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ABSTRACT

Heterogeneous catalysis can become the pivotal point to shift from
petro-based to renewable bio-based resources as feedstocks for those
chemical processes. 1,3-butadiene, a key monomer in the tyre industry,
attracts a lot of research attention due to a fore coming market instability. In
parallel, the production of bioethanol is expected to reach 150 billion litres in
2032. Thus, the catalytic conversion of ethanol to 1,3-butadiene is under
extensive research. To maximize the industrial viability, the synthesis of these
catalysts must be straight-forward and should consist of as few steps as
possible. Furthermore, the ethanol-to-butadiene reaction requires bifunctional
catalysts with highly dispersed Lewis acid sites and metal nanoparticles as
redox sites. These challenges are discussed in this thesis and addressed via
the use of innovative sol-gel techniques.

In the first half of this thesis, an aerosol-assisted sol-gel approach is
used to synthesize Ag-Ta and Cu-Ta-based catalysts with advantageous
mesoporous texture preventing mass transfer limitations, inserted Ta atoms
inside the silica matrix serving as Lewis acid sites and well dispersed small
Ag or Cu nanoparticles as redox sites. Understanding the catalyst properties
and tuning them allow us to obtain remarkable catalytic performance.

In the second half, the non-hydrolytic sol-gel approach is leveraged for
the synthesis of Cu-Ta-based catalysts. First, two different synthesis routes,
the ether route and the acetamide elimination route, are compared to better
understand the active sites speciation, their proximity and the influence of
those characteristics on catalytic properties. The acetamide elimination route
is deemed more appropriate for the ethanol-to-butadiene reaction. The mixing
of both routes in a so-called “delayed addition” of a fraction of precursors yield
bifunctional materials with properties originating from both distinct synthesis
routes and reasonable catalytic performance.
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GENERAL INTRODUCTION

1.1 Context

Heterogeneous catalysis currently occupies a central place in our
modern society. The vast majority (ca. 90 %) of chemical processes in our
industrial world relies on heterogeneous catalysts. With the climate change
related challenges and the demonstrated responsibility of the petrochemical
industry in this matter, the field of heterogeneous catalysis can now become
more than ever the driving force of this industrial shift from petro-based
resources to renewable bio-based resources as feedstocks for chemical
processes.

To make this shift possible, new and effective heterogeneous catalysts
must be designed. In addition to their catalytic performance, the synthesis
process must be straight-forward and should involve as few steps as possible.
The combination of an easy and short synthesis process and an effective
performance would maximize the chances of a heterogeneous catalyst viable
at an industrial scale.

More specifically, the production of 1,3-butadiene, a pivotal monomer
in the tyre and nylon industry, is currently dominated by the steam cracking of
naphtha, a heavily polluting and energy consuming process. Furthermore, the
emergence of shale gas and its cracking is believed to bring insecurity and
instability over the 1,3-butadiene market, from a supply and pricing point of
view.! Thus, these two elements justify the ongoing intensive research on an
alternative sustainable production pathway.

A notable solution might be to use bioethanol as a feedstock for its
catalytic conversion to 1,3-butadiene. As its production is already applied at
an industrial scale,? the supply of bioethanol is expected to increase in the
coming years all around the world due to political incentives, making it an ideal
candidate to complement or even supplant the steam cracking process.’
Consequently, catalysts development for the ethanol-to-butadiene has
witnessed an increased appeal in the academic research world over the last
15 years.*

A common ground found in the scientific literature is the need for a
bifunctional catalyst combining both acid and redox active sites with open
textural properties to run the ethanol-to-butadiene reaction.” However, current
best catalysts have long and intricate synthesis procedure or simpler
procedures that limit the control on key factors like active sites dispersion.
Hence the need for an easy to apply, straight-forward approach that would
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allow the synthesis of such a catalyst in a one-pot fashion, with an extensive
control on the determining properties of the active material.

The framework of this thesis is thus the development of innovative
synthesis techniques that can combine all these requirements to synthesize a
catalyst with high selectivity towards our product of interest and high stability
all along the reaction process.

1.2 1,3-Butadiene as a crucial C4 platform chemical for the industry

1.2.1  1,3-Butadiene in modern society

The polymer industry is constantly evolving, facing numerous
challenges in the current transition to a more sustainable society. More
specifically, the tyre and nylon sectors heavily depend on 1,3-butadiene (BD)
as a monomer.? Figure 1.1 describes the repartition of BD final purpose in
2015, vastly composed of polymers and resins. Among them, styrene
butadiene rubber (SBR), polybutadiene rubber (PBR) and acrylonitrile
butadiene styrene resins (ABS) account for almost 70 % of the BD derivatives
and are mainly used by the automotive industry. Other BD applications are
summarized in Table 1.1 With such a high contribution to the automotive
industry, the demand towards BD is expected to gradually increase with the
projected increase of car ownership in the coming years.'®

The global production of butadiene is rising steadily and sat at around
12,000 KT in 2015.3 In 2021, the 1,3-butadiene market was valued at around
35 billion USD and is forecasted to reach 56 billion USD by 2029, which
translates to a Compound Annual Growth Rate of 6.0 % for the 2022-2029
period.” BD market is currently driven by 3 factors: diversity in industrial
applications, rapid industrialization in developing countries and the constantly
increasing demand in styrene-butadiene rubber.! Out of those 3 sectors, the
automotive industry and more specifically the tyres manufacturing is expected
to drive this growth during the forecast period.’
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Figure I.1: Repartition of 1,3-butadiene uses in the polymer industry.® Abbreviations
are detailed in Table I.1.

Table I.1: Main 1,3-butadiene applications in the polymer industry.®

Abbreviation Full Name

Applications

PBR Polybutadiene Rubber Tyres, plastics
SBR Styrene Butadiene Rubber Tyres, rubber articles
ABS Acrylonitrile Butadiene Auto parts, telephones, office

Styrene Resins

machines

SBL Styrene Butadiene Latex Foam Rubber, adhesives,
sealants

AN Adiponitrile Nylon resins, fibers, fabrics

NB Nitrile Rubber Hoses, fuel lines, autopats

PCR Polychloroprene Rubber Gloves, coating, adhesives, tyres

Others Lube oil additives, auto parts,

medical devices

1.2.2  Butadiene in history

Butadiene, a key monomer in the manufacture of synthetic rubber, has
attracted the attention of the scientific community since first being isolated by
Caventou in 1863.'%"" However, its structure was only elucidated in 1895 by
Ciamician and Magnaghi, leading to an increased attention drawn to this
compound.'®'! Notably, Lebedev discovered its potential to be converted into
rubber-like polymers in 1910, which initiated significant research endeavours

in this field.12-14
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During the Second Industrial Revolution (1870-1914), the vulcanization
of natural rubber was the main means of elastomer production. Although
natural rubber offers several advantages, its properties cannot be controlled
and tailored. This led the scientific community to develop synthetic rubber,
especially in countries without rubber plantations. In contrast to natural rubber,
the characteristics of these rubbers can be adjusted to meet specific
requirements (i.e. temperature resistance, abrasion, strength). Although
Armstrong and Miller discovered butadiene in the products of petroleum
cracking in 1886, gaseous ethanol has always been the primary feedstock for
the early manufacture of polybutadiene rubber. The pioneering work by Nef
(1901) and Ipatiev (1903) reported the conversion of ethanol to butadiene
using different catalysts.">'6 Later, Ostromislensky's used a mixture of ethanol
and acetaldehyde to achieve industrially viable yields (1915)."7 Following
these discoveries, the work of Lebedev on ZnO-Al20s catalysts, reported in a
1928 patent, eventually led to large-scale 1,3-butadiene industrial
processes.'® Both technologies were applied industrially: the Ostromislensky
process in the USA and the Lebedev process in the Soviet Union."™ The two
technologies will be described more in-depth in Section 1.4.1.

During World War I, rubber shortages posed a significant threat to the
Allies victory, surpassing steel, aluminium, and gasoline in strategic
importance. Consequently, the United States heavily invested in synthetic
rubber research.'#8-20 The American government initiated a synthetic rubber
program in 1939, collaborating with industry and academia to expand the U.S.
synthetic rubber industry. In this context, the catalytic conversion of ethanol to
butadiene gained prominence to meet the demand for this crucial monomer.
Researchers at the Carbide and Carbon Chemicals Corporation and the
Mellon Institute played a key role in advancing the research for the ethanol-
to-butadiene reaction. Pioneering work on high-throughput catalyst screening,
process optimization, and mechanistic studies paved the way for efficient
butadiene production from ethanol.’®2° By the end of the war, the U.S. had
built three plants with a combined yearly production capacity of 220,000 tons
of butadiene.™

After World War I, the production of less expensive butadiene from oil
cracking rendered the ethanol route obsolete.® Simultaneously, scientific
interest in the ethanol-to-butadiene reaction declined, and publications on the
subject were sparse from the 1960s to the 2000s.2"-?6 However, in recent
years, economic and environmental factors have reignited interest in the
development of bio-based production processes, and thus on the ethanol-to-
butadiene reaction, described as a renaissance by Angelici et al.?” A 2011
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publication by Jones et al.'s is considered as a significant milestone in this
resurgence, shedding light on the reaction mechanism and presenting more
efficient catalysts for butadiene production.?® Furthermore, the petroleum
cracking now faces a tense situation with the growing exploitation of other
cracking feedstocks such as shale gas in North America and liquefied
petroleum gas in Europe.®?%3° Since these alternatives feedstocks produce
much lower proportions of butadiene, their exploitation will increase the
instability in the butadiene market. These constrains on the butadiene (BD)
market are the main reasons why alternative (more sustainable) ways of
producing this important C4 platform chemical are needed.

The historical development of butadiene production, from early
discoveries to World War Il applications and the shift towards petroleum
cracking, has shaped the research landscape for the catalytic conversion of
ethanol to butadiene. To this day, the petrochemical industry still represents
the predominant way of butadiene production.

1.2.3 Petro-based 1,3-butadiene

Butadiene is commonly produced by three processes: (i) steam
cracking of paraffinic hydrocarbons (as a co-product of ethylene
manufacturing); (ii) catalytic dehydrogenation of n-butane and n-butene
(Houdry process); and (iii) oxidative dehydrogenation of n-butene (Oxo-D or
O-X-D process).?

e Steam cracking of naphtha

The vast majority (ca. 95%) of the global butadiene production comes
from the steam cracking of naphtha (Scheme 1.1), where BD is a co-product
of ethylene production.*

During the steam cracking process, naphtha is fed to a pyrolysis
furnace where they are “cracked” at temperatures around 800 °C.3'" This
process produces pyrolysis products composed of hydrogen, ethylene,
propylene, butadiene and other co-products. The pyrolysate is then quenched
to remove the heavy fractions; compressed to remove the C5s and higher
components; and then dried. The resulting mixture goes through a series of
distillation tanks to separate the hydrogen, methane, ethane, ethylene,
propane and propylene from the crude C4s or crude butadiene (containing
mainly 1,3-butadiene with other C4s such as isobutylene and butenes). On
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average, the BD yield is estimated around 4.5 wt.%, meaning that 22.2 tons
of naphtha are required to produce 1 ton of BD.332

Cracking Primary 7 : Acid gas
furnace | Spech | | fractionation Compression Drying removal

]_

Chilling

Demethanizer
2 Splitter

.

Deethanizer

Propylene

Depropanizer ] [ Deacetylenizer ]

r%

Crude

Debutanizer

C4 Splitter

Scheme I.1: Process scheme of the steam cracking of naphtha, adapted from Haribal
et al.®

e Catalytic  dehydrogenation of n-butane and  n-butene
(Houdry process)

The Houdry process consists of the conversion of n-butane to
n-butenes and butadiene (Eq. 1 and 2) over a Cr/Al2Os catalyst that operates
between 600 and 680 °C and between 0.15 and 0.20 atm.343 Scheme 1.2
describes the different steps of the Houdry process for the on-purpose
production of butadiene.

c,H,,- CHg+H, (Eq. 1)
C,Hg —» CH, = CHCH = CH, + H, (Eq. 2)
N-Butane '—) Reaction = Quenching = Absorption [=>»{ Stripping > Ez;:‘jcl:::;n —) Butadiene

Scheme 1.2: Process scheme of the Houdry process.3*

e Oxidative dehydrogenation of n-butene (Oxo-D process)

Scheme |.3 summarizes the Oxo-D process, where a mixture of steam,
air and n-butenes is converted (Eqg. 3) over a catalyst at low pressure
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(between 0.2 and 2 atm) and at 500-600 °C.3*3 Typical catalysts used in this
process include iron oxide with bauxite or chromium oxide and calcium-nickel
phosphate stabilized with chromium oxide.343%

1
C4Hg + 50, = CHy, = CHCH = CH, + H,0 (Eq. 3)

Scheme 1.3: Process scheme of the Oxo-D process.®*

As explained above, BD is traditionally obtained through the steam
cracking of naphtha as a by-product of ethylene production.3* Since ethylene
is considered the most important olefin in the world, its output maximisation
remains the priority for crackers in the near future, hence the emergence of
alternative lighter feedstocks such as shale gas that intrinsically yields a
smaller BD-ethylene production ratio compared to naphtha. Indeed, shale gas
typically contains between 4 and 10 vol % of ethane.®®37 In fact, the weight
ratio butadiene/ethylene sits at around 0.02 for ethane cracking, compared to
0.13 for naphtha cracking or even 0.26 for gas oil cracking (Figure 1.2).83° This
difference could lead to a further unbalance in the BD market. As a result, BD
shortages and price increases will become more and more likely in the future,
leading to a potential need for plants for the on-purpose synthesis of BD.

0.30

0.25
- I I I
0.00 —.

Ethane Propane Butane Naphtha Gas Oil
Feedstock

(=3 (=]
—_ [\*]
w (=)

(kgBD kg‘1 Ethylene )

Butadiene-to-Ethylene Mass Ratio

Figure 1.2: Butadiene-to-ethylene mass ratio for different petro-based feedstocks. %3

Furthermore, the steam cracking process is characterised by an
extremely high energy consumption (8 % of the worldwide consumed energy
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in 2015) and responsible for the release of more than 180 million tons of
C0,.7:32:3940 Rgcent report from IPPC has showed us how urgent it is to reduce
our greenhouse gas emissions to face climate change and limit the global
warming to 2 °C by 2050,% further fuelling the need for sustainable and on-
purpose production of BD.

1.2.4 Alternative 1,3-butadiene production pathways

The catalytic conversion of some C4 alcohols, such as 1-butanol, 2-
butanol, 1,3-, 2,3-, 1,4-, and 1,2-butanediols, represent viable alternative
paths to produce BD. These alcohols already have a C4 skeleton, which
eliminates the need for a C-C bond formation, and could be the most suitable
raw materials for the synthesis of BD. Conveniently, these C4 alcohols can all
be produced from biomass via microbial fermentation processes.*?** Cobalt
Technologies, which has developed a fermentation platform for biobutanol
claimed that 1-butanol became a good alternative to obtain butadiene.*546
Thus, there would be a great prospect to produce BD from butanols.*®

e Dehydration of 1,3-butanediol into 1,3-butadiene

1,3-butanediol (1,3-BDO) can be produced via biocatalytic
hydrogenation of 4-hydroxy-2-butanone (4H2B)*2 or by the catalytic
hydrogenation of 4H2B over a modified Raney Ni catalyst.*’

For the conversion of 1,3-BDO to BD, Table 1.2 summarizes the most
active catalysts developed in recent years,*%0 with the generally accepted
reaction mechanism depicted on Scheme 1.4. Overall, better performance are
achieved at reaction temperatures above 350 °C,*® and heavily depend on the
quality and quantity of acid sites, ideally targeting Bronsted sites of medium
strength.50-52

Table 1.2: Recent catalytic systems active in the conversion of 1,3 butanediol to
1,3-butadiene.

P1,3-8D
T WHSV TOS ’
Catalyst . » X1,3-800 (%)  Yep (%) (91,3-8D
(°C) (h™) (h) geat™! h™)
Y2Zr,O748 375 0.4 30 100 87 0.21
H-ZSM-224° 300 1.39 10 95 65 0.54
ZSM-550 300 0.23 8 >95 60 0.083

WHSV = Weight Hourly Space Velocity (h™) ; TOS = Time-on-stream (h)

10
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(A~ AN+~
= OH
3-Buten-1-ol Propene Formaldehyde
OH
)\/\ ZHZO ' O / 3
OH < /\/\OH /\/ + H0
1,3-Butanediol 2-Buten-1-ol i.1,3-Butadiene ;
+
OH o
- /K/ )k/
3-Buten-2-ol 2-Butanone

Scheme |.4: Reaction mechanism of the conversion of 1,3-butanediol to

1,3-butadiene.*9:51

e Dehydration of 2,3-butanediol into 1,3-butadiene

Recently, attention towards the production of 2,3-BDO is increasing
thanks to its large number of industrial applications.*?5% Microbial production
of 2,3-BDO from sugars has been known for more than 100 years and high
yields to 2,3-BDO have been reported.854%5

Table 1.3 gives a sample of how 2,3-BDO can be converted into BD by
catalytic dehydration using silica-supported HsPOs4 derivatives, notably

modified with Cs%¢ or other alkali metals such as Na and K.5” More exotic

metals such as Yb have been tested, although poor catalytic performance
were obtained.%® The mechanism of the reaction is straight-forward and is

depicted on Scheme I.5.

Table 1.3: Recent catalytic systems active in the conversion of 2,3-butanediol to

1,3-butadiene.

P1,3.8D
T WHSV TOS ’
Catalyst o » X1,3-800 (%) Yeo (%) (91,3-8D
(°c)  (h™) (h) 1 bt
gcat h )

CsHoPO4% 400 0.99 8 100 92 0.55
Scy055%° 411 0.4 10 100 80 0.19
y-Al,0450 350 2.37 - 99 21 0.30

WHSV = Weight Hourly Space Velocity (h™) ; TOS = Time-on-stream (h)
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Scheme 1.5: Reaction pathway for the conversion of 2,3-butanediol to
1,3-butadiene.53:56

3-Buten-2-ol  1,3-Butadiene '

Although these alternatives can seem attractive from a sustainability
point of view, they are not yet feasible at an industrial scale. The economic
viability of the dehydration of 2,3-butanediol was assessed by Song et al. In
their work, they estimated that such process at the industrial scale would only
be viable at a 2,3-butanediol cost below 0.991 $/kg — which can currently not
be attained with the fermentation process to bio-based C4.%'

1.3  Why use bioethanol?

Bio-based feedstocks are currently emerging as attractive candidates
to substitute the current petro-based resources in various industrial
processes. In this matter, bioethanol is of particular interest, as it holds great
potential to be further transformed into BD.352:6° |t is noted that ethanol can be
synthesized via direct hydration of ethylene, but represents a minor fraction
(less than 7 % in 2012).56:67

1.3.1  Production methods

Already well established in the industrial landscape, bioethanol is
obtained from the fermentation of agricultural biomass.>%® Currently, starch
and sugar crops account for about 60% and 40% of ethanol production,
respectively.? By region, corn is the main industrial feedstock in the USA,
sugar cane in Brazil and sugar beet in Europe.?3

Bioethanol can be used in the pharmaceutical (as disinfectant), the
automotive (as biofuel) and chemical industry (as solvent and feedstock). Due
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to government incentives to promote biofuels, the bioethanol production is
already implemented at the industrial scale. The global supply ranges in 100s
of billions of litres annually and is projected to grow in the coming years.® More
precisely, the production of bioethanol reached 120 billion litres in 2017 and
is expected to rise above 130 billion litres by 2024 (Figure 1.3).> Recent
numbers for the 2020-2022 period from the Organization for Economic
Cooperation and Development (OECD) and the Food and Agriculture
Organization (FAO) showed a worldwide estimated production of 124 billion
litres, dominated by North and South America.? The same organisations
predicted an increase up to 150 billion litres produced in 2032 mainly in the
Americas, Asia and Europe, or an annualized increase of 1.4 %, resulting from
the increase in biofuel needs.?? Indeed, the current contribution of biofuel in
the ethanol consumption sits at 81.1 % and as projected for 2032, this
contribution will remain stable and reach 82.9 %.2

70 000

m Production in 2020-2022

. O Expected Production in 2032
60 000

50000

40000

30000 ]

20000

Ethanol Production/Consumption
(million litres)

10000

: I __

North South Europe  Africa Asia  Australia
America America

Figure 1.3: Ethanol production in the different continents and prediction for 2032.2

However, industrial bioethanol production has issues: certain crops
optimized for bioethanol production need energy and water to cultivate, while
other crops compete for food.®® Moreover, despite being well documented,
further knowledge, improvements and insights are discovered through
additional research on ethanol production.®3%° Due to the high contribution of
the feedstock price to the cost of the overall process (70-90%), many research
were conducted to test different feedstocks.”"3
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1.3.2 Ethanol as a platform molecule

Bioethanol is one of the most attractive bio-based chemical, listed
among the 10 priority-biobased products from biorefinery carbohydrates by
the US Department of Energy.”* The high number of applications (Scheme
I.6) makes this “platform chemical” a very interesting candidate towards
petrochemical independence.”*"® For example, ethylene — which can easily
be obtained by ethanol dehydration”®’” — is a typical drop-in chemical and can
be used for example to produce bio-based polyethylene or ethyl acetate (a
vastly used food enhancer).”” Another interesting reaction is the conversion of
ethanol to butanol via the Guerbet reaction, which is used in biofuels.”>® In
this thesis, the focus will be on the catalytic upgrading of bioethanol to
butadiene which has attracted a lot of attention in the recent years.357.79-8

)}\ /\o Hz
Isobutylene \Acetaldehyde / Hydrogen

F e Ny ——— AN

Ethylene Ethanol 1,3-Butadiene

RN

1-Butanol OEt
Ethyl Acetate Acetic Acid

Scheme 1.6: Major bulk chemicals derived from ethanol.?”

14



GENERAL INTRODUCTION

1.4  Catalytic conversion of ethanol to 1,3-butadiene

1.4.1  Historical aspect (Ostromislensky + Lebedev)

As explained in Section 1.2.1, BD industrial production first started
through the catalytic conversion of ethanol via the Ostromislensky process
and the Lebedev process before the Second World War. Also called the two-
step process and the one-step process respectively, they were applied
throughout the USA and the Soviet Union respectively. The two-step process,
based on two fixed bed reactors placed in succession, first produces
acetaldehyde from ethanol and then produces BD from a mixture of ethanol
and the newly produced acetaldehyde. On the other hand, the one-step
process directly converts ethanol to BD (Scheme 1.7).

Ostromislensky Process

/\OH - /\o + 12H,

e e R = N+ 2HO

Lebedev Process

2 Ny — NG+ H 4+ 2HO

Scheme 1.7: Reaction scheme of the Ostromislensky and Lebedev processes.>

An in-depth work from Cespi et al. studied different “sustainability
indicators”, the Cumulative Energy Demand, the Carbon footprint, the Water
depletion, the Single score (macro factors) and the Economic Index. These
parameters were distinctively studied in different regions of the world (North
America, Brazil and European Union) and similar conclusions were reached
in all these areas: the Lebedev process reaches lower environmental and
economic burdens compared to Ostromislensky, and both processes are
deemed preferable to the steam cracking.? It is noteworthy to mention that in
Asia, the sustainable alternatives are considered to be not competitive yet due
to the high ethanol price in these regions.23 Furthermore, this study considers
typical temperatures of the Lebedev process around 400 °C. For the
Ostromislensky process, the first step takes place between 260 and 330 °C
and the second step between 320 and 350 °C.2
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In this work, the focus was brought on the Lebedev process, i.e. the
one-step conversion of ethanol to butadiene for its industrial advantage over
the Ostromislensky process from an environmental and economic point of
view.? Indeed, the development of processes that involve a limited number of
steps is more attractive from an industrial perspective as it eliminates the
numerous purification steps and the costs and time associated with them.

1.4.2 Reaction Mechanism

To correctly understand the requirements for the catalysts design,
elucidating the reaction mechanism of the ethanol-to-butadiene reaction is
essential. In the literature, the Ostromislensky and Lebedev processes are
generally acknowledged to follow the Toussaint-Kagan pathway (Scheme
1.8).8491 Historically, Gorin and Jones suspected the exact same sequence of
reactions, starting with acetaldehyde and providing ethanol only for the
Meerwein-Ponndorf-Verley (MPV) reduction step.®? Such reaction sequence
is known to proceed in several steps.

The first step in the Toussaint-Kagan mechanism is the non-oxidative
dehydrogenation of ethanol to acetaldehyde, typically obtained over redox
active sites such Cu, Ag, Zn or Fe nanoparticles.t+%*°° Even noble metals like
Au and NiAu alloys have been tested.'® Intense research efforts are being
made to develop effective alcohol dehydrogenation catalysts, because
acetaldehyde is itself a valuable platform chemical.'®"'9? Yet, for the ethanol-
to-butadiene (ETB) reaction, there are other requirements for the catalyst to
be able to complete the next steps of the reaction scheme, up to BD.

In the second step, acetaldehyde undergoes an aldol condensation to
acetaldol. This step has often been described as the rate limiting step between
300 and 400 °C when considering Lewis acidic mixed oxide catalysts from
periodic group 4 and 5.848587.103-110 For example, Lewis acid sites formed by
Hf(IV) and Zr(IV) are known to be active in the aldol condensation,®8:108:111-113
Historically, Ta and Zr have been extensively described as the most suited
transition metals for this step.”-18:81:85:86,98,99,104,106-109,113-120 Atomically, this step
is thought to be catalysed by so-called Lewis open sites, i.e. isolated atoms in
a tetrahedral position connected to three Si—O- groups and one OH
moiety_84,85,106,121

The third step is the acetaldol dehydration to crotonaldehyde. It is

known to never be limiting since acetaldol is never observed in the analysed
products 8485109122 The fourth step is the MPV reduction, involving ethanol
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and crotonaldehyde to produce acetaldehyde and crotyl alcohol. Similar to the
aldol condensation, Lewis acid sites specifically catalyse this step.'!"112.123

Finally, the last dehydration of crotyl alcohol to BD is straight-forward
and is not recognized as the rate limiting step.93105.111.124.125

OH
~2H
2/\OH —2> 2/\0

0 —’(2) )\/\O

Ethanol Acetaldehyde Acetaldol

3) J —H,0
(4)

_ ®)
1,3-Butadiene Crotyl Alcohol "Xy, .~ Crotonaldehyde

Scheme 1.8: Toussaint-Kagan pathway for the ethanol-to-butadiene reaction, taken
from Dochain et al.'?® This reaction cascade takes place in 5 steps: (1) Non-oxidative
dehydrogenation of ethanol (EtOH) to acetaldehyde (AA); (2) condensation of two AA
molecules into 3-hydroxybutanal (acetaldol); (3) acetaldol dehydration to
crotonaldehyde; (4) production of crotyl alcohol and AA via a Meerwein-Ponndorf-
Verley (MPV) reduction with ethanol; (5) dehydration of crotyl alcohol to butadiene.” 27

All in all, the Toussaint-Kagan mechanism provides us insights to
design an effective catalyst for the ETB reaction, mainly the need for a
bifunctional catalyst combining both redox properties and acidic properties.

In terms of by-products possibly produced in the one-step conversion
of ethanol to butadiene, ethylene (EY) and diethylether (DEE) are the main
ones. Due to the necessary presence of Lewis acid sites for the aldol
condensation and the MPV reduction, ethanol can also be directly dehydrated
on these sites to yield EY and DEE. It can be noted that the formation of EY
is favoured at higher temperatures, due to the decomposition of DEE into
EY.""28 More generally, dehydration by-products are expected at higher
reaction temperatures.”'2%12° Next to dehydration by-products, ethyl acetate
(EtOAc) originates from the Tishchenko reaction between 2 molecules of
acetaldehyde.'?® Propylene and pentadienes can also be produced through
the MPV reduction or aldol condensation of acetone and formaldehyde,
themselves obtained by retroaldol addition of 4-hydroxy-butan-2-one.'30.131
Finally, different variants of butenols can come from crotyl alcohol
rearrangement or tautomerisation.'28.132

The repartition between 1,3-butadiene and the different by-products

depicted in the reaction mechanism are dependent on the reaction conditions.
Increasing the weight hourly space velocity (WHSV) decreases the overall
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ethanol conversion, BD selectivity and increases the acetaldehyde
selectivity.’?%13% In opposition, when the WHSV is decreased, the BD
selectivity is boosted, in conjunction with a drop in acetaldehyde
selectivity.”'3 To the best of our knowledge, only one example in the literature
claimed no influence of the contact time on the BD selectivity."* The catalytic
performance of Zr-based catalysts was shown to be directly correlated with
the reaction temperature.'? Although BD selectivity tends to remain constant
from 673 K to 723 K, higher EtOH conversions are responsible for an increase
in BD yields and thus productivity.

