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RESUMEN

Hoy en dia, uno de los desafios cientificos mas importantes es el desarrollo de procesos "verdes™
que respeten el medio ambiente e involucren el uso de materias primas sostenibles y
condiciones de operacion moderadas. Por ello, muchos estudios actuales se centran en la
optimizacion de rutas quimicas para transformaciones de biomasa en productos quimicos de
mayor aplicabilidad, con el fin de disminuir la dependencia actual de los combustibles fosiles.
La importancia de las moléculas plataforma obtenidas de la valorizacion de la biomasa radica
en que se pueden convertir posteriormente a otros productos quimicos o materiales de alto valor,
lo que hard que la implementacion de las biorrefinerias sea econdmicamente viable. Todavia es
necesario seguir avanzando hacia la implementacion industrial de la valorizacion de la biomasa
cumpliendo con los objetivos de la quimica verde, la proteccion del medio ambiente y el
beneficio econdmico. Esto podria lograrse mediante el desarrollo de catalizadores heterogéneos

altamente selectivos que suponen bajo coste y alta estabilidad.

Esta tesis doctoral se centra en el estudio del proceso de valorizacion catalitica de bioetanol
como molécula plataforma para obtener 1-butanol, conocido como la reaccion de Guerbet. La
produccion del 1-butanol esta despertando un gran interés, ya que se considera una alternativa
prometedora al bioetanol y al biodiesel como combustible liquido o aditivo de gasolina, ademas
de su aplicacion como disolvente y materia prima en la fabricacion de productos quimicos. La
condensacion de bioetanol hacia 1-butanol a través del proceso Guerbet implica varias etapas
que pueden resumirse como deshidrogenacion de etanol a acetaldehido, condensacion aldélica
de acetaldehido a 3-hidroxibutanal, que se deshidrata facilmente a 2-butenal y subsiguientes
hidrogenaciones de 2-butenal a butiraldehido y finalmente a 1-butanol. Al ser un proceso multi-
etapa, el disefio del sistema catalitico se convierte en una tarea bastante compleja, ya que las

reacciones involucradas en el proceso son catalizadas por sitios activos de diferente naturaleza.



Hasta hace poco, el proceso industrial de Guerbet se ha llevado a cabo utilizando catalizadores
homogéneos, aunque el objetivo de las tendencias de investigacion actuales se centra en la
heterogenizacion del sistema. La heterogenizacion del proceso de Guerbet es facil de lograr
para las etapas de hidrogenacion/deshidrogenaciéon, ya que los catalizadores metalicos
heterogéneos son ampliamente conocidos por catalizar esos tipos de reaccion. Sin embargo, la
heterogenizacion de la base que cataliza la condensacion aldolica, que consiste en Oxidos

metalicos selectivos, constituye una tarea mas dificil.

Hasta ahora, los catalizadores heterogéneos descritos en la literatura, como los Oxidos de
metales basicos, zeolitas modificadas, hidrotalcitas o hidroxiapatitas modificadas, contienen
sitios basicos o acidos/bases y operan a temperaturas superiores a 573 K para obtener niveles
aceptables de actividad y selectividad a 1-butanol. La incorporacién de metales tales como Cu,
Ni o Pd a los sistemas cataliticos mencionados anteriormente reduce considerablemente la
temperatura de reaccion necesaria para transformar satisfactoriamente etanol a 1-butanol.
Aunque los catalizadores de cobre y niquel son generalmente conocidos por su interesante
desempefio en la condensacion de alcoholes de Guerbet, la combinacion de ambos metales no

ha sido estudiada en detalle.

Por lo tanto, el objetivo de esta Tesis Doctoral ha sido la optimizacion de diferentes
formulaciones de catalizadores que combinan las ventajas del paladio, el cobre y/o el niquel
como componentes deshidrogenante/hidrogenante y un 6xido metalico que exhibe diferentes
propiedades &cido/base (MgO, BaO, ZnO y MnO). Estos ingredientes se han depositado en un
soporte carbonoso inerte y no poroso, grafito de alta area superficial (HSAG), que dispersaria
las fases activas maximizando el namero de centros superficiales expuestos y favoreciendo la
interaccion entre ellos. Todas las pruebas cataliticas se realizaron en un reactor de lecho fijo de

flujo continuo operado en fase gaseosa a 503 K y 50 bar utilizando una corriente de helio y



etanol. Previamente a su estudio los catalizadores se redujeron in situ en corriente de hidrdégeno
a su correspondiente temperatura de reduccion. Los catalizadores se caracterizaron reducidos
(frescos) y después de reaccion mediante reduccion a temperatura programada (TPR),
difraccion de rayos X (DRX), fisisorcion de nitrogeno, desorcidn a temperatura programada de
NHs, microcalorimetria de quimiosorcion de CO2, microscopia electronica de transmision
(TEM), espectroscopia de energia dispersiva de rayos X (EDX), y espectroscopia

fotoelectronica de rayos X (XPS).

En el capitulo 4.1, se estudi6 la condensacion de etanol a 1-butanol en presencia de diferentes
sistemas cataliticos basados en un componente de deshidrogenacién/hidrogenacion de Pd y
materiales derivados de hidréxido de magnesio como ingrediente basico. También se estudio
un catalizador bifuncional soportado consistente en un composite basado en Mg y HSAG. Los
resultados cataliticos y la caracterizacion de los sitios activos sugieren que la conversion de
etanol no solo depende del tamafio de las particulas de Pd, sino también de la eficiencia de la
condensacion aldolica y la hidrogenacion en sitios basicos fuertes de MgO. Por lo tanto, el
compromiso entre estos dos parametros en los catalizadores, después de un tratamiento térmico

adecuado, da lugar a los mayores rendimientos de 1-butanol.

El capitulo 4.2 comprende la modificacion de catalizadores de cobre monometalicos soportados
en HSAG con 6xidos metélicos que exhiben diferentes propiedades de &cido/base (MgO, BaO,
ZnO y MnO) y su evaluacion en la reaccion de Guerbet. También se evalud el efecto de la
temperatura sobre la conversion de etanol y la selectividad a 1-butanol, obteniendo que 503 K
se consigue la reaccién optimizada. Los resultados de la reaccion y la caracterizacion de los
catalizadores sugieren que los altos rendimientos de 1-butanol pueden atribuirse al efecto
sinérgico entre los sitios acido/base proporcionados por el 6xido metalico, que catalizan la

deshidratacion del 3-hidroxibutanal y la condensacion aldolica, respectivamente, asi como las



nanoparticulas activas de cobre que catalizan las reacciones de
deshidrogenacion/hidrogenacion. Se puso en evidencia que los sitios de cobre expuestos son
Optimos para el catalizador con MgO, seguido muy de cerca por el catalizador con MnO, en
contraste con aquellos sistemas que contienen BaO y ZnO como 6xido metalico, y que se
requiere un buen equilibrio entre los sitios de basicidad media-alta y los sitios de acidez media-

débil.

En el capitulo 4.3, la reaccion de Guerbet se estudio en diferentes sistemas cataliticos basados
en Cu y/o Ni como componentes de hidrogenacion/deshidrogenacion, y 6xido de manganeso
que incorpora propiedades &cido/base sobre HSAG. La caracterizacion de los sitios activos y
las pruebas cataliticas corroboraron la existencia de un efecto sinérgico entre el manganeso
combinado con Cu y/o Ni que da lugar a un catalizador mejorado, en términos de alto
rendimiento de 1-butanol. Aunque los sitios acido/base tienen un impacto considerable en la
selectividad a 1-butanol y la distribucion de productos, parece que la funcién del metal
desempefia un papel crucial en la reaccidn de condensacion de etanol de Guerbet, ya que se
observan claras diferencias en la conversion debidas a la sinterizacion de las particulas
metalicas en las etapas de reduccion, lo que conlleva una disminucién de la actividad catalitica.
Ademas, los catalizadores bimetélicos demostraron que combinan las mejores caracteristicas

de ambos metales, siendo 2.5% en peso de Cu y 2.5% en peso de Ni la carga de metal dptima.

En el capitulo 4.4, se evalud el rendimiento en la reaccion de Guerbet de diferentes sistemas
cataliticos bifuncionales basados en Cu y/o Ni y 6xido de magnesio soportados en HSAG. Los
resultados cataliticos y la caracterizacion de los sitios cataliticos respaldaron el efecto sinérgico
entre los sitios acido/base proporcionados por el 6xido de magnesio y las nanoparticulas de Cu-

Ni para la condensacion de etanol hacia 1-butanol, mostrandose que la funcion del metal tiene



efectos significativos en la acidez y basicidad resultantes del catalizador bifuncional y, por lo

tanto, en la selectividad a 1-butanol y en la distribucién de subproductos.

Finalmente, se concluye que una funcién metélica y especialmente una carga apropiada de
cobre y niquel combinada con la presencia de sitios basicos de fuerza media-alta y una
concentracion moderada de sitios &cidos aportados también por el Oxido metélico,
especialmente MgO y MnO, dan como resultado un catalizador mejorado para la produccién
de 1-butanol y, al mismo tiempo se reduce la formacion de productos no deseados. Para todos
los catalizadores estudiados en esta Tesis Doctoral, el analisis de los productos de reaccion
indica que las etapas del mecanismo coinciden con las propuestas previamente para el proceso
Guerbet: cabe destacar que los mejores materiales cataliticos desarrollados en esta
investigacién, presentan una adecuada estabilidad durante su trabajo en el proceso,

permaneciendo activos durante 24 h en reaccion.






ABSTRACT

Nowadays, one of the most crucial scientific challenges is the development of ‘’green’’
processes that respect the environment and involve the use of sustainable raw materials and
moderate operation conditions. Thus, many current studies are focused on the optimization of
chemical routes for biomass transformations into added-value chemicals, in order to diminish
the current dependence on fossil fuels. The importance of potential platform molecules obtained
from biomass valorization is that they can be subsequently converted to other high-value
chemicals or materials, thus making the implementation of the biorefineries economically
viable. Further progress is still needed towards the industrial implementation of biomass
valorization while addressing the goals of green chemistry, environmental protection and
economic benefit. This could be accomplished by the development of highly selective

heterogeneous catalysts that comprise low cost and sufficient stability.

This Doctoral Thesis focuses on the study of the catalytic valorization process of bio-ethanol
as a platform molecule towards the high value product 1-butanol, known as the Guerbet
reaction. The production of 1-butanol is attracting widespread interest since it is considered a
promising alternative to bio-ethanol and biodiesel as a liquid fuel or gasoline additive in
addition to its application as a solvent and raw material in the manufacture of chemical products.
The condensation of bio-ethanol towards 1-butanol through the Guerbet process involves
several steps that can be summarized as dehydrogenation of ethanol to acetaldehyde, aldol
condensation of acetaldehyde to 3-hydroxybutanal, which readily dehydrates to 2-butenal and
subsequent hydrogenations of 2-butenal to butyraldehyde and finally to 1-butanol. Being a
multi-step process, the design of the catalytic system becomes a rather complex task since the
reactions involved in the process are catalyzed by active sites of different nature. Until recently,

the industrial Guerbet process has been performed using homogeneous catalysts, even though



the aim of current research trends is focused on the heterogenization of the system. The
heterogenization of the Guerbet process is easy to accomplish for the
hydrogenation/dehydrogenation steps, since heterogeneous metal catalysts are widely
recognized for catalyzing those types of reaction. Nevertheless, the heterogenization of the base
catalyzed aldol condensation over selective acidic/basic metal oxides constitutes a more

challenging task.

So far, the heterogeneous catalysts reported in literature, such as basic metal oxides, modified
zeolites, hydrotalcites and modified hydroxyapatites, contain basic or acid/base sites and
operate at temperatures above 573 K to obtain acceptable levels of activity and 1-butanol
selectivity. The incorporation of metals such as Cu, Ni or Pd to the above mentioned catalytic
systems considerably reduce the reaction temperature necessary to satisfactorily upgrade
ethanol to 1-butanol. Although copper and nickel catalysts are generally known for their
interesting performance in the Guerbet coupling of alcohols, the combination of both metals

has not been extensively studied.

Thus, the aim of this Doctoral Thesis has been the optimization of different catalytic systems
combining the advantages of palladium, copper and/or nickel as the
dehydrogenating/hydrogenating component and a metal oxide exhibiting different acid/base
properties (MgO, BaO, ZnO and MnOQ), supported on an inert and non-porous carbonaceous
support, high surface area graphite (HSAG), that would disperse the active phases maximizing
the number of surface centers exposed and favoring the interaction between them. All the
catalytic tests were performed in a continuous-flow fixed bed reactor operated in gas phase at
503 K and 50 bar using a stream of helium and ethanol, while the catalysts were previously
reduced in-situ with hydrogen at their corresponding reduction temperature for 1 h. The

catalysts were characterized reduced and after reaction by temperature-programmed reduction



(TPR), X-ray diffraction (XRD), nitrogen physisorption, NHsz temperature-programmed
desorption, CO2 chemisorption microcalorimetry, transmission electron microscopy (TEM),

energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).

In chapter 4.1, the condensation of ethanol to 1-butanol was studied in the presence of different
catalyst systems based on a Pd dehydrogenating/hydrogenating component and magnesium
hydroxide-derived materials as basic ingredient. A bifunctional catalyst supported on a
synthetic composite based on Mg and HSAG was also studied. The catalytic results and the
characterization of the active sites suggest that ethanol conversion is not only dependent on the
size of Pd particles, but also on the efficiency of aldol condensation and hydrogenation on more
strong basic MgO sites. Thus, the compromise between the two parameters in the catalysts,

after adequate thermal treatment, gives rise to higher 1-butanol yields.

