:3*1); %mg of catalyst

% ODE Solver
optionsODE=odeset('RelTol',1e-3);
[~,yo]=0de15s(@fun,M,In,optionsODE);

F=sum(Initial_conditions(:,9*cn-8))+yo(2:4,10)+2.*yo(2:4,4); %mmol/h total
% Vectors of computed partial pressures in kPa
p_RNH2opt(3*i-2:3*i)=yo(2:4,5)./F.*200 ;
p_RNHopt(3*i-2:3*1)=y0(2:4,9)./F.*200 ;
p_RCNopt(3*i-2:3*i)=yo(2:4,4)./F.*200 ;
p_R2NHopt(3*i-2:3*1)=yo(2:4,6)./F.*200 ;
p_R2Nopt(3*i-2:3*i)=yo(2:4,10)./F.*200 ;
p_ROHopt(3*i-2:3*1)=yo(2:4,1)./F.*200;

end

end
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% Weighted and Scaled Vectors of computed partial pressures
pw_RNH2opt(:,1)=p_RNH2o0pt./0.9948.*W_RNH2;
pw_R2NHopt(:,1)=p_R2NHopt./0.0912.*W_R2NH;
pw_RCNopt(:,1)=p_RCNopt./0.1211.*W_RCN;
pw_ROHopt(:,1)=p_ROHopt./15.6568.*W_ROH;
pw_R2Nopt(:,1)=p_R2Nopt./0.031.*W_R2N;

% Objective Function

fx=[pw_RNH2opt;pw_R2NHopt;pw_RCNopt;pw_ROHopt];

%Sytem of differential Equations

function dydt=fun(~,y)

Tm=443.15; % Tm temperature
F=sum(Initial_conditions(:,9*cn-8))+2*y(4); % mmol/h total

o======mmmmmmmmmm e CONSTANTS vs Temp
% Equilibrium Constants
KD1t=KD1*exp(-HD1/R*(1/T-1/Tm));
KH2t=K_H2*exp(-H_H2/R*(1/T-1/Tm));

% Rate Constants
klt=k1*exp(-Eal/R*(1/T-1/Tm));
k2t=k2*exp(-Ea2/R*(1/T-1/Tm));
k3t=k3*exp(-Ea3/R*(1/T-1/Tm));
k_3t=k_3*exp(-Ea_3/R*(1/T-1/Tm));
k4t=k4*exp(-Ea4/R*(1/T-1/Tm));
k_4t=k_4*exp(-Ea_4/R*(1/T-1/Tm));
k5t=k5*exp(-Ea5/R*(1/T-1/Tm));

Thése de Javier Ibafiez Abad, Lille 1, 2017
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YoPartial pressures in bar
P_ROH=y(1)/F*Pt;
P_NH3=y(2)/F*Pt;
P_H2=y(3)/F*Pt;
P_RCN=y(4)/F*Pt;
P_RNH2=y(5)/F*Pt;
P_R2NH=y(6)/F*Pt;
P_H20=y(7)/F*Pt;
P_RO=y(8)/F*Pt;
P_R2N=y(10)/F*Pt;

Gfpmmmmmemmm e SITE BALANCES

% Site Balance Y site (Light Molecules)
S2=1/(1+(KH2t*P_H2)".5);
% Site Balance Z site (Bulky Molecules)
S=fzero(@fs,[0 1]);
function f=fs(S)
f=1-k1t*P_ROH*S2*S/(k2t*P_NH3*S2+k5t*P_RNH2*S)-

(k2t*k1t*P_ROH*S2*S/(k2t*P_NH3*S2+k5t*P_RNH2*S)*P_NH3+k _3t*P_RCN*P_H2*S+k_4t*P_RNH2/P_H2/.5*S)/(k3t+k4t*P
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_H2A5)-
KD1t/(P_H2/.5*%S2)Ab*(k2t+k 1¢*P_ROH*S2+S/(k2t*P_NH3*S2+k5t*P_RNH2*S)*P_NH3+k_3t*P_RCN*P_H2*S+k_4t*P_RNH2/
P_H275%S)/(K3t+kdt*P_H2A.5)-S;

end
O_RO=k1t*P_ROH*S*S2/(k2t*P_NH3*S2+k5t*P_RNH2*S); % aldehyde coverage
O_RNH=(k2t*O_RO*P_NH3+k_3t*P_RCN*P_H2*S+k_4t*P_RNH2/P_H2".5*S)/(k3t+k4t*P_H27.5); % Primary Imine Coverage
O_D=KDI1t*O_RNH"a/(P_H2".5*S2)"b; % Fraction of deactivated catalyst

% Reaction rates

r3=k3t*O_RNH*S2-k_3t*P_RCN*P_H2*S2*S; % lary imine to Nitrile
r4=k4t*O_RNH*P_H2/.5*%S2-k_4t*P_RNH2/P_H2".5*%S*S2; % lary imine to Amine
r5=k5t*O_RO*P_RNH2*S; % Aldehyde to 2ary amine

Jlo=-=====mmmmmmmmmm - MASS BALANCES
dydt=zeros(10,1);
dydt(1)=-13-r4-r5; %ROH
dydt(8)=0; %R=0
dydt(9)=0; % R=NH
dydt(10)=0; % R2=N
dydt(2)=-r3-r4; %NH3R
dydt(3)=+2*r3;  %H2
dydt(4)=r3; %RCN
dydt(5)=r4-r5; %RNH2
dydt(6)=r5; %R2NH
dydt(7)=r3+r4+r5; %H20

end
end
end
First-order Norm of
Iteration Func-count Residual optimality =~ Lambda step
0 19 25.9386 269 0.01
1 39 25.9371 93.9 0.1 0.480324

Local minimum possible.

Isqcurvefit stopped because the relative size of the current step is less than

the default value of the step size tolerance.

Tablel =
Varl Var2 CI Err
1 119.51 119.4 119.62 0.089161
2 12.424 12.415 12.433 0.073218
3 15.081 15.071 15.091 0.067096
4 8757.5 7736 9778.9 11.664
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5 97.898 97.827 97.969 0.072097
6 49838 43736 5594 12244

7 27379 24866 29892  9.1794
8 116.12  116.03 116.22 0.080505
9 -469.81 -470.3 -469.32 0.10418
10 126.99  126.88 127.09 0.084442
11 36.438 12.856 60.019  64.717
12 85.416 85.333 855 0.097516
13 52925 27.001 78.849  48.982
14 -446.34 -465.02 -427.66 4.1849
15 0.6895 0.68876 0.69025 0.10823
16 -25.465 -2549 -25.44 0.098087
17 399.03 398.75 399.31 0.070333
18 56.049 55984 56.114 0.11567

Table2 =

Varl

SSE 25.937
R"2 ROH 0.99172
R”2 Global 0.9984
R”2 Products  0.96805
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