Apart from the Toussaint-Kagan mechanism, we must also take into the
account the fact that another mechanism has been proposed by the research
group of Cavani, based on research carried out on basic MgO catalysts
(Scheme 1.9).128.135.136 Although with regard to acid catalysts, the universally
accepted mechanism remains the Toussaint-Kagan pathway.®

_/\OH
Carbanion
(2)1 —0.5H,
+ carbanion - H2 + carbanion
/\/\ - —_— —_— /\/\
oH (5 _ A) X ®) OH
1-Butanol Ethanol Acetaldehyde Crotyl Alcohol
(s)l -H;0 @) l -H;0 @ l -H;0
1-Butene Ethylene 1,3-Butadiene

Scheme 1.9: Cavani pathway for the ethanol-to-butadiene reaction.'2813%.136 Here,
ethanol is believed to be either (1) dehydrogenated into acetaldehyde and hydrogen,
or (2) deprotonated into carbanionic species supposedly stabilized by Mg cations. This
carbanion can then (3) react with acetaldehyde to form crotyl alcohol, which is (4)
dehydrated into butadiene. In some cases, (5) ethanol can also react with the
carbanion to form 1-butanol, which can be (6) dehydrated to 1-butene. More simply,
(7) ethanol can lose its hydroxyl group and can be dehydrated into ethylene.
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1.4.3 Influence of reaction conditions on catalytic performance
e Influence of the reaction temperature

Different operating parameters can be tuned to optimize the catalyst
performance.'%8113.133137 First, the temperature has a direct impact on the
overall ethanol conversion; it is positively correlated with the
temperature.'98112137 Byt temperature also has a large impact on the products
distribution."™ The formation of ethylene and diethylether, dehydration by-
products, is preferred at higher temperatures.”.113117.128129.137 However, BD
does not follow the same trend.""® Below the optimal temperature (dependent
on the catalyst), high acetaldehyde selectivity is usually observed, indicating
a slow rate for the aldol condensation step, reducing the amount of BD.""3

¢ Influence of the weight hourly space velocity

The influence of the space velocity logically has an opposite effect on
ethanol conversion, relative to temperature: the higher the space velocity, the
lower the contact time and thus the lower the ethanol conversion.'3
Dehydration by-products are not significantly correlated with space velocity.
On the contrary, the acetaldehyde selectivity continuously increases with the
space velocity,'"® due to the fact that the aldol condensation becomes too slow
at high flow rates.*® Coke formation (and thus the deactivation of the catalyst)
can also be dependent on the contact time: the higher the contact time (low
space velocity), the higher the coke formation.'3*

¢ Influence of the water content in the ethanol feed

Another important aspect to control in the ETB reaction, is the water
content in the ethanol feed. Cepsi et al. discussed this point by stating the
importance for a sustainable and viable industrial plant to be able to work
efficiently with diluted ethanol as feed, reducing or even removing the need
for ethanol purification after fermentation.® With this objective in mind, many
research groups tackled this issue.'?®'3" The overall ethanol conversion tends
to decrease with the water content.”®” In Hf-Zn-based catalysts, water was
suggested to adsorb on Hf** Lewis acid sites active in the aldol condensation,
blocking this step.'®” However, this effect can be mitigated by increasing the
reaction temperature.’® By increasing the reaction temperature in Hf-Zn
systems in the presence of aqueous ethanol, the BD vyield increases with the
water content. Authors justify this behaviour by the diminished likelihood of
consecutive aldol condensations leading to heavy coke-like by-products since
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water is partially adsorbed on Hf** active sites responsible for those. 37.138
Concurrently, blocking the undesired consecutive aldol condensation
decreases coke formation and thus increases the catalysts stability.'s’
Butenes yields follow the same trend as BD, since their formation also rely on
the aldol condensation of two acetaldehyde molecules.’®”'%® EY and DEE
yields increase with the water content, due to the replacement of Lewis acid
sites by Bronsted acid sites by the chemisorption of water molecules.'®” On
Zn-ZrSi catalysts, H20 was suggested to adsorb on Lewis acid sites active in
the aldol condensation, resulting in lower EtOH conversion, lower BD
selectivity and higher AA selectivity.'%419912% |n the case of a Hf-Zn catalyst,
water chemisorption on Zn?* active sites suppresses their ability to produce
acetaldehyde and therefore enhances the probability of generating EY and
DEE."¥

Interestingly, the addition of La in Zr-Zn-Si-Beta catalysts has proven to
mitigate the deactivating effect of water by inhibiting the interaction of water
vapor with surface oxygen which typically generates hydroxyl groups
responsible for ethanol dehydration.'®® This had the effect of suppressing
direct ethanol dehydration and promoting ethanol dehydrogenation, another
reason for improved BD production (Table 1.4).1° Another similar
phenomenon was observed on Zr-Cu-MTW where it was observed that
ethanol dehydrogenation sites were more resistant to water adsorption than
the aldol condensation sites.%

Table 1.4: Promoting effect of metals on catalytic performance in agueous ethanol.

P1,3-
Catalyst %EtOH  Xeton  S138p Y1,380 ( e
Yy (in H20) (%) (%) (%) 91,13-3?1
Ocat h )
%0 73 46 34 0.20
Zr-Zn-Si-Beta'®®
i 50 55 36 20 0.12
o 83 61 51 0.30
La-Zr-Zn-Si-Beta'%?
a-Zr-Zn-Si-Beta % - o il 030

1.4.4 Deactivation mechanism

Extensive studies over Zn-Y/Beta catalyst have helped clarify the
deactivation mechanism: the acetaldehyde produced in the first step of the
reaction mechanism is the main precursor of all coke deposits that can form
through a succession of aldol condensations and cyclization reactions (Figure
1.4).138 Other research confirmed this theory by observing an accumulation of
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acetaldehyde in the reaction products causing fast deactivation by rapid
coking, decreasing the ethanol conversion.'20:134.140

H0

Path 1 o Dehydrogenatlon‘ PN Aldol MO MPV /VOH -2 N
R o1 © ” S ,t ------------------------------------------------------------------
i Aldol condensations o %0.\ 0% )

and cyclizations P \// Aldol

I ~Z A A i
NS = o ,
o )j\/\ T8 o o>
0’\¢ Aldol Path 3 Aldol] O
o © + o o

A AN
\‘Q WAO
‘ Cyclization

Figure 1.4: Deactivation mechanism proposed by Yan et al., reproduced with
authorization. 38

Wang et al. further investigated the coke deposition phenomenon
responsible for the decrease in both ethanol conversion and butadiene
selectivity.'®® More precisely, acetaldehyde and crotyl alcohol are believed to
undergo cross-aldol condensation followed by reduction and dehydration to
form heavier by-products, covering the catalysts active sites.'%51%8.138 On Y-
Zn-Cu-SiBEA, coke is shown to partially cover Zn species, deactivating the
catalyst.’*

Study of spent catalysts showed in some cases that coke deposited
preferentially in materials with low mass transfer efficiency and low
accessibility (e.g. microporous catalysts), increasing the chance of formation
of heavier coke-like by-products.'%®

It is worth noting, however, that in numerous cases, the catalytic
performance could be recovered after an in-situ regeneration treatment, for
example under oxygen (i.e. the burning of the deposited coke).8".108.109.113,141

However, another possible deactivation mechanism has also been
described. In Zn-SiBEA catalysts, the redox active sites were shown to be
altered during reaction, as zinc migrates from the SiBEA matrix to form less
active surface oxide clusters.'® This type of catalyst deactivation logically
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leads to slower rates in the first step of the reaction (ethanol dehydrogenation
to acetaldehyde). Moreover, in this case, catalysts can not be re-activated by
a simple thermal treatment.

1.4.5 Heterogeneous catalysts for the ETB reaction
e Active elements

Since both redox sites and acid sites are required to produce
1,3-butadiene directly from ethanol, the choice of metals combination for the
synthesis of a bifunctional catalyst is wide. Table .5 summarizes a critical
selection of recent and relevant scientific literature reports.

In terms of catalysts formulations, acidic transition metal oxide-based
catalysts such as Ta, Zr, Nb, Hf or Y promoted with nanoparticles of Ag, Cu
or Zn have been extensively described (Table 1.5). Out of this series, the 3
most productive catalysts are Ta-Zn-TUD-1, Zr-Zn-KIT-6 and Y-Zn-SiBEA,
with BD productivities above 2 g1,3.80 geat h™".11%120.141 The only common trait
out of all these catalysts is the presence of Zn, as active site for the
acetaldehyde production. Otherwise, Lewis acidic metals and silica-based
supports are all different. To be noted, these highly productive catalysts are
tested above 400 °C and high space velocities (between 5.3 and 9.5 h™").
Current literature tends to study the ETB reaction at reactions temperatures
around 325-350 °C to minimize operating costs and WHSV around 0.5-1 h™
to maximize BD selectivity (Table 1.5). Across highly productive catalysts,
common traits required to achieve exceptional performance are mentioned
such as high dispersion and high proximity between the two types of active
sites, a finely tuned acidity to mitigate by-products and a predominantly
mesoporous support to limit deactivation and mass transfer
limitations.15:120.141

Although Zn is the common point among the most productive catalysts
(Table 1.5), a study of Si-BEA by Kyriienko et al. in 2017 concluded that Cu
associated with Ta was the most selective combination for BD production,
compared to Ta-Zn and Ta-Ag.'* Authors attributed this difference to the
presence of strong Lewis acid sites originating from the incorporation of Zn
atoms in the zeolite matrix, yielding ethylene to the detriment of the BD.

In this research, the focus was brought on Ta. Historically, Ta was
identified as the most active element in the two-step conversion of ethanol to
butadiene (Ostromislensky process),®106.131.142 and has also been the subject
of theoretical investigations to study the chemistry and configurations of this
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element in different environments.?%'43 Next to Ta, Ag and Cu were added to
the composition of the bifunctional catalyst, as they showed superior
performance in numerous research in acetaldehyde production from
ethanol.'02144-146 Combining these elements would be in alignment with our
objective to maximize BD selectivity while maintaining a reasonably high
productivity and stability.
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Table 1.5: Literature sample of transition metals combinations used in the one-step conversion of ethanol to 1,3-butadiene.

Catalyst T°(°C)  WHSV (h™") Xeton (%) S1380(%) Y1380 (%) P1'3'B°_1 P
(91,380 Geat ' h™")
Ta-Ag-SiBEA™™ 325 05 83 76 63 0.18
Ta-Cu-SiBEA'™4 325 0.5 88 83 73 0.21
Ta-Zn-SiBEA'' 325 0.5 52 83 43 0.13
Ta-Zn-TUD-1120 400 5.3 94 73 69 213
Ta-Ag-SiO,’ 355 11 65 22 14 0.09
Ta-Cu-SiO,’ 355 11 75 41 31 0.20
Ta-Cu-Si0,'2 325 11 82 74 60 0.39
Zr-Ag-SiBEA™ 320 3.0 15 59 8.9 0.16
Zr-Zn-KIT-6"15 425 9.5 95 52 49 2.49
Zr-Zn-Silicalite-11%8 350 0.38 90 61 55 0.12
Zr-Cu-MCF'16 400 3.7 92 70 64 1.39
Zr-Zn-TUD-1'13 400 0.38 85 62 53 0.31
Zr-Cu-MTW?8 375 0.50 81 68 55 0.16
Zr-Zn-La-Si-Beta’®? 350 1.0 83 61 51 0.30
Hf-Cu-Zn-SiO,"" 400 0.64 99 72 72 0.26
Hf-Zn-Si0, """ 400 0.64 99 70 69 0.25
Hf-Cu-Si0,"¥" 360 11 88 44 39 0.23
Y-Zn-Beta'?? 350 10 78 63 49 0.29
Y-Zn-Beta'3® 350 1.0 95 62 59 0.35
Y-Cu-Zn-SiBEA™# 375 1.0 98 66 65 0.40
Y-Zn-SiBEA™#! 400 7.9 82 63 52 2.33
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¢ Importance of active sites configuration

DFT measurements on Zr-f zeolite distinguished so-called “closed
sites” and “open sites”.” “Closed sites” were characterized by the linkage of
an isolated zirconium atom with four oxygen bridges to Si atoms, essentially
forming a closed (Si—0)s+—Zr cage, whereas the “open sites” possess one OH
moiety replacing a Si linkage ((Si—0)s—Zr—OH).'#"148 |t was discovered that
open sites in Zr-B demonstrated improved catalytic performance compared to
the closed sites. Zhang et al. explain this difference by the presence of the Zr—
OH bond, lowering the energy barrier for the aldol condensation step, the rate-
limiting step.™#”

For Ta, XRD, FTIR, DRUV and EXAFS (extended X-ray adsorption fine
structure) measurements corroborated by DFT calculations, have allowed
proposing its potential configurations in BEA zeolites (Scheme 1.10).8%43 Qut
of these configurations, Ta(lV) (Scheme 1.10, b) supposedly catalyses aldol
condensation, MPV and further dehydration steps whereas Ta(V) (Scheme
1.10, a and c) might be less effective.'? Control on those configurations is not
discussed but could depend on the zeolite framework, the Ta precursor or the
synthesis conditions (temperature, aging time).

a |/ ib |/ : C

| |
/SI\ i /SI\ /S|\
o T on o] o, T
s CTa,  HOL s si” “Ta=0 |, si” “Ta~0 P
/ ‘ “OH Si"'«,, / ‘ \Si/ / ‘ \Si """ m
0 ‘ KO o o, 0
TS TS [ Tsi
N / N N

Scheme 1.10: Ta possible configurations in BEA zeolites, adapted from Miiller et al.8

Another study in 2010 used computational models to extrapolate 10
different Ta environments within a BEA zeolite.® They concluded that the
most stable structure was a pentahedral Ta(V) featuring one Ta—OH bond and
four Ta—O-Si bonds, providing both Lewis acid and basic sites (Scheme 1.11).
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Scheme 1.11: Most stable Ta configuration in BEA zeolites according to Tielens et
al.143

o Effect of promoters

The addition of La in Zr-Zn-based formulations was shown to increase
the overall ethanol conversion and the BD selectivity (Table 1.6).1%41% Authors
explained this phenomenon by the decrease in acetaldehyde selectivity
observed with the increase of La loading in the catalyst, suggesting that La
species promoted the aldol condensation step.'® A direct link was made with
the improved basicity of the Zr-Zn-La catalyst (specifically weak basicity).'%®
Furthermore, it is believed that La also help avoid the adsorption of water on
Lewis acid sites, active in the MPV reduction, indirectly promoting this part of
the reaction cascade.!%41%°

Table 1.6: Effects of promoters on catalytic performance.

P13
T° WHSV  Xeion S1,38D Saa "3-80

Catalyst co) ) % (k) () 9
gcat h )
Zr-Zn-Si-Beta'® 350 1.0 73 46 28 0.20
La-Zr-Zn-Si-Beta’®? 350 1.0 83 61 15 0.30
Zr-Zn-Si0,"12 400 1.0 95 41 16 0.23
Na-Zr-Zn-Si0,"12 400 1.0 94 47 22 0.25
Cs-Zr-Zr-Si0,"12 400 1.0 98 56 16 0.32

e Importance of the support

Larina et al. studied La-Zr-Zn-Si oxide catalysts, prepared from a series
of silica materials.'"® The research showed that, besides obvious differences
in textural properties, quantity and strength of acid sites could be tuned by
switching between different silica supports. These differences in acidic
behaviours influenced significantly the BD selectivity of the resulting catalyst,
although no quantification of acid sites was presented.'®
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In 2017, Zn-Y catalysts were studied on different supports and their
catalytic activity compared (Table 1.7).'*! The superiority of Beta zeolites in the
BD productivity is undeniable, with more than a 3 fold increase in productivity
compared to MCM-41 or commercial silica. Authors highlighted the close
proximity between the two types of active sites under the form of Zn-Y-
containing clusters in a three-dimensional zeolite cage.'' The positive effect
of proximity between active sites has also been demonstrated in a number of
other studies, interpreted in terms of increased chance for the different
intermediates to react with each other.".122

Table 1.7: Influence of support on catalytic performance on Y-Zn catalysts.'*!
Catalysts contain 5 wt.% of Y and Zn. Reaction conditions: T=350 °C,

WHSV=1.3 h™".
Catalyst Xeton (%) S1,3-8p (%) Y1,3-8D (%) P12.80
’ ’ (91,3-80 Gcat ™' h7")
Y-Zn-SiO; 56 28 16 0.12
Y-Zn-MCM-41 61 32 20 0.15
Y-Zn-Beta 95 69 66 0.50

¢ Importance of texture

A recent study on La-Zr-Zn-Si oxide catalysts tested numerous
supports with very different textural properties and it was shown that in the
case of the considered catalytic system, porosity, pore size distribution and
specific surface area were not a determining factor in the direct catalytic
conversion of aqueous ethanol into BD (Table 1.8).""°

Table 1.8: Influence of silica support and textural properties on La-Zr-Zn-Si oxide
catalytic performance. Reaction conditions: 375 °C, WHSV=0.40 h~", 80 wt.% ethanol

in water. 11°
c SBE.L,T Ve s Xeton S13ep Y138 P50
atalyst (m (cm (%) (%) (%) (91,380
g7’) g7’) eat ' W)

La-Zr-Zn-KSKG 260 0.82 58 68 39 0.093
La-Zr-Zn-A-175 160 0.80 64 66 42 0.098
La-Zr-Zn-A-380 205 1.08 46 61 28 0.066
La-Zr-Zn-SBA-15 340 0.81 49 63 31 0.073
La-Zr-Zn-MCM-41 615 0.46 61 57 35 0.082
La-Zr-Zn-MCM-48 380 0.69 69 45 31 0.072
La-Zr-Zn-MCF 355 1.15 55 48 26 0.062
ZnLa-Zr-SiBEA 570 0.59 67 35 23 0.055
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However, another study stated the opposite, since higher BD vyields
were obtained with silica with higher specific surface area.''” Concurrently,
the BD selectivity can also be increased with the pore size of the catalyst.?1°
Authors attributed the catalytic stability to the large and uniform pore
size.'"6120 All in all, materials with open texture are better performing in the
ethanol-to-butadiene and the synthesis technique should be able to control
the textural properties of the resulting catalyst.

e Importance of synthesis techniques

The conditions in which catalysts are synthesized are often significant
as they can greatly influence their physico-chemical properties. Most
bifunctional catalysts are synthesized using preformed supports impregnated
with the active elements.%112120128 |nterestingly, the simultaneous
impregnations of both active elements provided better performance and
stability then separate impregnations followed by mechanical mixing.!"

The control in the synthesis process is especially primordial for zeolites.
As an example, Larina et al. were able to increase the number of surface acid
sites in Zr-Cu-MTW only by increasing the amount of HF used in the synthesis
process.®

One of the most active catalysts in the Lebedev process to date has
been synthesized and studied by Pomalaza et al.'?>'%® Comparing Ta-Zn
catalysts on three different matrixes — TUD-1 silica, dealuminated BEA
zeolites and fumed silica —, it was shown that TUD-1 obtained by sol-gel
chemistry had the best BD productivity (Table 1.9). It was discovered that the
BD selectivity was directly correlated to the acid sites surface concentration,
itself directly influenced by the synthesis technique used. Here, sol-gel
chemistry was deemed superior compared to zeolites and pre-formed silica in
terms of acidity and thus performance. Other research does also acknowledge
the advantage of yielding mesopores in zeolites to increase activity.%:108.118

Table 1.9: Influence of synthesis technique on catalysts texture, acidity on catalytic
performance in the ETB reaction.'?® Reaction conditions: T=400 °C; WHSV=5.3 h".

o P13
Catalyst Sger Acid Sites  Xeton S138p  Y138D ( 3 BD_
T meg) melm?) w8 ) TIR
cat
Ta-Zn-TUD-1 640 563 94 73 69 2.13
Ta-Zn-deBEA 500 213 95 59 56 1.74
Ta-Zn-SiO, 185 30 94 48 45 1.40
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However, the synthesis of zeolites suffers from several drawbacks.
First, the hydrothermal crystallization usually relies on the use of hydrogen
fluoride (HF), a toxic and very corrosive compound that is not only harmful to
the environment but also dangerous to manipulate. Moreover, in a typical
synthesis procedure, the ageing time can last as long as 30 days, making the
preparation of such catalysts time and resource consuming.'%”:1%0
Furthermore, zeolites usually show diffusion limitations, which can negatively
affect the catalytic performance.'®” The microporous zeolitic channels caused
steric hindrance resulting in poor elements dispersion in the cages nests."?’
Another issue is the limited metal loading of the final material. Finally, the
formation of large zeolite particles limits the molecular diffusion within the pore
structure. ™!

1.4.6 Take-aways in relation to the present research

Based on the different results described in the former section, there is
a clear need to develop new and effective synthesis pathways to obtain
bifunctional catalysts for the ETB reaction. Considering the drawbacks
associated with zeolites and the requirements highlighted for a good ETB
catalyst (large pores, abundant acid sites, active sites proximity, etc.), we
believe that it is of great interest to investigate more in depth the potential of
the sol-gel chemistry to design such materials. Indeed, the sol-gel approach
is a powerful tool for the preparation of a wide range of functional materials
from nanoparticles to hybrid materials. Applicable in various solvents, the
bottom-up reaction between the precursors can yield a solid with many
different compositions and high homogeneity in certain conditions. Thus, with
the objective to obtain highly active ETB catalyst, we put forward that sol-gel
chemistry may offer unique tools to target: (i) the correct insertion of the metal
in the silica matrix to bring the Lewis acid sites, (ii) the formation of small metal
nanoparticles that serve as redox active species and (iii) the control on the
spatial organisation in these catalyst, to bring the two active species in close
proximity.

However, classical sol-gel routes also suffer some specific limitations
(mostly related to the control of the composition, the homogeneity and the
texture, as explained in further details in section 1.5.1). Thus, in this PhD
thesis, the focus is put on the development of peculiar sol-gel processes (see
sections 1.5.3 and1.5.4) that were selected for their putative ability to
circumvent these limitations and produce tailored catalytic formulations which
could turn highly active in the ETB reaction.
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In terms of active metals, the state of the art above also allow making
strategic choices. Historically, tantalum was the most effective element in the
Ostromislensky process.'®'3"42 More recent research has also shown the
superiority of this element in the ETB reaction,’:81:85.106.114.120 glthough we also
acknowledge the good results obtained with other transition metals, such as
Zr, Hf and Y. Regarding the redox active species, Ag and Cu are the most
common metals and Cu has shown on numerous studies its superiority
compared to other metals with redox properties.”:114:118.134,152,153

The choice of elements and the ecological and economic context stated
in this introduction also has to be put into perspective with the scarcity of the
studied metals."* Figure 1.5 gives the relative abundance of every element in
the periodic table, highlighting the fact that almost all metals currently studied
in the ethanol-to-butadiene reaction are classified under the category “Serious
threat in the next 100 years”, meaning that their supply is highly questioned.'s®
Therefore, an additional effort should be made to develop effective, stable and
ideally reusable catalysts with low metal loadings and a synthesis procedure
with a low economic and environmental burden. As this study focuses on Ta,
Ag and Cu, these issues must be considered in the perspective of an industrial
application. Here, the current most productive catalysts in the literature either
contain Ta-Zn or Zr-Zn, all of them categorised as “serious threat in the next
100 years” or “Rising threat from increased use” (Figure 1.5). Even though Zn
could be suitable in an industrial application, other metals also active in the
ETB reaction should thus be preferred, such as Cu. While Ta is chosen in the
current work for the reasons explained above, we note that alternative acidic
metal oxides (e.g. Nb, Zr) should be considered as well. In future works, it is
noted that all the promoters studied in Table 1.6 are considered as “Plentiful
supply” and their addition to a catalysts formulation in order to diminish the
transition metal loading should be extensively studied.
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The 90 natural elements that make up everything
How much is there? Is that enough? Is it sustainable?

Serious Rising threat Limited Plentiful From conflict Elements
threat in the . from availability, Supply D SEEHCLE . resources D usedina
next 100 years increased use future risk to smart phone
supply
Read Support Notes and play the video game http://bit.ly/euchems-pt
&: EuChemsS
Edition 3 (2023) This work is licensed under the Creative Commons Attribution-NoDerivs CC-BY-ND European Chemical Society

Figure 1.5: Element Scarcity Periodic Table developed by the European Chemical
Society, 2023 version.'%®
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1.5 Obtaining a bifunctional catalyst through sol-gel chemistry

1.5.1  Sol-gel principles

Sol-gel chemistry offers various ways to customize the characteristics
of porous materials, and in particular of solid catalysts.''5” Sol-gel
approaches can be described as bottom-up preparation methods in which the
solid is obtained via a succession of reactions between molecular precursors
(Figure 1.6)."%% In the most typical sol-gel routes, alkoxide or chloride or
carboxylate precursors are put in solution and allowed to hydrolyse and then
poly-condense in a controlled manner (Scheme 1.12). Upon peptidisation, the
solution turns into a sol and then reticulates to form a wet gel which usually
undergoes subsequent steps of ageing, drying and calcination.

Acid route
X=R,H XO\ QX
X0 X0 X0 Si—OX
H* N \ /
XOm=—Sji—O0X ———> XOm=Si—OH —> XOm=Si—O0
S Hydrolysis S Condensation S “
X0 X0 X0 +H
Basic route
X=R Y =H, Si xo\ OX
X0 X0 X0 Si—OX
, YO~ _ -/
XOm=—Si—O0X ———> XOm=—Si—O0H ——> XO®=Si—O0
S Hydrolysis S Condensation S ~
X0 X0 X0 +OH
Scheme 1.12: Chemical reactions representing the basis of sol-gel chemistry in acid

and basic medium, adapted from Rex et al.'58

"a,t o.0% % s H

on- - B <

g g m ° . o° - ‘ O LA IV 2
-!l L o © ; ' - 'o.}. - =

® @ Precursors ©  Activated precursors « Surfactant

Figure 1.6: Reaction steps in classical sol-gel chemistry, adapted from Debecker et
al.’®® (A) molecular precursors solution; (B) activation of those precursors by
hydrolysis or organolysis; (C) polycondensation of activated precursors to form a wet
gel; (D) gel ageing and drying; (E) thermal treatment to remove residuals and
consolidate the molecular network.
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By manipulating reaction conditions, precursor properties, solvent, and
by incorporating additives such as reactivity modifiers and sacrificial pore-
generating agents, a wide range of ad-hoc formulations can be produced.
These formulations can be fine-tuned in terms of composition, surface
chemistry, porosity, etc.'%61%91€0 However, two main challenges in classical
sol-gel synthesis apply to the preparation of heterogeneous catalysts.

1.5.2  Sol-gel chemistry: limitations

The first limitation of sol-gel routes for the preparation of porous
heterogeneous catalysts is related to the control on the composition and on
the homogeneity of the solid. Indeed, the success of the method is restricted
to the cases where all precursors are soluble in the same medium and react
with similar hydrolysis and condensation rates. Otherwise, the resulting
material will face homogeneity problems with clusters of different molecular
compositions.

The second challenge is related to the control on the texture, which
obviously needs to be controlled precisely for heterogeneous catalysts. When
the solvent is evaporated from the gel, surface tensions can cause pore
collapse and result in materials with poor textural properties. This is
particularly the case when water (high surface tension) has to be removed, as
it is the case in most sol-gel recipes which are based in hydrolytic conditions.

To tackle these limitations, various strategies are developed by
materials chemists. Two of them, in particular, have been leveraged and
further developed in the current PhD project. The aerosol-assisted sol-gel and
the non-hydrolytic sol-gel will be detailed and their potential to solve the
traditional sol-gel challenges explained.

1.6.3 Aerosol-assisted sol-gel

In the so-called “aerosol-assisted sol-gel” process (AASG), the sol-gel
chemistry described above is coupled with an aerosol processing. In a typical
procedure, a diluted solution of hydrolysed precursors (that is relatively stable
in time) is atomized under compressed air in the form of air born droplets.
These droplets are processed through a heated zone (tubular furnace or
cyclone fed with drying) where they are dried.'¢'1%* During drying, the solvent
first evaporates, triggering both the evaporation induced self-assembly
phenomenon (EISA) of the templating agents (if any) and the inorganic
polycondensation of the molecular precursors. The dried spherical particles
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are recovered and calcined to remove any volatiles or surfactants and obtain
the final material. The addition of templating agents in the precursors solution
allows controlling the texture of the final material.’™® A schematic
representation of the set-up used in the current study is presented in Figure
1.7.

« e : Precursors
e : Surfactant

Atomiser — Collector

=%
-0 o ‘Q‘ ‘Q‘ql‘cq‘“‘..'.”
~ .Q‘qql.Ql;QlQ d
/ “
/ N
V4 N,
\
/

Oven

Figure 1.7: Schematic view of the aerosol-assisted sol-gel process'®® Each droplet is
composed of the similar amount of molecular precursors (blue and green dots) and
potentially templating agents (tailed red dots).

This aerosol route was shown to give access to a variety of efficient
(mixed) oxide catalysts with a high degree of control on homogeneity and
texture.'%+1%° The method can also be used to prepare supported metal
nanopartides_160,163,170—173

With regard to the limitations mentioned above, the AASG process
allows for a high control on homogeneity. Indeed, the rapid formation of the
solid particles inside the heated zone force species with different reaction
rates to react or be confined in the inorganic matrix. This phenomenon is
referred as “kinetic quenching”.'”
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1.6.4  Non-hydrolytic sol-gel

To circumvent the differences in hydrolysis and condensation rates
between the precursors, a solution is to operate in non-aqueous
environments, where oxo bridges can be formed using oxygen donors other
than water.”175184 |n such "non-hydrolytic sol-gel" (NHSG) routes, the kinetics
of solvolysis-condensation tend to be much slower and to vary only to a limited
extent among different precursors. As a result, a so-called “kinetic levelling” is
commonly observed, resulting in the formation of mixed oxide materials that
exhibit  exceptional homogeneity, even oxides with complex
formulations” 76178 and organo-inorganic hybrids.'8218% Additionally, by
utilizing organic solvents and by avoiding the slightest presence of water, the
risk of pore collapse during the drying process is mitigated, due to the low
surface tension of these organic solvents. As a result, highly porous materials
can be achieved_7,76,175,177,186—188

Figure 1.8 summarizes the different steps in a non-hydrolytic sol-gel
synthesis. Since all steps need to happen in an inert atmosphere in order to
avoid water and oxygen, the precursors are dissolved and mixed in a
glovebox. After the active sites and support precursors are dissolved and
mixed together with an appropriate oxygen donor, in an autoclave, the latter
is sealed and put in an oven at a set temperature for a specific duration. During
that period, the inorganic polycondensation reactions take place and a gel is
formed. The gel is then dried under a Schlenk line (Figure 1.8) to remove
trapped solvent and polycondensation reactions volatiles. Finally, the dried gel
is calcined (here in a tubular furnace) to remove templating agents (if any) and
residual volatiles.