The chapter 4.2 comprises the modification of monometallic copper catalysts supported on
HSAG with metal oxides exhibiting different acid/base properties (MgO, BaO, ZnO and MnO)
and their evaluation on the Guerbet reaction. The effect of temperature on ethanol conversion
and 1-butanol selectivity was also evaluated, obtaining that 503 K is considered the optimal
reaction temperature. Reaction results and catalysts characterization suggest that high 1-butanol
yields can be ascribed to the synergistic effect between the acid/base sites provided by the metal
oxide, which catalyze the dehydration of 3-hydroxybutanal and the aldol condensation,
respectively, —and the active copper nanoparticles, that catalyze the
dehydrogenation/hydrogenation reactions. It was founded that the exposed copper sites are
optimal for the catalyst with MgO, closely followed by the catalyst with MnO, in contrast with
their counterparts with BaO and ZnO as the metal oxide, thanks to a good equilibrium between

medium-high strength basic sites and medium-weak strength acid sites.



In chapter 4.3, the Guerbet reaction was studied over different catalytic systems based on Cu
and/or Ni as hydrogenating/dehydrogenating components, and manganese oxide incorporating
acid/base properties on HSAG. The characterization of the active sites and the catalytic tests
corroborated the existence of a synergistic effect between manganese combined with Cu and/or
Ni that gives place to an improved catalyst, in terms of high 1-butanol yield. Although acid/base
sites have a considerably impact on 1-butanol selectivity and product distribution, it seems that
the metal function plays a crucial role in the Guerbet ethanol condensation reaction since clear
differences in conversion are attributed to the sintering of particles that leads to decreasing
conversion. In addition, bimetallic catalysts proved to combine the best characteristics of both

metals, being 2.5 wt% Cu and 2.5 wt% Ni the optimal metal loading.

In chapter 4.4, it was evaluated the performance on the Guerbet reaction of different
bifunctional catalytic systems based on Cu and/or Ni and magnesium oxide supported on
HSAG. The catalytic results and the characterization of the catalytic sites endorsed the
synergistic effect between the acid/base sites provided by magnesium oxide and the Cu-Ni
nanoparticles for the upgrading of ethanol towards 1-butanol, obtaining that the metal function
have significant effects on the resulting acidity and basicity of the bifunctional catalyst and

therefore on the 1-butanol selectivity and product distribution.

All things considered, a metal function and especially an appropriate copper and nickel loading
combined with the presence of medium-high strength basic sites and moderate concentration of
acid sites provided by a metal oxide, specially MgO or MnO, result in an improved catalyst for
the production of 1-butanol and at the same time reducing the formation of undesired products.
For all the catalysts studied throughout this Doctoral Thesis, the analysis of the product streams
indicated that the reaction pathway follows the Guerbet route and demonstrated good stability,

remaining active for 24 h on stream.
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1. INTRODUCTION

1.1. Biomass valorization

Currently, biomass is the renewable energy source with the highest growth potential, and one
of the most widely used renewable resources in the world. Several factors, such as the increase
in the price of fossil fuels and the growing concern for climate change, have contributed to its
rapid development, becoming a source of alternative energy that is non-polluting and highly
competitive [1]. Therefore, the biomass conversion into liquid fuels, hydrogen and raw
chemicals has endured great technological development in recent years as a result of the rising
concern of the governments and the chemical industry to develop more environmentally
sustainable processes [2]. This has led to the movement commonly known as "Green
Chemistry", which is based on the design, development and implementation of energy efficient
processes that use renewable material feedstock as well as safer substances for the environment
and the human health, avoiding or minimizing the production of waste [1,3]. In this sense, the
biomass valorization represents an interesting chemical route that allows the use of a sustainable

source for replacing the conventional fossil fuels.

The term “’biomass’’ refers to the organic matter of vegetable or animal origin that can be used
as an energy source. Biomass originates from dedicated crops for energy, herbaceous residues
or by-products from agriculture, wood from forests, organic waste and residues of forest harvest
and wood industry. A report by the Joint Research Centre (JRC), the European Commission’s

science and knowledge service, estimated that the total agricultural biomass produced annually
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in the European Union (EU) was 956 Mt of dry matter per year, of which 54% corresponds to
grains, fruits, roots, tubers, etc., and the remaining 46% is above ground biomass from by-
products and residues (such as leaves, husks and stems) [4]. In addition, the lignocellulosic
biomass residues are estimated to exceed 210! t/year worldwide [5]. Biomass residues can
have an economic value when used for bioenergy production, animal bedding, maintaining
organic carbon levels in soil or preventing soil erosion, among other applications. Nevertheless,
although its use as an energy source is growing worldwide, the biomass replacement of petrol
as a raw material for obtaining chemical products is not an easy or immediate task. In this sense,
while the EU uses 1 billion tonnes of dry matter of biomass per year, only the 18.8% is destined
for the synthesis of chemical products. In addition, the biomass market is currently concentrated
mainly in the feed and food sector (more than 60%) and the production of bioenergy (19.1%)
[4]. However, in the same way that occurs in the refineries of the petrochemical industry, there
are studies that indicate that the simultaneous use of biomass as a source of energy and as a
precursor of added-value chemical products is also feasible [6]. Regarding the use of crops for
energy production instead of nutrition purposes, there is an ongoing public discussion about the
ethics of such application since it is not clear if there will be sufficient food crops to fulfill all
the demands threatening food supplies and biodiversity [7,8]. Others consider that it would be
convenient to use agricultural residues that cannot be used for food such as lignocellulosic
substrates or algae biomass for energy applications, even though the complexity and thus the
total costs of pretreatment and downstream processing would increase [9]. Nevertheless, it is
estimated by the World Bioenergy Association that by 2035, 240 million ha of land can be used
for dedicated crops to produce energy and that there is enough land on the planet Earth to feed

9 billion people besides producing more biomass for energy and material use [10]. In this
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context, the concepts of second and third generation biorefineries are born to ensure
sustainability without threatening food supplies and biodiversity. Whereas first generation
biorefineries use sources such as starch, sugar, animal fats and vegetable oil to produce fuels,
the raw material of second generation biorefineries comprises agricultural and forests residues,
namely non-food parts of crops (stems, leaves or husks, among others), crops that are not used
for food applications (such as switchgrass or cereals with more fibre than grain), as well as
industry waste (wood chips, skins and pulp from fruit pressing, etc.), to produce biofuels,
materials and added-value fine chemicals [11,12]. On the other hand, third generation considers

the use of algae and microalgae as feedstocks [12].

Even though biomass research is accelerating and chemical companies are showing increased
interest in renewable feedstock, there is still a long path before replacing oil as a source of
chemical products. This substitution implies the development of biorefineries, that are complex
industries that process biomass as raw material, for a variety of bio-compound products (food,
chemicals) and bioenergy (biofuels and electric power). In this way, the products derived from
biomass, known as platform molecules, would provide viable routes to produce chemical
products and consequently lightening the strong dependence on fossil fuels [1,11,13,14]. All in
all, it is clear that further progress is still needed towards the industrial implementation of
biomass valorization into fuels and platform chemicals while addressing the goals of green

chemistry, environmental protection and economic benefit.

Regarding the production of chemicals, biomass is considered an important renewable
substitute of petrol since in general (changes with the type of raw material) it is formed by 75%

of carbohydrates (cellulose, hemicellulose, starch, etc.), 20% of aromatic compounds (lignin)
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and 5% of minor products such as proteins or fats, therefore based mainly on carbon [15].
Depending on the biomass valorization route, some of the possible products or potential
platform molecules obtained are bio-ethanol, 1-butanol and other alcohols, synthesis gas, bio-
oil, bio-hydrocarbons, polyols (sorbitol, xylitol, glycerol), furans (furfural, 5-
hydroxymethylfurfural) and acids (succinic acid, levulinic acid, hidroxypropionic acid, and
lactic acid) [2,16,17]. The importance of these products is that they can be subsequently
converted to other high-value chemicals or materials, thus making the implementation of the
biorefineries economically viable [18]. The scientific and technological fields must make a
significant effort in the search for suitable processes or the optimization of the existing ones to
obtain compounds with high added value from these organic molecules. This could be
accomplished by the development of highly selective heterogeneous catalysts that comprise low

cost and sufficient stability.

The catalytic routes are receiving special attention since the principles of Green Chemistry
identify catalysis as one of the most important tools for implementing industrial sustainable
processes [19]. The use of catalysts offers economic and environmental benefits besides lower
energy consumption, rate enhancement, improved selectivity that minimizes the use of
processing and separation agents, allowing the use of less toxic materials [20]. Particularly, the
study and design of new heterogeneous catalysts is of great interest in the field of biomass
valorization to enable the implementation of Green Chemistry goals by facilitating the
separation of products from the reaction mixture, the purification of intermediates and thus
eliminating the need for separation through distillation or extraction [3,19]. This Doctoral
Thesis focuses on the study of the catalytic valorization process of bio-ethanol as a platform

molecule towards the high value product 1-butanol, known as the Guerbet reaction.
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1.2. 1-Butanol

The production of 1-butanol is attracting widespread interest since it is considered a promising
alternative to bio-ethanol and biodiesel as a liquid fuel or gasoline additive in addition to its
application as a solvent and raw material in the manufacture of chemical products such as butyl
acetate, butyl acrylate, acrylic acid and acrylic esters, glycol ethers, resins and plasticizers
[21,22,23]. Butanol is widely used in the US for the synthesis of butyl acrylate and
methacrylate, which are subsequently used in the polymer, paint and textile industries [24,25].
The main use of 1-butanol in the EU is as a solvent in the manufacture of paints, coatings,
resins, waxes, as well as in the pharmaceutical industry [26]. In some countries, 1-butanol is
also used as a flavor modifier or food additive in ice cream, cheeses, candy, and baked goods

[7,25].

Some of the 1-butanol advantages with respect to bio-ethanol are the hydrophobic nature of 1-
butanol, its higher energy density, lower volatility, lower solubility with water, fewer corrosion
problems in combustion engines and mainly its higher heat of combustion, similar to that of
gasoline [7,27,28,29]. The comparable properties of 1-butanol and gasoline, such as the air-fuel
ratio, would permit the use of the existing refinery and transportation infrastructures as well as
car engines with no modification since they can be blended to any ratio or used separately
[7,30,31,32]. Companies like BP and DuPont are joining efforts in the production of advanced
biofuel, with an emphasis on bio-butanol, even though they recognize that 1-butanol will be
more expensive than conventional gasoline in the near future. To overcome this problem, they
are focusing on the improvement of the biomass conversion into bio-butanol using crops such
as sugar cane and sugar beet [33,34]. However, the National Renewable Energy Laboratory

(NREL) considers that, although the potential is real, a significant technological advance will
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be necessary to overcome the lack of competitiveness of 1-butanol production from starches,

sugars and lignocellulosic biomass, due to its high production cost and low yield obtained [35].

Traditionally, 1-butanol has been produced since the 1920s by the acetone—butanol-ethanol
(ABE) fermentation route that uses the bacterium Clostridium acetobutylicum to produce a
mixture of acetone, butanol and ethanol, which is then subjected to a separation procedure,
using starches and molasses as substrates [7,30,31]. This process was used in many countries
until the 1950s when the ABE fermentation industry became non-profitable due to the
increasing substrate costs and the lack of competitiveness with the petrochemical industry that
produced large quantities of much cheaper acetone and butanol through petrochemical
processes such as the “’oxo process’’ [36,37]. Other limitations of the ABE process are the low
butanol yield and the formation of by-products such as acetone, ethanol, acetic acid, butyric
acid, etc. [38]. In turn, the oxo process is based on the homogeneous catalyzed
hydroformylation reaction of propylene with syn-gas (mixture of carbon monoxide and
hydrogen) at 383-453 K and 50-350 bar, forming the intermediate isomeric aldehyde mixture
of 1-butanal and 2-methylpropanal, which is subsequently hydrogenated to produce butanol and
2-methyl-1-propanol, using a coordination complex of Co, Rh or Ru as catalyst [9,25,37].
However, this process recently became less attractive due to economic and environmental
aspects, such as the depleting of oil reserves, the highly fluctuating crude oil price and the
carbon dioxide emissions [36]. Hence, the ABE process regained the interest of the scientific
community and industry in recent decades, now focusing on genetic manipulation, the
development of new metabolic engineering and the improvement of the separation process of

1-butanol from the fermentation broth [7,31].
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Other petrochemical route for 1-butanol production is the Reppe synthesis or BASF process,
that is the catalytic carbonylation of propene, with one unit operating in Japan. In this process,
propene, carbon monoxide and water react at 373 K and 5-20 bar producing 1-butanol and 2-
methyl-1-propanol in the presence of a homogeneous catalyst, usually tertiary ammonium salts
or polynuclear iron carbonyl hydrides [9,37]. Although the reaction conditions were milder than
that of the oxo process, the Reppe synthesis was not as successful due to the more expensive

process technology required [38].

All things considered, it is clear that the design and optimization of economic and energy
efficient processes to synthesize 1-butanol are of great interest due to its many applications in
the industrial and energy sector. The available information suggests that the 1-butanol
production using bio-ethanol as raw material would help to solve two critical issues for the
governments and chemical companies, that is the energy crises and environment pollution.
Since recent trends focus on *’green’’ processes and the use of renewable materials, the Guerbet
process or catalytic condensation of bio-ethanol has emerged as a more desirable route for 1-
butanol production, since the reaction is faster when compared to the ABE process and fewer

steps are necessary to get to the product.

1.3. Guerbet reaction

The organic Guerbet reaction consists in the catalytic conversion of primary aliphatic alcohols
into their B-alkylated dimer alcohol with the release of water [39,40]. The reactant alcohol can
be coupled with itself (self-condensation) or with another alcohol (cross-condensation)
resulting in the final ‘“Guerbet’” alcohol that contains the sum of the carbon atoms of the

reactants, being 1-butanol the simplest alcohol that can be obtained by the condensation of
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ethanol. This reaction is of great interest, since it allows to produce higher alcohols that
maintain the functional groups of the initial alcohol and, therefore, being potential chemical
precursors for the production of more complex molecules. This process was first described by
Marcel Guerbet in the 1890s, using a strong base and metal oxide for the conversion of 1-

butanol to 2-ethyl-1-hexanol at high temperature [41,42].

Traditionally, the industrial production of 1-butanol through the Guerbet process has been based
on homogeneous catalysis using metal alkaline salts or transition metal complexes [39,42,43].
However, the heterogeneous catalytic Guerbet process is gaining more attention due to the
reusability of a solid catalyst, the reduction of waste formation and energy necessary to separate
the products from the reaction mixture, in contrast to the disadvantages that the use of
homogeneous catalysts implies, namely the production discontinuity and the environmental
problems related to the use of soluble strong bases and organic solvents [19,43]. The design of
the most suitable heterogeneous catalyst in terms of activity and selectivity is not an easy task
since the condensation of ethanol towards 1-butanol involves several steps that determine the

properties of the catalytic system required [41].

1.3.1. Guerbet reaction pathway

Although the Guerbet process was described more than 100 years ago, the scientific community
has not reached yet an agreement regarding the mechanism of the reaction since two main
pathways have been suggested by the literature towards 1-butanol [44,45,46,47]. One of the
mechanisms proposed for the Guerbet reaction is the “’direct route’’ based on the direct
condensation of two ethanol molecules to give 1-butanol, which has been reported using basic

zeolites and hydroxyapatite catalysts at temperatures higher than 623 K [48,49,50]. The other
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proposed mechanism known as the “’Guerbet route’’ consists of several steps: dehydrogenation
of ethanol to give acetaldehyde (R1), aldol condensation of two molecules of acetaldehyde to
3-hydroxybutanal (R2), dehydration of 3-hydroxybutanal to 2-butenal (R3) and subsequent
hydrogenations of 2-butenal to butyraldehyde and finally to 1-butanol (R4 and R5) [24,51,52].
A schematic representation of the Guerbet route is shown in Figure 1.3.1. The hydrogen used

for the hydrogenation steps is formed through hydrogen transfer reactions [45,46].

o)
" SOH — ) + H, (R1) AHC = 64.6 KJ/mol
O O o)
) +)| — U\OH (R2) AH® =-27.6 KJ/mol

O
"\)\OH — Mo + H0 (R3) AH?=33.1 KJ/mol

@)
Mo + H, — /\) (R4) AH® =-117.6 KJ/mol
o
/\) P oA on (R5) AH? = -69.6 KJ/mol

Figure 1.3.1 Ethanol condensation towards 1-butanol through the Guerbet reaction
pathway.
Some discrepancies can be found in literature regarding the ethanol condensation mechanism
towards 1-butanol. For example, according to Scalbert et al., 1-butanol is produced through
both mechanisms (direct coupling and the multi-step Guerbet route) simultaneously on
hydroxyapatite catalysts in the temperature range 623-683 K, being the dominant route the
direct condensation pathway [50]. On the other hand, Ho et al. also studied the ethanol coupling
to n-butanol on hydroxyapatite at 573—613 K and their work suggests that the Guerbet pathway

is the predominant route [46]. Nevertheless, there appears to be a general consensus in most of

the literature that the multi-step mechanism is the main Guerbet pathway at lower temperatures
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(<523 K) and on metal-containing catalysts since intermediate products such as 2-butenal and
butyraldehyde are often observed, besides the rate of product formation has been found to be

proportional to the concentration of acetaldehyde [39,51,53].

Since several steps are involved in the Guerbet process, some undesired reactions have been
reported depending on the catalyst used. For instance, the most common by-products according
to literature are 1,1-diethoxyethane which is formed through acid catalyzed acetylation of
acetaldehyde with two ethanol molecules [54], ethyl acetate that is a dehydrogenation product
of the hemiacetal intermediate formed by reaction of ethanol and acetaldehyde [23,39], as well
as diethyl ether and ethylene which are formed via acid catalyzed ethanol dehydration [23,55].
Other by-products often appear when the reaction proceeds at temperatures higher than 500 K,
when 1-butanol can go through condensation reactions giving place to other higher alcohols
such as 1-hexanol and 1-octanol [52]. In addition, methane and carbon monoxide can be
produced via metal-catalyzed acetaldehyde decarbonylation, while acetone can be formed via
ethyl acetate hydrolysis that produces acetic acid and subsequent ketonization of this compound
[23,56]. Other by-products such as propane, pentane, butane and butenes have been reported
for this reaction [50,55,57]. All in all, the main reactions involved in the production of 1-butanol

as well as the side reactions more often reported in literature are summarized in Figure 1.3.2.
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Figure 1.3.2 Reaction scheme for ethanol condensation reaction.
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1.3.2. Heterogeneous catalysts for the Guerbet reaction

As it was previously stated, the generally accepted Guerbet pathway comprises several steps,
and as a result the design of the catalytic system becomes a rather complex task that must be
carefully approached. The selection of a suitable catalytic system constitutes a challenge since
the reactions involved in the process are catalyzed by active sites of different nature. For
example, the aldol condensation reaction is catalyzed by basic sites, whereas the dehydration
of  3-hydroxybutanal is  catalyzed by acid  sites [21,39,58]. Since
dehydrogenation/hydrogenation reactions are also involved in the process, the active sites of
the catalytic system needed for those reactions to take place must exhibit at the same time acidic,
basic and a metal function with dehydrogenation/hydrogenation properties [23,51,59]. As
mentioned in the chapter 1.1, the heterogenization of a process is considered by Green
Chemistry a more environmentally sustainable approach, so recent studies are focused on the
design of heterogeneous bifunctional catalysts with appropriate active sites in the same solid
for replacing the homogeneous catalysts such as alkali metal hydroxides and the transition metal
complexes that have been extensively used in the industrial Guerbet process [39]. From the
point of view of industrial applicability, the use of purely heterogeneous catalytic systems has
the advantage of eliminating problems associated to homogeneous catalysts such as corrosion
of the reactor vessel, metal leaching, expensive catalyst separation from the reaction mixture
(including filtration, centrifugation, extraction or distillation steps), waste formation and
wastewater purification treatment, as well as limiting the detrimental effect of the co-produced
water on the thermodynamic equilibrium of the reaction pathway, particularly inconvenient

when working in liquid phase [39,60]. In addition, a heterogeneous catalyst can be reused
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multiple times without extensive regeneration and used in continuous-flow fixed-bed catalytic

reactors.

Regarding the reactions involved in the Guerbet process, the dehydrogenation/hydrogenation
steps are easily catalyzed by heterogeneous metal catalysts which are widely known for
catalyzing those types of reaction [61,62,63]. However, it is not as straightforward as it might
first appear to design a heterogeneous bifunctional catalyst containing a metal function as well
as acid/base sites that selectively catalyze the multiple reactions that must take place for
successfully convert ethanol to 1-butanol. It must be taken into account that an inappropriate
tuning of the catalytic properties would result in the production of side reactions giving place

to undesired by-products.

1.3.2.1. Heterogeneous catalysts with acid-base properties for the Guerbet reaction

The use of different heterogeneous catalysts with acid-base properties has been reported in
literature on the Guerbet reaction, including metal oxides, zeolites, hydrotalcites and
hydroxyapatites. For instance, the basic magnesium oxide has been extensively studied due to
its well-known basic character, even though 573 K seems the minimum temperature necessary
to obtain detectable activity for this reaction [51,64,65,66,67]. Some publications describing
the use of MgO in gas phase reactions are those of Ndou et al. [64], which reported an ethanol
conversion of 56% with 1-butanol selectivity of 18% at 723 K and atmospheric pressure, and
Birky et al. [66], who achieved 23% of ethanol conversion and 34% of 1-butanol selectivity at
673 K and 1.3 bar. In contrast, Chieregato et al. [67] produced traces of 1-butanol at 523 K and
atmospheric pressure with an ethanol conversion of approximately 10%. Moreover, MgO has

been dispersed on metal oxides (Mg/SiO.) as well as modified with basic metals (Ba, Ca) or
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transition metals (Zn, Ce, Zr, Pb, Sn, Cu) in order to enhance the catalyst performance by
increasing the surface basicity of the final catalyst but with no improvement in terms of 1-

butanol yield [64,68].

Another approach to improve the catalytic performance of magnesium oxide is the
incorporation of acidic metals into the MgO structure. For example, the system formed by Mg-
Al mixed oxides synthesized by calcination of hydrotalcites is attracting wide attention, due to
the tunable combination of the basic sites of magnesia and the acid sites of alumina, their high
surface area and structural stability [39,69,70]. The number and strength of their acid and basic
sites can be tuned by adjusting the Mg/Al ratio or by substituting the Mg or Al atoms with
transition, noble or lanthanide atoms, which provides great versatility to selectively catalyze
the Guerbet reaction steps [65,71,72]. It has been reported that higher contents of Al, that is
higher density of strong acid sites, favor the dehydration of ethanol instead of the
dehydrogenation and condensation reactions, while adjacent Lewis acid and medium basic sites

are required for a good catalytic performance [73].

Bifunctional catalysts containing the basic barium oxide would be an interesting option for
selectively catalyze the aldol condensation step of the Guerbet process, even though only Patel
et al. [74] have reported the use of BaO catalysts for this reaction. In this study, alkaline earth
metal oxide nanoparticles, such as MgO and BaO, supported on carbon nano-fibers (CNF) were
prepared and tested for the Guerbet reaction starting from ethanol at 573 K in a plug flow quartz
reactor. The authors obtained nearly 40% of 1-butanol selectivity after 1 h of reaction time with
an ethanol conversion of 5% for the catalyst BaO/CNF, showing that barium oxide is capable
of catalyzing all the consecutive Guerbet steps including dehydrogenation/hydrogenation

reactions at 573 K. They also observed that the higher basicity of BaO compared to MgO leads
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to increased production of higher alcohols such as 2-ethyl-1-hexanol and 1-octanol. In addition,
the basic nature of barium oxide has demonstrated good catalytic performance in terms of
activity and selectivity for base-catalyzed reactions such as the self-condensation of acetone

and the dehydrogenation of ethanol [75,76,77].

The use of ZnO-based catalysts for the Guerbet reaction has not been widely studied, even
though its amphoteric properties make it an attractive catalyst choice for the Guerbet process.
Some of the few studies found in literature address the use of zinc oxide as heterogeneous
catalyst for the synthesis of Guerbet alcohols [39] as well as a promotor of MgO [51], whereas
Onyestyék et al. [21] studied ZnO supported on activated carbon at 623 K and 21 bar obtaining
approximately 15% of 1-butanol yield. In addition, zinc oxide is assumed to catalyze the

dehydrogenation of ethanol [78].

Manganese based catalysts have not been extensively studied on the Guerbet condensation
reaction, being most of this studies homogeneous catalyzed in presence of a base and only a
few studies have been of heterogeneous catalysis [45,79,80,81]. Among the heterogeneous
catalyzed studies described in literature, Ghaziaskar et al. [45] reported a conversion of 18.7%
for the condensation of ethanol on mixed catalysts of Mn2Os/y-Al>03 and Ni/y-Al203 in a fixed-
bed reactor reaching 64% of 1-butanol selectivity at supercritical conditions (523 K and 176
bar). Additionally, Marcu et al. [79] carried out this reaction in an autoclave at 473 K and
autogenic pressure with MMgAIO mixed oxide catalysts (M = Pd, Ag, Mn, Fe, Cu, Sm, Yb).
In particular, the catalyst Mn-Mg-AlO mixed oxide produced 1-butanol with high selectivity
(53.3%) but with a very low conversion. This selectivity towards 1-butanol was attributed to
the surface basicity of the catalyst, which presented mostly medium and high strength basic

sites. All in all, the authors concluded that the presence of high strength basic sites is required
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to obtain higher selectivities towards n-butanol. Moreover, manganese oxide has been reported
to improve the activity of the dehydrogenation step to acetaldehyde resulting in an increased
ethanol conversion at temperatures about 573-673 K, so its use as a Guerbet catalyst would be

an interesting choice [57,82,83,84].

It has also been described the production of 1-butanol from ethanol using the mineral
hydroxyapatite, that is Cai0(PO4)s(OH)2, synthetized with different Ca/P ratios by controlling
the pH during the precipitation step [85,86]. As it was described for the Mg/Al ratio of the
hydrotalcites, the tuning of the hydroxyapatite’s Ca/P ratio has a direct impact on the surface
distribution of the acid/base sites and therefore on the rates of dehydration and dehydrogenation
reactions. Tsuchida et al. [86] reported that low contents of Ca leads to a higher density of acid
sites, whereas a higher Ca/P ratio leads to more surface basic sites and that pure hydroxyapatite
catalysts, that is without the addition of metals, are capable of synthetize 1-butanol with high
selectivity at temperatures higher than 573 K. Moreover, Ogo et al. [87,88] modified the
hydroxyapatite structure by replacing Ca with Sr, which led to an increase of both the amount
of basic sites and the 1-butanol selectivity, and also by replacing the phosphate with vanadate
ions, which strongly decreased the 1-butanol selectivity due to extensive dehydration of ethanol.
Finally, they concluded that the more density of surface basic sites, the higher the 1-butanol

selectivity.

Additionally, it has been also investigated the use of alkali metal supported zeolites as well as
the amphoteric zirconium oxide, pure and doped with sodium [48,89,90]. The acidic nature of
the zeolites and ZrO, was successfully reduced by addition of alkaline compounds, but the

dehydration of ethanol was still favored as the formation of by-products such as ethylene and
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diethyl ether revealed. Hence, these materials are not considered ideal candidates for ethanol

upgrading to butanol [91].

Other catalysts reported are alkaline compounds supported on activated carbon, Mg/Ce mixed
oxide doped with potassium, La-promoted alumina impregnated with alkaline earth
compounds, as well as catalysts containing copper oxide mixed with Mg2SiOas, ZneAl.Og or
boehmite [21,92,93,94]. Although the above mentioned catalysts contain acid/base sites
necessary for the condensation of ethanol, their main drawback is that they need to operate at
temperatures of 573-673 K to exhibit proper catalytic performances, due to the high activation
energy of the dehydrogenation reaction, usually considered the limiting step of the Guerbet

process [48,85,88,90,95].