Precursors Mixing Sol-gel Reaction Drying Calcination
(Glovebox) (Autoclave) - (Schlenk line) (Tubular Furnace)

>

Figure 1.8: Non-hydrolytic sol-gel procedure for the synthesis of catalysts.
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NHSG routes were reported to lead to various types of metallosilicate
catalysts showing high performance in many different fields of applications,
including olefin metathesis,'%° olefin epoxidation,’®®'®" mild oxidation of
sulphur compounds,'®? aminolysis,'”” photocatalysed aniline degradation,’®3
propane dehydrogenation,'® glycerol dehydration,® titanium oxide
coating,% etc.
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2.1 Objectives

As shown in the general introduction, the research on the ethanol-to-
butadiene reaction has gained an exponential attention in the last decades
due to the increasing interest in bio-based processes, especially those that
have the potential to mitigate our dependence towards petrochemical
resources. In the mist of this economic and ecological challenge, the race to
synthesize more active bifunctional catalyst with tailored properties in a
facile synthesis procedure is still ongoing.

More specifically, the targeted material should be mesoporous to avoid
mass transfer limitations. In terms of active species, it must combine Lewis
acid sites (isolated Ta in the silica matrix) and redox sites (well dispersed
metal nanoparticles of Ag or Cu).

As most of synthesis procedures described in the literature rely on long
and multi-step processes like impregnation or zeolites synthesis, we aim on
developing easy and/or straightforward protocols to tackle these issues.
Ideally, our protocols must provide a one-step synthesis of such catalysts with
control on texture and active sites speciation and dispersion.

Apart from this general “applied” objective, we aim to leverage the
peculiar sol-gel techniques briefly described above to gain new fundamental
insights on the working patterns of these bifunctional catalysts. In this
perspective, some scientific questions emerge:

(i) How can we control the nature of the two types of active sites
through the synthesis process? More specifically, how do we
obtain open Lewis sites inside the silica matrix and metal
nanoparticles in one material in a one-step synthesis protocol?

(i) What is the importance of the active sites proximity and dispersion
in our bifunctional catalyst for the performance in the ethanol-to-
butadiene? How can we mitigate undesired side-products formed
by the direct dehydration of ethanol and boost the performance
towards our main product of interest?

(iii) Finally, what dictates the deactivation of the catalyst and what
solutions can we develop to remedy those mechanisms?
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With the answers to these fundamental questions in hands, we aim to
propose a unified view on the parameters that govern the catalytic behaviour
of these bifunctional catalysts in the ETB reaction, and therefore to provide
useful guidelines for future catalyst developments.

2.2 Strategy

Moving forward, sol-gel chemistry offers a foundation on which more
advanced techniques can be leveraged. Two great examples of the versatility
of the sol-gel approach are the aerosol-assisted sol-gel (AASG) and the
non-hydrolytic sol-gel (NHSG). Each method provides unique advantages
that will be utilized separately.

Although the AASG is already applied for catalysts active in other bio-
based applications,60.161.163,164,167,170,197 nq gych technique is currently used to
the best of our knowledge for the preparation of catalysts potentially active in
the ETB reaction. Here, we will develop and optimize a synthesis protocol to
obtain in one step a bifunctional catalyst with properties adapted to the ETB
reaction, as depicted in Scheme I1.1.

The first chapter will tackle the synthesis of AASG-made mesoporous
Ta-Ag catalysts. A one-pot spray-dried Ta-Ag catalyst will be compared with
its impregnated counterpart, both on commercial silica and AASG-made
silica. Acidity measurements and advanced microscopy and spectroscopy
techniques will help understand the fundamental differences between the two
synthesis protocols and highlight the advantages of the AASG process. With
these understandings in mind, different loadings of Ta and Ag will be
synthesized, characterized and tested to improve the catalytic performance
of our system. After finding the optimal formulation, different catalytic
conditions will be tested to understand catalysts behaviour further boost the
selectivity towards butadiene.

The second chapter will be based on the study of AASG-made Ta-Cu
catalysts. A wide screening of Ta and Cu loadings will be synthesized to study
the influence of proximity, dispersion, and interactions between distinct
active sites. Ta insertion will be further looked into with advanced mass
spectrometry measurements and probed-NMR spectroscopy. These
parameters also set alongside catalytic tests in order to maximize butadiene
selectivity. Finally, we will go more in depth into the different conditions in
which the catalytic run takes place and study the influence of the different
parameters involved to gain more understanding on the reaction
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mechanism, study the rate-limiting step dynamics and in the end, obtain an
optimal catalytic procedure.

Convinced by the potential of NHSG, we already conducted a
preliminary study in 2019 on Ag-Ta-SiO:2 catalysts and confirmed their good
performance in the ETB reaction.” On this basis, the preparation method was
further investigated in this PhD project, focusing on two strategies, the ether
route and the acetamide elimination route for the synthesis of Ta-Cu-based
catalysts. Using a series of characterisation techniques such as X-ray
photoelectron spectroscopy, infrared spectroscopy on CO and pyridine-
adsorbed samples, electron microscopy, etc will help us the difference in Ta
insertion and the influence of it on the catalysts properties and catalytic
behaviour. In the second part of this chapter, the loadings of Ta and Cu will
be optimized to improve the best BD productivity.

The fourth and final chapter will assess the possibility of synthesizing
an effective bifunctional Ta-Cu catalyst by combining both previously studied
NHSG synthesis routes, in the hope of combining the benefits in one synthesis
protocol. For this, the concept of “delayed addition” will be introduced and
studied by applying different ratios of both ether and acetamide elimination
route in the synthesis process. The influence of these ratios on the catalysts
performance will be studied through infrared spectroscopy, X-ray
photoelectron spectroscopy and acidity measurements.

It is noted that both synthesis routes (NHSG and AASG) have been
investigated in parallel during this PhD thesis, and that the presentation of the
results along the document do not represent the chronological order of the
investigations. This means that the teachings gained in certain chapters could
not necessarily be leveraged in the experiments described in other chapters.
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Scheme I1.1: Global strategy of the thesis.
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3.1 General synthesis protocols

3.1.1  Materials
Commercially available chemicals:

- Tetraethylorthosilicate >97.0 % (TCI Chemicals)

- HNOs3 65 % (Merck)

- HCI 37 % (Merck)

- Pluronic F127 (Sigma-Aldrich). In NHSG, Pluronic F127 was dried
under vacuum (< 108 mbar) at 100 °C overnight and stored in a
glovebox.

- Ethanol absolute (VWR, > 99.8 %)

- Pentane (ROTH, >99 %)

- Tantalum(V) ethoxide (ABCR 99.99 %)

- Silver nitrate (VWR, 99.9 %)

- Copper(ll) nitrate hemi(pentahydrate) (Alfa Aesar, 98 %)

- Silicon tetrachloride (Acros Organics, 99.8 %),

- Copper(ll) acetylacetonate (TCI, 97 %),

- Diisopropylether (Sigma, 99 %)

- Pyridine (Sigma, anhydrous, 99.8 %)

Silicon tetraacetate and pentakis(dimethylamido)tantalum(V) were prepared
according to literature98-20

3.1.2  Dry impregnation

The appropriate amount of tantalum ethoxide was weighted inside a
glove box and stored in a sealed vial before being taken out of the glovebox.
Silver nitrate was weighted and both precursors were mixed in a volume of
ethanol absolute in the sealed vial corresponding to the total pore volume
determined by Nz-physisorption of the catalyst to impregnate (commercial
silica or spray-dried silica). The mixture was then added to the catalyst, stirred
until a thick paste was obtained. The paste was put to rest for 2 h at room
temperature and dried overnight at 100 °C. The powder was then calcined at
500 °C (flowing dry air, 5 °C min~", 5 h). This sample is denoted 1Ag5Ta/SiO:
where the dash bar “/” indicates that the active components have been
incorporated by impregnation. The same protocol was applied on a
commercial silica support (Silicon dioxide nanopowder, 10-20 nm particle size
(BET), 99.5%, Aldrich), to prepare a reference catalyst denoted
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“1Ag5Ta/SiO2-A”. Another sample was prepared by impregnating silver nitrate
on the 5Ta-SiOz2 catalyst prepared by AASG (sample denoted 1Ag/5Ta-SiO2).

3.1.3 AASG

Precursors solution A is prepared by mixing 6 g of tetraethylorthosilicate
(TCI Chemicals, > 97.0 %) with 12 g of aqueous acid 0.01 M (diluted HNOs in
the case of an Ag-containing catalyst precursor, diluted HCI otherwise) to
hydrolyse the silicon precursor overnight. Solution B is prepared by mixing
(overnight) 1.94 g of Pluronic F127, 22.5 g of ethanol absolute and 4 g of
distilled water. Both solutions are then put together and the desired amount of
metals precursors (tantalum(V) ethoxide diluted in pure ethanol, silver nitrate
and/or copper(ll) nitrate hemi(pentahydrate), depending on the targeted
formulation) are added to the mixture and left to stir for 30 minutes before the
spray-drying process. This precursor solution is atomized with a Six-jet
atomizer 9306 from TSI using a compressed air flow of 30 psi, and dried by
passing through a tubular furnace set at 450 °C (residence time around 1
second).?°' The resulting powder is recovered on 0.45 um nitrocellulose filters
(Sartorius) and calcined at 500 °C (flowing dry air, 5 °C min~" and a 5 h dwell).
This calcination temperature was selected following a short survey of the
effect of calcination temperatures between 500 and 750 °C on the catalytic
performance (Appendix, Section 9.1).

Ag-Ta-based catalysts are denoted “xAgyTa-SiO.”, where x is the
nominal Ag loading (wt %), y is the nominal Ta loading (wt %), and the dash
“-“indicates that both active elements have been incorporated directly in one-
step (as opposed to reference samples prepared by impregnation, see below).
“yTa-SiO2” catalysts are prepared according to the same one-step aerosol
protocol but omitting the addition of Ag. A pristine mesoporous silica was also
prepared according to the same protocol, but omitting the addition of both Ta
and Ag (simply denoted “SiOz2”).

Cu-Ta-based catalysts are denoted “xCuyTa-SiO2", where x is the
nominal Cu loading (wt %), y is the nominal Ta loading (wt %), and the dash
““ indicates that both active elements have been incorporated directly in
one-step. Table Ill.1 describes exact precursors and solvent masses used in
the spray-drying process.
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Table 111.1: Solvents and precursors masses (g) for the spray-dried catalysts (the
same table expressed in moles is available in Appendix, Table 1X.2).

Catalyst TEOS 03(1::\/' F127 EtOHa D';tz'ged Ta(OEt)s AgNOs C;_(SNH(ZE)Z
1AgiTa-SiO;  6.04 1001 194 2261 405 00390  0.0288 -
2Ag1Ta-Si0; 599  10.04 194 2255 400 00393  0.0570 -
5Ag1Ta-Si0;  6.01  10.04 195 2250 409 00392  0.145 -
1Ag2Ta-SiO;  6.05 1000 1.94 2251 410  0.0801  0.0282 -
2Ag2Ta-Si0;  6.00 10.03 193 2260 402 00803  0.0556 -

5Ag2Ta-SiO2 6.00 10.00 1.94 2257 4.03 0.0829 0.144 -

2Cu2Ta-SiO2 6.01 10.02 193  22.51 4.10 0.0810 - 0.131
3Cu2Ta-SiO2 6.01 10.34 1.94 2253 4.00 0.0806 - 0.197
4Cu2Ta-SiO2 6.00 10.06 195 22.56 4.01 0.0810 - 0.267
5Cu2Ta-SiO2 6.00 10.02 1.95 2290 4.00 0.0800 - 0.333
6Cu2Ta-SiO2 6.00 10.02 1.94 22.44 4.06 0.0800 - 0.407
4Cu1Ta-SiO2 6.01 10.07 197  22.49 4.01 0.0410 - 0.264
4Cu3Ta-SiO2 6.01 10.04 195 22.56 4.01 0.125 - 0.265
4Cu4Ta-SiO2 6.01 10.01 1.93 2250 4.02 0.166 - 0.266

aEthanol absolute

3.1.4 NHSG

NHSG processes were performed under Ar atmosphere or high vacuum
by using a Schlenk line and a dry box with H20 and O: levels below 1 ppm.
CH2Cl2 (Carl Roth, > 99.8 %) was dried with P4O10. All solvents were distilled
and stored in a glovebox under molecular sieves.

e Catalysts synthesis through the ether route

Xerogel synthesis through the ether route (Scheme lII.1, left). For the
synthesis of Cu-Ta-SiO2, silicon tetrachloride and diisopropylether were
loaded in a 100 cm?® Teflon autoclave with 25 cm® of dichloromethane. In
separate vials, tantalum(V) pentachloride and copper acetylacetonate were
each dissolved in 10cm? of dichloromethane before being transferred to the
Teflon autoclave while stirring. The autoclave was sealed and kept in an oven
at 110 °C for 72 hrs for the gelation. Afterwards, the autoclave was cooled
down and put back into the glovebox, opened and the gel was transferred into
a Schlenk flask. The gel was dried under vacuum (< 10-® mbar) at 60 °C
overnight to remove solvent and volatile condensation products. Finally, the
resulting powder was calcined at 500 °C (flowing dry air, 5 °C min~', 5 h).
Samples are denoted Et-XTaYCu where “Et” refers to the ether route, “X” is
the nominal Ta wt.%, and “Y” is the nominal Cu wt.% in the metallosilicate.
Table 111.2 describes exact precursors masses used in the synthesis protocol.
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Table 111.2: Precursors masses (g) for ether-based catalysts. Solvent is CH2Cl, and
45 mL were used in total (the same table expressed in moles is available in
Appendix, Table 1X.3).

Catalyst SiCls DIPE TaCls Cu(AcAc),
Et-2Ta2Cu 4.600 5.527 0.0651 0.137

e Catalysts synthesis through the acetamide elimination route

Xerogel synthesis through the acetamide elimination route (Scheme
1.1, right). For the synthesis of Cu-Ta-SiOz, silicon tetraacetate and Pluronic
F127 were loaded in a 100 cm?® Teflon autoclave in a glovebox and dissolved
in 40 cm?® of dichloromethane. In a separate vial,
pentakis(dimethylamido)tantalum(V) was dissolved in 5 cm? dichloromethane.
This solution was then added to the solution of Si(OAc)s and Pluronic F127
while stirring and copper acetylacetonate was finally added. The autoclave
was sealed and kept in an oven at 180 °C for 72 hrs for the gelation.
Afterwards, the autoclave was cooled down and put back into the glovebox,
opened and the gel was transferred into a Schlenk flask. The gel was dried
under vacuum (< 10~ mbar) at 60 °C overnight to remove solvent and volatile
condensation products (dimethylacetamide and acetic acid anhydride).
Finally, the resulting powder was calcined at 500 °C (flowing dry air, 5 °C min~
', 5 h). Samples are denoted Ac-XTaYCu where “Ac” refers to the acetamide
elimination route, “X” is the nominal Ta wt.%, and “Y” is the nominal Cu wt.%
in the metallosilicate. Table III.3 describes exact precursors masses used in
the synthesis protocol.

Table 111.3: Precursors masses (g) for acetamide-based catalysts. Solvent is CH2Cl»
and 45 mL were used in total per synthesis (the same table expressed in moles is
available in Appendix, Table 1X.4).

Catalyst Si(OAc)s F127 Ta(NMez)s Cu(AcAc),

Ac-2Ta2Cu 7.099 3.630 0.0730 0.136
Ac-2Ta3Cu 7.106 3.639 0.0745 0.207
Ac-2Ta4Cu 7.101 3.638 0.0744 0.280
Ac-2Ta5Cu 7.102 3.632 0.0745 0.355
Ac-1Ta4Cu 7.093 3.631 0.0370 0.277
Ac-3Ta4Cu 7.095 3.641 0.111 0.279
Ac-4Ta4Cu 7.094 3.634 0.150 0.280
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o Catalysts synthesis through the one-pot mixing of ether and
acetamide routes

For the xerogel synthesis via a combination of ether route and
acetamide elimination route (for a justification of this strategy, see Section
7.3.1), the protocol consisted of mixing in one-step all precursors. First, SiCls
and silicon tetraacetate (Si(OAc)4) were dissolved in 45 mL of CH2Cl2 and
added to a Teflon autoclave. Diisopropylether (DIPE),
pentakis(dimethylamido)tantalum(V) (Ta(NMez)s) and copper acetylacetonate
(Cu(AcAc)2) were then added sequentially in the autoclave. The autoclave
was sealed in a metal casing and left at 145 °C for 4 days. Afterwards, the
autoclave was cooled down and put back into the glovebox, opened and the
gel was transferred into a Schlenk flask. The gel was dried under vacuum
(< 107® mbar) at 60 °C overnight to remove solvent and volatile condensation
products. Finally, the resulting powder was calcined at 500 °C (flowing dry air,
5 °C min™", 5 h). Considering a basis of 64 Si atoms, we express separately
in the sample name the number of Si atoms coming from the ether route and
the amount of Si atoms coming from the acetamide elimination route. Thus,
samples are denoted AEtBAc-XTaYCu where “Et” refers to the ether route,
“Ac” refers to the acetamide elimination route, “A” refers to the molar amount
of Si coming from SiCls added in the synthesis protocol based on 64 Si atoms
in total, “B” refers to the atomic amount of Si coming from Si(OAc)+ added in
the synthesis protocol based on 64 Si atoms in total, “X” is the nominal Ta
wt.%, and “Y” is the nominal Cu wt.% in the catalyst. Table IIl.4 describes
exact precursors masses used in the direct mixing protocol.

e Catalysts synthesis through the “delayed addition”

For the xerogel delayed synthesis, the protocol was divided into 2 steps:
first, the addition and partial polycondensation of the ether route precursors
and second, the addition of the acetamide elimination route precursors (for a
justification of this strategy, see Section 7.3.2). Both steps were carried out in
a glovebox and Teflon autoclaves were only transferred in the oven when fully
sealed.

In the first step, SiCls, diisopropylether (DIPE) and a catalytic amount
of TaCls were added to a Teflon autoclave with CH2Cl2 as solvent, sealed in a
metal casing and left at 110 °C for 24 h. Whatever the ether/acetamide ratios,
the SiCls/CH2CI2 ratio was kept constant to keep the polycondensation rate
constant during the first 24 h. TaCls served here as the catalyst for the start of
the polycondensation.
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After 24 h, the autoclaves were taken back into the glovebox to add the
rest of the precursors. Silicon tetraacetate (Si(OAc)4), tantalum dimethylamide
(Ta(NMez)s), copper acetylacetonate (Cu(AcAc)z2) and remaining DIPE (for the
fraction of SiCl4 that has not reacted during the first polycondensation) were
dissolved in CH2Cl2 separately and transferred in the autoclave. In total, 45 mL
of CH2Cl2 are used. The autoclave was sealed back in the metal casing and
left at 180 °C for 72 h. Afterwards, the autoclave was cooled down and put
back into the glovebox, opened and the gel was transferred into a Schlenk
flask. The gel was dried under vacuum (< 10~ mbar) at 60 °C overnight to
remove solvent and volatile condensation products. Finally, the resulting
powder was calcined at 500 °C (flowing dry air, 5 °C min~', 5 h). Samples are
denoted AEtBAc-XTaYCu-DZh where “Et” refers to the ether route, “Ac” refers
to the acetamide elimination route, “A” refers to the molar amount of SiCls
added in the synthesis protocol based on 64 Si atoms in total, “B” refers to the
molar amount of Si(OAc)4 added in the synthesis protocol based on 64 Si
atoms in total, “X” is the nominal Ta wt.%, and “Y” is the nominal Cu wt.% in
the metallosilicate. “Z” represents the h between the first polycondensation
and the addition of the rest of the precursors.

Table 111.4 describes exact masses added to the autoclaves for the
different catalysts. In the study, we systematically vary the ether/acetamide
ratios: considering a basis of 64 Si atoms, we express separately in the
sample name the number of Si atoms coming from the ether route and the
amount of Si atoms coming from the acetamide elimination route. For
example, for the samples denoted “56Et8Ac”, 56 out of 64 Si atoms come from
SiCls (ether route) and 8 out of 64 Si atoms come from Si(OAc)s (acetamide
elimination route).

In addition to the study of ether/acetamide ratios, different Ta loadings
have been synthesized. Cu loading remained unchanged as previous studies
have already proven the 4 wt.% to be the most selective towards butadiene.
“DIPE” (2) refers to the potential DIPE needed in the second step to provide
additional oxygen atoms, if needed, to keep the molar ratio SiCls/DIPE=2.
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Table Il.4: Precursors masses (g) for catalysts synthesized via the direct mixing and
delayed protocol (the same table expressed in moles is available in Appendix, Table

IX.5).
DIPE DIPE
Catalyst SiCls ) TaCls  Si(OAc)a Ta(NMez)s Cu(AcAc): @)
4Ac60Et-4Ta4Cu 5090  5.960 - 0.534 0.186 0.341 -
6ACS8EL-4TadCu  4.930  5.440 - 0.797 0.191 0.340 -
BACB6EL-4TadCu 4770  5.02 - 1.062 0187 0.345 -
56Et8A|§:hTa4CU' 4760 5030 0020  1.071 0.164 0.339 ;
S6EWBAC-1Ta4CU-  pogy 3621 0007 133 0.049 0.374 2.427
D24h
S6EWBAC-2TadCu- a1 3617 0007 1329 0.103 0.373 2.421
D24h
S6EWBAC-4"Ta4Cu- ¢ g1 3603 0004 1328 0.026 0.373 2.429
D24h
ABEUBAC1TadCU- o oc 3084 0003 2.659 0.052 0.372 0.881
D24h
A4BENBAC-2TadCu- ¢ 101 3088 0006 2663 0.099 0.374 0.885
D24h
48Et16AC-
AN 513  3.091 0005  2.667 0.05 0.377 0.884
40Bt24Ac-1Ta4Cu- 4 576 258 0005  3.995 0.049 0.376 /
D24h
A0Bt24Ac-2TadCu- 4 597 o574 0.007 4 0.1 0.374 /
D24h
40Et24Ac-
Ao 4278 2578 0.01 4.01 0.077 0.375 /
82B82Ac-1Ta4Cu- 5 497 2057 0005  5.324 0.049 0.375 /
D24h
82B32Ac-2Ta4Cu- 5 496 2059 0008  5.319 0.099 0.376 /
D24h
32Et32Ac- 3432 2054 0013 5318 0.103 0.377 /

4*Ta4Cu-D24h

3.2 Characterisation techniques

Textural properties (surface area, pore volume, pore size) were
determined by nitrogen physisorption at 77.4 K on a Tristar 3000 instrument
from Micromeritics, USA. Prior to measurement, samples were degassed at
150 °C for 8 hrs minimum. The specific surface area was determined by the
BET method with at least five data points with relative pressure between 0.05
and 0.30.

X-ray photoelectron spectroscopy measurements were carried out on a
SSI X probe spectrometer (model SSI 100, Surface Science Laboratories,
Mountain View, CA) equipped with a monochromatized Al-Ka radiation (1486
eV). The catalyst powders previously pressed in small stainless troughs of
4 mm diameter, were placed on an insulating home-made ceramic carousel.
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The pressure in the analysis chamber was set at around 1028 Pa. The
analysed area was approximately 1.4 mm? and the pass energy was set at
150 eV. The Si2p peak of silicon has been fixed to 103.5 eV to set the binding
energy scale.?? Data treatment was performed with the CasaXPS program
(Casa Software Ltd, UK) and spectra were decomposed with the least squares
fitting routine provided by the software with a Gaussian/Lorentzian (85/15)
product function and after baseline subtraction.

Temperature programmed desorption of ammonia (NHs3-TPD) was
performed on a Hiden CATLAB-PCS microreactor connected to a mass
spectrometer equipped with a quadrupole separator. Samples (400-800 pm
particle size) were first dehydrated at 300 °C (10 °C min~") for 1 hr under Ar
(40 cm® min~"). Ammonia adsorption took place at 150 °C for 40 minutes
(20 cm®* min™" of Ar, 5 %vol NHs) before an 80 minutes purge under Ar
(40 cm® min™"). The temperature was then increased to 500 °C (5 °C min™',
except in Chapter 4 where a ramp of 10 °C min~' was applied) to desorb
ammonia. The experimental error on the number of acid sites is estimated at
5 %.

Solid-state 3'P and 2°Si magic angle spinning (MAS) nuclear magnetic
resonance NMR spectra were acquired on Bruker AvancelllHD-700 NMR
spectrometer with a 4 mm CP-MAS Bruker probe at frequencies 139.2 MHz
for 2°Si and 283.7 MHz for 3'P. MAS rates were 5 kHz for 2°Si CPMAS and 10
and 12 kHz for 3'P MAS spectra. Chemical shifts were referenced externally
to 2°Si J[3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS)]: 1.53
ppm; 3'P & [H3PO4] (85 %)]: 0.0 ppm.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analyses
were conducted with a TOF.SIMS5 instrument (IONTOF GmbH, Minster,
Germany). Sample powders were pressed onto the adhesive part of Post-it
papers. A pulsed Bi®* metal ion source was used to produce a primary beam
using an acceleration voltage of 30 kV. An AC target current of 0.07 pA with a
bunched pulse width lower than 1 ns was used. Both positive and negative
secondary ion species were analysed. Mass spectra were obtained by
scanning the primary ion beam over a 250x250 ym? area. The total primary
ion beam dose for each analysed area was always kept below 5.10'° ions per
cm?, ensuring static conditions. Lateral resolution of ~3 um and mass
resolution m/Am > 4000 at 29 m/z were maintained for positive and negative
mass spectra acquisition. Charge compensation was conducted using an
interlaced electron flood gun (kinetic energy = 20 eV). Data analyses were
carried out with SurfaceLab (version 6.5).

FTIR spectra (4000-400 cm™) were recorded on a Bruker Equinox 55
spectrometer (transmission mode, through KBr pellets).
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FTIR spectra after pyridine adsorption were similarly recorded. Catalysts were
pelletized and degassed overnight at 350 °C. Pyridine adsorption was carried
out at room temperature. FTIR spectra were taken at room temperature and
after 2h degassing under vacuum at 150 °C.

DRUV spectra (150-500 nm) were recorded on a Shimadzu UV-
3600Plus.

For carbon monoxide adsorption followed by FTIR analysis, about 20
mg of the sample was pressed to yield a self-supported wafer. The sample
was then introduced into a glass cell specially designed for in situ FTIR
spectroscopy and enabling preliminary thermal treatments. The activation
procedure always started with a heating step (5 K min™") under vacuum from
room temperature to 628 K with a 3 h plateau at 628 K. When the activation
procedure was finished, the sample was cooled to 100 K and a reference
spectrum was recorded (128 scans at a 4 cm™ resolution). Carbon monoxide
(99.99997% Air Liquide) calibrated aliquots were then gradually introduced
into the cell, and IR spectra were subsequently recorded. The procedure was
repeated until the evolution of adsorbed species indicated that CO saturation
of the surface was reached.

A transmission electron microscope FEI Tecnai F20 (FEI, Eindhoven,
The Netherlands) equipped with a field emission gun source, a 4k CCD
camera (FEI Eagle) and operated at 200 kV was used for sample visualization.
STEM-EDS measurements were performed on a FEI Titan Themis instrument
with a combination of a spherical aberration image (Cs) corrector, a
monochromator system, sensitive ChemiSTEM technology, and a high-end
GATAN GIF Quantum energy filter for EELS and EFTEM with a new
enhanced piezo stage, FEI and GATAN software, and a FEI Ceta 16-
megapixel CMOS camera.

3.3 Catalytic testing

Calcined catalysts (pressed and sieved in the 0.20-0.40 mm particle
size range) were added to a tubular reactor (stainless steel, 0.6 cm internal
diameter). The latter was then filled to the top with silica beads. Before
reaction, the catalyst was pre-treated in situ by feeding hydrogen (30 vol.% H2
in N2) for 1 hr at 350 °C (for silver or copper reduction). Catalytic testing was
carried out by feeding a mixture of ethanol absolute and pentane as internal
standard (95-5 molar percent) (fed with a NE-300 syringe pump) diluted in
nitrogen (5 mol% of ethanol in N2). If not stated otherwise, 96 mg of sieved
catalyst was introduced in the reactor, 0.14 mL/hr of a liquid ethanol-pentane
mixture was diluted in 18 mL/min of N2 and fed in the reactor. If not stated
otherwise, the tests were carried out at atmospheric pressure and at 325 °C
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for 4 h. The gas effluent was analysed on a VARIAN 3800 Gas
Chromatograph (1 injection per 15 minutes, 16 injections in total) equipped
with a flame ionization detector (FID) and a Restek Rt-U-Bond column (30 m
long, internal diameter of 0.32 mm, film thickness of 10 uym). In other words,
the catalytic data (conversion and selectivity) are averaged on the overall
time-on-stream for each give temperature. After having run 5 identical catalytic
tests with the same catalyst, it was concluded that the error on these
measurements is estimated at 5 %.

Conversion (X), selectivity (S), yield (Y) and carbon balance (CB)
were calculated as follows:
MFEtOHi - MFEtOHf
MFEL‘OHL-
MFProduct
MFEtOHi - MFEtOHf

Xgron (%) =

SProduct(%) =N *

Yoroduct (%) = Xgton * Sproauct
Ny
> T;, * MFgton /product
CB (%) = 2
MFgiom,

Where, MFg,y, is the molar fraction of ethanol fed in the reactor, MFgon, is

the molar fraction of ethanol after the reactor, N is the stoichiometric ratio
between the considered product and ethanol, ny,, is the molar input of nitrogen
in the reactor and MFy, is the molar fraction of nitrogen after the reactor.

Products considered in the carbon balance were ethanol, acetaldehyde,
ethylene, diethylether, 1-butene, 2-butene and butadiene.