1.3.2.2. Active metals for the Guerbet reaction

In order to reduce the reaction temperature necessary to reach proper levels of activity and 1-
butanol selectivity, the addition of metals to the above mentioned catalytic systems has been
widely reported in literature [62,79,96,97]. It should be taken into account that being able to
operate at low temperature is considered an improvement of the reaction conditions since at
high temperatures side reactions can occur, giving place to the formation of undesired by-
products. This enhancement of the reaction conditions is due to the
dehydrogenation/hydrogenation properties of the metal function, which can speed up the
dehydrogenation of ethanol and the hydrogenation of reaction intermediates at lower
temperatures than the ones reported for the same catalysts without metals [53,74,92,98]. Since
the dehydrogenation of ethanol is considered the limiting step of the process, especially at

temperatures as low as 403-413 K, and the subsequent hydrogenations of 2-butenal and
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butyraldehyde lead to 1-butanol, the incorporation of a metal to a catalytic system containing
acidic and basic sites would increase both conversion and selectivity of the global reaction
[74,99,100]. Examples of metal supported catalysts found in literature comprise noble and
transition metals (Ru, Rh, Pd, Pt, Au, Ag, Cu, Ni, Co) deposited on different types of oxides
such as alumina, ceria and Mg-Al mixed oxides [101,102,103]. It is widely recognized that the
Guerbet condensation is improved by the use of active metals acting as hydrogenation catalysts

such as Cu, Ni and Pd in combination with a base [99,104,105].

Copper containing catalysts have been widely studied for the Guerbet reaction due to the
availability and low cost of the metal source, as well as their high selectivity in the
dehydrogenation of alcohols to aldehydes or ketones and specially in the ethanol
dehydrogenation towards acetaldehyde [60,106,107,108,109,110]. Consequently, this reaction
can take place in relatively mild conditions when copper is present in the catalytic system
[111,112]. Petrolini et al. [113] recently studied the impact in the catalytic activity at elevated
pressures and 598 K of Cu addition to porous mixed oxide catalysts of AIMgO and AlCaO.
These authors observed that the addition of copper promoted the dehydrogenation step for all
catalysts increasing the conversion from 7.1 to 19.7% and the selectivity to higher alcohols and
aldehydes from 30.7 to 54.8% upon addition of Cu to AIMgO. Besides, Marcu et al. [54] carried
out the ethanol condensation towards 1-butanol at 473 K on Cu/Mg/Al mixed oxides obtaining
a 1-butanol selectivity of 40.3% with an ethanol conversion of ~4%, while the performance of
the Cu-free catalyst (MgAIO) at the same temperature was very similar to the blank test, that is
0.3% of conversion and no traces of 1-butanol. Moreover, Earley et al. [112] produced 1-
butanol with a selectivity of 60% and an ethanol conversion of 16% at 463 K using copper

supported on high surface CeO- catalyst in a continuous flow reactor. Another study confirming
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the advantages of incorporating copper to the catalyst composition was performed by Perrone
et al. [62], which obtained 1-butanol at temperature as low as 423 K on mixed oxides derived
from hydrotalcites modified with copper, palladium or indium. The best catalytic result was
attained at 443 K using In-CuMgAll as catalyst obtaining 65% of 1-butanol selectivity with 3%
of ethanol conversion. To further illustrate the positive effect of the Cu-In phase, it should be
highlighted that the Guerbet reaction requires temperatures above 573 K to occur using only

MgAl oxides.

Many studies describe the advantages of using nickel as the metal phase for the Guerbet
reaction, mainly its good activity for alcohol dehydrogenation reactions as well as the
availability and low cost of the metal source [61,99,101,102,103,114]. For example, Riittonen
et al. [103] screened a large selection of metal heterogeneous catalysts (Ru, Rh, Pd, Pt, Au, Ni,
Ag) supported on alumina for the direct one-pot liquid-phase conversion of ethanol at 523 K
and 70 bar. The authors observed variations in the catalytic activity and product distribution
derived from the use of different metals, obtaining the best catalytic result with
(20.7%)Ni/AlO3, that is 25% ethanol conversion and 80% selectivity to 1-butanol. Using also
alumina as support, Yang et al. [115] obtained 64% selectivity towards 1-butanol with 19.1%
of ethanol conversion on (8%)Ni/y-Al>Oz in a fixed-bed reactor at 473 K and 1 atm. Kourtakis
et al. [116,117] published two patents describing the benefits of the incorporation of nickel to
Mg/Al hydrotalcites in the gas phase condensation of ethanol, obtaining conversions between
45 and 67% and a selectivity to higher alcohols of 75% at 488 K. Another nickel catalyst on a
hydrotalcite support was reported by Pang et al. [61], who prepared highly dispersed
(19.5%)Ni-MgAIO catalysts exhibiting 55.2% selectivity to n-butanol with 18.7% ethanol

conversion at 523 K and 30 bar. High reaction pressure was applied to increase the catalysts
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activity. The authors affirm that metallic Ni promoted ethanol dehydrogenation and that the
released hydrogen spilled over the catalyst lead to in situ hydrogenation of reaction
intermediates. Since the majority of the reported studies are performed with very high metal
loadings (15-20 %), Quesada et al. [114] prepared Ni/Mg-Al catalyst with only 1 wt.% of metal,
but their best catalytic result is obtained under reductive conditions at 623 K (33% 1-butanol
selectivity, ~20% conversion) since at low temperature, conversions obtained with and without
metal were very similar. Although the literature reported that nickel catalysts show relatively
high activity and selectivity towards 1-butanol, one major drawback of Ni containing catalysts
is the large amount of gaseous carbon products such as CO, CO, and CH4 formed due to the

strong cracking ability of C-C bonds over Ni metal [103,104].

Although copper and nickel catalysts are generally known for their interesting performance in
the Guerbet coupling of alcohols, the combination of both metals has not been extensively
studied. It has been reported that the combination of copper and nickel improves copper
stability, the reducibility of nickel as well as the catalytic performance in terms of selectivity to
the required Guerbet alcohols and particularly 1-butanol [52,118,119]. Examples of Cu-Ni
catalysts described in the patent literature are Ni-Cu/Al>Oz and Ni-Cu metal powder, which
have been patented as highly versatile and efficient catalysts for the production of Guerbet
alcohols, producing yields up to 90% depending on the starting alcohol and the nature of the
base [120,121,122]. The effect of Cu-Ni -catalysts has also been investigated in
homogeneous/heterogeneous catalytic systems for the self-condensation of 1-octanol using
Ni—Cu hydrotalcite-derived mixed oxides as dehydrogenation/hydrogenation catalysts and
KOH as a homogeneous base [119]. The authors claim that copper ensure good reaction Kinetics

and the dehydrogenation of the starting alcohol, while nickel favors the production of the totally
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hydrogenated Guerbet alcohol (2-hexyl-1-decanol). Using pure heterogeneous catalytic system,
Sun et al. [52] reported that copper and nickel doped porous metal oxides increase 1-butanol
yield up to 22% with an ethanol conversion of 56% at 583 K and 80 bar for 6 h in a stainless
steel batch minireactor, outperforming the monometallic as well as the metal-free Mg-Al porous

metal oxides catalysts.

Palladium-based catalysts, characterized for their dehydrogenating/hydrogenating properties,
are reported to have a positive effect on the Guerbet reaction [99,104]. Regarding pure
heterogeneous catalytic systems, the performance of several transition metals including Pd have
been tested for the ethanol condensation on MMgAIO mixed oxide catalysts (M = Pd, Ag, Mn,
Fe, Cu Sm, Yb) in a steel autoclave at 473 K and autogenic pressure, obtaining the highest
selectivity and 1-butanol yield (3.8% of ethanol conversion and 72.7% 1-butanol selectivity)
with the Pd-containing mixed oxide, which also exhibited a remarkable stability during three
successive reactions [79]. High level of 1-butanol selectivity was also reported for Pd coated
hydrotalcites (Pd-Mg/Al oxide), obtaining 54% of ethanol conversion and 63% of 1-butanol
selectivity at supercritical conditions, 563 K and 340 bar [123]. Riittonen et al. [103] also
studied the catalytic performance of Pd/Al>O3 at 523 K and 70 bar for the liquid phase Guerbet
reaction obtaining 21% of 1-butanol selectivity with 9% of ethanol conversion. Nevertheless,
the major product obtained with this catalyst was diethyl ether with a selectivity of 64%.
Although Pd has been used in homogeneous-heterogeneous catalytic systems as the
dehydrogenating/hydrogenating component next to a base, significant leaching of palladium

was observed reducing the interest for industrial application [124,125].
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1.3.2.3. Supported metal catalysts

In a patent report, Wick et al. [125] stabilized and protected the hydrogenation catalyst from
leaching, by the confinement of the metal (e.g. Pd) in a hydrophobic environment. That is to
say, by immobilization of the metals on hydrophobic supports like carbon, hydrophobized
silica, zeolites, hydrotalcites or silicates. Bounding the metals into a hydrophobic environment
substantially protects them from being leached out by water or from deactivation by alkaline

compounds.

Moreover, the metal-support interaction can also restrict the mobility of the disperse phase
delaying its sintering [126]. For example, the application of copper catalysts is usually limited
by their fast deactivation mainly caused by sintering due to the relatively low melting point of
metallic copper. Therefore, copper is commonly supported on carbon materials and/or oxide
compounds, which are considered to prevent copper sintering and, consequently, the catalyst
deactivation [127]. Particularly, the chemically inert nature and hydrophobic properties of
carbon materials make them more attractive supports compared to conventional oxides such as
SiO,, AlbO3 or ZrO; [128,129]. These properties are especially important taking into account
that the Guerbet reaction involves several steps and that undesired secondary reactions may be
catalyzed by acid and/or basic sites present on the support surface and thereby negatively
affecting the 1-butanol selectivity. For example, Wang et al. [129] claim that the surface
characteristics of the carbon support show great advantages in the ethanol dehydrogenation
reaction, which the authors associate to the excellent selectivity obtained toward acetaldehyde
on a mesoporous-carbon-supported Cu catalyst compared with Cu/SBA-15, whose abundant
surface Si-OH groups promote undesired reactions. In addition, carbon materials present great

versatility of their textural properties, surface area, porosity, and in their surface chemical

24



Introduction

nature, which can be modified by different chemical treatments in order to introduce different
surface groups that provide the material desired characteristics in terms of acidity,

hydrophilicity and surface charge [130,131].

All things considered, a carbonaceous support, high surface area graphite (HSAG) has been
selected in this doctoral thesis to disperse and combine the advantages of palladium, copper
and/or nickel as the metal phase with the acid/base properties of several metal oxides (MgO,
BaO, ZnO and MnOQ). This inert and non-porous carbonaceous support would disperse the
active phases (metal oxide and reduced metallic precursors) maximizing the number of surface
centers exposed and favoring the interaction between them [132,133]. HSAG would improve
the catalytic performance of the bifunctional catalysts for the ethanol condensation towards 1-
butanol, since its surface inertness may inhibit secondary undesired reactions and its
hydrophobic surface would exhibit more affinity for organic molecules than water, which is a
by-product of the Guerbet reaction. In particular, their advantageous properties make carbon
supports the most suitable material for the coupling of ethanol since they are reported to increase

the concentration of basic sites exposed of MgZr oxides [128,134].
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2. OBJECTIVES

The main objective of this thesis is the synthesis and characterization of solid materials and
further optimization for their application as heterogeneous catalysts in the production of
chemical compounds of energetic interest from platform molecules obtained from biomass,
specifically, the ethanol condensation into butanol. These catalysts are supported on a
carbonaceous material and contain catalytic functions consisting of acid/base sites and metal
centers. The combination of these two functions make it possible to catalyze aldol condensation
reactions as well as hydrogenation/dehydrogenation reactions. More specifically, the objectives

of the work are detailed in the following points:

1. Synthesis of bifunctional catalysts using an acid/base phase (metal oxides such as MgO, BaO,
ZnO or MnO) and a metallic phase (Pd, Cu, Ni or Cu-Ni) using a graphite support with a high

surface area.

2. Characterization of the prepared catalysts to obtain information about the structural, textural
and surface characteristics of the solid catalysts that can explain their catalytic properties and
therefore their performance on the Guerbet reaction. The characterization techniques used
comprise transmission electron microscopy (TEM), X-ray energy dispersive spectroscopy
(EDX), X-ray diffraction, CO, chemisorption microcalorimetry, temperature programmed

reduction (TPR) or temperature programmed desorption of NH3z (NH3-TPD).

3. Evaluate the catalytic activity of the catalysts in the transformation of bio-ethanol to obtain
1-butanol in the Guerbet reaction, in order to study the effects of the support, metallic and metal

oxide phase nature, and the acid/base interaction with the metallic nanoparticles, as well as the
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effect of the Cu and Ni loading for the bimetallic catalysts. The reaction tests were performed

in a gas phase continuous flow reactor operated at 503 K and 50 bars of pressure.

32









EXPERIMENTAL







Experimental

3. EXPERIMENTAL

This chapter describes the synthesis of the studied catalysts, as well as the foundations of the
characterization techniques employed over the development of this work to determine their
most relevant structural and surface properties to achieve further understanding on the role of
the active phases in the catalytic performance in the Guerbet reaction. It also includes the
description of the experimental reaction set up and the analytical methods employed in the

evaluation of the catalytic activity.

3.1. Catalysts synthesis

As it was previously introduced in the chapter 1, almost all the studied catalysts were supported
on a carbonaceous support, a high surface area graphite (HSAG) supplied by Timcal. The
specific surface area of the HSAG was Sger = 396 m?/g. The support MgO was obtained by
calcination at 723 K of a commercial Mg(OH). from Fluka, that has a specific surface area of

Sget=17 mzlg.

Two preparation methods have been applied for the synthesis of the M/HSAG catalysts (M =
Mg, Ba, Zn, Mn), generally incipient wetness impregnation (IWI) except one Mg/HSAG
sample that was prepared by a deposition-precipitation method (DP). The incorporation of
copper, nickel and palladium was done by IWI in all cases. The precursor salts used were
Mg(NO3)2-6H20, Ba(NOs)2, Pd(NOs)2:2H20 and Cu(NOs)2-3H.O from Sigma-Aldrich,
Mn(NOs3)2-4H20 and Zn(NO3)2-6H20 from Panreac, and Ni(NOz)2-6H20 from Alfa Aesar. For
the IWI method, the necessary quantity of the corresponding metal nitrate salt was dissolved in

distilled water to achieve the specified weight percent (wt%) that is tabulated in Table 3.1.1 In
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the case of the M/HSAG samples, which are used to prepare the bifunctional catalysts, the
weight percent of the metallic element (M) of each metal oxide was calculated to achieve an
atomic proportion Metal (Cu or Ni)/M 2:1. Regarding the monometallic and bimetallic
catalysts, the adequate concentration of the corresponding precursor was used to incorporate a
metal loading of 5 wt% on HSAG or M/HSAG: 5wt.% Cu; 5wt.% Ni; 5wt.% Pd; 2.5wt.% Cu

and 2.5wt.% Ni; 4wt.% Cu and 1wt.% Ni; and 4.75wt.% Cu and 0.25wt.% Ni for each case.