Throughout the manuscript, the CB was always between 90 and 110 %,
unless stated otherwise.
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CHAPTER 4: Aerosol-assisted sol-
gel synthesis of mesoporous Ag—Ta
catalysts for the direct upgrading of
ethanol to butadiene

The results presented in this Chapter are published in:

Aerosol-assisted sol-gel synthesis of mesoporous Ag-Ta-SiO: catalysts for
the direct upgrading of ethanol to butadiene, Denis D. Dochain, Antoine Van
Den Daelen, Ales Styskalik, Vit Vykoukal, Damien P. Debecker, RSC
Sustainability, 1 (2023) 599-608.
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Aerosol-assisted sol-gel synthesis of mesoporous Ag—Ta catalysts for the
direct upgrading of ethanol to butadiene

4.1 Abstract

In this first chapter, we disclose a straightforward, one-step, and continuous
preparation of Ta-doped SiO2 loaded with Ag nanoparticles by coupling sol-
gel chemistry with aerosol processing. Combining tantalum ethoxide, silver
nitrate, hydrolysed tetraethyl orthosilicate and Pluronic F127 (as a templating
agent) in the aerosol process leads to mesoporous bifunctional catalysts
featuring a specific surface area between 310-370 m? g, a pore volume of
ca. 0.5 cm?® g' and an average pore diameter of 5 nm. As attested by a variety
of characterization techniques, the method leads to the homogeneous
incorporation of highly dispersed tantalum species in the silica matrix, thereby
creating the required acidic sites. These new catalysts have higher
dehydration activity, as compared to the corresponding reference catalysts
prepared by classical impregnation of Ta on preformed silica. Concomitantly,
relatively small silver nanoparticles are stabilized (~15 nm). The relative Ta
and Ag loading can be tuned easily. In the ethanol to butadiene reaction, these
aerosol-made catalysts achieve a butadiene yield of ca. 25 % by optimizing
the relative loadings of Ta and Ag, outcompeting the corresponding
formulations prepared by impregnation.

4.2 Introduction

As explained thoroughly in Chapter 1, a challenge in the preparation of
ETB catalysts is the synthesis of bifunctional catalysts in an easy and straight-
forward protocol that can yield materials with desirable properties such as
mesoporosity and high active sites dispersion. This prompted us to explore
the potential of AASG to obtain mesoporous Ta-SiO:2 catalysts promoted with
Ag nanoparticles and to assess their performance in the ETB reaction. The
catalysts are compared to similar formulations obtained from commercial
supports or aerosol-made silica, and via classical impregnation. We
rationalize the catalytic performance by characterizing the texture, acidity, and
active species dispersion.
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4.3 Results

4.3.1  Comparing impregnation with one-pot aerosol

Here we compare on the one side a catalyst prepared in one-pot using
the AASG process (1Ag5Ta-SiO2) and on the other side two reference
catalysts prepared by impregnation (either on a commercial silica support
(SiO2-A) or on an aerosol-made silica support (SiO2)). We first targeted
formulations with 5 wt. % Ta and 1 wt. % Ag.

ICP results in Table 1V.1 are close to the nominal values aimed for Ta
(65-76 for bulk Ta obtained vs. 75 aimed, corresponding to 5 wt. %). For Ag,
we aimed at a Si/Ag ratio of 179 (corresponding to 1 wt.%) and we generally
obtained high values, indicating a lower amount of Ag. XPS results confirms
that the impregnation process brings majority of active sites to the surface of
the catalysts, as shown by lower Si/Ta and Si/Ag surface ratios relative to bulk
ratios (Table IV.1).

The commercial silica support (SiO2-A) and 1Ag5Ta/SiO2-A, textural
properties are mainly macroporous, as shown by a type Il isotherm in Figure
IV.2. The pristine AASG-made silica is predominantly mesoporous (Figure
IV.1) with type IV isotherms presenting a well-defined hysteresis loop, specific
surface area reaching 360 m? g™', large pore volume (0.61 cm®g™) and a
narrow mesopore size distribution, centred at 9 nm (Figure 1V.1). When
incorporating Ta directly in the AASG process, the texture was not significantly
affected. In the same way, the bifunctional catalyst prepared in one-pot
through AASG (1Ag5Ta-SiOz) exhibited very similar isotherms and textural
parameters.

The impregnation of Ag on the AASG-made 5Ta-SiO2 (1Ag/5Ta-SiOz)
or the simultaneous impregnation of Ta and Ag on the AASG-made silica
(1Ag5Ta/SiO2) only altered the textural properties of the catalysts in a minor
way; while the SSA and pore volume tended to decrease marginally, the
mesoporous structure of the material was maintained (Figure IV.1, Table
IV.1). Similarly, the texture of the catalyst prepared by impregnation on the
commercial silica support (1Ag5Ta/SiO2-A), was not strongly affected as
compared to the support (slight decrease in specific surface area and pore
volume, and minor increase in the average pore diameter (Figure 1V.2 and
Table IV.1).
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Figure 1V.1: No-physisorption isotherms of SiO; (blue A), 5Ta-SiO- (purple m),
1Ag5Ta/SiO- (red o), 1Ag5Ta-SiO- (green x). Adsorption isotherms are plotted as
solid lines, desorption isotherms are plotted as dotted lines.
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Figure 1V.2: No-physisorption isotherms of SiO2-A (black), 1Ag5Ta/SiO2-A (blue).
Adsorption isotherms are plotted as solid lines, desorption isotherms are plotted as
dotted lines.
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Table 1V.1: Textural properties (N2-physisorption), bulk composition (ICP), surface
composition analysis (XPS), surface acidity (NHs-TPD).

Sample SgeT Vp Dp Bulk Bulk Surface Surface Acid sites
(m? (cm3 (nm)° Si/Ta®  Si/Ag® Si/Tad Si/Ag? (mmol
g g'p g’y
SiO2-A 190 0.61 14.3 - - - - -
19905::/ 140 057 162 77 214 n.m. n.m. n.m.
SiO2 370 0.50 54 - - - - -
5Ta-SiO2 380 0.40 4.1 n.m. - n.m. - -
1Ag5Ta/SiO2 340 0.51 6.0 65 215 8.7 14.2 24102
1Ag/5Ta-SiO2 310 0.35 4.5 76 192 72.5 34.2 6.1 102
1Ag5Ta-SiO2 370 0.47 5.0 71 222 62.5 57.0 41102

2 Pore volume at P/Po=0.98; ® Calculated as 4V,/Sger; © Determined by ICP; ¢ Determined by XPS;
¢ Determined by NHs-TPD

In the ethanol-to-butadiene reaction, the bifunctional catalyst prepared
by impregnation of Ta and Ag on the commercial silica (1Ag5Ta/SiO2-A)
reaches ca. 45 % of ethanol conversion with 16 % in butadiene selectivity and
24 % in dehydration by-products (ethylene + diethylether) and 42 % of
dehydrogenation product (acetaldehyde) (Table IV.2). The catalyst prepared
by impregnation of Ta and Ag on AASG silica (1Ag5Ta/SiO2) is less active
(23 % conversion), also showing a high selectivity for acetaldehyde, together
with a high selectivity for ethylene. The catalyst prepared by direct AASG
process (1Ag5Ta-SiOz2), reaches 80 % ethanol conversion but with a low
acetaldehyde selectivity and a very low BD selectivity (2 %). This goes hand
in hand with a high selectivity towards ethylene, as a result of the direct
dehydration of ethanol, typically catalysed by acid sites.2°32%% Characterisation
of such acid sites is thus required to better understand the catalytic behaviour
and optimize the AASG catalysts.

Table 1V.2: Catalytic conversion of ethanol, yield and selectivity of butadiene and by-
products; Reaction conditions T=355 °C, WHSV=1.10 h~".

Catalyst Ethanol Butadiene Acetaldehyde Ethylene Diethylether Others
conversion (%) (%) (%) (%) (%)
(%) Yield Sel Yield Sel Yield Sel Yield Sel Yield Sel
1Ag5Ta/SiOz-A 43.5 6.9 159 201 462 36 84 70 160 59 136
1Ag5Ta/SiO2 22.6 23 103 94 417 95 422 001 31 0.01 27
1Ag5Ta-SiO2 80.6 1.8 22 139 172 463 574 33 41 153 19.0

4.3.2  Characterizing the peculiarities of aerosol made AgTa-SiO:2 catalysts

With the intent to understand the catalytic behaviour of the new
formulations prepared by aerosol, we here undertake a thorough
characterization of the acidic and redox properties of the catalyst (and
compare them to impregnated catalysts). We extend our investigations to
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various formulations containing 1, 2, 5, or 10 wt. % of Ta and 1, 2, or 5 wt. %
of Ag.

TEM analyses reveal the morphology of the silica-based microspheres
formed through the aerosol process (Figure IV.4). Spherical particles with a
diameter ranging from 50 to 500 nm can be seen as well as the porosity
created by the templating agent (~5 nm), compared to the more chaotic
structure observed for the commercial silica (Figure 1V.3a). As expected, the
elemental mapping presented in Figure 1V.4a confirms that the impregnation
method concentrates Ta and Ag species on the surface of the microspheres.
In the AASG-made catalysts, STEM-EDS analysis shows well dispersed Ta
throughout the silica spheres (Figure 1V.4b) as well as Ag nanoparticles of
around 10-20 nm (Figure 1V.4c). Even after increasing the silver loading to
5 wt% (2Ag5Ta-SiOz), silver nanoparticles dispersion remains similar (Figure
IV.5).

Figure IV.3: TEM images of 1Ag5Ta/SiO»-A (a), 1Ag5Ta/SiO; (b), 1Ag/5TaSiO: (c),
1Ag5Ta-SiO; (d).
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100.nm

2207 LY

Figure 1V.4: Electron microscopy analysis of 1Ag5Ta-SiOz: (a) STEM ; (b) STEM-
EDS of Ta ; (c) STEM-EDS of Ag.
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:

Figure 1V.5: STEM-EDS analysis of 1Ag5Ta/SiO; (a), 1Ag/5TaSiO; (b), 1Ag5Ta-SiO,
(c), 5Ag2Ta-SiO; (d).

Consistently, XRD shows Ag nanoparticles of around 14 nm (Figure
IV.6, the Scherrer equation was used on 2 diffraction peaks to obtain 12 nm
from 206=36 and 16 nm for 26=38). It should be noted that the uncalcined
materials already contain some Ag nanoparticles of smaller size (~8 nm from
the Scherrer equation, see Figure IV.7). Upon calcination, the silver ions
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and/or the small silver nanoparticles that are dispersed in the silica matrix
sinter to stabilize in the form of ~15 nm sized Ag crystallites. Importantly, the
Ag crystallite size remains stable with increasing silver loadings (1, 2 and
5 wt %, see Figure IV.6). Furthermore, the presence of tantalum does not
influence the size of Ag nanoparticle; for example, by doubling the tantalum
loading from 1 to 2 wt.% coupled with 5 wt.% Ag, the crystallite size remains
constant at around 14 nm, (Figure IV.6). Thus, a good dispersion of silver is
maintained even at relatively high loadings. Itis noted that the broad diffraction
signal around 26=23 up until 38 is attributed to silica.

--Ag: COD 5000218
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Figure 1V.6: XRD diffractograms of catalysts containing different silver loadings.
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Figure IV.7: XRD data for 5Ag1Ta-SiO- (green); 5Ag2Ta-SiO; (purple); uncalcined
5Ag2Ta-SiO; (red).

5y

FTIR spectra were very similar for all catalysts, with the typical main
absorption bands originating from the silica matrix (Figure 1V.8).20621° The
band at 750-850 cm~" was attributed to the symmetric vibration of Si—O-Si
bonds whereas the most intense absorption band at 1050-1065 cm™" was
ascribed to the antisymmetric stretching vibration of Si-O-Si. The distinct
shoulder at 1170-1220 cm~" was due to SiO4 and their external linkage. The
two bands at 1580-1660 cm~' and 3000-3700 cm~' were respectively
assigned to the bending of H-O—H bonds and the stretching of O—H bonds.
Interestingly, catalysts with Ta incorporated through the aerosol process
displayed an additional distinct band at 950 cm™" (Figure 1V.9). This band
corresponds to the Si—-O-Ta stretching mode.?''2'2 |t suggests that tantalum
was effectively incorporated into the silica matrix through the AASG process.
Furthermore, the intensity of the band can be correlated with the tantalum
loading (Figure 1V.10). As expected, this band is absent in the pristine silica.
Strikingly, this band is not found in the impregnated catalysts (where TaOx is
deposited on the silica surface rather than incorporated in the silica matrix).
Thus, FTIR spectroscopy points to a very different environment for Ta,
depending on the preparation mode.
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Figure 1V.8: IR spectra of (from bottom to top) 1Ag5Ta/SiO»-A (black); 1Ag5Ta/SiO,
(green); 1Ag/5TaSiO; (blue); 1Ag5Ta-SiO; (red).
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Figure IV.9: FTIR Spectra obtained on 1Ag5Ta-SiO; (solid red line), 1Ag5Ta/SiO-
(broken green line).
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Figure 1V.10: FTIR Spectra obtained on 2Ag/2Ta-SiO; (dotted purple line),
2Ag/5Ta-SiO; (broken green line), 2Ag/10Ta-SiO; (solid red line).

Here, NHs-TPD measurements (Table IV.1) complement FTIR by
bringing to light higher acidity for samples with Ta incorporated through the
aerosol process (e.g. +71 % for 1Ag5Ta-SiO2, compared to 1Ag5Ta/SiO2, see
Figure IV.11 and Table 1V.1). Going further and looking at the identity of those
acid sites, pyridine adsorption followed by FTIR measurements were also
performed (Figure 1V.12). After pyridine desorption at 150 °C, Tantala-silica
synthesized via the aerosol process reached a Lewis acidity of 19.9 ymol g~
compared to 16.3 pmol g~ for impregnated Ta. The higher Lewis acidity for
2Ta-SiO2 can be explained for the difference in Ta conformation inside the
silica matrix. Si-O-Ta bonds shown in IR should be more acidic than
polymeric TaOx species because of the higher Ta dispersion. This higher
dispersion translates into a higher accessibility and thus justifies the difference
in Lewis acidity between both samples. No significant Bronsted acidity was
observed for both catalysts. We note that a more precise description of the
acidic sites formed by the Ta-O-Si species in aerosol catalysts could usefully
be obtained via dedicated CO-FTIR experiments.'23213
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Figure 1V.11: NH3-TPD profile of 1Ag/5Ta-SiO; (solid red line) and 1Ag5Ta/SiO;
(dotted green line). Solid black line is pure spray-dried silica.

B B+L B B+L L

\\

4
/J

1700 1650 1600 1550 1500 1450 1400
Wavenumber (cm™!)

Figure IV.12: FTIR spectra after pyridine adsorption and evacuation at 150 °C of
2Ta-SiO, (bottom red curve) and 2Ta/SiO- (top blue curve). B= band corresponding
to Bronsted acid sites ; L= band corresponding to Lewis acid sites.
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Altogether, these characterization results substantiate the benefits of
the AASG method. Both FTIR and NH3;-TPD point to the fact that
homogeneously dispersed Ta within the silica matrices through AASG
displays higher acidity compared to polymeric TaOx surface species,
predominant in the impregnation process. However, the high acidity of AASG
catalysts also leads to a high selectivity towards dehydration products
(ethylene and diethylether) (Table IV.2). Very similar results were previously
obtained via the non-hydrolytic sol-gel (NHSG) process.”?'* NHSG catalysts
displayed higher acidity leading to higher production of ethylene. An important
take away message is that AASG represents a reliable method to obtain highly
dispersed Ta species in silica matrices. Concomitantly, the dispersion of Ag
nanoparticles and the texture are maintained for the various compositions that
have been explored.

4.3.3  Optimizing the catalyst composition to boost butadiene yield

In an attempt to understand the influence of acid and redox sites on the
butadiene yield and selectivity, and to ultimately mitigate the formation of
unwanted by-products observed with 1Ag5Ta-SiO2, loadings of Ta and Ag
have been modified (Table IV.4). Interestingly, the method allows tuning the
composition without modifying the textural properties (Figure 1V.13 and Table
IV.3) or the active sites dispersion (Figure IV.5). Indeed, a similar mesoporous
texture is obtained for all catalysts, even at high loading, with constant pore
sizes (Figure 1V.13). Table 1V.3 shows that the doubling of Ta loading from 1
to 2 wt % strongly decreases the mesoporous volume, potentially explained
by an interaction between the silica and the Ta precursors and F127,
perturbing the concomitant processes of micelles formation and inorganic
polycondensation reactions. The increase in Ag loading does not significantly
modify the mesoporous volume and the average mesopore diameter (Table
IV.3), implying that the decrease in SSA could be due to a disruption in the
polycondensation, leading to different rugosity on the silica’s surface.
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Figure 1V.13: N2-physisorption isotherms of 1Ag1Ta-SiO; (purple ¢), 1Ag2Ta-SiO,
(red o), 2Ag2Ta-SiO; (blue m), 5Ag2Ta-SiO- (green x).

Table IV.3: Textural properties (N2-physisorption) of various Ag-Ta catalysts.

SBET Vmeso b
Sample (m2g™"  (cm?g)? Dmeso (nm)
1Ag1Ta-SiO2 460 0.46 8.5
1Ag2Ta-SiO2 430 0.31 9.0
2Ag2Ta-SiO2 350 0.33 9.3
5Ag2Ta-SiO2 300 0.33 8.9

2 calculated as ((total pore volume) — (micropore volume)), ° calculated as 4Vmeso/Ameso

By decreasing the tantalum loading (1Ag1Ta-SiO2), the overall ethanol
conversion was lowered, together with the ethylene and diethylether
selectivity. This confirms that Ta acid sites are responsible for the formation
of these dehydration by-products. In conjunction to this, the dehydrogenation
activity of the catalyst was increased, as shown by the significant increase in
acetaldehyde selectivity, from 17 to 52 %. Nevertheless, BD selectivity
remained very low (< 1 %). By increasing the Ag loading to 2 and 5 wt.%, BD
selectivity increased only to ca. 6 %. Still, the acetaldehyde yield reached
43 %, a sign that the catalyst lacks the ability to effectively convert
acetaldehyde to crotonaldehyde over the appropriate acid sites. To overcome
this issue, the Ta loading was also increased (to 2 wt.%). Combined with
1 wt.% of Ag, acetaldehyde yield sat at 13.5 % whereas dehydration by-
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products (ethylene, diethylether) reached a combined yield of ca. 15 %, a sign
that the catalyst demonstrates balanced dehydration and dehydrogenation
activities. Yet, BD selectivity remained under 1 %. With the increase of the Ag
loading to 2 and 5 wt.%, BD yields rose respectively to 9.4 and 15.1 %. In
parallel, selectivity towards dehydration by-products was gradually
decreased. When considering the overall effect of the Ta loading, its increase
systematically led to an increase in BD selectivity combined with a decrease
in acetaldehyde selectivity. This is consistent with previous claims of the
importance of the presence Ta-O-Si species to catalyse the aldol
condensation step and confirms the importance of this step in the overall
mechanism of the reaction. But in all tested catalysts, no traces of
crotonaldehyde or crotyl alcohol were observed, further indicating that the
MPV reduction and the final dehydration of crotyl alcohol to 1,3-butadiene are
not limiting in the case of acid catalysts. However, the accumulation of
unconverted acetaldehyde can indicate a slower reaction rate for the aldol
condensation.

Thus, we show that adapting the absolute and relative loadings of the
redox and acidic functions in these bifunctional catalysts can be done easily
via AASG and can be used to drive the process towards the desired product.
Within the series of catalysts presented in Table 1V.4, the formulation with
2wt.% Ta and 5 wt.% Ag appears to present the most suitable balance
between acid and redox sites, leading to a relatively high BD vyield.

Table 1V.4: Catalytic conversion of ethanol, yield and selectivity of butadiene and by-
products; Reaction conditions T=355 °C, WHSV=1.10 h~', TOS=3 h.

Butadiene Acetaldehyde Ethylene Diethylether Others
e (%) (%) (%) (%) (%)
Catalyst conversion

(%) Yield Sel Yield Sel Yield Sel Yield Sel Yield Sel

1Ag5Ta/SiOz-A 43.5 69 159 201 462 36 84 70 160 59 136

1Ag5Ta-SiO2 80.6 18 22 139 172 463 574 33 41 153 19.0
1Ag1Ta-SiO2 46.7 03 07 349 747 19 40 08 17 88 1838
2Ag1Ta-SiO2 68.3 15 22 526 769 43 64 05 08 93 136
5Ag1Ta-SiO2 84.6 53 62 524 619 53 62 04 04 214 253
1Ag2Ta-SiO2 45.8 11 23 163 356 130 284 35 77 119 26.0
2Ag2Ta-SiO2 69.7 94 136 306 439 139 199 39 55 119 171
5Ag2Ta-SiO2 86.6 151 174 359 414 114 132 21 24 222 256

Others: propylene, butenes,
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4.3.4  Pushing the butadiene production

With the best catalyst in hands (5Ag2Ta-SiOz), we attempt to boost the
process by playing with operational parameters. In particular, temperature
plays a role in both the overall ethanol conversion and the reaction products
distribution (Table IV.5). The lower temperature of 325 °C gives the lowest
ethanol conversion and tends to favor acetaldehyde, with a selectivity above
50 %. When switching to higher temperatures, ethanol conversion increases
to values above 80 %, along with a higher selectivity towards dehydration by-
products, 15 % and 25 % for 355 °C and 385 °C respectively. Thus, it means
that the redox power of the catalyst is favored at lower temperatures (high
acetaldehyde selectivity), whereas the dehydrating features are dominant at
higher temperatures (high ethylene + diethylether selectivities). The optimum
is found at 355 °C with the highest butadiene selectivity (ca. 18 %) among the
tested temperatures. At this temperature, a correct balance is achieved
between the redox and acidic properties to efficiently obtain butadiene while
maintaining dehydration by-products at a low level.

Secondly, the weight hourly space velocity (WHSV) is known to play a
major role in the catalyst performance, since a network of inter-dependent
reactions is involved.” Here, a linear relationship between the WHSV and the
butadiene selectivity was highlighted (Figure 1V.14a). Concomitantly, the
acetaldehyde selectivity increased when the WHSV increases. When the
WHSYV is low, the contact time is increased, giving more possibility to the
newly produced acetaldehyde to undergo the self-condensation to the
acetaldol, which will be further dehydrated to crotonaldehyde and finally
butadiene. As the aldol condensation is often recognized in the literature as
the rate-limiting step in the ETB mechanism,®*'% increasing the odds of
achieving it yields more butadiene. On the contrary, when the WHSV is
increased, the amount of unreacted acetaldehyde logically rises.

Figure 1V.14b shows the influence of the WHSV on the products
distribution. At WHSV below 0.5 h™!, the most abundant product is butadiene,
with a maximum yield of 24 %. At WHSV of 1.12 h™' and 2.24 h", ethylene and
acetaldehyde are the most abundant products. Since ethylene is the result of
a fast dehydration of ethanol on acid sites and acetaldehyde is the product of
direct dehydrogenation of ethanol on redox sites, these two compounds are
favored at lower contact time in comparison to BD.

In terms of productivity, 5Ag2Ta-SiO2 reaches 0.085 gep geat ' h™' at
WHSV=1.12 h™'. This is lower than the record performance reached with other
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catalytic systems, such as Zn-Zr based zeolites.®*'5120 However, higher
ethanol conversion and similar butadiene yields are obtained with the best
AASG-made catalyst, when comparing with other Ag/silica-based systems
reported in the literature.'®2'5 |t must be recalled that the AASG is a
straightforward one step, low waste preparation method that compares
favorably to classical multistep catalyst preparation processes.

Table 1V.5: Catalytic conversion of ethanol, yield and selectivity of butadiene and by-
products in function of the temperature; Reactions conditions: WHSV=1.10 h™".

Ethanol Butadiene  Acetaldehyde  Ethylene  Diethylether Others

Catalyst conversion (%) (%) (%) (%) (%)
(%) Yield Sel Yield Sel Yield Sel Yield Sel Yield Sel

5Ag2Ta-

Si05 325 °C 68.6 85 123 36.6 53.4 6.8 9.9 3.6 53 131 191

5Ag2Ta-

Si05 355 °C 86.6 151 174 359 414 114 132 21 24 222 256

5Ag2Ta-

SiO5 385 °C 84.1 9.0 10.7 286 34.0 36 84 7.0 16.0 59 136
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Figure 1V.14: (a) Influence of the WHSV on the butadiene (A ) and acetaldehyde
selectivity (m) for 5Ag2Ta-SiO; at 355 °C; (b) (from bottom to top) Butadiene yield
(red), acetaldehyde yield (green), ethylene yield (black) and butadiene productivity

(%) as a function of the WHSV for 5Ag2Ta-SiO- at 355 °C.

4.4 Conclusion

The aerosol-assisted sol-gel method allows obtaining, in one step,
highly homogeneous bifunctional AgTa-SiO2 catalysts with advantageous
mesoporous texture (large pore volumes and relatively high specific surface
area). Characterization data displays a high degree of insertion of dispersed
Ta species in the silica matrices, resulting in an acidic catalyst producing
markedly more dehydration by-products compared to impregnated tantalum
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oxide. With the addition of well dispersed Ag nanoparticles, we are able to
obtain butadiene from ethanol. Upon optimization of the Ta and Ag loadings it
is possible to temper the dehydration activity, while increasing the
dehydrogenation activity and maintaining sufficient acidity to complete the
cascade reactions towards butadiene. We show that playing with the reaction
conditions (in particular reaction temperature and contact time) allows further
boosting the butadiene yield, up to 23 %.

To make the link with the research questions mentioned in the
objectives, the aerosol-assisted sol-gel allowed us to control the nature of the
Ta active sites, yielding inserted Ta in the silica matrix in a one-step synthesis
protocol (question (i)). Furthermore, we managed to mitigate the production of
by-products by controlling the relative abundance of the two types of active
sites and by so, adjusting the redox and acidic properties of our material
(question (ii)).
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5.1 Abstract

In this second chapter, we improve upon previous results by replacing
Ag with Cu in the AASG process. Cu-Ta-SiOz catalysts keep an open
mesoporous texture with specific surface areas in the 520-660 m? g~' range,
pore volumes between 0.48 and 0.67 cm® g™, and average pore diameters
around 4 nm. In addition to that, isolated Ta acid sites and dispersed small Cu
nanoparticles are obtained and evidenced by characterisation techniques
such as FTIR, NH3-TPD, XPS, XRD, TEPO-NMR, ToF-SIMS and STEM-EDS.
After optimization of Ta and Cu loadings, diffusion limitations are assessed
and deemed absent, and a study of different reaction parameters is carried
out. It is shown that a reaction temperature of 350 °C is best suited to
maximize BD selectivity. In addition to that, a pre-reduction temperature of
200 °C improves catalytic performance but not the stability of the catalyst.
Finally, co-feeding 0.13 % of oxygen in the reaction stream boost significantly
BD vyields and stability and allow for an impressive 0.38 gep geat ' h™' BD
productivity, attributed to the constant removal or formation hindering of coke
by diluted oxygen on the active sites surface. A BD yield of more than 30 %
was kept over 24 hours in the same conditions.

5.2 Introduction

On the one hand, AASG has already proven effective for the synthesis
of mixed oxide catalysts'6¢.167:216 and supported metal nanoparticles,'”%'7? and
bifunctional catalysts featuring both dispersed oxide species and small metal
nanoparticles.'?® On the second hand, Cu was already shown to display higher
dehydrogenation activity as compared to Ag.”'"* This is important because
we showed in the previous Chapter that the overall performance in the ETB
reaction is strongly governed by the dehydrogenation activity. Thus, we study
here the possibility of synthesizing mesoporous Cu-Ta-SiO2 catalysts via the
AASG process, to be exploited in the ETB reaction. In the specific case of the
Cu-Ta pair, recent literature also showed its superiority against Ag-Ta.%*114
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5.3 Results and discussion

5.3.1  Characterizing Cu—Ta AASG catalysts

In these following paragraphs, we present and discuss the influence of
the Ta and Cu loadings on the bifunctional catalysts’ key properties.

Figure V.1 shows type IV isotherms thus primarily mesoporous textures
for all catalysts. Specific surface areas (SSA) range from 520 to 660 m? g,
and the catalysts feature large mesopores volumes between 0.37 and
0.52 cm® g~' and an average mesopore diameter around 7 nm (Table V.1).
When the Ta loading is kept constant at 2 wt.% and the Cu loading is gradually
increased from 2 to 6 wt.%, the mesoporous volume of the resulting catalyst
is decreased from 0.52 to 0.38 cm® g~' (Table V.1). Similarly, a slight decrease
in the mean mesopore diameter is observed, from 7.4 to 4.8 nm (Table V.1).
The hysteresis in the N2 physisorption isotherms and the corresponding BJH
pore size distribution clearly indicate the presence of mesopores with a
relatively narrow size distribution centred on ~8 nm (which is consistent with
the templating effect of F127 micelles).

The same protocol was followed, keeping the Cu loading constant at
4 wt.% but increasing the Ta content from 1 to 4 wt.%. Marginal reductions in
SSA, pore volume and average pore diameter are noticed as the catalyst
contains more Ta (Figure V.1b and Table V.1).

Si/Cu ratios obtained by XPS logically decrease as the Cu loading rises
(Table V.1), from 98 for 2Cu2Ta-SiO2 to 38 for 6Cu2Ta-SiO2. Compared to
theoretical values, experimental Si/Cu is systematically higher, indicating a
tendency of the spray-drying process to concentrate Cu species in the bulk of
the SiO2 particles. At constant Ta loading, whatever the Cu loading, the
surface Si/Ta ratio remains very stable, higher than the nominal.