In the case of the Mg/HSAG sample prepared by a DP method, the HSAG support was
suspended by constant stirring in a solution containing the necessary quantity of nitrate
magnesium precursor to incorporate a 50 wt% of final MgO (30.2 wt% of Mg) loading to the

support. The pH was adjusted to 11 with NaOH and the final solution was kept stirring for 1 h.

After each preparation method, the resulting material was dried overnight in an open recipient
at room temperature. The M/HSAG samples were then treated at 873 K for 3 h in a quartz tube
reactor under helium atmosphere or in a horizontal furnace using a N> flow with a heating rate
of 5 K/min to obtain the corresponding metal oxide, except Mn/HSAG which was treated at
673 K. The calcination temperature applied was chosen after extensive literature review
[135,136,137,138,139,140,141,142]. The monometallic Cu or Pd catalysts as well as the
bimetallic Cu-Ni were reduced in-situ under flowing hydrogen (20 mLste/min) for 1 h at 573
K, whereas 5Ni/HSAG and 5Ni-Mg/HSAG were reduced at 723 K. The reduction temperature
of each sample were set as a result of the temperature programmed reduction (TPR) profiles.
The reduced catalysts were exposed and stored under air up to their evaluation in reaction or

the characterization studies.
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To sum up, Table 3.1.1 summarizes all the studied catalysts, indicating in each case their
composition and the preparation method used to incorporate the metal oxide and the Pd, Cu

and/or Ni nanoparticles.
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Table 3.1.1 Composition and preparation method of the catalysts.

Catalyst mgggggﬁ V\étf"f)hsbnée;t pregﬂ:::tlion V\g;% Wl\tl:% V\g;/o
method method

5Cu/HSAG - - IWI 5 - -
5Ni/HSAG - - IWI - 5 -
2.5Cu2.5Ni/HSAG - - IWI 25 25 -
4CulNi/HSAG - - IWI 4 1 -
5Pd/HSAG - - IWI - - 5
Mg/HSAG DP 30.2 IWI - - -
Mg/HSAG 1WI 1 IWI - - -
Ba/HSAG 1WI 5 IWI - - -
Zn/HSAG 1WI 24 IWI - - -
Mn/HSAG 1WI 2 IWI - - -
5Pd/Mg 1WI - IWI - - 5
5Pd/Mg-HSAG DP 30.2 IWI - - 5
5Cu-Mg/HSAG IWI 1 IWI 5 - -
5Ni-Mg/HSAG IWI 1 IWI - 5 -
2.5Cu2.5Ni-Mg/HSAG IWI 1 IWI 25 25 -
4CulNi-Mg/HSAG IWI 1 IWI 4 1 -
4.75Cu0.25Ni-Mg/HSAG IWI 1 IWI 4.75 0.25 -
5Cu-Mn/HSAG IWI 2 IWI 5 - -
5Cu-Ba/HSAG IWI 5 IWI 5 - -
5Cu-Zn/HSAG IWI 24 IWI 5 - -
5Ni-Mn/HSAG IWI 2 IWI - 5 -
4CulNi-Mn/HSAG IWI 2 IWI 4 1 -
2.5Cu2.5Ni-Mn/HSAG IWI 2 IWI 25 25 -
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3.2. Characterization techniques

3.2.1. Temperature programmed reduction

This technique (abbreviated TPR) provides useful information on the temperatures needed for
the complete reduction of a catalyst as well as the interaction between the metal phases and the
support [126]. The reduction of the catalyst is monitored while the temperature increases
linearly in time in a reducing atmosphere, in our case hydrogen atmosphere. The gases
consumed and produced during the reduction are continuously analyzed on-line with a gas
chromatograph, which depicts the variation of the hydrogen concentration and the appearance
of other compounds released during the decomposition of the precursor or the decomposition
of thermally unstable groups. The reduction profile of the catalyst is obtained plotting the

hydrogen consumption as a function of the temperature.

The experiments were performed placing 150 mg of catalyst in a U-shaped quartz reactor under
30 mL/min of a mixture of 5 vol.% hydrogen in helium (Air Liquide 99.999% purity). For each
TPR experiment, the sample was heated from room temperature up to 973 K with a ramp of 10
K/min. The equipment used comprises a programmable oven where the quartz reactor is
introduced, and a thermal conductivity detector to measure changes in the thermal conductivity

of the gas stream.

3.2.2. X-ray diffraction

X-ray diffraction (XRD) is a technique used to obtain structural information from the catalyst,
such as identify crystalline phases (employing Bragg’s law) and to obtain an indication of the

particle size (employing Scherrer formula) [126]. X-rays are short-wavelength electromagnetic
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radiation produced by the deceleration of high-energy electrons or by electronic electron

transitions found in the internal orbitals of atoms.

When a monochromatic X-ray radiation is applied to a solid sample, the crystalline planes of
regularly spaced atoms act like a diffraction grating, giving rise to a pattern of diffraction lines
specific to each material, where each line corresponds to a spacing between specific planes of
the material [143]. Figure 3.2.1 represents a narrow beam of radiation that hits the surface of a
crystal at an angle 6. Two requirements are necessary in order to take place the diffraction of
the X-rays: that the spacing between the planes of atoms has to be approximately the same as
the wavelength of the radiation, and that the dispersion centers are regularly distributed in space.
The spacing between the lattice planes can be estimated with Bragg’s law, which says that X-

rays are reflected by the crystal only if the angle of incidence satisfies the condition:

nk=2dsin®  Equation 3.1

Where A is the wavelength of the X-rays, d is the distance between two lattice planes, 0 is the

angle of incidence of the radiation, and n is an integer called the order of the reflection.

Figure 3.2.1 Schematic representation of X-ray diffraction [144].
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In catalyst characterization, the diffraction patterns are mostly used to identify the
crystallographic phases present in the catalyst. The representation of the intensity of the
radiation after interacting with the sample as a function of the angle of incidence (20), is called
a diffractogram, which is characteristic of each crystalline material. The identification of
crystalline phases is accomplished by comparison with the X-ray diffraction database of the

JCPDS (Joint Committee on Powder Difraction Standars, 1971).

The diffraction peaks from perfect crystals are very narrow, for example the reflections
corresponding to large metal nanoparticles. However, for crystallite sizes below 100 nm, the
peaks become broader due to incomplete destructive interference in the scattering directions
where the X-rays are out of phase [126]. Scherrer's formula relates the size of the crystallite

with the peak width:

L KA
~ Bcosb

Equation 3.2

Where L is the dimension of the crystallite in the direction perpendicular to the reflecting plane,
A is the X-ray wavelength, K is a constant often taken as 0.9 for spherical crystallites, 0 is the
angle between the beam and the normal to the reflecting plane, and B is the width of the
diffraction peak in radians corrected by the broadening effects produced by the instrumental

equipment measured at half the height of the maximum intensity. It is corrected by the equation

B = VB? — b?, where B is the width of the diffraction peak of the sample and b is the

instrumental broadening corresponding to a standard substance.
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The experiments were carried out in a Polycristal X Pert Pro PANalytical diffractometer
equipped with a graphite monochromator and using Cu Ka radiation (A= 1.54 A) and a Ni filter.
The catalysts were previously reduced in hydrogen atmosphere at their corresponding reduction
temperature. The experimental conditions used with our materials were 45 kV and 40 mA. Data
were collected in the 20 range between 4° and 90° at a rate of 0.04°/s and the qualitative analysis

was done using PANalytical X’Pert HighScore Plus software.

3.2.3. Nitrogen physisorption at 77 K

This technique is employed to determine the specific surface area, that is the exposed area of a
solid per unit mass (m?/g), as well as the distribution of pore sizes of a porous material. It is
based on the adsorption phenomena that takes place at the interface between the solid analyzed
(adsorbent) and the fluid (gas or liquid) used to carry out the adsorption, commonly known as

adsorbate.

First, the sample is degasified with or without heating in order to clean the surface and remove
adsorbed species. Then, the sample is cooled to cryogenic temperature (77 K) and then exposed
to a ramp of controlled pressures in the presence of No. As the pressure increases, the number
of gas molecules adsorbed on the surface increases. The amount of gas adsorbed can be
determined applying the universal laws of the gases and knowing the pressure at which the
adsorption reach the equilibrium. From this point on, the desorption process begins, in which
the release of the adsorbed molecules occurs as the pressure is reduced. The quantity of gas
adsorbed or desorbed on the surface is quantified by gravimetric or volumetric techniques,
according to the characteristics of the equipment. At the end of the analysis, the adsorption

along with the desorption phenomenon are described by means of their isotherms, that is the
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representation of the volume of N2 physisorbed on the solid as a function of the relative

equilibrium pressure of nitrogen. The analysis of these isotherms offers great information about

the surface area of the solid, as well as its porosity.

Amount adsorbed
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Figure 3.2.2 Classification of the isotherms according to IUPAC [145].

There are six types of isotherms according to IUPAC (Figure 3.2.2), where the Type |

corresponds to microporous solids such as activated carbons, molecular sieve zeolites and

certain porous oxides [145,146], which are characterized by an increase in the amount adsorbed

at low pressure, corresponding to the filling of the micropores, followed by a distinctive plateau.
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Type Il corresponds to non-porous or macroporous solids, whereas Type 11 is ascribed to non-
porous or macroporous solids with weak adsorbent-adsorbate interactions. Mesoporous solids
give rise to Type IV isotherms, while the uncommon Type V isotherm is related to mesoporous
solids with weak adsorbent-adsorbate interactions. The Type VI represents multilayer
adsorption on a uniform non-porous surface such as graphite systems. The hysteresis loops
observed for the Type IVa and Type V isotherms correspond to a capillary condensation

phenomena associated with the mesoporosity.

The total surface area is determined calculating the volume of the monolayer, which is
multiplied by the area occupied by each adsorbed molecule. The volume of the monolayer is
calculated with the BET method (Brunauer-Emmett-Teller) using the equation that describes
the isotherm:

p 1+ (c-1) P
V(p° - p) Vmce  p°

Equation 3.3

Where Vm is the volume of the monolayer, c is a constant, p is the equilibrium pressure, and p°
is the saturation pressure of the gas. Vm and ¢ can be obtained by representing p/V(p°— p)
versus p/p°. The resulting figure has a linear part corresponding to the monolayer adsorption.
With the slope (s) and the ordinate in the origin (i), the volume of the monolayer and the

constant ¢ can be calculated:

1
Vi = Equation 3.4
m =T quation
S
c=< +1 Equation 3.5

The surface area (S) of the sample is determined from the expression:
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S =A4,Vn Equation 3.6

4
22414

Where Am is the section area occupied by each molecule of adsorbate, which according to

IUPAC it is 0.162 nm? for nitrogen [147], and Na is the Avogadro’s constant.

For non-porous and mesoporous materials, the BET equation is valid for the linear region in
the BET plot between p/p°® = 0.05 and 0.35 approximately. For microporous solids, the BET

equation is only valid for the linear region below p/p°® = 0.05 [148].

The BJH method is used to calculate the pore size and volume from the N> desorption curve
[149], assuming that the equilibrium between the gas phase and the adsorbed phase during
desorption is determined by two mechanisms: (1) physical adsorption on the pore walls, and
(2) capillary condensation in the inner capillary volume. It applies only to the mesopore and
small macropore size range. The size of the pores is classified by IUPAC according to: i)
micropores if the dimensions are less than 2 nm; ii) mesopores if the dimensions are between 2

and 50 nm; and iii) macropores if the dimensions are greater than 50 nm [150].

The experiments were carried out using an automatic volumetric adsorption Micromeritics
ASAP 2010 instrument where the N adsorption-desorption isotherms were collected at 77 K.
Prior to nitrogen adsorption, the samples were outgassed for 5 h at 423 K to remove all

physisorbed species retained in the pores and external surface.

3.2.4. Temperature programmed desorption of NH3

Temperature-programmed desorption (TPD) is widely applied for catalyst characterization,
generally using previously chemisorbed NHs, Hz, CO or CO> as probe molecules. The sample

is subjected to a temperature program while the desorbed gaseous products from the surface are

47



Experimental

analyzed on-line. Useful information can be obtained from the desorption patterns to
characterize the surface of the catalyst, such as the adsorption states and the kinetics of
desorption. Qualitative interpretation of the TPD is based on the fact that the higher the
desorption temperature, the stronger the adsorbate is bonded to the surface. Determination of
relative coverages can be accomplished since the area under the curve of a TPD spectra is

proportional to the coverage of the surface [126].

All in all, this technique determines the adsorbate layer and the number of molecules desorbed
as a function of temperature. Ammonia is employed as the molecule adsorbed/desorbed for
acidity measurements and characterization of the acid centers of the catalysts: acid strength,

superficial acidity and strength distribution of the active centers.

The experiments were carried out in a chemisorption Micromeritics Autochem 11 2920
apparatus connected to a thermal conductivity detector. The in-situ reduced samples were
previously saturated with ammonia gas 5% at 323 K, swept with He at 373 K and then heated

from 373 to 623 K at 10 K/min.

3.2.5. CO2 chemisorption microcalorimetry

Calorimetry is the process of measuring the amount of heat released or absorbed during a certain
process, which can be exothermic (releases heat) or endothermic (absorbs heat). In the
adsorption microcalorimetry technique, the sample is kept at a constant temperature while a
probe molecule is adsorbed on the surface, while a thermal flow detector emits a signal
proportional to the amount of heat transferred per unit of time. Therefore, the adsorption
microcalorimetry describes the thermodynamic of the gas-solid interaction phenomena and

provides useful information for the characterization of solid surfaces. In this thesis, the CO>
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adsorption microcalorimetry is applied to obtain information about the density of basic surface

centers and their strength distribution.

The experimental system used in this study is schematized in Figure 3.2.3 and consists in a
Tian-Calvet microcalorimeter (C80 Il-Setaram) with a CS32 control unit associated to a
volumetric gas adsorption line built in Pyrex glass. The volumetric equipment consists of two
pumps (one rotary and another turbomolecular), a liquid nitrogen trap to improve the vacuum,
a set of taps used to introduce the gas doses, and two pressure gauges: one Alcatel CF2P to
measure the residual pressure 102-10"" Torr, and another Baratron capacitance manometer
(MKS Instruments) to control the doses of the gas probe with a working range of 1% Torr and

an accuracy of 102 Torr.

Figure 3.2.3 Volumetric equipment coupled to a microcalorimeter.
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Approximately 200 mg of sample are introduced into an adsorption bulb or glass reactor (Figure
3.2.4), where it is first reduced in a flow of H2 (30 mL/min) for 1 hour at the corresponding
reduction temperature. Subsequently, the sample is pretreated for 10 hours at 623 K under high
vacuum and outgassed overnight while it is cooled to room temperature. Then, the bulb is
placed in the calorimeter cell, where it is left in dynamic vacuum until the heat flow signal is
stabilized (generally, about 90 minutes), that is, until there is no heat flow between the reference
cell and the measurement cell since both are at the same temperature, 323 K in our case. The
CO- chemisorption is then initiated by introducing successive doses of gas to the adsorption
bulb at a constant temperature of 323 K, with initial pressures ranging from 0.5 to 10 Torr. For
a particular pulse, the adsorption is considered complete when the heat flow of the calorimeter
and the pressure remain constant. The total CO. chemisorbed at the monolayer is considered to
be attained when the adsorption heat is lower than 40 kJ/mol, since below this value the heats

of adsorption are considered a consequence of physical adsorption phenomena [151,152].

bl
)

Figure 3.2.4 Glass reactor for adsorption microcalorimetry experiments and Tian Calvet
microcalorimeter (Setaram C-80 I1) [153].
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The adsorption microcalorimetry profile is obtained by representing the differential heat of
adsorption (Quiff) that is released when a given amount of CO> is adsorbed (for example in
kilojoules per mole of adsorbed gas) versus the amount adsorbed per gram of catalyst or the
surface coverage (0), which is defined as the monolayer’s fraction of chemisorbed gas. The
analysis of the calorimetric profile, characteristic of each catalyst, provides information about

the type and number of adsorption centers, as well as their energy distribution.

3.2.6. Transmission electron microscopy and X-ray energy dispersive

spectroscopy

Transmission electron microscopy is a widely used technique for the structural and chemical
characterization of materials, since it provides direct information on the morphology, size and
spatial distribution of the metallic nanoparticles (NPs), as well as the chemical composition and
crystalline phase identification applicable to a wide range of materials [154]. It is important to
determine the size of the NPs in order to understand their activity, since the number of surface
atoms, which can act as active sites during the catalytic process, increases with decreasing
particle size. Moreover, the atoms located in edges and corners are more active than those

located in the planes and their number also increases when decreasing the particle size [155].

This technique is based on the interaction of the material with an electron beam that is generated
in a gun and accelerated under a differential electric potential of 100-400 kilovolts to acquire
Kinetic energy. The electron beam is collimated, focused and guided through a series of
electromagnetic lenses and condensers. The interaction of a high energy electron beam with the
specimen will produce various effects resulting in a range of signals being emitted (Figure

3.2.5). Depending on how the beam is projected onto the sample, it can be obtained the
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transmission electron microscopy (TEM) which occurs when a beam is projected in parallel, or
the scanning electron microscopy (STEM) which takes place when the beam converges in a

point of 1nm, obtaining a scan of the sample.

Incident electrons

Auger electrons Backscattered
X-ray Secondary electrons
L |
Elastically scattered Inelastically scattered

Transmitted electrons

Figure 3.2.5 Type of signals generated in electron beam-sample interactions.

The signal obtained by TEM microscopy, corresponds to the transmitted and undispersed
electrons that penetrate the material without interacting with it; while the signal obtained by
STEM microscopy corresponds to the dispersed electrons during the collision with the sample
atoms. Afterwards, a series of magnetic lenses deliver the signal to a detector, generating a two-
dimensional image of the sample. The higher the atomic number of the elements that constitute
the sample, the higher the number of electrons that are dispersed. There is also a direct
relationship between angle of measurement and atomic number, that is, the higher the atomic
number, the higher the number of electrons scattered at high angles, which generates a greater

contrast in the final photograph.
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A spectrometer of X-ray dispersive energies (Energy-dispersive X-ray spectroscopy, EDXS)
can be indexed to the microscope, which can collect and analyze the characteristic X-rays
emitted from the specimen as a result of its interaction with a high-energy electron beam. The
incident beam may excite and eject an electron from its discrete energy level, creating an
electron hole that is occupied by an electron from an outer, higher-energy level. The difference
in energy between the higher-energy level and the lower energy level may be released in the
form of an X-ray. As the energies of the X-rays are characteristic of the difference in energy
between the two levels and of the atomic structure of the emitting element, EDXS provides
qualitative and quantitative analysis of the elemental composition of the specimen. The EDX
spectrometer connected with the STEM scan mode offers the possibility to obtain X-ray
mapping of elements, where the positions of specific elements emitting characteristic X-rays

within an inspection field can be indicated by unique color.

To carry out the analysis, the catalysts must be previously reduced and then grounded before
suspending the fine powder in a volatile solvent (ethanol). After that, a couple of drops are
added to the copper or gold grid (Lacey carbon, 200 mesh, Aname) that is placed in the sample
holder and then introduced into the microscope for degassing and subsequent analysis. TEM
images and mappings were obtained on a JEOL JEM-2100F microscope operating at 200 kV
and a JEM 3000F microscope at 300 kV, both equipped with an Energy-Dispersive X-Ray
detector from Oxford Instruments with a maximum resolution of 0.17 nm and with a minimum

size of beam convergence of 0.2 nm for the STEM mode.

The average diameter (d) of the metal NPs (Pd, Cu and/or Ni) was calculated based on a

minimum of 300 particles, using the following equation:
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_ Ynd}

d =
Yn;d?

Equation 3.7

Where n; is the number of particles with diameter di. This equation is used when there are

particles of similar shapes, but with different sizes.

3.2.7. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy technique is one of the most useful characterization tools
used to determine the surface composition, the oxidation state of the elements and, in favorable
cases, the dispersion of one phase over another [156]. It is based on the photoelectric effect
represented in Figure 3.2.6 (left): when a catalyst is irradiated with X-ray photons, an atom
absorbs a photon of energy hv while a core or valence electron with binding energy E is ejected.
A hemispherical detector detects the electrons emitted and records their energy to obtain the X-
ray photoelectron emission spectrum. The incident photons have a higher binding energy than
the electrons in the sample, since this energy must be overcome in order to pull them out. The

kinetic energy of the emitted electron E. must fulfill the equation of the photoelectric effect:
Ec. =hv—E,—¢ Equation 3.8

Where hv is the incident energy of the photons, Ey is the binding energy of the excited electron,
and @ is the working function of the spectrometer, a correction factor which represents the
minimum energy required to impulse one electron towards the highest level occupied in the

vacuum.
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Figure 3.2.6 Photoelectric effect and Auger processes.

When an electron is photoejected, the atom becomes an unstable ion with a hole in one of the
core levels. The excited ion relaxes by filling the core hole with an electron from a higher shell
(Figure 3.2.6, right). The energy released by this transition is taken up by another electron,
known as the Auger electron, which leaves the sample with a kinetic energy specific of the
element [157]. Auger electrons have fixed kinetic energies that are independent of the energy
that created the initial core hole. The label KLiL23 corresponds to an Auger electron that
originates from a transition with the initial core hole in the K shell, which is filled by an electron

from the L1 shell, whereas the Auger electron is emitted from the L3 shell.

An XPS spectrum is the representation of the intensity of the flow of emitted electrons recorded
by the detector as a function of their kinetic energy or, more frequently, as a function of their
binding energy. As stated by Eq. 8, the kinetic energy of the emitted electrons is related to their
binding energy (BE), which is characteristic of the elements present in the sample from the
photoelectron originates and the electronic interactions between them. The binding energies of

a particular electron level and the spin—orbit splittings increase with increasing atomic number.
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The intensity ratio of the peaks from a spin doublet is determined by the multiplicity of the
corresponding levels. Consequently, photoelectron peaks from core levels appear as doublets
or paired peaks except for s levels, which normally give a single peak [157]. In addition, the
binding energy increases with increasing oxidation state, and for a fixed oxidation state with

the electronegativity of the ligands.

To perform the experiments, the material must be pelletized to provide a flat and homogeneous
surface, which prevents the loss of material as a result of the high vacuum. The pelletized
sample is placed in the sample holder and introduced into the pre-treatment chamber, where it
must be degassed until reaching a vacuum close to 1.3-10% mbar. Then, the sample is
transferred to the analysis chamber where the pressure is always kept below 107*° mbar. The
equipment used for the analyzes was a PHOIBOS 150 9MCD SPECS GmbH. The X-ray
radiation sources used were non-monochromatic Al radiation (200 W, 1486.61 eV) and Mg

radiation (200 W, 1253.6 eV).

The spectral data for each sample were analyzed using CASA XPS software. The resulting
spectra were deconvoluted and fitted to a mix of Gaussian and Lorentzian curves. The peak
corresponding to C 1s (BE = 284.6 eV) was used as the reference standard for the peak’s
displacements due to the charges effect. The equipment error in the energy determinations was

less than 0.01 eV.
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3.3. Catalytic reaction

3.3.1. Experimental system

The catalytic condensation of ethanol was carried out in a stainless-steel fixed-bed reactor
operated in gas phase at 50 bar in a continuous flow. The equipment has a gas supplier system
and a HPLC-pump for the injection of ethanol. The fixed bed reactor is a tube of stainless steel
316 L (52.5 cm long, 0.049” wall diameter and 3/8” outer diameter). The reaction set-up and
the detailed process flow scheme are shown in Figure 3.3.1 and Figure 3.3.2. The gas flow rates
were controlled using Bronkhorst High-Tech Series mass flow controllers. The reactor was held
within a furnace equipped with a temperature controller. The reaction temperature was

measured with a K-type thermocouple inserted directly in the catalytic bed.

For each experiment, the reactor was filled with 0.5 g of the catalyst, and silicon carbide (SiC)
was added to obtain 4 cm length. Prior to the catalytic test, the catalysts were reduced in situ
with hydrogen at 573 K for 1 h before reaction, except the monometallic nickel catalysts
introduced in the chapter 3.1, which were reduced at 723 K. After reduction, the catalyst was
cooled to the reaction temperature in helium atmosphere. For all experiments, helium flow rate
during reaction was 50 mLste/min and ethanol (absolute extra pure, Scharlau) flow rate was

adjusted to 0.02 mL/min with a HPLC-pump.

In a preliminary study, a set of experiments were performed to assess the impact of temperature
on conversion and 1-butanol selectivity using 5Cu-Mg/HSAG as catalyst in the range 443-573
K, concretely at 443, 483, 503, 523, 548 and 573 K. After establishing the optimized reaction

temperature, it was set to 503 K. With the purpose of studying the influence of thermal pre-
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treatment temperature, the catalysts 4CulNi-Mg/HSAG and 2.5Cu2.5Ni-Mn/HSAG were also

tested after treatment in helium at 723 K for 1 h prior reduction with hydrogen.
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Figure 3.3.1 Detailed process flow scheme of the reactor set-up.

The gaseous products were analyzed with two on-line gas chromatographs (GC, Varian CP
3380) fitted with a flame ionization detector (FID) and a thermal conductivity detector (TCD),
while the condensed reaction products were collected and analyzed with a GC equipped with a
FID detector. The FID and TCD detectors were configured with a capilar column SupelQ Plot
and 60/80 Carboxen-1000 column, respectively. The temperature program for GC-FID

separation was ramp from 35 to 51°C at 2°C/min and hold at 51°C for 1 min, then ramp to 200°C
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at 16°C/min and hold at 200°C for 7 min. For the GC-TCD, the temperature program was hold
at 50°C for 3 minutes, ramp to 150 at 5°C/min and then to 225 at 20 °C/min (total = 26.75 min).

Calibration of the possible reaction products was done with commercial standards.

Figure 3.3.2 Reaction equipment used for the catalytic tests.

3.3.1.1. Data analysis
After 24 hours of reaction time, the ethanol conversion Xetwon is calculated using the following

equation:

Zinimoli

Xeton (%) = 100 Equation 3.9

2molg, oy + Zinymol; '
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Where n; is the number of carbon atoms of the product i, mol; is the number of mol of the

product i, and mol eron is the number of mol of unconverted ethanol.
The selectivity to a specific product was defined as follows:

n;mol;
S; (%) = ————- 100 Equation 3.10
Zinimoli

The carbon balance (C%), which resulted higher than 90%, was defined as:

¥.n;mol; + 2mol;
C (%) S L EtOH .