Naturally, in the series of catalysts with constant Cu loading and
increasing Ta loading (4CuXTa-SiO2), the surface Si/Ta ratio decreases from
100 for 4Cu2Ta-SiO2 to 64 for 4Cu4Ta-SiO2. The fact that the experimental
Si/Ta ratio sits lower than the nominal values, indicates that the surface of the
mixed oxide is slightly richer in Ta than the bulk. Interestingly, when the
loading of one active element is modified while the other remains constant,
the spatial distribution of the latter appears to be unchanged.
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Figure V.1: (a): N2-physisorption isotherms and BJH pore size distribution profiles
measured on the adsorption (inset) of 2Cu2Ta-SiO, (blue A), 3Cu2Ta-SiO; (red o),
4Cu2Ta-SiO; (green x), 5Cu2Ta-SiO; (purple m), 6Cu2Ta-SiO; (orange Q) ; (b) : No-
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Adsorption isotherms are plotted as solid lines, desorption isotherms are plotted as
dotted lines.
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Table V.1: Textural properties (N2-physisorption), surface composition analysis

(XPS).

SgeT Vimeso , Surface  Surface

Sample gty (cmig e Dmeso (M Tgimas sycue
2Cu2Ta-SiO; 660 0.52 7.4 90 (151) 98 (53)
3Cu2Ta-SiOz 580 0.45 6.9 80 (151) 80 (35)
4Cu2Ta-SiO- 590 0.40 6.7 85 (151) 51 (26)
5Cu2Ta-SiO: 560 0.45 6.2 78 (151)  45(21)
6Cu2Ta-SiO, 570 0.38 4.8 80 (151) 38 (18)
4Cu1Ta-SiO, 570 0.44 7.8 100 (301) 56 (26)
4Cu3Ta-Si0; 580 0.42 6.9 69 (100) 46 (26)
4Cu4Ta-SiO, 520 0.37 6.9 64 (75) 68 (26)

acalculated as ((total pore volume) — (micropore volume)), ® calculated as 4Vmeso/Ameso ¢ Determined by ICP; ¢ Determined
by XPS, theoretical values between brackets

NHs-TPD measurements show no significant influence of the Cu
loading on the total acidity of the catalyst (Table 2), staying in the range 2.4-
2.8 107" mmol g of acid sites for catalysts with 2 wt.% Ta. Expectedly, the
total acidity is related to the Ta loading, and it increases from 1.6 10~ mmol g~
' for 4Cu1Ta-SiO2 to 5.0 10" mmol g~' for 4Cu4Ta-SiO2. Such results indicate
that Cu is not significantly interfering with the Ta active sites to alter the acidic
properties and Ta is the only active element responsible for the acidity of the
catalyst. Table V.6 assesses the strength of those active sites and all studied

81



Aerosol-assisted sol-gel synthesis of Cu—Ta catalysts: optimization of
formulation and catalytic performance

catalysts show a similar thermogram, with a maximum of NHs desorption
around 250 °C, showing a similar strength of Ta active sites.

Table V.2: Acidity measurements on spray-dried samples.

Total acidity
(mmol g~')?
2Cu2Ta-SiO; 24107
4Cu1Ta-SiO; 1.6 10~
4Cu2Ta-SiO; 2.810™"
4Cu4Ta-SiO; 5.0 10~

@ Determined by NH3-TPD

Sample

4Cu2Ta-SiO,

e

2Cu2Ta-SiO,

Ammonia Molecular Flow (a.u.)

M

150 200 250 300 350 400
Temperature (°C)

Figure V.2: NH3-TPD of (from bottom to top curve) 4Cu1Ta-SiO; (grey), 2Cu2Ta-SiO;
(blue), 4Cu2Ta-SiO- (green) and 4Cu4Ta-SiO; (yellow).

Additional measurements by 3P MAS NMR on chemisorbed
triethylphosphine oxide (TEPO) were conducted. Since this molecule is basic,
it will adsorb preferentially on acid sites. The analysis reveals a main peak at
66 ppm and a smaller one at 101 ppm (18 and 114 are attributed to spinning
side bands) (Figure V.3).2'" Here, the higher the chemical shift, the higher the
interaction between TEPO and Ta (acid site) is.?'” Based on previous studies,
the peak at 66 ppm is attributed to the interaction between TEPO and surface
silanols group.?'® Based on this, the peaks at 54 and 81 ppm are supposedly
weaker and stronger silanol groups respectively, potentially due to different
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environments in the close vicinities of the silanol groups. By increasing the Cu
loading for 4 to 6 wt %, the relative concentration of the peak around 54 ppm
increases from around 9 to 16 %. This could indicate a small contribution of
Cu to the acidity of the catalyst, especially weak acid sites. Furthermore, when
increasing the Ta loading from 2 to 4 wt %, the relative concentration of the
101 ppm peak increases from 8.1 to 9.7 %. The origins of the signal at
101 ppm could be silica-inserted Ta species.

66 ppm

101 ppm 5;4 ppm

81 ppm

Relative Intensity (a.u.)

4Cu2Ta-SiO,

140 120 100 80 60 40 20 0
Chemical Shift (ppm)

Figure V.3: 3'"P MAS NMR spectra collected after triethyl phosphine oxide
chemisorption; peaks at 18 ppm and 114 ppm represent spinning side bands.

Table V.3: 3'P MAS NMR spectra deconvolution data of the 66 and 101 ppm peaks.

Catalyst Chemical Shift (ppm) Relative Concentration (%)

101.8 8.10

. 80.4 8.04
4Cu2Ta-SiO. 65.0 748
52.6 9.03

101.4 7.68

. 80.8 2.51
6Cu2Ta-SiO. 64.7 738
54.3 16.1

102.0 9.67

. 79.5 2.09
4Cu4Ta-SiO. 64.6 716
54.5 16.6
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IR analysis on pellets made with KBr showed very similar spectra for all
catalysts, with the main absorption bands originating from the SiO2 matrix
(Figure V.4).2%6-210 The small band at 750-850 cm™ was attributed to the
symmetric vibration of Si-O-Si bonds whereas the most intense absorption
band at 1050-1065 cm~' was ascribed to the antisymmetric stretching
vibration of Si—-O-Si. The distinct shoulder at 1170-1220 cm~" was due to SiO4
and their external linkage. The two bands at 1580-1660 cm™ and
3000-3700 cm~" were respectively assigned to the bending of H-O—H bonds
and the stretching of O-H bonds.?°¢20 |nterestingly, catalysts with Ta
incorporated through the aerosol process displayed a distinct additional
distinct band at 950 cm~". This band corresponds to the Si—-O-Ta stretching
mode.2""212 |t suggests that the aerosol-assisted sol-gel process has allowed
the effective incorporation fo Ta oxide into the silica matrix. The intensity of
the FTIR band can be correlated to the Ta loading in the catalyst (Figure V.4b).
Furthermore, Figure V.4a shows no significant influence of the Cu loading on
the intensity of the band at 950 cm~', indicating that Cu does not influence the
insertion of Ta in the silica matrix.
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Figure V.4: FTIR spectra on KBr pellets of (a) Cu screening and (b) Ta screening. (a)
Dotted black curve is pure silica made by AASG.

ToF-SIMS was used to further study the insertion of Ta in the silica
matrix in relation to the total amount of Ta introduced in our synthesis process
(Figure V.5). The signals attributed to mixed clusters of Ta and Si (i.e. TaOSi",
TaO2Si*, TaO4Si~ and TaOsSi~, m/z = 225, 241, 273, 289 respectively) are
taken as proxies for the insertion of Ta in the silica matrix. For each polarity,
the sum of the intensity of mixed clusters was normalized by the total intensity
of Ta-containing clusters in the same spectrum (Table V.9 in Appendix).
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Figure V.5 presents the normalized the sum of the intensity of these mixed
clusters for positive (a) and negative (b) spectra. Overall, these ratios show
no difference between 4Ta-SiO2, 4Cu4Ta-SiO2 or 4Cu2Ta-SiO2 further
suggesting that nor the presence of Cu, nor the Ta loading influence the
quality of the insertion of Ta in the silica matrix.

Figure V.5a represents the ratio of the sum of these “TaOSi” positively
charged clusters over the total Ta cations. Figure V.5b exhibits a similar ratio
but takes into account negatively charged ions and clusters. Overall, these
ratios show no difference between 4Ta-SiO2, 4Cu4Ta-SiO2 or 4Cu2Ta-SiO2
further confirming that nor the presence of Cu, nor the Ta loading influence
the Ta integration in the silica matrix.

Figure V.6 complements other characterization techniques shown in
this study by hinting at the spatial distribution indication of Ta when varying
the loading in the bifunctional catalyst. Even though we double the nominal
amount of Ta from 2 to 4 wt.%, no preferential accumulation of Ta into clusters
was observed. Instead, Ta distribution remained homogeneous among the
catalyst particles (Figure V.6b). These STEM-EDS results put to the forefront
the fact that Ta remains well dispersed even at higher loadings and that its
dispersion does not depend on the size of the spray-dried particles, an
additional clue indicating the high homogeneity of active sites dispersion
provided by the spray-drying process.

(TaOSi* + Ta0,Si") / (Total Ta™) a (TaO4Si™ + TaO5Si7) / (Total Ta")_ b
3 ] 3
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Figure V.5: ToF-SIMS Ratios of (a) positive ions ratio of Ta bonded to silica over the
total amount of Ta ; (b) negative ions ratio of Ta bonded to silica over the total
amount of Ta.
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Figure V.6: STEM images of (a) 4Cu2Ta-SiO- ; (b) 4Cu4Ta-SiO,. Bottom images
represent the elemental mapping of Ta done by STEM-EDS.

Besides Ta, Cu dispersion can also be assessed by STEM-EDS (Figure
V.7). In this case, the increase in Cu nominal loading from 2 to 6 wt.% induces
the sintering of the larger nanoparticles. Indeed, even though 2Cu2Ta-SiO2
displays well dispersed Cu species at 2 wt.%, 4Cu2Ta-SiO: starts to show
signs of sintering of Cu particles at 4 wt.% and finally 6Cu2Ta-SiO2 even
proves advanced sintering of Cu nanoparticles, reaching sizes of ca. 50 nm.

Figure V.8a displays the diffraction patterns obtained on the bifunctional
catalysts with different Cu loadings. The diffractions peaks at 26=36° and 38°
correspond to CuO crystallites and become significant above a Cu loading of
3 wt.%. Interestingly, from 3 to 6 Cu wt.%, the CuO crystallite size remains in
a close range between 10 and 14 nm (determined via the Scherrer equation
on the 20=36° and 38° peaks), providing good indication of small well
dispersed Cu nanoparticles in spray-dried catalysts, even at high nominal
loadings. However, these values contradict STEM measurements for
6Cu2Ta-SiO2. We can hypothesize that when CuO crystallites sinter, they
agglomerate without changing their diffraction signature, leaving the XRD
pattern unchanged. Thus, we form larger CuO nanoparticles composed of
different small crystallites with separate XRD signals. The uneven shape of
the nanoparticles (Figure V.7c) can also be the consequence of this uneven
agglomeration. Figure V.8b suggests that the Ta loading has no effect on CuO
crystallite size, remaining in the 10-12 nm range.
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Figure V.7: STEM images of (a) 2Cu2Ta-SiO;, (b) 4Cu2Ta-SiOy, (c) 6Cu2Ta-SiO,.
Bottom images represent the elemental mapping of Cu done by STEM-EDS.
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Figure V.8: (a): XRD data for (from bottom to top) 2Cu2Ta-SiO- (blue), 3Cu2Ta-SiO;
(red), 4Cu2Ta-SiO; (green), 5Cu2Ta-SiO; (purple), 6Cu2Ta-SiO, (orange) ;

(b) : XRD data for (from bottom to top) 4Cu1Ta-SiO, (grey), 4Cu2Ta-SiO, (green ),

4Cu3Ta-SiO; (black), 4CudTa SiO; (yellow).
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5.3.2 Performance of Cu—Ta AASG catalysts in ETB

Catalytic data studying the influence of the copper loading on the
catalytic performance of the bifunctional catalyst, targeting the production of
butadiene is depicted in Table V.4. While keeping the Ta loading constant at
2 wt %, the Cu loading is gradually increased from 2 to 6 wt %. Ethanol
conversion stays at around 90 %, at the exception of 2Cu2Ta-SiO2 only
reaching 65 %. Interestingly, acetaldehyde (AA) selectivity and ethylene
selectivity are inversely proportional to the Cu loading. The decrease in EY
selectivity is expected because of the lower accessibility of dehydration sites
due to a higher Cu loading. However, we do reach an optimum of 41 % of BD
yield at 4 wt % of Cu, already much better than Ag-Ta catalysts described in
previous chapter and indicating a suitable balance between the two types of
active sites. This balance can also be interpreted by an optimum reached
between availability of Cu redox sites and their proximity with the Ta acid sites.
Indeed, at Cu loadings above 4 wt %, the decrease in BD yield leads to
consider a less active catalyst towards the dehydrogenation of ethanol to
acetaldehyde, as shown by the decrease observed in AA selectivity (Table
V.4). This is in line with STEM-EDS results on Figure V.6 where 6Cu2Ta-SiO2
displayed much larger Cu nanoparticles, not ideal for catalytic performance.

The increase of Ta loading from 1 to 4 wt % systemically increased the
BD selectivity, from 19 % for 1 wt % of Ta to more than 53 % for 4 wt % of Ta.
Interestingly, the AA selectivity decreased at the same time. Thus, it can be
concluded that a higher Ta loading enhanced the aldol condensation of AA,
leading to higher BD selectivity. A 4 % of EY selectivity is obtained with
4Cu4Ta-SiO2, a further sign that Ta sites are responsible for the direct
dehydration of ethanol to ethylene. However, the EY selectivity remained low
and does not hinder BD production. This way, the best formulation achieved
a BD productivity of 0.28 gsp geat' h™".
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Table V.4: Catalytic performance of Cu-Ta catalysts; Reaction conditions T=325 °C,
WHSV=1.10 h™!, TOS=3 h.

Ethanol Butadiene  Acetaldehyde Ethylene Others
Catalyst conversion (%) (%) (%) (%)

(%) Yield Sel Yield Sel Yield Sel VYield Sel
2Cu2Ta-SiO2 65.3 300 459 435 664 15 24 53 8.1
3Cu2Ta-SiO2 87.6 406 463 528 603 09 1.1 02 02
4Cu2Ta-SiO: 88.9 410 461 548 619 09 1.0 0 0
5Cu2Ta-SiO2 87.3 397 455 515 590 1.0 11 0 0
6Cu2Ta-SiO2 89.2 359 402 479 540 08 08 12 14
4Cu1Ta-SiO2 87.1 169 194 689 793 02 02 10 141
4Cu2Ta-SiO: 88.9 410 461 548 619 09 1.0 0 0
4Cu3Ta-SiO: 90.6 451 498 604 667 0.1 0.2 0 0
4Cu4Ta-SiO 81.7 441 533 390 477 35 43 0 0

5.3.3 Assessing potential diffusion limitations

To assess if external diffusion limitations are present, several catalytic
tests were performed at various ethanol flow rates by keeping the contact time
and all other reaction conditions constant (i.e. changing the catalyst mass and
the volumetric flow rate in a proportional way). A relatively high WHSV (short
contact time) was chosen to ensure the ethanol conversion remained <100%
(Figure V.9). In the presence of external diffusion limitations, lower catalytic
masses (thus lower linear flows) would result in lower ethanol conversion due
to the presence of a diffusion limit layer between catalysts particles that
hinders the ethanol access to the active sites. In turns out all four catalytic
tests display similar performance in terms of ethanol conversion, indicating
that there is no external diffusion limitation. Here, sufficient turbulence is
present at the surface of the catalysts particles to avoid the creation of this
limit layer.
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Figure V.9: Evolution of ethanol conversion in the ETB reaction over 4Cu4Ta-SiO- in
relation to the mass of catalyst used. Reaction conditions: T=325 °C, WHSV=2.2 h-".

We also acknowledge the possible presence of internal diffusion
limitations. Unfortunately, it is not easy to experimentally check this since the
AASG process leads to a wide distribution of microspheres of various sizes,
and it is difficult to vary this parameter in a systematic way (though it could be
done, in principles, by varying the precursors solution concentration or by
using specific tools to select particles in narrower size ranges). Similarly,
testing various surfactants could have allowed to test catalysts with various
pore size, but this was deemed unnecessary in the framework of this work.
Indeed, theoretical calculations have allowed to exclude potential internal
diffusion limitations. The Weisz-Prater number'%2'% allows verifying if the
reaction rate is limited by internal diffusion limitations or not. Table V.5
summarizes all experimental parameters used in the methodology described
by Garcia-Sanchez to obtain the Weisz-Prater number.2'® First, the surface
concentration Cs and the ethanol molar flow Fewon.o are determined as
followed:

C _ PEtOH F _ PEtOHQamb
rxn amb

Next, the apparent the reaction rate R, the mean free path of BD A,,
and the Knudsen number Kng are calculated:
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_ FEtOH—OXEtOH Kn, = Am _ kBTrxn
= = et g=— = > ™
Vbea d " \2Zrd2,Pam

Apart from the Knudsen number, the Knudsen diffusivity Dsp, the void
fraction of the catalyst particle ¢, (a larger size of catalyst particle of 500 nm
was considered to investigate the least favorable scenario), the tortuosity
factor T and the effective diffusivity of BD (the largest molecule in our system)
Deff can also be determined from the properties of our materials and molecules
involved:

_ % [B8RTrxn
BD 3 [mMWy),

€p
Desr = ?DEtOH

Finally, the Weisz-Prater number is expressed through the following
equation, comparing the reaction rate and the diffusion rate:

N RR?
WP Co—pronDesy

Using this methodology allowed us to obtain a Weisz-Prater (W-P)
number of 5.30 107%. As this number is much lower than 1, we can conclude
that the reaction rate is not limited by internal diffusion limitations.
Furthermore, by considering smaller particles of 50 nm instead of 500 nm, as
we have observed in STEM-EDS (Figure V.6), the W-P number further
decreases to 5.30 1078, confirming the absence of internal diffusion limitations
in smaller catalyst particles. Interestingly, the decrease of pore diameters to
1 nm still adds up to a low W-P number of 3.65 10~°. To conclude, the AASG
process gave rise to catalyst particles with no external or internal diffusion
limitations, even when considering large microspheres and small mesopores.
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Table V.5: Experimental parameters used in the calculus of the Weisz-Prater

number.
Parameter Abbreviation Value
Ambient temperature Tamb 298.15K
Ethanol partial pressure PEtoH 5132 Pa
Reaction temperature Texn 598.15 K
Volumetric total flow Qamb 6.3107 m3s™
Pore diameter d 6.910°m
1,3-butadiene diameter dsp 4010"%m
Boltzmann constant ks 1.38 102 m? kg s™' K~*
Ethanol conversion XetoH 52.8 %
Catalytic bed volume Vbed 11107 m3
Pore volume Ve 4.810* mé kg™’
Catalytic bed density Ps 858 kg m3
1,3-butadiene molecular weight MWsgp 0.05409 kg mol™
Catalyst particle radius R, 50107 m
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5.3.4  Studying operational parameters on catalytic performance

After improving the catalysts composition in order to maximize BD
production, we can leverage on the different parameters used in the catalytic
reaction. Here, we study the influence of the reaction temperature and the pre-
reduction temperature. Also, reasoning that our catalysts encounter fast
deactivation during the reaction owed to a blockage of the acid sites, we
explore the effect of co-feeding hydrogen or oxygen in the system.

e Influence of reaction temperature

Figure V.10 shows the overall ethanol conversion and the products
distribution at different reaction temperature during separate catalytic runs,
with the best catalyst selected from the screening above (4Cu4Ta-SiO2). A
clear optimum in ethanol conversion and BD selectivity is reached at 350 °C,
justifying the highest BD productivity of 0.25 geb geat™' h™' (Table V.6). For
acetaldehyde, the selectivity decreases as the reaction temperature
increases. In parallel, the selectivity in ethylene steadily increases with
temperature. This trend is consistent with the literature and clearly proves the
importance of a correct balance between redox and acid sites. At lower
temperature, the formation of acetaldehyde will be favoured but due to a lack
of condensation and dehydration power, the formation of BD remains limited.
At temperature above 350 °C, the dehydration power of the catalyst
overwhelms the redox power, thus favouring the direct dehydration of ethanol
to ethylene. Ethylene formation decreases the selectivity in acetaldehyde and
thus hinders the BD production. With the selected catalysts, at 350 °C, a
correct compromise between those sites is achieved: the redox capabilities
allow for an efficient acetaldehyde production and the acid sites enable the
condensation of acetaldehyde and the subsequent dehydrations while
maintaining the rate of the direct dehydration to ethylene low.

Table V.6: Catalytic performance and BD productivity in function of the reaction
temperature for 4Cu4Ta-SiO,. TOS=4 h.

Reaction XEtoH Sep Saa Sey Yep Psp
Temperature (%) (%) (%) (%) (%) (G0ger'h)
300 °C 68.6 34.0 554 54 23.3 0.15
325°C 62.1 38.8 479 10.2 241 0.16
350 °C 76.0 50.0 29.6 16.3 38.0 0.25
375 °C 77.5 41.8 254 29.7 324 0.21
400 °C 85.1 39.1 17.6 40.6 33.3 0.22
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Figure V.10: Influence of the reaction temperature on the catalytic performance of
4Cu4Ta-Si0,. Reaction conditions: Pre-reduction T°=350 °C, WHSV=1.1 h™', time-
on-stream=4 hours.

Another important factor in any catalytic system is the stability, and this
is obviously also influenced by reaction temperature. Data presented in Figure
V.10 (and in other Tables and Figures of this work) are obtained as the
average of 4 hours. Such representation suffers from important limitations
because it hides the fact that these catalytic systems are in fact not stable in
time. Thus, Figure V.11 shows the catalytic performance (ethanol conversion
and selectivity for the major products) during time on stream at different
reaction temperatures for separate catalytic runs (each one using fresh
catalyst). For all reaction temperatures, the overall ethanol conversion tends
to decrease with time, although the trend became more marked at high
temperature. The BD selectivity is relatively stable at 300 °C but fell fast above
this temperature, almost perfectly parallel with the ethanol conversion.
Interestingly, the acetaldehyde and ethylene selectivities increased with time
on stream. This points to a deactivation of the active sites responsible for the
aldol condensation, causing the progressive accumulation of acetaldehyde.
As this accumulation is gradual, we can hypothesize that some form of coke
deposited on the active acid sites during reaction. This hypothesis is further
corroborated by XPS analysis on the spent catalyst that was tested at 325 °C.
The Si/C ratio was at 6.1 for the fresh catalyst and dropped to 3.0 for the spent
sample, indicating a higher concentration of C on the catalysts surface. We
can also expect this ratio to further decrease with the reaction temperature as
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coke formation is more likely at higher temperatures, explaining the faster
decrease in BD selectivity observed for the catalytic runs at 375 °C and
400 °C.
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time at different reaction temperatures for 4Cu4Ta-SiO..
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¢ Influence of pre-reduction temperature

For the first step of the ETB reaction, e.a. the non-oxidative
dehydrogenation of acetaldehyde, nanoparticles in the metallic state are
needed.??%22! For this, it is common practice to apply a pre-reduction of the
catalyst (here, under a flow of 30 vol % of Hz in N2) to ensure the presence of
metallic copper. However, to the best of our knowledge, the literature does not
describe the influence of this pre-reduction temperature on the catalytic
performance. Here, different pre-reduction temperatures were tested while
keeping the reaction temperature constant at 325 °C (Figure V.12). In general,
as the pre-reduction temperature increases, the BD selectivity decreases and
the AA selectivity increases. Even though the highest ethanol conversion is
reached at a pre-reduction temperature of 250 °C, the best BD selectivity is
achieved at a pre-reduction temperature of 200 °C. Consequently, the best
BD vyield (41 %) and BD productivity (0.26 gsp geat' h™") is obtained at the
lowest pre-reduction temperature tested (Table V.7).
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Figure V.12: Influence of pre-reduction temperature on the catalytic performance of
4Cu4Ta-Si0O,. Reaction conditions: Reaction temperature T°=325 °C, WHSV=1.1 h~".
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Table V.7: Catalytic performance and BD productivity in function of the pre-reduction
temperature for 4Cu4Ta-SiO,. Reaction conditions: Reaction temperature T°=325 °C,
WHSV=1.1 h™!, TOS=4 h.

Pre-reduction XetoH Sep Saa Sevy Yep Psp
Temperature (%) (%) (%) (%) (%) (gsp Gea N)
200 °C 69.7 58.6 27.5 9.6 40.8 0.26
250 °C 75.9 49.1 36.0 11.3 37.3 0.24
300 °C 68.3 46.3 40.2 10.1 31.6 0.20
350 °C 62.1 38.8 47.9 10.2 24.1 0.16

In terms of stability, a similar trend is observed for all pre-reduction
temperatures (Figure V.13). The ethanol conversion starts at around 90 % and
drops to ca. 50 % after 4 hours on stream for all tested pre-reduction
temperatures. BD selectivity follows the same behaviour. However, the higher
the pre-reduction temperature, the lower the average BD selectivity. Inversely,
the AA selectivity increases with the pre-reduction temperature. Both
observations point to an effect of the Cu oxidation state on the aldol
condensation step or an influence of the pre-reduction on the Ta sites.

Only few studies have described the effect of the pre-reduction on the
state of copper; no difference was observed between a catalyst pre-reduced
at 325 °C and a catalyst directly exposed to ethanol.'®” In both cases, copper
reached its reduced state in less than 1 hour and kept it during the following 3
hours of TOS.'?” Figure V.14a shows that a higher C/Ta ratio seems to be
correlated to a higher BD productivity. As coke is supposedly depositing on
active sites during the catalytic run, we should expect an opposite trend. But
we can hypothesize that a higher condensation power of a catalyst can also
lead to heavier carbonaceous species, as depicted in Figure 1.4. For Cu,
Figure V.14b and ¢ show that the C/Cu ratio does not influence the BD
productivity but the relative abundance of the different oxidation states of Cu
can. Indeed, as the pre-reduction temperature of the catalyst decreases, the
Cu(0)/Cu ratio increases and the Cu(l)/Cu decreases, leading to an improved
BD productivity. This leads to consider that different copper oxidation states
play different roles in the reaction mechanism of the reaction, potentially Cu(l)
being active in the aldol condensation. Finally, TGA analysis in Figure V.14d
displays a larger mass loss before 200 °C for the catalyst pre-reduced at
200 °C compared to the same catalyst pre-reduced at 350 °C (-8.2%
and -5.7 % respectively, Figure IX.1 and 2), attributed to the loss of H20. TGA
analysis also confirms that the sample pre-reduced at 200 °C contains more
carbonaceous species than the catalyst pre-reduced at 350 °C as the mass
loss around 300 °C is more pronounced (-9.1 % versus -5.5 %). However, the
mass spectrometry analysis of the release of CO2 (Figure IX.1 and 2) indicates
that heavier coking species were present on the surface on the catalyst pre-
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reduced at 200 °C, since the two CO2 peaks are shifted to lower temperatures
compared to the sample pre-reduced at 350 °C.

Although TGA data corroborates XPS analysis on spent catalysts, no

clear trend is observed to justify the catalytic superiority of the catalyst pre-
reduced at 200 °C. In the current state of our understanding, we can
hypothesize that the different species of Cu may affect more than expected
the aldol condensation rate and thus the BD productivity.
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Figure V.13: Evolution of ethanol conversion and main products selectivities over
time at different pre-reduction temperatures for 4Cu4Ta-SiO,. Reaction conditions:
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Figure V.14: Relationship between XPS molecular ratios and BD productivity (a, b,
c); TGA analysis (d) on spent catalysts treated with different pre-reduction
temperatures.

¢ Influence of co-feeding

With the idea to address the rapid deactivation of the catalyst for the first
4 hours of the catalytic run, different procedures of co-feeding gases were
tested without a pre-reduction procedure. The co-feeding of a small partial
pressure of hydrogen (<5 vol %) in the reaction stream was thought to
potentially help maintain copper in a fully reduced state, helping the
continuous production of acetaldehyde. However, Table V.8 and Figure V.15
show that the co-feeding of hydrogen with 2 or 5 molar percent does not
improve the catalytic performance compared to a pre-reduction of the catalyst
at 200 °C. These results indicate that the deactivation source in the ETB
reaction is not related to a putative oxidation of the copper nanoparticles,
especially since the catalytic test made without pre-reduction still yielded high
amount of BD. Furthermore, Figure V.17a and b indicate no significant
difference between molar ratios such as C/Ta or C/Cu. Even the ratio Cu(l)/Cu
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seems identical between the two studied catalysts (Figure V.17c). Finally, the
TGA profiles on Figure V.17d reflect similar mass losses at similar
temperatures, further pointing to similar coking species being present on the
catalysts surface, despite the different hydrogen concentrations co-fed to the
catalysts during the catalytic run, indicating that the co-feeding of hydrogen
does not improve the catalytic run, and even diminishes it.

To further investigate the source of deactivation, a small partial pressure
of oxygen was also used as a co-feeding gas. A co-feeding of 0.5 mol.% of
oxygen in the reaction stream yields near to no BD and the overall carbon
balance is below 50 %, indicating that a significant fraction of ethanol and
products were converted to CO2. To avoid this issue, a lower molar
percentage of O2 was used. At 0.13 mol.%, a visible increase in both ethanol
conversion and BD selectivity is observed over the first 4 hours of the catalytic
run (Table V.8 and Figure V.15). A remarkable BD productivity of 0.38 gsp geat™
" h~" was achieved. Here, we surmise that the co-feeding of a low percentage
of oxygen helped prevent coke formation on aldol condensation sites or
directly burn it after its formation, resulting in a high catalytic performance.

Table V.8: Catalytic performance and BD productivity in function of pre-reduction and
co-feeding for 4Cu4Ta-SiO.. Reaction conditions: Reaction temperature T°=325 °C,
WHSV=1.1 h™!, No pre-reduction, TOS=4 h.