1 E i A1
2molpon 00 quation 3

Additionally, site time yield STY (h'* or s1) of 1-butanol was calculated as the number of pmol
of 1-butanol produced per unit time and per active site of the catalyst. The active sites were
considered the number of pmol CO, absorbed per gram of catalyst with heat of adsorption
superior than 90 KJ/mol, which correspond to the strong basic sites, and the total number of
metal atoms on the surface Ms, which was defined for each metal as a function of the number

of metal atoms, M, and the metal dispersion, D:
My =M,-D  Equation 3.12

Where the metal dispersion was calculated by D=(6-Ns-Mw)/(p-N-d), where Ns is the number
of atoms at the surface per unit area (1.47-10%° m~2 for Cu and 1.54-10'° m™2 for Ni) [158], Mw
is the atomic weight of the element, p is the density of the metal (8.96 g/cm? for Cu and 8.9
g/cm?® for Ni), N is the Avogadro constant and d is the average particle size of the reduced
samples (determined by TEM, assuming that particles are spherical). Therefore, the metal

dispersion for each element was calculated as:
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a
D = Pl Equation 3.13

With a=1.04 for copper and a=1.01 for nickel.
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4. RESULTS AND DISCUSSION

4.1. Continuous gas-phase condensation of bioethanol to 1-butanol

over bifunctional Pd/Mg and Pd/Mg-carbon catalysts

The condensation of ethanol to 1-butanol in the presence of different catalyst systems based on
a Pd dehydrogenating/hydrogenating component and magnesium hydroxide-derived materials
as basic ingredient was studied in a fixed-bed reactor. A bifunctional catalyst supported on a

synthetic composite based on Mg and high surface area graphite (HSAG) was also studied.

4.1.1. Reaction results

First, a blank experiment without catalyst, which showed no ethanol conversion after 6 h at 503
K, indicated that the reaction can barely take place in absence of a catalyst. Table 4.1.1
summarizes the catalytic parameters obtained with the Mg-HSAG support, as well as with the
bifunctional catalysts reduced at 573 K and those samples previously treated in helium at 723K.
In general, the main products detected were 1-butanol (ButOH), acetaldehyde (Ac), diethyl
ether (DEE), carbon monoxide and methane. Other products such as acetone and 1,1-
diethoxyethane, ethyl acetate, 2-butanona, diethoxybutane, butanal, 2-butenal, 2-butanol, 2-
ethyl-1-butanol, 1-hexanol, 1-octanol, 2-ethyl-1-hexanol were observed in small quantities. The
detection of 1,1-diethoxyethane, ethyl acetate and other higher alcohols (>C4), is in agreement

with other reports on the continuous condensation of ethanol [50,52,73,101,102].
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Table 4.1.1 Catalytic activity and product selectivities obtained at 503 K and 50 bar
after 24 h on stream.

ﬁ;itrii?: Conv. Selectivity (%)

Sample sizem)  ®  ButOH Ac DEE CO CHs Acetone Others®
Mg-HSAG - 05 0 8 73 - - 0 19
PA/HSAG 2.6 45 0 2 37 10 14 30 7

Pd/Mg 35 17 34 13 21 4 5 0.0 17

Pd/Mg-HSAG 3.8 19 41 15 2% 5 6 0.9 7

Pd/Mg* 5.9 22 43 13 1 6 7 1 29

Pd/Mg-HSAG* 6.4 17 54 13 <1 4 6 <1 22

Ac — Acetaldehyde, DEE — Diethyl ether, ButOH — 1-Butanol. # Other products also detected in small
quantities: 1,1-diethoxyethane, ethyl acetate, 1-hexanol, 2-butanona, diethoxybutane, 1-octanol, butanal, 2-
butenal, 2-butenol, 2-butanol, 2-ethyl-1-butanol, 1-octanol, 2-ethyl-1-hexanol. The **" indicates that the
material was thermally treated in helium at 723 K prior to reduction with hydrogen.
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Figure 4.1.1 Conversion and 1-butanol selectivity through 24 hours of reaction. The "~ *™
indicates that the material was thermally treated in helium at 723 K prior to reduction
with hydrogen. (m) Pd/Mg, () Pd-Mg/HSAG, (A) Pd/Mg*, (*) Pd/Mg-HSAG*.
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The bifunctional catalyst proved to be very stable during 24 hours of reaction in terms of
conversion and selectivity (Figure 4.1.1). After the maximum in conversion is reached at 2-3
h, the catalysts suffer slight deactivation, but after 10 h the reaction reaches steady-state

conditions.

4.1.2. Catalysts characterization

4.1.2.1. Structural and textural features

The X-ray diffraction patterns of the commercial Mg(OH)., the MgO support, and the resulting
Pd/Mg catalyst are represented in Figure 4.1.2. The diffractogram of Mg(OH). can be indexed
as the hexagonal brucite phase (JCPDS card 084-2164), while the thermal dehydration process
at 723 K gave rise to the characteristic periclase structure of MgO (JCPDS card 45-946). The
crystallite size of MgO was estimated from line broadening of the (200) diffraction peak
(26=42.9°) by using the Scherrer formula, while for Mg(OH). the peak at 26 =58.8°
corresponding to the (110) reflection plane was used to determine the mean crystallite size. The
values are listed in Table 4.1.2, together with some other parameters related to textural and
structural properties. As expected, the thermal decomposition of Mg(OH): resulted in the
formation of MgO particles of a much smaller size, in good agreement with other reported
observations [159,160]. This was also reflected in the increase in the measured surface area
(from 17 to 105 m?/g, Table 4.1.2). The subsequent incorporation of metal NPs to the MgO
support caused some evident changes in the structure and texture of the material (Figure 4.1.2,
Table 4.1.2). The bifunctional Pd/Mg catalyst showed the characteristic peaks of the brucite
structure of Mg(OH)2, which confirmed that aqueous impregnation transformed MgO back to

Mg(OH)2 as a consequence of its interaction with water [161], although the main peak at about
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43° corresponding to residual MgO was also present. It should be noted that the conversion of
MgO into Mg(OH). during the impregnation procedure to incorporate the metal caused a
decrease in the surface area as well as in the pore volume with respect to the starting MgO and
this is in agreement with the findings of other authors [160] (Table 4.1.2). The distinct peaks of

the Pd NPs (JCPDS card 001-1201) were detected at 26 values of 40.4, 46.8, 68.4 and 82.4°,

Intensity (a.u.)

0 10 - 20 30 40 50 60 70 80 90 100

Figure 4.1.2 XRD pattern of Pd/Mg catalyst. For comparison the patterns of the starting
Mg(OH)2 and MgO are also shown.
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Table 4.1.2 Textural and structural parameters of supports and catalysts.

SUPPORTS CATALYSTS
Pore MgO  Crystal Pore Mg(OH)2
SeeT a . ; SeeT
Sample volume?  loading size Sample volume  Crystal size®
2 2
M9 (emvg)  wtos)  (om) M9 emve)  (amy
Mg(OH). 17 0.11 - 44¢ Pd/Mg 41 023 17
MgO 105 0.39 - 9.9¢ | Pd/Mg-HSAG 224 0.54 22
Mg-HSAG 234 0.56 45 20¢ Pd/Mg* 166 - -
Pd/Mg-HSAG* 215 - -

3 BJH desorption pore volume, ° determined from thermogravimetric analysis in air. Crystallite size was
determined applying Scherrer formula to ¢ peak at 26=58.8° corresponding to Mg(OH), ¢ peak at
206=42.9° corresponding to MgO. The “***" indicates that the material was thermally treated in helium at
723 K prior to reduction with hydrogen.

Figure 4.1.3 shows the XRD pattern of the Pd/Mg-HSAG catalyst. As can be observed,
reflections corresponding to metallic Pd were detected and the diffractogram confirmed that
incorporation of Pd NPs during the synthesis procedure converted the MgO in Mg(OH)2, as

was previously observed with the bulk Pd/Mg catalyst.
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Graphite
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Figure 4.1.3 XRD pattern of Pd/Mg-HSAG catalyst. For comparison the patterns of the
Mg-HSAG and HSAG supports are also shown.

Figure 4.1.4 shows the XRD patterns of Pd/Mg and Pd/Mg-HSAG with and without
pretreatment in helium at 723 K prior to reduction with hydrogen at 573 K. For both catalysts,
the thermal treatment at 723 K after deposition of Pd NPs decomposed Mg(OH). to MgO, as
the reflections corresponding to Mg(OH). disappear. The diffraction patterns show sharper
palladium peaks after thermal treatment, implying an increase in particle size, which is more

evident for the Pd/Mg-HSAG catalyst.
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Figure 4.1.4 XRD patterns corresponding to A) Pd/Mg and B) Pd/Mg-HSAG catalysts a)
reduced at 573 K and b) thermally treated at 723 K and reduced at 573 K.

4.1.2.2. Surface properties

Figure 4.1.5a shows the evolution of the differential heat of adsorption Quitt of CO2 with the
surface coverage of Mg(OH)2 and MgO. The increase in the CO. uptake is accompanied by a
continuous decrease in Qgifr from initial values around 125 kJ/mol to about 40 kJ/mol; the latter
value is attributed to the boundary between chemical and physical CO2 adsorption [151,152].
The Quir values indicate the basic strength of the adsorption sites; thus, this value indicates a
heterogeneous strength distribution of the basic sites. Considering the differences in the strength
of the adsorption sites of CO, three types of basic sites have been established: strong basic sites
(Quifr> 90 KJ/mol), medium-strength basic sites (90 > Quitr > 60 KJ/mol) and weak basic sites
(Quifs < 60 KJ/mol). The total amount of basic sites and the corresponding percentage of each
type for each sample are summarized in Table 4.1.3. Mg(OH). and MgO have the same total

quantity of basic sites and quite similar strength distributions and heats of adsorption,
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presumably because Mg(OH). was degasified at 623 K for 10 h prior to calorimetric
measurements, conditions that lead to the formation of MgO, as reveled in the XRD patterns
(not shown for the sake of brevity). Although the evolution of the differential heat of adsorption
was quite comparable to that of MgO, a decrease in the total amount of basic sites was observed
for materials containing Pd (Figure 4.1.5b), which may be due to the hydroxylation of the MgO
surface that takes place during incipient wetness impregnation with the acidic aqueous
palladium nitrate solution [162]. However, a calorimetry study on Pd/Mg and Pd/Mg-HSAG
after thermal treatment at 723 K (Figure 4.1.5c) showed higher heats of adsorption at initial
values of surface CO- coverage, which implies considerable strengthening of strong basic sites
compared with the other samples and even MgO. Probably this effect is due to metal-support
interaction at high temperatures, as was previously reported [163,164,165,166,167]. In
particular, Ueda et al. [163,164,165] observed that the addition of metals has a remarkable effect
on the basic surface of MgO, in which the incorporation of metal atoms causes a distortion in
the lattice, an expansion of Mg-O bond length, and localization of electrons on the oxygen atom.

As a result, the M-MgO combination exhibits higher basicity.
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Figure 4.1.5 Differential heats of CO2 adsorption vs. coverage at 323 K. a) Mg(OH)zand
MgO b) Pd bifunctional catalysts ¢) Pd bifunctional catalysts. The ~* " indicates that the
material was thermally treated in helium at 723 K prior to reduction with hydrogen.

Table 4.1.3 CO2 chemisorption capacities at 323 K and type of basic sites.

Basic sites distribution (%)

Sample um;)rloéa;z/g Strong sites Medium-strength Weak-strength
(Quirr> 40 kJ/mol) (Quife > 90 (90 > Quitr > 60 (60 > Quitr > 40
kJ/mol) kJ/mol) kJ/mol)
Mg(OH)2 487 51 38 11
MgO 488 58 32 10
Pd/Mg 374 47 41 12
Pd/Mg-HSAG 295 47 38 15
Pd/Mg* 411 61 29 10
Pd/Mg-HSAG* 214 68 22 10
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Figure 4.1.6 shows TEM images of the Pd catalysts and the corresponding histograms of the
particle size distributions. The TEM images confirmed the formation of metal NPs during the
activation process with hydrogen. The Pd catalysts supported on Mg have a Gaussian particle
size distribution in which the maximum of the peak coincides with the average Pd particle size.
The combination of Pd and Mg gave rise to larger average Pd particle sizes (d=3.5-3.8, Figure
4.1.6b and 4.1.6d) compared with PA/HSAG (d=2.6 nm, Figure 4.1.6a). Interestingly, PA/HSAG
shows a non-Gaussian particle size distribution, and approximately 45% of the Pd particles have
a diameter smaller than 2 nm (Figure 4.1.6a). Additionally, the TEM study confirmed the
conclusions drawn from the XRD study, in which Pd peaks of higher intensity were observed
for catalysts treated in helium at 723 K. This thermal treatment has a remarkable effect on the
particle size and its distribution, considering that both catalysts studied lost their Gaussian
particle size distribution and suffered an increase in the average particle size, such that

approximately 15% of the particles had a diameter larger than 9 nm.
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Figure 4.1.6 TEM images and particle size distribution of a) PdA/HSAG, b) Pd/Mg, c)
Pd/Mg-HSAG, d) Pd/Mg*, e) Pd/Mg-HSAG* catalysts. The “~*"" indicates that the
material was thermally treated in helium at 723 K prior to reduction with hydrogen.

4.1.3. Discussion

The presence of the main reaction products can be explained by the different reaction pathways
shown in Figure 1.3.1 and 1.3.2. Briefly, acetaldehyde is the primary dehydrogenation (R1)
product which can undergo subsequent condensation reactions: reaction with another two
ethanol molecules to form 1,1-diethoxyethane or with another acetaldehyde molecule yielding
3-hydroxybutanal (R2), which is readily dehydrated to 2-butenal (R3). According to the

literature, the first condensation is an acid-catalyzed acetylation reaction, [168] while the
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second is a base-catalyzed aldol condensation [7,57,161]. Subsequent hydrogenation of 2-

butenal give rise to the desired product 1-butanol (R4, R5).

1-Butanol can also react with unconverted ethanol to form C6 alcohols such as 1-hexanol, [169]
whose presence in our product stream increased with increasing selectivity to 1-butanol. Thus,
Pd/Mg, Pd/Mg-HSAG, Pd/Mg* and Pd/Mg-HSAG* show 2, 4, 4 and 5% hexanol selectivity,
respectively, whereas the corresponding 1-butanol selectivities are 34, 41, 43 and 54% (Table

4.1.1).