. ” XEtoH SeD Saa Sey Ysp Psp
Co-feeding Condition (%) (%) %) (%) (%) (985 Jeat" h1)
No Pre-reduction 65.0 43.0 406 121 28.0 0.18
Pre-reduction 200 °C 69.7 58.6 275 9.6 40.8 0.26
Co-feed H2 2 % 63.5 47.3 376 10.9 30.0 0.19
Co-feed H2 5 % 70.5 44.2 35.1 9.9 31.2 0.20
Co-feed 02 0.13 % 91.3 64.0 28.7 4.5 58.4 0.38
Co-feed O, 0.5 % 96.6 1.8 24.3 2.7 1.7 0.01
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Figure V.15: Influence of pre-reduction and co-feeding on the catalytic performance
of 4Cu4Ta-SiO,. Reaction conditions: Reaction temperature T°=325 °C,
WHSV=1.1 h!, No pre-reduction (unless stated otherwise).

Stability on stream is shown in Figure V.16 for the conditions discussed
above (no pre-reduction, pre-reduction at 200 °C, with and without co-feed).
This sheds light on the major stability advantage brought by co-feeding a low
amount of oxygen. Even after 4 hours of time-on-stream, the BD yield sits at
48 %. Whereas all other catalysts showed rapid decrease in ethanol
conversion, the co-feeding of oxygen maintains it around 90 %. Such activity
can be explained by the constant coke removal from the catalysts surface by
oxygen, keeping both type of catalytic sites active throughout the first 4 hours
of the test.

A stability test over 24 hours was conducted in similar conditions
(Figure V.18). Remarkably, the overall ethanol conversion stayed above 85 %
for the whole test. Concomitantly, BD selectivity remained as high as 40%
after 24h hours on stream. Over the course of this 24h test, the BD slowly
decreased, while the AA selectivity increased, following a similar pattern to all
other studied reaction conditions (yet much slower). Further adjustment of the
percentage of oxygen in the feed might further optimize the stability in BD
selectivity.

101



Aerosol-assisted sol-gel synthesis of Cu—Ta catalysts: optimization of
formulation and catalytic performance

100%
90%
80%
70%
60%
50%
40%

Ethanol Conversion

30%
20%
10%

0%

100%
90%

80%

=
N
=

60%
50%
40%
30%

Ethanol Conversion

20%
10%
0%

100%
90%
80%

70%

10n

wm
(=R ]
X X

40%

Ethanol Conversi

30%
20%
10%

0%

\ No Pre-Reduction
r——ey
A_ﬂqﬁfﬁhﬁfﬂ i 1
60 120 180 240
Time on stream (min)
Co-feed Hy 2 %
% %w'
A—A—ﬁﬂ!ﬂﬂ'ﬁf‘é‘ i
60 120 180 240
Time on stream (min)
%’i o9
= Co-feed 0, 0.13 % |
Apnf_
60 120 180 240

Time on stream (min)

80%

70%

60%

50%

40%

30%

20%

10%

0%

80%

70%

60%

50%

40%

30%

20%

10%

0%

80%

70%

60%

50%

40%

30%

20%

10%

0%

100%
90%

80%

N
N
=

60%
50%
40%

Products Selectivity
Ethanol Conversion

30%
20%
10%

0%

100%
90%
80%

=
S
=

LN/

60%

'S
S
=

30%

Products Selectivity
Ethanol Conversion
g
B3

20%
10%
0%

ersl

60%

w
S
53

Products Selectivity
=
=3
xX

Ethanol Conve

30%
20%
10%

0%

80%

= Sgp| (%)
=6= S (%)
=== Sgy|(%)

== Xgign (%) L N
|_o—o-0-3

LN

Pre-reductign 200 °C

¥/

Products Selectivity

70%

60%

50%

40%

30%

20%

10%

120 180
Time on stream (min)

0%
240

Co-feed Hy 5%

80%

70%

60%

50%

40%

30%

20%

rﬂ_ﬁrﬁ—gm—n—ﬂ-b 10%

0%

0 120 180 240
Time on stream (min)
- — — 80%
70%
60%
P50
/‘f he\sﬁe-é—e-e-o\ -
40%
30%
20%
_ 0,
Co-feed 0, 0.5 % 10%
A’&A_Ehg—.s—ﬁﬂw
0%
60 120 180 240

Time on stream (min)

Figure V.16: Evolution of ethanol conversion and main products selectivities over
time in different co-feeding conditions for 4Cu4Ta-SiO,.

102

Products Selectivity

Products Selectivity



Aerosol-assisted sol-gel synthesis of Cu—Ta catalysts: optimization of
formulation and catalytic performance

60 .
®m Si/Ta
" C/T: a
50 a
® Pyp
40
1%}
S
=
&~ 30
N
-
=
20
10
0
Co-Feed H, 2 % Co-Feed H, 5 %
0.8
B Cu(0)/Cu c
0.7 = Cu(I)/Cu
B Cu(l)/Cu
0.6 ® p,,
'50.5 [ ] ®
s
~0.4
%]
=
»<0.3
0.2
0.1
0.0

Co-Feed H, 2 %

Co-Feed H, 5 %

Pgp (gD ea ' D7)

0.30 40 - 0.30
® Si/Cu b
35
0.25 C/Cu 0.25
30 hd PBD
0.20T 0.20
- '5 25
0155 & 920 0.15
=)
A N
E="
= XI5
0.10 8 0.10
(=9
10
0.05 0.05
5
0.00 0 0.00
Co-Feed H,2 % Co-Feed H, 5%
0.30 100
98 d
0.25 9%
172]
~ K%
020L S
T §92
3 290
0.15% E Co-Feed H, 5 %
s = 88
=z 0O
0108 86
84
005 82 Co-Feed H, 2 %
80 L L L L L L L
0.00 100 200 300 400 500 600 700 800

Temperature (°C)

Figure V.17: Relationship between XPS molecular ratios and BD productivity (a, b,
c); TGA analysis (d) on spent catalysts co-fed with different hydrogen percentages.

103



Aerosol-assisted sol-gel synthesis of Cu—Ta catalysts: optimization of
formulation and catalytic performance

100%
90% + VN
80% | I
>, ’ = Xgon (%)
E 70% | ==|Sgp (%)
3] =e=(Sxa (%)
3 L
5 0% = (Sey (%)
\: 50% |
R=
2 40%
§ 30% |
20%
10% |
0% VH ! ‘
0 4 8 12 16 20 24

Time on stream (hours)

Figure V.18: Stability test of 4Cu4Ta-SiO, for 24 hours. Reaction conditions:
T°=325 °C, Co-feed oxygen 0.13 %.

104



Aerosol-assisted sol-gel synthesis of Cu—Ta catalysts: optimization of
formulation and catalytic performance

5.4 Conclusion

The aerosol-assisted sol-gel process was successfully applied to the
synthesis of bifunctional Ta-Cu-based catalysts. We showed that our
materials possessed open mesoporous texture with high specific surface
areas and high pore volumes, ensuring facile mass transfer. Through different
characterisation techniques, Ta was shown to be inserted in the silica matrix,
in a dispersed form, and Cu was shown to form relatively small CuO
nanoparticles (<20 nm). These two elements provided suitable acid and redox
sites respectively for the direct conversion of ethanol to butadiene. Studying
the influence of Ta and Cu loadings on catalyst properties and performance
allowed us to design an optimized formulation with Ta and Cu loadings of 4
wt.% each. This catalyst was used to investigate different operating
parameters. It was found that ethanol conversion and butadiene selectivity
were highly dependent on the reaction temperature, on the pre-reduction
temperature and on the presence of a co-fed gas. Applying the pre-treatment
at 200 °C, setting the reaction temperature at 350 °C, and co-feeding a small
partial pressure of oxygen, the best Ta-Cu catalyst reached a remarkable
butadiene productivity of 0.38 gsp geat™! h~" with impressive stability.

Answering back to the questions stated in the objectives, we once again
showed the importance of proximity and dispersion of the redox and acidic
sites in our bifunctional catalyst, leading to a significant decrease in by-
products (question (ii)). Studying operational parameters hinted at coking as
the source of deactivation. It was further confirmed as the co-feeding of
oxygen stabilized the catalysts performance, reaching new highs in BD
selectivity and yield over 24 hours (question (iii)).
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5.5 Appendix
Table V.9: List of ions used in ToF-SIMS.

lon m/z

Ta* 180.9460
TaOH* 197.9641
TaH,O* 198.9662
TaOSi* 224.9265
TaSiO,* 240.9381
Ta?* 361.8785
TaOH* 378.9091
Ta%* 542.8896
Ta" 180.9533
TaOSi~ 224.9195
TaOzH~ 229.9410
TaO4H~ 245.9378
TaSiOs 272.9035
TaSiOs~ 288.9015
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CHAPTER 6: Non-hydrolytic sol-gel
routes to bifunctional Cu—-Ta
catalysts

The results presented in this Chapter are published in:

Non-hydrolytic sol-gel routes to bifunctional Cu-Ta-SiO2 catalysts for the
upgrading of ethanol to butadiene, Denis D. Dochain, Ales Styskalik, Vit
Vykoukal, Alexandre Vimont, Arnaud Travert, Damien P. Debecker,
Chemistry of Materials, 35 (2023) 71137124
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6.1 Abstract

Here, we leverage non-hydrolytic sol-gel (NHSG) chemistry to prepare
tailored Cu-Ta-SiO2 catalysts featuring open texture, dispersed acidic Ta sites
and small Cu nanoparticles. In the ether route, silicon tetrachloride and
tantalum pentachloride undergo polycondensation reactions with diisopropyl
ether as the oxygen donor. In the acetamide elimination route, silicon
tetraacetate reacts with pentakis(dimethylamido)tantalum(V). In both routes,
copper(ll) acetylacetonate is added and trapped in a tantalosilicate matrix.
Upon calcination, CuO nanoparticles form and the resulting bifunctional
materials develop a mesoporous texture with specific surface areas in the
650-950 m? g~' range, pore volumes between 0.75 and 0.90 cm® g~', and
average pore diameters above 3 nm. With the help of NH3-TPD, FTIR, CO-
and pyridine-adsorbed FTIR, XRD, XPS and STEM-EDS, we demonstrate
that the catalysts made via the acetamide elimination route show higher
performance in the ethanol to butadiene reaction, with low selectivity in
dehydration by-products, owing to moderate Lewis acidity, smaller Cu
nanoparticles, and higher active sites proximity. After optimization of the Ta
and Cu loadings, a butadiene productivity as high as 0.38 gsp geat ' h™' is
obtained, surpassing state-of-the-art catalysts with similar formulations and
tested in similar reaction conditions.

6.2 Introduction

Using the teachings of the previous chapter, we know that Cu-Ta-based
formulations have a good prospect for the ETB reaction. We also know that
we need a highly homogeneous catalyst with advantageous texture and good
control on active sites speciation. In this context, NHSG is identified as an
appealing preparation route. Indeed, “kinetic levelling” is commonly observed
in NHSG, resulting in the formation of mixed oxide materials that exhibit
exceptional homogeneity. Furthermore, the use of organic solvents with low
surface tensions mitigates the risks of pore collapse during drying, yielding
materials with great textures.

The present study compares the use of two distinct non-hydrolytic sol-
gel synthesis routes — the ether route (Eq. 1) and the acetamide elimination
route (Eq. 2). The final goal is to understand catalysts behaviour in order to
obtain in a one-step fashion bifunctional Cu-Ta-SiO2 catalysts showing high
activity in the ETB reaction. The ether route, also called the alkyl halide
elimination route, is a well-known recipe that combines metal chlorides and in
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situ formed metal alkoxides to create M—O—-M bonds (in this work, Si-O-Ta
and Si—O-Si bonds).'7618%.222 On the other hand, the acetamide elimination
route is an emerging method that involves the reaction between
acetoxysilanes and metal amides to yield M-O-M bonds and release
dialkylacetamide as volatile organic products.’””179.188.223 Here, it is used to
prepare a Ta-SiO2 material via the reaction of silicon tetraacetate and
pentakis(dimethylamido)tantalum(V).

=M-Cl + R-O-M= — =M-O-M= + RCl (Eqg. 1)
=M-NR, + =M-OC(O)R’ — =M-O-M= + RC(O)NR, (Eq. 2)

By promoting the formulations with the addition of copper(ll) acetylacetonate,
we obtained bifunctional Cu-Ta-SiO2 catalysts. The acetamide elimination
route is shown to provide more active catalysts, owing to a better Cu
dispersion and to a moderate Lewis acidity. We show that the formulation can
be further optimized in terms of balance between Cu and Ta loadings, leading
to boost catalytic performance and surpass similar state-of-the-art catalysts in
similar catalytic conditions.'07:13°

6.3 Results

6.3.1  Ether route vs Acetamide route

We start by comparing the properties and performance of two
bifunctional catalysts synthesized either by the ether route (Et-2Ta2Cu) or the
acetamide elimination route (Ac-2Ta2Cu).

N2-physisorption measurements (Figure VI.1a) show type IV isotherms
with the presence of a hysteresis loop for both catalysts. Following IUPAC
classification of hysteresis loops, Ac-2Ta2Cu follows a H2 loop, corresponding
to ordered mesoporous materials. For Et-2Ta2Cu, we observe a H3 loop,
characterizing aggregates of plate-like particles giving rise to slit-shaped
pores.??* |t is noted that Ac-2Ta2Cu requires the use of a templating agent,
here Pluronic F127. The addition of Pluronic F127 yields cylindrical
mesopores, as already described in previous studies, while the non-templated
acetamide route (not shown) is known to yield materials with predominantly
microporous texture.’-?25226 The ether route, on the other hand is known to
lead to highly porous siliceous materials, even without templating agents. In
fact, a widely open mesoporous is created simply by the trapping of the solvent
during the slow inorganic polycondensation process.'®%%?” Here, Et-2Ta2Cu is
natively highly porous, with a broad pore size distribution in the mesopore
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range. Both samples reach high specific surface areas (SSA): 640 m? g~ for
Et-2Ta2Cu and 960 m? g~' for Ac-2Ta2Cu. Pore volume is higher for the
catalyst obtained via the ether pathway with 0.91 cm®g~' compared to
0.76 cm?® g~ for its acetamide counterpart (Table VI.1). Considering average
mesopore diameters, Et-2Ta2Cu has the upper hand again with 6.2 nm
whereas Ac-2Ta2Cu sits at 5.9 nm. However, when considering BJH
adsorption curves (Figure VI.1a), both routes have the highest adsorption
volume around 15 nm, further confirming the mesoporous character of Et- and
Ac-2Ta2Cu. This is a typical range for materials prepared with Pluronic F127
as the templating agent.”??® The increase in pore volume in the lowest pore
diameter range for Ac-2Ta2Cu corresponds to a fraction of micropores and
are consistent with previous reports, as the acetamide elimination route
natively yields a microporous texture.””'"® Furthermore, Table VI.1
corroborates this observation with a superior micropore volume of
0.23 cm?® g~' for Ac-2Ta2Cu compared to 0.05 cm? g~ for Et-2Ta2Cu. Indeed,
Overall, both non-hydrolytic synthesis routes vyield catalysts with a
predominantly mesoporous texture and high SSA.
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Figure VI.1: Comparison of Et-2Ta2Cu and Ac-2Ta2Cu on the basis of (a) Na-
physisorption isotherms and BJH pore size distribution profiles (inset) of Et-2Ta2Cu
(green x), Ac-2Ta2Cu (blue A) (adsorption isotherms are plotted as solid lines,
desorption isotherms are plotted as dotted lines) ; (b) FTIR Spectra of SiO; (black),
Et-2Ta2Cu (top green) and Ac-2Ta2Cu (bottom blue). ; (c) NHs-TPD of Et-2Ta2Cu
(green) and Ac-2Ta2Cu (blue) ; (d) FTIR spectra after pyridine adsorption and
evacuation at 150 °C of Et-2Ta2Cu (bottom green curve) and Ac-2Ta2Cu (top blue
curve) (B= band corresponding to Bronsted acid sites ; L= band corresponding to
Lewis acid sites).

Table VI.1: Textural properties (N2-physisorption) and chemical composition
comparing catalysts synthesized by ether route and acetamide elimination route.

Sample SBeT Vp Vmeso Vu Dmeso Ta Cu
p (mZ g—1) (cm3 g—1)a (cm3 g—1)b (cm3 g—1)c (nm)d wt %¢ wt %®
Et-2Ta2Cu 640 0.91 0.86 0.05 6.2 1.97 1.83
Ac-2Ta2Cu 960 0.76 0.53 0.23 5.9 1.65 2.60

aPore volume at P/Po=0.98; °calculated as ((total pore volume) — (micropore volume))
¢ Calculated via t-plot; ¢ calculated as 4Vmeso/Ameso; ¢ Measured by ICP
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ICP results confirm that both synthesis routes lead to Ta and Cu
contents close to the nominal amounts (Table VI.1). Surface composition was
measured by XPS. Si/Ta molar ratios were found comparable for Et-2Ta2Cu
and Ac-2Ta2Cu, and close to the experimental values determined by ICP
(Table VI.2). Therefore, Ta appears to be dispersed homogeneously
throughout both catalysts similarly in the bulk and at the surface. On the
contrary, Si/Cu ratios for both catalysts are markedly higher than the bulk
values obtained by ICP, consistent with the formation of aggregated forms of
copper (i.e. Cu nanoparticles, that are not necessarily on the particles
surface). STEM-EDS (Figure VI.5c and d) indeed confirms the formation of
aggregated copper in both catalysts, although more marked for Ac-2Ta2Cu.
XRD also confirms the presence of those aggregates of copper nanoparticles
(Figure VI.6). The lower Si/Cu ratio for Et-2Ta2Cu is a sign that Cu is more
abundant on the surface of the catalyst made via the ether route. The relatively
higher Si/Cu ratio for Ac-2Ta2Cu may be related to the interaction between
the Cu precursor (copper acetylacetonate) and the Pluronic F127 that would
concentrate Cu in the bulk of Ac-2Ta2Cu. Importantly, Figure V1.2 shows that
the Ta 4f7;2 peak is slightly but significantly shifted from the position expected
for Ta2Os (26.9eV), by +0.2eV for Et-2Ta2Cu and +0.5eV for
Ac-2Ta2Cu.??22° This shift to higher binding energies indicates that Ta is not
strictly in a Ta20s environment (Ta oxide crystals or amorphous polymeric or
oligomeric surface species), and instead forms TaOx species inserted into the
silica matrix. Indeed, Si is more electronegative than Ta, resulting in lower
electron density and thus higher electrons binding energies for Ta atoms
forming multiple Ta—O-Si bonds instead of Ta—O-Ta bond. Interestingly, the
shift is slightly more marked (by ~0.2 eV) in Ac-2Ta2Cu, which might indicate
that Ta has a higher degree of dispersion and insertion in the silica matrix, as
compared to Et-2Ta2Cu.

Table VI.2: Atomic ratios and acidic properties comparing ether and acetamide
elimination route.

Bulk Bulk S b A b Total acidity Lewis acidity
Sample gy . gyg,e S/Ta’ SilCu (mmol g')° (umol g')°
Et2Ta2Cu 116 38 174 84 0.153 63.8
Ac-2Ta2Cu 139 23 191 115 0.122 42.0

a Measured by ICP ; ® Measured by XPS, theoretical Si/Ta=151, theoretical Si/Cu=53; °
Measured by NHs-TPD ; ¢ measured by FTIR spectroscopy coupled with pyridine adsorption,
after degassing at 150 °C

FTIR analyses on the two catalysts (Figure VI.1b) gave very similar
spectra, with the main absorption bands typically originating from the
amorphous silica matrix.2°6-2'° The band at 750-850 cm™' is attributed to the
symmetric vibration of Si-O-Si bonds whereas the most intense absorption
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band at 1050-1065 cm~" is ascribed to the antisymmetric stretching vibration
of Si—-O-Si. Importantly, the distinct band at 950 cm~ can be attributed to the
Si—O-Ta stretching mode (even though a contribution of Si—-OH vibration is
possible too), since this band is not present in the pristine SiO2
spectrum.211212.230 |t gyggests that tantalum was effectively incorporated into
the silica in both catalysts.

Ta,O4
N

Ac-2Ta2Cu

N
Ta 4£5)2 / 5
N =
£
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©
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Figure VI.2: High resolution XPS spectra of the Ta 4f doublet observed on
Ac-2Ta2Cu and Et-2Ta2Cu. The dotted line corresponds to the expected position of
Ta 4f7/2 in bulk Taz0s.

DRUV spectra depicted in Figure V1.3 provide further information on the
chemical environment around the Ta atoms. A clear shoulder around
30,000 cm™ is present for Et-2Ta2Cu but not for Ac-2Ta2Cu. Since the main
intensity band around 40,000 cm™' is attributed to Ta inserted in the silica
matrix and the shoulder at 30,000 cm™ is due to Ta in a higher coordination
state, 239231 we can state that some form of condensed Ta oxide is present in
Et-2Ta2Cu, but not in Ac-2Ta2Cu. This result corroborates the XPS results
showing a higher degree of dispersion/insertion in the catalyst made via the
acetamide elimination route.
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Figure VI.3: DRUV Spectra of Et-2Ta2Cu (top green curve) and Ac-2Ta2Cu (bottom
blue curve).

FTIR measurements after CO adsorption can be used to corroborate
NHs-TPD and DRUYV results (Figure VI1.4). The band at 2156 cm™ is attributed
to CO adsorbed on silanol groups and that at 2138 cm™ to physisorbed CO
and both signals are of similar sizes for Ac- and Et-made catalysts. On Et-
2Ta2Cu, CO adsorption leads to n(CO) vibration bands at 2200, 2191 and
2169 cm™, while the corresponding bands were virtually absent or found with
a much lower intensity on Ac-2Ta2Cu. These bands were previously attributed
to the coordination of CO on unsaturated transition metal oxide sites’® (i.e.
not Ta20s or mere TaOx polymeric species), with different possible
configurations inside the silica matrix, resulting in the formation of different
types of acid sites.?*? Thus, the high-temperature shoulder in the NHs-TPD
peak (Figure VI.1¢) and the 30000 cm™ signal in DRUV spectra (Figure V1.3)
of Et-2Ta2Cu can be related to the presence of those unsaturated Ta surface
sites. Furthermore, the band at 2112 cm™ is assigned to the adsorption of CO
on Cu?*.23 Interestingly, its intensity is much higher for Ac, indicating again a
higher amount of Cu?* centers accessible to CO on this catalyst. This can be
interpreted as a higher dispersion of Cu on Ac-2Ta2Cu, further confirming
STEM-EDS results (Figure VI.5d).
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Figure VI.4: FTIR Spectra after CO adsorption at 77 K of Ac-2Ta2Cu (top blue curve)
and Et-2Ta2Cu (bottom green curve).

STEM-EDS analysis shown in Figure VI.5 indicates an amorphous
disorganised silica arrangement in both synthesis pathways. Et-2Ta2Cu
features an uneven distribution of Cu, with the formation of large Cu
aggregates appearing in the form of lighter spots of tens of nanometers,
confirmed by the elemental mapping (Figure VI.5c). While Ta is present
throughout the sample, some Ta accumulation is detected close to the Cu
aggregates (Figure VI.5a). These Ta-rich zones are tentatively related to the
condensed Ta oxide species suspected from DRUV results. On the contrary,
Ac-2Ta2Cu images (Figure VI.5b and d) point towards a high dispersion of
both Ta and Cu sites, with Ta (green) and Cu (red) scattered evenly
throughout the sample. This is consistent with the apparent better degree of
Ta insertion found for Ac-2Ta2Cu and the higher Cu dispersion shown by CO-
FTIR. Interestingly, elemental mapping also suggests a higher proximity
between the two active elements in this catalyst: where Ta is present, Cu is
present in the immediate vicinity (Figure V1.5). On the contrary, in Et-2Ta2Cu
one can detect zones where Ta is present, but Cu is not.

The total acidity, as measured by NHs-TPD, is higher for Et-2Ta2Cu
compared to Ac-2Ta2Cu (Table VI.2), which is consistent with the larger
amounts of unsaturated Ta sites detected by CO. Additionally, since the ether
route has yielded a material with lower SSA, the difference in the surface
concentration of acid sites is even more pronounced, with 0.239 umol.m= for
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Et versus 0.127 ymol m=2 for Ac. Ammonia desorption profiles (Figure VI.1c)
also allow comparing the strength of these acid sites. For both catalysts, the
main desorption peak sits at ~240 °C. However, Et-2Ta2Cu features a tail of
NHs desorption at higher temperature (Figure VI.1c), indicating the presence
of stronger acid sites in this catalyst, as compared to Ac-2Ta2Cu. FTIR
coupled with pyridine and CO adsorption provides further description of the
type of acid sites (Figure VI.1d and Figure V1.4). No FTIR band characteristic
of pyridine adsorbed on Bronsted sites was identified. On the other hand,
Lewis acidity is clearly detected and Et-2Ta2Cu was found to be significantly
more Lewis acidic than Ac-2Ta2Cu (64 ymol g~' vs. 42 umol g~' of Lewis acid
sites respectively). Finally, CO-FTIR suggests that the stronger Lewis acidity
evidenced by NHs-TPD is mostly due to the two types of Ta coordinatively
unsaturated sites characterized by the v(CO) bands at 2191 and 2200 cm™”
(Figure V1.4) as such high wavenumbers are indicative of a relatively high
polarizing power of the corresponding sites.

On the Cu dispersion, XRD patterns highlighted the presence of the
CuO phase, with diffraction peaks at 20=35.5° and 38.6° for both samples
(Figure V1.6). Applying the Scherrer equation on the peak at 26 = 38.6 ° (111)
the size of CuO crystallite was estimated at 18 nm for Et-2Ta2Cu, compared
to 15 nm for Ac-2Ta2Cu, confirming higher CuO sizes observed in STEM-EDS
for Et.

Overall, this characterization survey converges to affirm that Cu active
site dispersion is lower in the catalyst prepared by the ether route. In Et-
2Ta2Cu, part of the Ta is inserted in the silica network but another part forms
independent Ta oxide species. Knowing that Ta20s tends to be more acidic
than silica-dispersed TaOx species,?3* we tentatively associate the presence
of condensed Ta oxide species with the formation of higher and stronger
Lewis acid sites (v(CO) bands at 2191 and 2200 cm™). In this catalyst, Cu also
forms relatively large crystallites, and accumulates in large aggregates. On
the other hand, the catalyst formed by the acetamide elimination route (Ac-
2Ta2Cu) features evenly dispersed Ta sites, which appear to be well
dispersed and inserted in the silica matrix. This catalyst exhibits mild Lewis
acid sites (v(CO) band at 2169 cm™). Moreover, Cu is highly dispersed,
forming small crystallites and no large aggregates. From this characterization
study, it also emerges that the mixing and proximity between redox (Cu) and
acid (TaOx) sites is higher in Ac-2Ta2Cu.
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Figure VI.5: STEM-EDS with elemental mapping of (a) Ta atoms for Et-2Ta2Cu, (b)
Ta atoms for Ac-2Ta2Cu, (c) Cu atoms for Et-2Ta2Cu and (d) Cu atoms for

Ac-2Ta2Cu.
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Figure VI.6: Diffractograms of Et-2Ta2Cu (top green curve) and Ac-2Ta2Cu (bottom
blue curve).
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Catalytic performance relative to the ethanol-to-butadiene reaction is
summarized in Table VI.3. For Et-2Ta2Cu, the overall ethanol conversion
reached 84 %, while Ac-2Ta2Cu Et 2Ta2Cu only 58 % conversion. Marked
differences are noted in terms of selectivity, and overall BD yield. Clearly,
Et-2Ta2Cu produces relatively modest amounts of acetaldehyde, but yields a
lot of dehydration products (ethylene and diethylether). This appears
consistent with the fact that this catalyst made via the ether route features
relatively large Cu nanoparticles (lower dehydrogenation activity) and displays
higher amount, density, and strength of Lewis acid sites (leading to intense
dehydration activity). While Lewis acidic sites are needed to complete the
reaction path that leads to BD, an excessive Lewis acidity coupled with lower
active sites proximity appears to favour the direct dehydration of ethanol,
leading to by-products which do not enter the targeted cascade of reaction.
As a result, the BD vyield is mediocre (12%).

On the contrary, Ac-2Ta2Cu shows a higher dehydrogenation activity
and no production of by-products. As a result, even though the ethanol
conversion is lower for Ac-2Ta2Cu, a high BD vyield is obtained (29%). This
can be correlated with the smaller Cu nanoparticles (which are then more
active) and the moderate Lewis acidity (which avoid excessive dehydration
activity). It is also possible that the higher proximity between both types of
active sites favours a more rapid substrate channelling of reaction
intermediates (in particular acetaldehyde) from the redox sites to the acid sites
that are responsible for the completion of the ETB reaction, at the expense of
side reactions.

In the light of the characterization studies presented above, the higher
BD performance obtained with the catalyst prepared via the acetamide
elimination route can be correlated with the higher degree of insertion of Ta
sites in the silica matrix, forming Lewis acid sites of moderate strength, and to
the formation of relatively small and highly dispersed Cu nanoparticles.

Table VI.3: Comparison of ether route and acetamide elimination route catalytic
performance in the ETB reaction at 325 °C, WHSV=1.10 h—1 and TOS=3 hours.

Ethanol Butadiene = Acetaldehyde Ethylene Others?
Catalyst conversion (%) (%) (%) (%)
(%) Yield Sel Yield Sel Yield Sel Yield Sel
Et-2Ta2Cu 83.5 48 120 145 36.0 301 407 74 8.8
Ac-2Ta2Cu 58.2 29.2 502 263 453 1% <1% <1% <1%

@ Other butenes, diethylether and propylene.
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6.3.2 Improving the formulation of catalysts synthesized via the acetamide
elimination route

With the successful acetamide elimination protocol in hand, we
attempted to further optimize the formulation by adjusting the relative loading
of Cu and Ta, in a search for higher catalytic performance. A total of 7
additional catalysts are studied. One series studies the influence of the Cu
loading by fixing the Ta amount to 2 wt.%. The other series inspects the
influence of Ta loading by fixing the Cu amount to 4 wt.% and varying the Ta
loading from 1 to 4 wt.%.

The influence of the Cu loading on textural properties (Figure VI.7a and
Table VI.4) is negligible. From 2 to 5 wt.% of Cu, catalysts remain mesoporous
with SSA above 820 m? g~', mesopore volumes higher than 0.50 cm® g' and
average mesopore diameters around 4 nm. Pore size distribution (BJH on the
adsorption isotherm) remains centered around 12 nm. Similarly, increasing
the Ta loading from 1 to 4 wt.% does not influence the catalysts texture: SSA
that stays in the 820-930 m? g' range with mesopore volumes around
0.60 cm® g~ and average mesopore diameters of ca. 4 nm (Figure VI.7b).
Pore size distribution curves are virtually unaffected.
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Figure VI.7: (a) N2-physisorption isotherms and BJH adsorption curves of Ac-2Ta2Cu
(blue triangle), Ac-2Ta3Cu (grey circle), Ac-2Ta4Cu (green cross), Ac-2Ta5Cu (red
square) ; (b) No-physisorption isotherms and BJH adsorption curves of Ac-1Ta4Cu

(black triangle), Ac-2Ta4Cu (green cross), Ac-3Ta4Cu (yellow diamond), Ac-4Ta4Cu

(purple square). Adsorption isotherms are plotted as solid lines, desorption isotherms

are plotted as dotted lines.
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Table VI.4: Influence of Cu loading and Ta loading on textural properties
(N2-physisorption).

Sample Seer (M2 g™")  Vimeso (€M*g™")?  Dimeso (NM)°

Ac-2Ta2Cu 960 0.53 5.9
Ac-2Ta3Cu 940 0.63 3.6
Ac-2Ta4Cu 900 0.60 3.6
Ac-2Ta5Cu 820 0.50 3.5
Ac-1Ta4Cu 930 0.60 3.6
Ac-2Ta4Cu 900 0.60 3.6
Ac-3Ta4Cu 820 0.54 3.5
Ac-4Ta4Cu 830 0.58 4.2

2 calculated as ((total pore volume) — (micropore volume)) ; ® calculated as 4Vmeso/Ameso

All Si/Ta ratios obtained by XPS for samples with varying Cu loadings
(Ac-2TaXCu) are similar and hedges towards the fact that Ta dispersion and
repartition between the surface and the bulk of the material is unaffected by
the presence of copper (Table VI.5). Naturally, as the Ta loading increases,
the corresponding Si/Ta ratio decreases. Si/Cu ratios logically decrease as
the Cu loading rises. Interestingly, when varying the Ta content, the Si/Cu
tends to stay in the same range. Overall, XPS data demonstrate no major
influence of one element on the spatial distribution of the other.

Table VI.5: XPS ratios Si/Ta and Si/Cu for acetamide catalysts and CuO crystallite
sizes with various Ta and Cu loadings.

Sample Si/Ta® Si/Cu® CuO Crystallite size (nm)
Cu screening

Ac-2Ta2Cu 191 123 15
Ac-2Ta3Cu 212 61 15
Ac-2Ta4Cu 231 81 15
Ac-2Ta5Cu 189 42 17
Ta screening
Ac-1Ta4Cu 496 103 15
Ac-2Ta4Cu 231 122 15
Ac-3Ta4Cu 165 95 18
Ac-4Ta4Cu 119 84 18

2 Calculated by XPS

In FTIR, no influence of Cu on the absorbance band at 950 cm™,
corresponding to Si—O-Ta bonds, is noted (Figure VI.8a). This corroborates
XPS results and the fact that Cu does not influence the insertion or dispersion
of Ta atoms in the silica matrix. Furthermore, the intensity of the band clearly
increases with the Ta loading (Figure VI1.8b).
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Figure VI.8: FTIR spectra of (a) Ac-2Ta2Cu (blue), Ac-2Ta3Cu (grey), Ac-2Ta4Cu
(green), Ac-2Ta5Cu (red) ; (b) Ac-1Ta4Cu (black), Ac-2Ta4Cu (green), Ac-3Ta4Cu
(yellow), Ac-4Ta4Cu (purple).

CuO crystallites are detected in XRD in the form of small and relatively
broad peaks at 20=35.5° and 38.6° (Figure VI.9). Although differences in
diffractions intensity can be noted, the width at half-height remains in the same
range. Subsequently, even when increasing the Cu loading from 2 wt.% up to
5 wt.%, the CuO crystallite size estimated via the Scherrer equation (on the
(111) diffraction peak at 38.5°) stay between 15 and 17 nm (Table VI.5).
Finally, an increment in Ta loading appears to cause a decline in diffractions
intensity but crystallite sizes are not significantly altered.
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Figure VI.9: Diffractograms of catalysts with various Ta and Cu loadings.
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Varying the Cu amount in the catalyst reveals an optimum in BD yield
for Ac-2Ta4Cu (Table VI.6). Considering lower Cu loadings (2 and 3 wt.%),
the ethanol conversion is lower, penalizing the overall BD yield. On the other
side, Ac-2Ta5Cu has a high ethanol conversion but lower BD selectivity in
favour of a higher acetaldehyde selectivity of 53 %. This demonstrates a
relative default in acidic sites required to convert the acetaldehyde to BD
(through cascading condensation, dehydration, and hydrogen transfer
reactions). Thus, we considered increasing the Ta loading (Table V1.6, bottom
part), and this led to a marked improvement in BD selectivity. Clearly, the
decrease in acetaldehyde selectivity goes hand in hand with a boost in BD
production, further confirming the importance of Ta in catalysing the
acetaldehyde condensation step and the rest of the ETB reaction mechanism.
In the end, a BD yield as high as 60% was achieved (ethanol conversion of
82 % and BD selectivity of 74%) with the Ac-4Ta4Cu catalyst (Table VI.6).
This corresponds to a BD production yield of 0.39 gep geat' h™' at
WHSV=1.1 h=' which is higher than the productivity (0.25 gsp geat ' h™")
reported for similar formulations prepared by coprecipitation or wet-kneading
and tested at the same temperature and with the same space velocity.'%7:139
Concomitantly, other by-products were kept below 10 % of yield. This
illustrates the importance of correctly balancing the redox and acidic active
sites in bifunctional catalysts, for they have work in a coordinated way to
favour the correct reaction pathway and achieve high BD yield.

In terms of stability, Figure VI1.10 represents the evolution of ethanol
conversion and products selectivity for Ac-4Ta4Cu during the 3 hours of the
catalytic run. First, the ethanol conversion steadily decreases from 93 % to
68 %. The same trend, although less pronounced, is observed for butadiene
selectivity, with a slight decrease from 74 % to 65 %. Concomitantly, the
acetaldehyde selectivity increases from 15 % to 28 %. Such trends can
potentially be explained by the coke formation on the catalysts surface, more
specifically on the active sites responsible for the aldol condensation. Coking
thus prevents the condensation of acetaldehyde, progressively reducing the
amount of produced butadiene and explaining the accumulation of
acetaldehyde at the outlet of the reactor. Furthermore, the decrease in
butadiene selectivity (ca. 10 %) corresponds to the increase in acetaldehyde
selectivity (ca. 13 %), indicating that butadiene is formed directly from
acetaldehyde and that none of the intermediate steps in the Toussaint-Kagan
mechanism is limiting.
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Table VI1.6: Influence of Ta and Cu loadings on the catalytic performance in the ETB
reaction at 325 °C, WHSV=1.10 h~' and TOS=3 hours.

Catalyst Ethanol Butadiene Acetaldehyde Ethylene Others
conversion (%) (%) (%) (%)
(%) Yield Sel  Yield Sel  Yield Sel Yield Sel
Cu screening
Ac-2Ta2Cu 58.2 292 502 26.3 453 <1% <1% <1% <1%
Ac-2Ta3Cu 57.2 29.8 521 245 42.8 <1% <1% <1% <1%
Ac-2Ta4Cu 734 36.5 497 316 43.1 <1% <1% <1% <1%
Ac-2Ta5Cu 75.3 314 417 402 53.4 <1% <1% <1% <1%
Ta screening
Ac-1Ta4Cu 67.0 26.2 391 312 46.5 1.4 21 82 123
Ac-2Ta4Cu 734 36.5 497 316 43.1 <1% <1% <1% <1%
Ac-3Ta4Cu 77.6 549 707 155 20.0 3.0 3.9 42 5.5
Ac-4Ta4Cu 81.8 60.1 735 134 16.4 1.0 1.3 7.2 8.8
100%
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Figure VI.10: Stability of Ac-4Ta4Cu in the ETB reaction ; Reactions conditions:
T=325 °C, WHSV=1.1h"".
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6.4 Conclusion

NHSG synthesis routes such as the ether route and the acetamide
elimination route were proven effective to obtain — in a one-pot fashion —
mesoporous bifunctional Cu-Ta-SiO2 catalysts featuring Ta species
incorporated in the silica matrix and Cu nanoparticles below 20 nm. However,
the ether route was shown to lead to imperfect Ta insertion and moderate Cu
dispersion. Its relatively higher and stronger Lewis acidity resulted in higher
amount of dehydration products (ethylene), at the expense of acetaldehyde
and ultimately butadiene. The acetamide elimination route appeared better
suited for the ETB reaction, as it leads to appropriate Lewis acidity and Cu
nanoparticles below 15 nm, with an apparent spatial proximity between these
sites. This advantageous configuration led to significantly higher BD selectivity
(up to 74%) and overall productivity, owing to a high dehydrogenation activity
towards acetaldehyde and to a mitigation of direct dehydration of ethanol.

The acetamide elimination route was thus further studied with different
active sites loadings (Cu loading ranging from 2 to 5 wt % and Ta ranging from
1 to 4 wt %). In all cases, the catalyst texture was preserved, and both the
tantalum insertion in the silica matrix and the Cu nanoparticles size were
maintained. Upon optimization, a 4 wt % Ta and 4 wt % Cu was shown to
reach high BD yield combined with low ethylene selectivity, corresponding to
a productivity of 0.39 geb geai ' h™', which compares advantageously with
previously reported activity levels in identical reaction conditions.

The use of non-hydrolytic sol-gel routes allowed us to answer some
questions asked in the objectives. First, the ether route and the acetamide
elimination route yielded Ta sites with different natures and thus, different
acidity and catalytic performance (question (i)). Ether-based catalysts formed
less dispersed, less active TaOx clusters and acetamide-based catalysts
formed more dispersed, more active embedded Ta sites. Same for Cu, as its
dispersion in the form of CuO nanoparticles was favorable in the acetamide
elimination route, increasing the proximity between the two types of active
sites, mitigating unwanted side-products (question (ii)).
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7.1 Abstract

This chapter tackles the development of a hybrid synthesis protocol, in
an attempt to benefit from the respective advantages of the ether route
(texture) and the acetamide elimination route (active site dispersion) to obtain
a bifunctional Ta-Cu catalyst active in the ethanol-to-butadiene reaction. The
one-pot mixing of both synthesis precursors yields catalysts with mesoporous
texture (SSA>680 m?g™' and pore diameters above 15nm) and well
dispersed acid sites; yet, catalytic results are unsatisfactory. This appears
related to the formation of ether-like acidity, described in the last chapter as
not suited for the ETB reaction. Thus, we propose the concept of “delayed
addition”: adding the “acetamide elimination route” reagents 8 hours after the
start of a regular “ether route” synthesis, we obtain catalysts with
advantageous properties. Catalysts are mesoporous with high SSA
(>850 m? g), open texture (average pore diameter above 5 nm), and well
dispersed Ta sites and Cu nanoparticles below 10 nm. Correspondingly,
catalysts reach improved BD yields. By optimizing the Ta loading to reduce
dehydration by-products , the ether/acetamide ratio and the delay between
the precursors additions, we obtained an optimized 2 wt % Ta and 4 wt % Cu
catalyst featuring mesoporous texture (SSA=840m? g'; V,=0.70 cm®g~";
Dp,s.n=8 nm) with adequate acidity, incorporated Ta active sites and dispersed
Cu nanoparticles. The latter achieved a BD productivity of 0.26 gsp gcat h™".

7.2 Introduction

In the previous chapter,'”® we compared two non-hydrolytic sol-gel
synthesis pathways, the ether route and the acetamide elimination route. The
bifunctional catalysts synthesized via the ether route displayed high
mesoporous texture but excessive acidity and low proximity between Ta and
Cu sites that led to poor catalytic activity. However, the acetamide elimination
route also yielded materials with mesoporous texture (through the use of
Pluronic F127 as a templating agent) but with moderate Lewis acidity brought
by inserted Ta atoms, well dispersed CuO nanoparticles. With close proximity
between the two different active sites, catalytic performance of
acetamide-made catalysts outclassed ether-made catalysts.

Here, we combine the two NHSG synthesis routes, the ether and
acetamide elimination routes to provide a synthesis protocol leveraging the
advantages of both synthesis pathways. On the one hand, we are aiming for
a mesoporous catalyst without the need of a templating agent, as obtained
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through the ether route, and on the other hand, we want to obtain active sites
with correct acidity, dispersion and proximity. First, a direct mixing in one-step
of the two synthesis routes will be used.

To improve upon it, the concept of “delayed addition” will be introduced
and leveraged. Already successfully used in NHSG to improve catalytic
performance in ethylene dehydration,'82%3 the “delayed addition” is a two-
step synthesis process. In previous examples, only the active sites precursors
were added to the reaction mixture 8 hours after the polycondensation
between ether-based precursors had started. Here, both the addition of
acetamide-based precursors and active sites precursors will take place after
a first separate polycondensation between ether-based precursors. To go into
more details, we will first mix ether-based precursors with a catalytic amount
of Lewis acid to start the polycondensation. After a definite period of
polycondensation between the ether precursors, acetamide-based precursors
and active sites precursors will be added to the reaction mixture. Doing so, we
hope to form an ether-based highly porous silica framework combined with
acetamide-based active sites that will display higher Ta insertion and
stabilized small CuO nanoparticles with favourable spatial distribution.

7.3 Results and discussion

7.3.1 Direct catalyst synthesis with a mixture of ether route and acetamide
elimination route precursors

The first experiments combine precursors of both ether and acetamide
elimination routes in different ratios. Figure VII.1 shows type IV isotherms with
H3 hysteresis loops for all catalysts. All catalysts are mesoporous, with large
SSA’s above 680 m? g~', mesopore volume superior to 0.82 cm® g~' and an
average mesopore diameter between 5 and 8 nm (Table VII.1). Compared to
a catalyst synthesized exclusively via the ether route (Et-2Ta2Cu, Table VI.1),
the textural properties are very similar (SSA=640 m? g'; Vp=0.91 cm3 g,
Dmeso=6.2 nm for Et-2Ta2Cu) and indicates that the acetamide fraction do not
hinder the mesoporosity of the mixed catalysts. As expected, the pore volume
decreases when the ratio ether/acetamide decreases, as the acetamide
elimination route natively yield microporous catalysts. The BJH adsorption
curves (Figure VII.1) show a similar maximum of pore volume around 15 nm,
further confirming the mesoporous nature of ether-acetamide catalysts,
despite the absence of surfactant.
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XPS ratios of Si/Ta and Si/Cu tend to decrease as the proportion of
acetamide precursors increases (Table VII.1), sign that Ta and Cu atoms are
less dispersed on the surface when the proportion of acetamide elimination
route increases (in line with our observation of the pure “Ac” and “Et” routes
(see Section 6.3.1, Table VI.1)).
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Figure VII.1: No-physisorption isotherms and BJH pore size distribution profiles (inset)
of 60Et4Ac-4Ta4Cu (green ¢), 58Et6Ac-4Ta4Cu (blue x), 56Et8Ac-4Ta4Cu
(orange A).

Table VII.1: Textural properties and XPS ratios for ether-acetamide direct mixing.

Sample (mSZBSZ ) (C¥?§?1 y Dmeso (NM)° SSU iyfl?:ce SSui;'fgsce
60Et4Ac-4Ta4Cu 820 1.32 7.6 90 100
58Et6Ac-4Ta4Cu 710 0.82 57 62 86
56Et8Ac-4Ta4Cu 680 0.84 5.7 59 76

2 calculated as ((total pore volume) — (micropore volume)), ° calculated as 4Vmeso/Ameso © Calculated by XPS

FTIR analyses on the these 3 catalysts (Figure VII.2) gave very similar
spectra, with the main absorption bands typically originating from the
amorphous silica matrix.2°¢-2'° The band at 750-850 cm™ is attributed to the
symmetric vibration of Si-O-Si bonds whereas the most intense absorption
band at 1050-1065 cm~" is ascribed to the antisymmetric stretching vibration
of Si—-O-Si. Importantly, the distinct band at 950 cm~ can be attributed to the
Si—O-Ta stretching mode (even though a contribution of Si—-OH vibration is
possible too), since this band is not present in the pristine SiO2
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spectrum.2'1212.230 |t js a proxy for the good insertion of Ta in silica. Between
the different ether to acetamide ratios, the band remains similar and does not
allow suspecting a different degree of insertion of Ta in the silica matrix as a
function of the precursors proportion.

Absorbance

1500 1300 1100 900 700

Wavenumber (cm™)

Figure VII.2: FTIR spectra of 60Et4Ac-4Ta4Cu (green curve), 58Et6Ac-4Ta4Cu
(blue), 56Et8Ac (orange curve).

Finally, the three catalysts were tested in the ethanol-to-butadiene and
poor performance were observed (Table VII.2). Furthermore, no clear trend is
observed. Whereas 60Et4Ac and 58Et6Ac mainly produce acetaldehyde and
have ethanol conversion around 50 %, 56Et8Ac has ethanol conversion
above 80 % and an ethylene selectivity of 66 %. Such results point to an
unsatisfactory speciation and dispersion of the active sites, already
encountered in the ether-based catalyst Et-2Ta2Cu studied in the previous
chapter. Consequently, we can deduce that the addition of acetamide
precursors was not sufficient to yield acetamide-like Ta sites in close proximity
to dispersed CuO nanoparticles. Additional measurements like FTIR on
adsorbed pyridine, close examinations of the Ta peak in XPS could help justify
the poor catalytic performance. Here, the priority was given to the study of the
delayed addition.
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Table VII.2: Catalytic performance of catalysts prepared by direct mixing of ether and
acetamide elimination routes. Reaction conditions: T°=325 °C, WHSV=1.1 h~".

XEtoH Sep Saa Sev YsD Pep
Sample (%) (%) (%) (%) (%) (gepgea h™)
60Et4Ac-4Ta4Cu 44.6 7.8 87.7 4.4 3.5 0.023
58Et6Ac-4Ta4Cu 58.2 94 78.9 11.7 55 0.036
56Et8Ac-4Ta4Cu 83.9 6.9 27.3 65.8 58 0.039

7.3.2 Delayed addition of the acetamide precursors

Interestingly, when we delay the addition of the acetamide and active
sites precursors by 8 hours (56Et8Ac-4Ta4Cu-D8h), allowing for a first
preliminary polycondensation between the ether precursors, the SSA
increases to 850 m? g~' and the mesopore volume reaches 1.05cm3 g™
without the need for Pluronic F127 as templating agent. Practically, it means
that the delayed addition of the active sites and acetamide precursors
successfully allowed for the separate polycondensation of the ether
precursors to form an advantageous texture.
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Figure VII.3: N2-physisorption isotherms and BJH pore size distribution profiles (inset)
of 56Et8Ac-4Ta4Cu (orange A), 56Et8Ac-4Ta4Cu-D8h (purple m).

133



Cu-Ta catalysts prepared by advanced non-hydrolytic sol-gel: taking the
best out of the ether and acetamide routes

Table VII.3: Textural properties and XPS ratios for the study of the delayed addition
of acetamide and active sites precursors.

SeeT Vmeso Surface  Surface

b
Sample (m2g™") (cmPgy Dmeso (M) “girae gicue
B6EBAC-4Ta4Cu 680 0.84 57 59 76
B6EBAC-4Ta4Cu-D8h 850 1.05 6.7 50 81

2 calculated as ((total pore volume) — (micropore volume)), ° calculated as 4Vmeso/Ameso © Calculated by XPS

Si/Ta ratio obtained by XPS is higher for 56 Et8 Ac-4Ta4Cu compared to
56Et8Ac-4Ta4Cu-D8h, sign that Ta is more present on the catalysts surface
when the ether precursors are allowed to react before the addition of the
acetamide precursors (Table VII.1). This can be explained by the separate
polycondensation of the ether precursors, already preforming the structure of
the silica matrix. After addition of the acetamide precursors with the silica
oligomers, tantalum is less likely to concentrate in the bulk of the material
compared to the surface. However, no significant difference is observed for
the Si/Cu ratios since the calcination process is responsible for the spatial re-
distribution of copper and for the formation of copper nanoparticles. Any
difference in Cu location is probably levelled off by the applied thermal
treatment.

In FTIR, all catalysts feature the characteristic band at 950 cm™" but no
significant difference is observed between the samples (Figure VII.4),
indicating a similar Ta insertion between the delayed catalyst and non-delayed
catalyst.
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Figure VIl.4: FTIR spectra of 56Et8Ac-4Ta4Cu (orange curve) and 56Et8Ac-4Ta4Cu-
D8h (purple curve).

In terms of total acidity, NHs-TPD measurements point out a practically
identical quantity of acid sites between the two samples (ca. 2.4 10-" mmol g~
', Table VII.4). Furthermore, both catalysts display a similar desorption profile
(Figure VI1.5). Both curves display a maximum of desorption around 250 °C,
illustrating the presence of only one type of acid sites of moderate strength.
Interestingly, we showed in the previous chapter the catalysts prepared via
the ether route yielded a shoulder in the NHz-TPD desorption curve (Figure
VI.1c). This feature — which was associated to the presence of poorly
dispersed TaOx oligomers — is still present here, while it was absent in the
thermograms of the catalysts prepared by the acetamide elimination route.
This leads us to believe that the catalysts may not contain enough acetamide
precursors to obtain in sufficient quantity the homogeneous and active Ta
sites that yielded better catalytic performance. Another hypothesis is that even
after 8 hours of separate polycondensation, unreacted ether precursors are
still in large abundance and still react with the Ta precursors and give rise to
sites responsible of that shoulder in the NH3-TPD desorption profiles.
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Figure VII.5: NHs-TPD profiles of 56Et8Ac-4Ta4cu (top orange curve) and
56Et8Ac-4Ta4Cu-D8h (bottom purple curve).

Table VII.4: Acidity measurements by NHs-TPD for catalysts with and without the use
of a delayed synthesis process.

Sample Acid sites (mmol g™')  Acid sites (mmol m2)
56Et8Ac-4Ta4Cu 2.310™" 3310+
56Et8Ac-4Ta4Cu-D8h 2510 2910

Figure VII.6 and Table VII.5 describe the influence of an 8-hour delayed
addition of the acetamide precursors on the catalytic performance. Even
though the overall ethanol conversion decreases from 84 to 71 % for 56Et8Ac-
4Ta4Cu-D8h compared to 56Et8Ac-4Ta4Cu, a substantial increase in BD
selectivity, from 7 to 36 %, is observed. In parallel, a decrease in acetaldehyde
and ethylene selectivity is observed for 56Et8Ac-4Ta4Cu-D8h. These two
catalytic tests hint at the advantage of using a delayed synthesis approach to
control the type of active sites our catalyst possesses. Indeed, the delayed
addition favours the formation of more abundant Ta sites active in the aldol
condensation, as proven by the decrease in acetaldehyde selectivity
combined with the increased BD selectivity, resulting in a 4-fold improvement
in BD productivity. However, this also results in a relatively large selectivity for
the direct (unwanted) dehydration to ethylene. Since acetamide-based
catalysts yielded a EY selectivity below 5 % (Table VI.6), we can argue that
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the acetamide fraction is too small or the Ta loading is too high. On this basis,
we decided to further improve the protocol.
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Figure VII.6: Influence of the delayed addition of acetamide and active sites
precursors on the catalytic performance. Reaction conditions: T°=325 °C,
WHSV=1.1 h™.

Table VII.5: Catalytic performance of catalysts studying the influence of the delayed
addition of acetamide and active sites precursors. Reaction conditions: T°=325 °C,

WHSV=1.1 h".
Sep  Saa Sevy  Ymp Pep
o
Sample XEtoH (/o) (%) (%) (%) (%) (gBD gcatq h,1)
56Et8Ac-4Ta4Cu 83.9 6.9 27.3 65.8 5.8 0.04
56Et8Ac-4Ta4Cu-D8h 70.8 35.8 17.4 46.5 25.3 0.17
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7.3.3  First optimization of the delayed addition protocol

In this section, the synthesis protocol is modified by decreasing the Ta
loading (to decrease the ethylene production) and increasing the delay
between the first polycondensation of the ether precursors and the addition of
the active sites and acetamide precursors. The idea behind these
modifications is to increase the quality of the Ta sites, meaning Lewis acid
sites of moderate acidity formed through the acetamide elimination route.

Figure VII.7 shows type IV isotherms with a H3 hysteresis loop for both
4Ta4Cu-D8h and 2Ta4Cu-D24h. Both catalysts have a SSA of 850 m? g~
(Table VIIL.6). However, the mesopore volume and average mesopore
diameters are higher for 2Ta4Cu-D24h. Interestingly, BJH pore size
distribution profiles (Figure VII.7, inset) depict a similar maximum of pore
volume around 15 nm, consistent with pure ether route samples like
Et-2Ta2Cu described on Figure VI.1a. The higher pore volume at 15 nm
indicates that by giving more time to the first polycondensation between ether
precursors, we managed to increase the overall pore volume of our resulting
material.
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Figure VII.7: No-physisorption data and BJH pore size distribution profiles (inset) of
56Et8Ac-4Ta4Cu-D8h (purple m) and 56Et8Ac-2Ta4Cu-D24h (red A).
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Table VII.6: Textural properties and XPS ratios for the study of the delayed addition

conditions.
SBeT Vimeso v, Surface Surface
Sample (m2g") (@emighe PP giTas  sicu
56Et8Ac-4Ta4Cu-D8h 850 1.05 6.7 50 81
56Et8Ac-2Tad4Cu-D24h 850 1.59 9.7 102 68

2 calculated as ((total pore volume) — (micropore volume)), ° calculated as 4Vmeso/Ameso © Calculated by XPS

Acidity measurements by NHs-TPD highlight the correlation between
the Ta loading and the total acidity of the catalyst, as the quantity of acid sites
decrease from 25107 to 1.110"mmolg™" for 4Ta4Cu-D8h and
2Ta4Cu-D24h respectively. However, the decrease is not exactly proportional
to the Ta loading. A hypothesis is that the Ta precursors had a higher
likelihood of reacting with uncondensed ether precursors on the D8h sample
than on the D24h, resulting in higher “ether” acidity, known to yield more acid
sites than acetamide as seen in the previous chapter (Table VI.2).
Nevertheless, both samples have a maximum of ammonia desorption around
250 °C, sign of acid sites of similar strength. Arguably, we can still observe in
Figure VII.8 the shoulder explained previously in Figure VI.1c, leading us to
believe that it might be interesting to further decrease the ether/acetamide
ratio to even further favour the formation of acid sites resulting from the
reaction between the Ta and the acetamide precursors.

Si/Ta ratios are proportional to the Ta loading (Table VII.6). Indeed, as
the Ta loading decreases by half from 4 wt % to 2 wt %, the Si/Ta surface ratio
increases from 50 to 102. This indicates that the longer delay between the first
ether polycondensation and the addition of the acetamide precursors did not
modify the spatial distribution of Ta. However, Si/Cu ratio decreased when the
delay switched from 8 hours to 24 hours, from 81 to 68. This could highlight a
higher presence of small CuO nanoparticles on the surface of the catalysts,
as the size of these nanoparticles also influences the Si/Cu ratio.
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Figure VI1.8: NH3-TPD profiles of 56Et8Ac-4Ta4Cu-D8h (purple curve) and 56Et8Ac-
2Ta4Cu-D24h (red curve).

Table VII.7: Acidity measurements by NHs-TPD for different delayed synthesis

conditions.
Sample Acid sites (mmol g™')  Acid sites (mmol m2)
56Et8Ac-4Ta4Cu-D8h 2,510 2910
56Et8Ac-2Ta4Cu-D24h 1.1 10" 1.310*

The decrease in Ta loading and the longer time allowed for the first
polycondensation markedly improved the catalytic performance (Figure VIL.7).
Even though the ethanol conversion decreased slightly, an impressive BD
selectivity of 60 % was reached for 56Et8Ac-2Ta4Cu-D24h. Along this, a
notable decrease in ethylene selectivity was observed, sign of a better
balance between the two types of active sites. Consequently, we can state
than letting the polycondensation occur between the ether precursor for the
first 24 hours gave us a catalyst with improved pore volumes and more
adequate acidity resulting in a 47 % increase in BD productivity, reaching
0.25 gBp geat h™' (Table VIL8).
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Figure VII.9: Optimization of delayed addition conditions on catalytic performance.
Reaction conditions: T°=325 °C, WHSV=1.1h"".

Table VI1.8: Catalytic performance of catalysts for the optimization of the delayed
addition procedure. Reaction conditions: T°=325 °C, WHSV=1.1 h~".

Sample Xetor (%)  Sep (%)  Saa (%)  Sev (%)  Yeo (%) Psp?
56Et8Ac-4Ta4Cu-D8h 70.8 35.8 17.4 46.5 25.3 0.17
56Et8Ac-2Ta4Cu-D24h 62.2 60.9 28.6 8.2 379 0.25

3 Pgp is in (gep Geat ' ")
7.3.4  Further improvement of the delayed addition protocol

The final section of this chapter will study the influence of different
ether/acetamide precursors ratios by keeping the Ta and Cu loadings constant
(2wt% Ta and 4wt% Cu), as well as the delay between the ether
polycondensation and the addition of the Ta, Cu and acetamide precursors
(24 hours). Figure VII.10 highlights type IV isotherms for all catalysts.
Following IUPAC classification of hysteresis loops, 48Et16Ac, 40Et24Ac and
32Et32Ac follow a H2 loop, corresponding to ordered mesoporous materials.
For 56Et8Ac, we observe a H3 loop, characterizing aggregates of plate-like
particles giving rise to slit-shaped pores.??* Interestingly, as the acetamide
proportion increases, the SSA and micropore volume stays relatively constant
but the average mesopore size decreases, from 9.7 nm for 56Et8Ac to 4.0 nm
for 32Et32Ac (Table VII.9). 48Et16Ac does not follow this trend and seemed
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to have undergone a sort of pore collapse, leading to a fast decrease in SSA,
pore volume and pore diameters. One hypothesis might be an unusual
calcination process that should be remade to ensure the data in Figure VI1.10
and Table VIL.9. Apart from this exception, the increase in acetamide
abundance decreased the average pore diameter determined by the BJH
profiles (Figure VII.10, inset), from ca. 15 nm for 56Et8Ac to ca. 8 nm for
32Et32Ac. These results make sense since the ether route natively yields
mesoporous materials’6126:185203.214 \whereas the acetamide elimination route
will yield microporous materials in the absence of templating agents.”22%:226

Table VII.9: Textural properties and XPS ratios for "delayed" catalysts with different
ether/acetamide ratios.

Sompe e Ve e D Sulo Suios
(m2g™) (m2g™) (cm*g™) (nm) Si/Ta Si/Cu
56Et8ADc2-‘21;'a4Cu- 850 150 1.59 97 102 68
48Eﬂ6gg:§b40u- 670 200 0.72 6.2 87 63
40Et24§gZiTa4Cu- 750 180 1.04 7.1 108 75
32E82322Eb40u- 840 260 0.60 4.0 103 63

a Calculated via t-plot, ® calculated as ((total pore volume) — (micropore volume)), ¢ calculated as
4V mesol Ameso 9 Calculated by XPS
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Figure VII.10: N2-physisorption isotherms and BJH pore size distribution profiles
(inset) of 56Et8Ac-2Ta4Cu-D24h (red A) , 48Et16Ac-2Ta4Cu-D24h (purple x),

40Et24Ac-2Ta4Cu-D24h (green m), 32Et32Ac-2Ta4Cu-D24h (blue ©).
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NHs-TPD desorption profiles on Figure VII.11 depict a similar
thermogram all catalysts except 32Et32Ac-2Ta4Cu-D24h. The peak for
32Et32Ac-2Ta4Cu-D24h appears sharper and is slightly shifted to a lower
temperature, in accordance with the desorption profile of Ac-2Ta2Cu shown
on Figure VI.1c. Furthermore, the total quantity of acid sites is lower for
32Et32Ac-2Ta4Cu-D24h (Table VII.10). The combination of N2-physisorption
data and NHs-TPD measurements lead us to consider that
32Et32Ac-2Ta4Cu-D24h possesses the texture attributed to a catalyst
obtained by the ether route and the Ta active sites configuration obtained by
using the acetamide elimination route. For the three other samples, a similar
acidity is observed.

Table VI1.10: Acidity measurements by NH3-TPD for “delayed” catalysts with different
ether/acetamide ratios.

Sample Acid sites (mmol g™")  Acid sites (mmol m2)
56Et8Ac-2Ta4Cu-D24h 1.1 10" 1.310*
48Et16Ac-2Ta4Cu-D24h 9.6 102 1410
40Et24Ac-2Ta4Cu-D24h 6.51072 9.310°°
32Et32Ac-2Ta4Cu-D24h 5.0 102 57105
S56Et8Ac

40Et24Ac
48Et16Ac

Ammonia Molecular Flow (a.u.)

M
32Et32Ac

150 200 250 300 350 400
Temperature (°C)

Figure VII.11: NH3-TPD of “delayed” catalysts with different ether/acetamide ratios.
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FTIR spectra on Figure VII1.12 features the distinct band at 950 cm™
originating from Si—-O—Ta bonds for all catalysts, although less marked for
56Et8Ac. The origin of this diminished signal is unknown as all catalysts
contain the same amount of Ta and should therefore form these typical bonds.
Furthermore, we showed on Figure VI.1b that the nature of the synthesis
routes did not influence the intensity of the IR band at 950 cm~'. Apart from
56Et8Ac, all studied catalysts have this distinct shoulder, sign of a good
interaction and incorporation of Ta in the silica matrix.

Absorbance

1500 1300 1100 900 700
Wavenumber (cm™)

Figure VII.12: FTIR spectra of 56Et8Ac-2Ta4Cu-D24h (red), 48Et16Ac-2Ta4Cu-D24h
(purple), 40Et24Ac-2Ta4Cu-D24h (green) and 32Et32Ac-2Ta4Cu-D24h (blue).

In terms of catalytic performance, all catalysts except 40Et24Ac have
similar ethanol conversion, close acetaldehyde selectivity and low ethylene
selectivity (Figure VI1.13). However, a slightly higher BD selectivity of 67 % is
observed for 32Et32Ac; attributed again to a higher tendency of converting
acetaldehyde to perform the second half of the reaction cascade.
Consequently, a satisfactory BD productivity of 0.26 geb geat h™' is achieved at
325 °C and WHSV=1.1 h~' (Table VII.11). The 40Et24Ac sample has higher
ethylene selectivity than the other materials, with 33 % instead of less than
10 % (Table VII.11). This modest catalytic performance does not fit the
narrative told by N2-physisorption, NHs-TPD and FTIR, hinting at a great
texture, well dispersed Ta and a suitable acidity for the ETB reaction.
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Figure VII.13: Catalytic performance of “delayed” catalysts with different
ether/acetamide ratios. Reaction conditions: T°=325 °C, WHSV=1.1 h™", time-on-
stream=4 hours.

Table VII.11: Catalytic performance and BD productivity of “delayed” catalysts with
different ether/acetamide ratios. Reaction conditions: T°=325 °C, WHSV=1.1 h™,
time-on-stream=4 hours.

Sample Xetor (%)  Sep (%) Saa (%) Sev (%) Yso (%) Psp?
56Et8Ac-2Ta4Cu-D24h 62.2 60.9 28.6 8.2 37.9 0.25
48Et16Ac-2Ta4Cu-D24h 59.6 57.7 35.6 3.9 34.4 0.23
40Et20Ac-2Ta4Cu-D24h 53.4 32.6 33.4 33.3 17.4 0.12
32Et32Ac-2Ta4Cu-D24h 59.8 66.5 23.4 8.0 39.7 0.26

3 Pgp is in (gep geai ' ™)

The stability of the four best catalysts in this chapter is depicted for the
first 4 hours of the catalytic run on Figure VII.14. Overall, the same trend as
all other catalysts tested in this work is observed. A steady decrease in ethanol
conversion and BD selectivity combined with an increase in acetaldehyde
selectivity is featured in all catalysts. However, the decrease in BD selectivity
is less pronounced for 32Et32Ac, with a 38 % relative decrease, potentially
indicating a more stable and coke resistant catalyst. In the future, the optimal
reaction conditions found in section 5.3.4 could be applied to these catalysts
to increase overall performance and stability of the NHSG-made “delayed”
catalysts.
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Figure VII.14: Evolution of ethanol conversion and main products selectivities over
time at different ether/acetamide ratios. Reaction conditions: T°=325 °C,
WHSV=1.1 h™".

7.4 Conclusion

The last chapter of this PhD thesis built upon previous results
comparing distinct NHSG synthesis routes, the ether route and the acetamide
elimination route, by developing a synthesis protocol that merged both families
of molecular precursors. For this, a first direct one-step mixing of different
ether/acetamide precursors ratio was studied and deemed poorly effective in
the ethanol-to-butadiene reaction. A distinct synthesis procedure was then
developed to first trigger a separate polycondensation between the precursors
from the ether route for a defined amount of time before adding the active sites
and the acetamide elimination route precursors. This “delayed addition”
procedure allowed for an improved texture and catalytic performance
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compared to the direct mixing. After an optimization of the “delayed addition”
protocol, our best catalyst with an equimolar amount of ether and acetamide
precursors, 2 wt % of Ta and 4 wt % of Cu, and after delaying the addition of
Ta, Cu and acetamide precursors for 24 hours achieved a BD productivity of
0.26 gBp geat h7".

Looping back to the research questions debated in the objectives, the
delayed addition procedure allowed for a control on the Ta speciation and a
successful insertion in the silica matrix (question (i)). By using such synthesis
protocol, the quantity of Ta was able to be decreased by a factor 2 while
keeping correct catalytic performance with low selectivity in dehydration by-
products, hinting at a great dispersion of Ta sites and Cu nanoparticles
(question (ii)).
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CHAPTER 8: GENERAL
CONCLUSION AND
PERSPECTIVES

8.1 General conclusion

In this PhD thesis, we displayed the need for an alternative sustainable
catalytic production pathway of 1,3-butadiene from bioethanol, mitigating our
dependence towards the heavily polluting and energy-consuming steam
cracking of naphtha, responsible for more than 95 % of current 1,3-butadiene

supply.

In this goal, we aimed at developing a new synthesis method to
synthesize in an easy, elegant and straight-forward approach a catalyst active
in the ethanol-to-butadiene reaction. Through a review of recent and key
literature, we managed to extract limitations of currently used catalysts
synthesis protocols: most of them either rely on long, intricate and multi-step
processes that sometimes require the use of toxic compounds. To respond to
those limitations, we investigated sol-gel chemistry, and more specifically the
aerosol-assisted sol-gel and the non-hydrolytic sol-gel, to develop innovative
synthesis protocols to synthesize in a limited number of steps a bifunctional
catalyst active in the ethanol-to-butadiene reaction. The challenges were to
avoid mass transfer limitations by synthesizing mesoporous materials,
correctly incorporate the first metal in the silica matrix to bring moderate Lewis
acidity, allow for the formation of metal nanoparticles close to the other type
of active site to maximize our chances to a productive catalyst.

The first chapter tackled the use of the aerosol-assisted sol-gel to
synthesize highly homogeneous bifunctional Ag-Ta catalysts with a
mesoporous texture, highly inserted Ta species and well dispersed Ag
nanoparticles. These properties allowed for the direct production of
1,3-butadiene from pure ethanol. Even after modifying the Ta and Ag loadings
to improve catalytic performance, the bifunctional kept its advantageous
properties. However, a limited BD productivity of 0.085 gep geat h™' was
achieved.

149



GENERAL CONCLUSION AND PERSPECTIVES

Building upon these take-aways, the second chapter studied the use of
Cu instead of Ag as a redox agent in the aerosol-assisted sol-gel. Here, the
diffusion limitations were assessed and no mass transfer problems were
observed, showing the benefits of using mesoporous materials. The
optimization of the Ta and Cu loadings allowed for a correct balance between
acid and redox sites by keeping a mesoporous texture, highly dispersed Ta
and Cu species even at higher nominal loadings, resulting in a superior
catalyst with a BD productivity of 0.28 gsp geat™' h™". After investigation of the
catalytic reaction parameters such as reaction temperatures, pre-reduction
temperature and the co-feeding of gases, we were able to conduct a catalytic
test in which we co-fed oxygen at a low concentration and a remarkable
1,3-butadiene productivity of 0.38 gsp gecat™' h™' was achieved with a catalyst
containing 4 wt % Ta and 4 wt % of Cu.

For the third chapter, two different non-hydrolytic sol-gel synthesis
routes, the ether route and the acetamide elimination route, were used to
effectively obtain Cu-Ta catalysts with incorporated Ta atoms in the silica
matrix and small Cu nanoparticles below 20 nm. Comparing both routes, it
appeared that the acetamide elimination route yielded a catalyst with
appropriate Lewis acidity and smaller Cu nanoparticles of ca. 15 nm, resulting
in better catalytic performance. In the second part, the Ta and Cu loadings
were optimized in the acetamide elimination route to improve catalytic results.
By doing so, the mesoporous texture was preserved, the Ta sites kept their
adequate Lewis acidity and Cu nanoparticles remained small. In the end, a
catalyst containing 4 wt % Ta and 4 wt % of Cu reached a 1,3-butadiene
productivity of 0.38 gep geat ' h™'. Interestingly, that value is identical to the
best productivity found in our best aerosol-made catalyst.

The final chapter tackled the development of an innovative synthesis
protocol that combined the fundamentals of the ether route and the acetamide
elimination route. First, precursors from both routes were mixed directly in
precise proportions but the obtained catalysts produced minuscule amounts
of 1,3-butadiene. Another approach of “delayed addition” was then developed
where we first triggered a polycondensation of the ether precursors separately
for 8 hours before adding acetamide, Ta and Cu precursors to the reaction
mixture. Doing so, the catalyst was mesoporous, with well dispersed Ta sites
resulting in a 1,3-butadiene productivity of 0.17 gsp geat' h™'. Further
improvement of the “delayed addition” synthesis protocol allowed us to
develop our best catalyst with an equimolar amount of ether and acetamide
precursors, 2 wt % of Ta and 4 wt % of Cu, and after delaying the addition of
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Ta, Cu and acetamide precursors for 24 hours achieved a BD productivity of
0.26 08D Jcat h-".

To finalize this study, Table C.1 summarizes the best catalysts obtained
in each chapter in similar reaction conditions. Interestingly, the best catalyst
in terms of ethanol conversion, 1,3-butadiene selectivity and thus
1,3-butadiene productivity is the non-hydrolytic sol-gel-made Ac-4Ta4Cu, with
0.39 gBp geat™' h™' of productivity.

Table C.1: Comparison of our best catalysts studied in each chapter. Reaction
conditions: T°=325 °C, WHSV=1.1 h-'. AASG=aerosol-made, NH=non-hydrolytic sol-

gel-made.

Sample TOS (h)  Xeow (%) Seo (%)  Yeo (%) Peo

(gBD Jeat h )
AASG-2Ta5Ag 3 68.6 12.3 85 0.055
AASG-4Ta4Cu 3 81.7 53.3 44.1 0.28
AASG-4Ta4Cu (Co-Feed O) 4 91.3 64.0 58.4 0.38
NH-Ac-4Ta4Cu 4 81.8 73.5 60.1 0.39
NH-32Et32Ac-2TadCu-D24h 4 59.8 66.5 39.7 0.26

Out of these catalytic results, trends have been researched to
potentially find a link between great BD performance and certain properties.
Since different Ta loadings were used throughout Table C.1 and Ta is known
to catalyse the rate limiting step of the acetaldehyde condensation to
acetaldol, the BD productivity was normalized per wt % of Ta in Table C.2.
Figure C.1a puts into evidence the advantages of a porous material, with the
normalized BD productivity (Psp*) being correlated with the SSA. Even more
s0, the Pep* increases as the mesoporous volume of the catalyst rises (Figure
C.1b). Here, the catalyst synthesized by delayed addition in non-hydrolytic sol-
gel markedly outperforms the bifunctional catalyst obtained via the simple
acetamide elimination route since both have similar textural properties but the
first one contains half the amount of Ta. This result points towards a higher
accessibility of Ta active sites in the delayed synthesis protocol.

Table C.2: Relationship between normalized BD productivity and textural properties
of our best catalysts.

SgeT Vmeso Dmeso Pao Pao® _1
Sample m'gh)  emig) (m) @ Wtﬁiﬁjﬁf‘m
AASG-2Ta5Ag 300 0.33 8.9 0.055 0.028
AASG-4Ta4Cu 520 0.37 6.9 0.28 0.070
NH-Ac-4Ta4Cu 830 0.58 4.2 0.39 0.098
NH-32Et32Ac-2Ta4Cu-D24h 840 0.59 4.0 0.26 0.13
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Figure C.1: Influence of the specific surface area (a) and the mesoporous volume (b)
on the normalized BD productivity of the best catalysts. Blue histograms represent
the specific surface area and red dots represent the BD productivity.

Besides the textural properties, the repartition of the different active
sites between the surface of the catalyst and the bulk plays a significant part
in the BD productivity (Table C.3 and Figure C.2). It is noted that since ICP
proved that experimental values were close to nominal values for both aerosol
and non-hydrolytic sol-gel, we assume the experimental ratios to be close to
the nominal ones. Interestingly, when a higher Si/Ta XPS/Theo (Table C.3) is
observed, BD productivity is systematically higher (Figure C.2a). As this ratio
is higher, the absolute amount of Ta on the surface is lower than the overall
composition, so this trend is counter intuitive. However, we can surmise that
as the relative amount of neighbour Ta is smaller, the chance of forming
isolated Ta sites is increased. Since such isolated Ta sites are the active sites
in the rate-determining step of the BD formation (aldol condensation), it can
be put forward that a high BD productivity is not only dependent from Ta
present on the catalysts surface but also on the Ta configuration in these
surface sites (linked to dispersion).

Even though the same trend is observed for Cu (Table C.3), the
explanation is different since small dispersed CuO nanoparticles on the
catalysts surface will result in a lower Si/Cu ratio compared to larger less
dispersed CuO nanoparticles. Thus, we apparently observe here a better BD
productivity with less dispersed CuO nanoparticles (Figure C.2b). But we must
remember that the catalytic step catalysed by the CuO nanoparticles is not
the rate limiting step and other characterisation methods have already proven
the CuO nanoparticles to be small (under 15 nm) and well dispersed
throughout our different catalysts. As a result, Si/Cu does not appear, here,
as a determining factor in the catalytic performance.
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Table C.3: Relationship between XPS molecular ratios and BD productivity.

Sample SiTa SifTa SilCu  SilCu Poo

XPS XPS/Theo XPS XPS/Theo  (gso geai ' h™')
AASG-4Ta4Cu 64 0.85 68 2.62 0.28
NH-Ac-4Ta4Cu 119 1.59 84 3.23 0.39
NH-32Et32Ac-2Ta4Cu-D24h 103 0.68 63 2.42 0.26

Theo=Theoretical ratio ; XPS= ratio determined by XPS

e
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Figure C.2: Influence of the difference between the theoretical and experimental
Si/Ta (a) and Si/Cu (b) ratios on the BD productivity. Blue histograms represent the
atomic ratios and the red dots represent the BD productivity.

Besides catalytic data, the focus of this work was also brought on
controlling certain catalysts properties through different synthesis protocols.
Among them, we showed the influence of the Ta speciation on the acidity of
the catalyst (Sections 4.3.1 and 6.3.1). TaOx clusters were shown to be less
acidic than Ta imbedded in the silica matrix of spray-dried samples. However,
different conclusions were drawn when comparing catalysts obtained via the
ether and the acetamide elimination routes. Even though the acetamide
elimination route yielded a catalyst with more dispersed Ta (i.e. more Si—O-
Ta bonds), its Lewis acidity was lower than a similar catalyst obtained by the
ether route, containing a combination of TaOx clusters and imbedded Ta,
seemingly contradicting what was understood in the aerosol-assisted sol-gel.
We first assumed that the higher electronegativity of Si compared to Ta
resulted in a higher Lewis acidity for the Si-O—Ta bonds compared to Ta—O—
Ta, which seemed true for spray-dried catalysts. But the samples obtained by
non-hydrolytic sol-gel bring to light another determining factor potentially
influencing the acidity: the configuration of Ta. The different solvents used
during the synthesis protocols could influence the Ta coordination during the
polycondensation process, for example forming different coordination spheres
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around the element, giving rise to Ta integrated in the silica matrix (hence the
Si—O-Ta detected among all catalysts) but with different configurations. Like
shown on Scheme 1.11, these different configurations possess different
environments that should influence the acidity of the material. Thus, we
hypothesize that the aerosol-assisted sol-gel technique and both non-
hydrolytic sol-gel routes used yielded embedded Ta with different
configurations, some better suited for the ETB reaction than others. In the
future, more experiments such as CO-FTIR or EXAFS should be conducted
on all samples, eventually leading to understand the exact configurations of
embedded Ta in the different silica matrixes.

To conclude, our current best synthesis protocol, the non-hydrolytic sol-
gel acetamide elimination route gave rise to a catalysts formulation
possessing great open texture avoiding mass transfer limitations, ideal Lewis
acidity brought by incorporated and well distributed Ta open sites active in the
rate-limiting step of the reaction cascade and active redox sites in the form of
dispersed small Cu nanoparticles. Here, the acetamide elimination route was
applied in a one-step protocol with advanced control on the textural properties,
active sites speciation and dispersion, allowing for an impressive
1,3-butadiene productivity.

8.2 Perspectives

In the future, the versatility of the aerosol-assisted sol-gel can be
applied to synthesize more bifunctional pairs. Ta could be replaced with Nb,
Zr and Y. Cu could be substituted with Zn, in a search for higher productivities
(though, in this case, at the expense of the sustainability of the resource for
catalyst manufacturing, and possibly at the expense of lower selectivity for
BD). More recent literature tends to put Zr-Zn as the most effective
combination to produce 1,3-butadiene and the aerosol-assisted sol-gel could
easily be leveraged to obtain such formulations. Once the best formulation is
selected and the loadings of the different metals optimized, the influence of
the molecular precursors should be studied, namely on the degree of insertion
in the silica matrix for acidic metals such as Zr. Although the rate-limiting step
of the ETB reaction is catalysed by Lewis acidic metals such as Zr, the state
and especially the dispersion of the other active site should be studied. The
introduction of functionalized silica precursors like (3-mercaptopropyl)-
trimethoxysilane (MPTMS) or (3-aminopropyl)-triethoxysilane (APTES) in the
synthesis protocol could improve the dispersion of metal nanoparticles
responsible for the acetaldehyde production and enhance the proximity
between the different types of active sites in the bifunctional catalyst.
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To deepen the improvement of an aerosol-made bifunctional catalyst,
basic metal promoters could be added and studied. Metals such as Cs, Ce,
Li, Na and K have already proven to enhance catalytic properties in some
cases and could thus be interesting to add to the best formulation.

In terms of texture, we discussed the potential occurrence of internal
diffusion limitations in our catalysts. The use of the different templating agents
like Brij-58 or calibrated polymer beads should provide a range of catalysts
with different porosity to better understand the relationship between pore size
and catalytic performances, leading to an optimal synthesis protocol yielding
a (hierarchically) porous catalyst with improved butadiene productivity.

In the non-hydrolytic sol-gel system, the optimal reaction conditions
studied in section 5.3.4. should be applied to our current best catalyst to
assess if similar improvements are observed. Ideally, the optimal formulation
of bifunctional metals + basic promoter found via the aerosol-assisted so-gel
could also be synthesized through the acetamide elimination route and
studied. As the delayed addition protocol proved to be promising for optimizing
catalytic performance with smaller loadings of active sites, deeper research
should be conducted on the ideal timing for the first polycondensation between
the ether precursors before the addition of the acetamide precursors.

More generally, the arguments discussed in section 1.4.6 about the
availability and the sustainability of the different metals considered in the
catalysts formulation should be weighted in regard to their catalytic
performance, stability and reusability. For this, long term catalytic tests should
be conducted with regeneration cycles or co-feeding of coke burning gases.
Testing different formulations in those tests could highlight the ideal balance
to achieve between scarcity of the active sites, BD productivity and catalyst
life-time.

Finally, the testing of catalysts in aqueous ethanol would give more
credibility to a potential future industrial application, as the majority of
produced bioethanol still contain a fraction of water. The understanding of the
influence of water in the catalytic process would be beneficial for the design
of the material and potentially the choice of active elements.
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CHAPTER 9: Appendix

9.1 Influence of the calcination temperature on catalytic performance
for spray-dried catalysts

Table IX.1: Influence of the calcination temperature on the catalytic performance for
5Cu5Ta-Si0O,; Reaction Conditions: T°=325 °C; WHSV=1.1 h~' TOS=1 h.

o Ethanol Butadiene  Acetaldehyde Ethylene Others
Calcination conversion (%) (%) (%) (%)
Temperature o

(%) Yield Sel Yield Sel Yield Sel Yield Sel
500 °C 85,7 24,7 288 31.8 37.1 139 162 154 18.0
550 °C 52.2 73 14.0 26.0 498 78 150 111 21.2
600 °C 71.6 18.0 251 283 396 10.2 143 151 21.1
650 °C 60.5 16.7 276 26.6 441 5.6 93 115 19.1
700 °C 51.2 13.1 267 249 486 4.0 7.8 9.1 17.8
750 °C 57.9 16.5 284 275 474 25 44 115 19.8

9.2 Precursors molar amounts for all catalysts in this work

Table IX.2: Precursors molar amounts for the spray-dried catalysts.

Cu(NO3)2:
Catalyst TEOS F127 Ta(OEt)s AgNO3 2.5H,0

1Ag1Ta-Si0O2 2.90E-02 1.54E-04 9.60E-05 1.70E-04
2Ag1Ta-Si02 2.88E-02 1.54E-04 9.67E-05 3.36E-04
5Ag1Ta-Si0O2 2.88E-02 1.55E-04 9.65E-05 8.54E-04
1Ag2Ta-Si02 2.90E-02 1.54E-04 1.97E-04 1.66E-04
2Ag2Ta-Si02 2.88E-02 1.53E-04 1.98E-04 3.27E-04
5Ag2Ta-Si02 2.88E-02 1.54E-04 2.04E-04 8.48E-04
2Cu2Ta-Si02 2.88E-02 1.53E-04 1.99E-04 5.63E-04
3Cu2Ta-Si02 2.88E-02 1.54E-04 1.98E-04 8.47E-04
4Cu2Ta-Si02 2.88E-02 1.55E-04 1.99E-04 1.15E-03
5Cu2Ta-Si02 2.88E-02 1.55E-04 1.97E-04 1.43E-03
6Cu2Ta-Si02 2.88E-02 1.54E-04 1.97E-04 1.75E-03
4Cu1Ta-Si02 2.88E-02 1.56E-04 1.01E-04 1.14E-03
4Cu3Ta-Si02 2.88E-02 1.55E-04 3.08E-04 1.14E-03
4Cu4Ta-Si02 2.88E-02 1.53E-04 4.09E-04 1.14E-03

Table 1X.3: Precursors molar amounts for ether-based catalysts.

Catalyst SiCla DIPE TaCls Cu(AcAc)
Et-2Ta2Cu 4600 5527 00651  0.137
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Table 1X.4: Precursors molar amounts for acetamide-based catalysts.

Catalyst  Si(OAc): F127 Ta(NMez)s Cu(AcAc)

Ac-2Ta2Cu 7.099 3.630 0.0730 0.136
Ac-2Ta3Cu 7.106 3.639 0.0745 0.207
Ac-2Ta4Cu 7.101 3.638 0.0744 0.280
Ac-2Ta5Cu 7.102 3.632 0.0745 0.355
Ac-1Ta4Cu 7.093 3.631 0.0370 0.277
Ac-3Ta4Cu 7.095 3.641 0.111 0.279
Ac-4Ta4Cu 7.094 3.634 0.150 0.280

Table 1X.5: Precursors molar amounts for catalysts synthesized via the direct mixing
and delayed protocol.

Catalyst SiCls D(I:D)E TaCls  Si(OAc)s Ta(NMez2)s Cu(AcAc)2 D(IE)E
4Ac60Et- 3.00 5.83 - 2.02 4.63E-04 1.30E-03 -
4Ta4Cu E-02 E-02 E-03
B6AC58Et- 2.90 5.32 - 3.02 4.76E-04 1.30E-03 -
4Ta4Cu E-02 E-02 E-03
8AC56Et- 2.81 4.91 - 4.02 4.66E-04 1.32E-03 -
4Ta4Cu E-02 E-02 E-03
56Et8AC- 2.80 4.92 5.58 4.05 4.09E-04 1.30E-03 -
4Ta4Cu-D8h E-02 E-02 E-05 E-03
56Et8AC- 3.52 3.54 1.95 5.03 1.22E-04 1.43E-03 2.38
1Ta4Cu-D24h E-02 E-02 E-05 E-03 E-02
56Et8AC- 3.52 3.54 1.95 5.03 2.57E-04 1.42E-03 2.37
2Ta4Cu-D24h E-02 E-02 E-05 E-03 E-02
56Et8AC- 3.52 3.53 1.12 5.03 6.48E-05 1.42E-03 2.38
4*Ta4Cu-D24h E-02 E-02 E-05 E-03 E-02
48Et16Ac- 3.02 3.02 8.37 1.01 1.30E-04 1.42E-03 8.62
1Ta4Cu-D24h E-02 E-02 E-06 E-02 E-03
48Et16Ac- 3.02 3.02 1.67 1.01 2.47E-04 1.43E-03 8.66
2Ta4Cu-D24h E-02 E-02 E-05 E-02 E-03
48Et16Ac- 3.02 3.03 1.40 1.01 1.25E-04 1.44E-03 8.65
4*Ta4Cu-D24h E-02 E-02 E-05 E-02 E-03
40Et24Ac- 2.52 2.53 1.40 1.51 1.22E-04 1.44E-03 -
1Ta4Cu-D24h E-02 E-02 E-05 E-02
A40Et24Ac- 2.52 2.52 1.95 1.51 2.49E-04 1.43E-03 -
2Ta4Cu-D24h E-02 E-02 E-05 E-02
40Et24Ac- 2.52 2.52 2.79 1.52 1.92E-04 1.43E-03 -
4*Ta4Cu-D24h E-02 E-02 E-05 E-02
32Et32Ac- 2.02 2.01 1.40 2.01 1.22E-04 1.43E-03 -
1Ta4Cu-D24h E-02 E-02 E-05 E-02
32Et32Ac- 2.02 2.02 2.23 2.01 2.47E-04 1.44E-03 -
2Ta4Cu-D24h E-02 E-02 E-05 E-02
32Et32Ac- 2.02 2.01 3.63 2.01 2.57E-04 1.44E-03 -
4*Ta4Cu-D24h E-02 E-02 E-05 E-02
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9.3 Thermogravimetry analysis combined with mass spectrometry
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Figure IX.1: TGA-MS analysis of spent 4Cu4Ta-SiO, after a catalytic run with pre-
reduction under hydrogen at 350 °C.
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Figure I1X.2: TGA-MS analysis of spent 4Cu4Ta-SiO, after a catalytic run with pre-
reduction under hydrogen at 200 °C.
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