Diethyl ether is the product of the acid-catalyzed direct dehydration of ethanol, [57,103,170]
whereas methane and carbon monoxide are obtained by metal-catalyzed decarbonylation of
acetaldehyde [56]. The presence of Mg in the Pd catalysts reduces considerably the formation
of diethyl ether, methane and carbon monoxide, as can be seen in Table 4.1.1, presumably
because the acid sites of the HSAG support are covered by Mg. Moreover, the selectivity for
diethyl ether decreases remarkably with Pd catalysts thermally treated in helium at 723 K prior
to hydrogen reduction (Table 4.1.1), which is in agreement with the XRD and calorimetry
studies, in which it was observed that the interaction of Pd and MgO at this temperature involves
strengthening of the basic sites. Thus, the MgO covering the acid sites of the HSAG plays an
important role in the decreased acetone formation. This undesired product can be obtained by
i) decarbonylation and dehydrogenation of 3-hydroxybutanal, which also leads to formation of
carbon monoxide and hydrogen, and ii) ketonization of acetic acid, a hydrolysis product of ethyl
acetate [57]. The former reaction is unlikely to take place, as dehydration of 3-hydroxybutanal
should predominate. The second route is plausible since carbon dioxide carbon dioxide (the
other product of acetic acid ketonization) was detected, whereas acetic acid could not be

observed owing to the low sensitivity of the FID detector. Acetone formation is favored with
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the Pd-HSAG catalyst, whereas the presence of Mg in Pd/Mg-HSAG reduces considerably the

amount of this by-product (Table 4.1.1).

The first step in the Guerbet mechanism is dehydrogenation. According to the literature
[65,86,116], dehydrogenation of ethanol to acetaldehyde on metal oxides takes place at
medium-strength basic Mg?*-O? pairs, which are predominant in MgO with respect to
Mg(OH).. Aldol condensation of adsorbed acetaldehyde is faster than dehydrogenation
[90,171] and also implies acid-base pairs as well as a large quantity of basic sites [65]. The
presence of trace amounts of 2-butenal, crotyl alcohol, and butanal among the reaction products

suggests that with our catalysts the reaction pathway follows the Guerbet route.

As shown in Table 4.1.1, Mg-HSAG showed negligible conversion, while Pd-HSAG exhibited
no selectivity to 1-butanol. According to the catalytic tests, the metal/Mg combination is
compulsory to obtain good 1-butanol yields. The incorporation of Pd into MgO greatly
improved the catalytic performance in the condensation of ethanol, because transition metals
have better dehydrogenation properties than metal oxides [100]. The differences in catalytic
performance between Pd/Mg and Pd/Mg-HSAG cannot be ascribed to different basicity
properties determined by CO> chemisorption, as the two catalysts have similar percentages of
strong surface basic sites (47 %). Moreover, the average Pd particle sizes of the two materials
are very similar (3.5 and 3.8 nm for Pd/Mg and Pd/Mg-HSAG, respectively). Therefore, we can
speculate about some additional effect of the graphite support that was not identified by the
characterization techniques used but is observed in the increased catalytic selectivity towards
1-butanol. Likely, the graphite support makes it possible to maximize the interaction between
Pd atoms and the strong basic sites of the MgO to form cooperative sites for the tandem reaction.

In addition, the Pd/Mg-HSAG catalyst shows a 2-butenal selectivity of 3 %, whereas the
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selectivity with Pd/Mg is 1 %. This confirms the greater tendency of Pd/Mg-HSAG to catalyze
reactions that require coupled Pd atoms and stronger basic surface sites, since 2-butenal is the
product of the base-catalyzed aldol condensation of acetaldehyde and an intermediate in the

formation of 1-butanol.

Catalyst treated in helium at 723 K, in particular Pd/Mg-HSAG, exhibited the best catalytic
behavior in terms of 1-butanol selectivity, which coincides with the tendency observed in Table
4.1.3 whereby these catalysts showed larger amounts of strong basic sites than their
counterparts. The selectivity towards 1-butanol increased from 34% with Pd/Mg to 43% after
thermal treatment in helium. This effect is even more pronounced with Pd/Mg-HSAG, for
which 1-butanol selectivity increases from 41% to 54%, and it is in accordance with results
reported for Ni-MgAIO catalysts, [61] which exhibit conversion and selectivity of 19 and 55%,
respectively. To rationalize these findings, the type and quantity of active sites involved in the
reaction must be analyzed. Concerning basic sites, quite similar distributions of basic strength
were found in both catalysts after thermal treatment, as revealed by the Quitr profiles (Figure
4.1.5c¢), which suggest that both catalysts preserve the nature of the active sites (same strength
of basic sites) for the aldol-condensation step. However, the total quantity of strong basic sites
measured as chemisorbed CO2was 42 % lower in Pd/Mg-HSAG than in Pd/Mg after treatment

in helium (Table 4.1.3) at 723 K.

On the basis of the microscopy results and catalytic tests, Pd particle size is not critical to
achieve Pd-Mg bifunctionality, but it possibly has an effect on ethanol conversion. It is often
claimed that dehydrogenation of ethanol to acetaldehyde is the limiting step in Guerbet
reactions, so this would explain the differences between the Pd catalysts. TEM images (Figure

4.1.6) show quite comparable average particle sizes for Pd/Mg and Pd/Mg-HSAG catalysts,
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which also have fairly similar particle size distributions and ethanol conversion results (Table
4.1.1). Nevertheless, the catalyst treated at 723 K showed a higher average particle size than its
counterparts and considerably different conversions: Pd/Mg* has smaller particle size (5.9 nm)
than Pd/Mg-HSAG™* (6.4 nm), whereas ethanol conversion is higher for the former (25%) than
the latter (19%). On the other hand, our Pd catalysts are able to dehydrogenate ethanol at lower
reaction temperatures (503 K) than nonmetallic catalysts, for instance, hydroxyapatite, which

requires a minimum temperature of 573 K [46].

| STY

*

NG pS )
. ?cm\‘é‘v‘s 7o

pC’
? QNG WS

Figure 4.1.7 Site time yield (%) for bifunctional catalyst after 24 hours of reaction. The
*" indicates that the material was thermally treated in helium at 723 K prior to
reduction with hydrogen.

Figure 4.1.7 shows site-time yields for Pd-Mg catalysts based on the number of strong basic
sites per gram. Considerable increase of this parameter is observed when catalysts are supported

on HSAG or treated in helium at 723 K in comparison with their counterparts. These tendencies
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are consistent with 1-butanol selectivity, which has great dependence on the distribution of

strong basic sites of the catalyst.

4.1.4. Conclusions

The synthesis of 1-butanol from ethanol by acetaldehyde condensation was studied in a fixed-
bed continuous gas-phase reactor with bifunctional heterogeneous catalysts based on Pd NPs
and magnesium oxide, which incorporated basic properties and were unsupported or supported
on HSAG. Pd/Mg catalysts supported on graphite were the most selective to 1-butanol, and
thermal treatment in helium at 723 K played an important role in the selectivity of the catalysts
for the Guerbet condensation reaction of ethanol. Characterization of the active sites by
microcalorimetric CO2 chemisorption (revealing basic sites provided by MgO) and TEM
analysis (revealing dehydrogenating/hydrogenating properties related to Pd particle size)
allowed us to explain the differences in catalytic performance. Catalysts treated in helium at
723 K exhibited the best catalytic behavior in terms of 1-butanol selectivity, in particular
Pd/Mg-HSAG*, which has the highest amount of strong basic sites among the catalysts studied,
whereas its larger Pd particles have a slightly negative impact on ethanol conversion. As the
condensation of ethanol to 1-butanol is a tandem reaction, ethanol conversion is not only
dependent on the size of Pd particles, but also on the efficiency of aldol condensation and
hydrogenation over more strong basic MgO sites. Thus, the compromise between the two
parameters in the catalysts, after adequate thermal treatment, gives rise to higher 1-butanol

yields.
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4.2. Comparative study on the acidity and basicity of metal oxides

for the catalytic conversion of ethanol into 1-butanol

The modification of monometallic copper catalysts supported on high surface area graphite with
metal oxides exhibiting different acid/base properties (MgO, BaO, ZnO and MnO) has been
studied in order to enhance the yield of 1-butanol in the continuous flow catalytic condensation
of ethanol through the Guerbet reaction pathway. The Guerbet reaction is a multi-step process
that involves hydrogenation/dehydrogenation reactions as well as base catalyzed aldol
condensation and acid catalyzed dehydration, so a bifunctional catalyst that comprise copper as
the hydrogenating/dehydrogenating component and a metal oxide with acid/base properties is

needed in order to successfully upgrade ethanol to 1-butanol.

4.2.1. Effect of reaction temperature on conversion and selectivity

The influence of temperature on conversion and 1-butanol selectivity in the range 443-573 K is
depicted in Figure 4.2.1 for the catalyst 5Cu-Mg/HSAG. The results show that ethanol
conversion increases with increasing reaction temperature reaching a value of 70% at 573 K.
Nevertheless, 1-butanol selectivity slightly decreases to 14 % at this temperature. It should be

noticed that the highest selectivity value (26 %) is achieved at 503 K.
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Figure 4.2.1 Variation of ethanol conversion and 1-butanol selectivity as a function of
the reaction temperature on catalyst 5Cu-Mg/HSAG.

In order to achieve more insight on the influence of temperature on the product distribution,
Figure 4.2.2 illustrates the selectivities of the main products detected for the catalyst 5Cu-
Mg/HSAG for each temperature studied: 1-butanol, acetaldehyde, 1,1-diethoxyethane, 2-
butanone, 1-hexanol and diethyl ether.

The profiles of the different product selectivities are very similar with others found in literature
at a temperature range close to 443-573 K on copper and nickel doped porous oxides and M-
Mg-Al mixed oxide catalysts (M = Pd, Ag, Mn, Fe, Cu, Sm, Yb) [52,79]. The 1-butanol
selectivity profile reaches a maximum of 26% at 503 K and then decreases to less than 15% at
573 K. This performance was also observed by Quesada et al. [114] and it can be ascribed to
the progress of a primary product obtained after successive steps of a global reaction that
continues producing undesired by-products at higher temperatures. This study also addressed a

decreasing trend of acetaldehyde similar to the profile depicted in Figure 4.2.2 above 503 K,
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which was also attributed to the evolution of a primary product. On the other hand, the
selectivity to 1,1-diethoxyethane increased up to 23% at the expense of acetaldehyde, since it

is formed via the acid catalyzed acetylation of acetaldehyde and ethanol [103].

Product selectivities (%)

I T T T I T I T I T I T T T |
440 460 480 500 520 540 560 580
Temperature (K)
Figure 4.2.2 Analysis of the product distribution as a function of the reaction

temperature on the catalyst 5Cu-Mg/HSAG. (V) 1-butanol, (m) acetaldehyde, (®)
diethoxyethane, (A) 2-butanone, (<) 1-hexanol, (») diethyl ether, (¢) unknowns.

Other minor side products with selectivity values lower than 10% are 2-butanone, 1-hexanol or
diethyl ether. The first two exhibit a decreasing trend above 523 K, while the selectivity of
diethyl ether increases with reaction temperature as the temperature range studied is not high
enough to favor the dehydration of ethanol to ethylene instead of diethyl ether [172].

On the other hand, the selectivity of unknown products, which is lower than 5% at temperatures

below 503 K, sharply increases up to 24% at 573 K. Nevertheless, the distribution of products
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at temperatures below 503 K suggest that the reaction follows the main pathway proposed

(Figure 1.3.1).

4.2.2. Reaction results

Given the maximum of 1-butanol selectivity achieved at 503 K with good values of conversion
and carbon balance (Figure 4.2.1), the subsequent catalyst screening was therefore performed
at this temperature. Before evaluating the performance of the prepared samples in the ethanol
condensation, blank experiments in the absence of any catalyst were carried out with the reactor
filled with silicon carbide at 503 K. No ethanol conversion was observed, implying that a
catalyst is needed for the reaction to take place at this temperature. Preliminary tests with the
HSAG support and with the samples Mg/HSAG, Ba/HSAG, Zn/HSAG and Mn/HSAG showed
negligible conversion under the reaction conditions used. The catalytic performance of the
different samples after 24 hours is summarized in Table 4.2.1. It should be noted that carbon

balances for all catalysts were above 90%.

The product distribution strongly depends on the nature of the catalyst used, as can be seen in
Table 4.2.1, where 1-butanol, acetaldehyde, 1,1-diethoxyethane and methyl ethyl ketone were
the main products detected. The product 1,1-diethoxyethane is formed by the acid catalyzed
acetylation of acetaldehyde with two ethanol molecules [54], whereas methyl ethyl ketone
could result from crotyl alcohol isomerization or could be the product of deoxygenated 3-
hydroxybutanal with subsequent rearrangement [57]. Other products observed in small
quantities were 1-hexanol, ethyl acetate, ethylene, diethoxy butane, butanal, 2-butenal, 2-

butanol, 2-ethyl-1-butanol, 1-octanol, and 2-ethyl-1-hexanol, which is in good agreement with
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the reaction pathway and the possible by-products mentioned in the introduction (Figures 1.3.1

and 1.3.2).

Table 4.2.1 Catalytic activity and product selectivities obtained at 503 K and 50 bar
after 24 h on stream.

d (nm) Selectivity (%)
Conv.
Sample (%) 11-
Fresh?  Used® ButOH Ac DiEE MEK 1-Hex  Others®
5Cu/HSAG 4.7 11.1 17 4 52 31 7 0 6
5Cu-Mg/HSAG 7.5 8.9 26 26 23 15 9 2 25
5Cu-Ba/HSAG 7.8 8.9 28 13 23 14 11 1 38
5Cu-Zn/HSAG 7.6 9.6 25 11 25 36 11 1 16
5Cu-Mn/HSAG 8.3 11.7 27 33 26 16 3 4 18

ButOH — 1-Butanol, Ac — Acetaldehyde, 1,1-DEE — 1,1-diethoxyethane, MEK — Methyl ethyl ketone, 1-Hex — 1-hexanol,
d — average particle size, determined by TEM of fresh catalysts reduced at 573 K and after 24 hours in reaction. @ Catalysts
reduced at 573 K, P After 24 h in reaction. ¢ Other products also detected in small quantities: diethyl ether, ethyl acetate,
diethoxy butane, 1-octanol, butanal, 2-butenal, 2-butanol, 2-ethyl-1-butanol, 1-octanol, 2-ethyl-1-hexanol, ethylene.

The catalysts were very stable upon 24 hours of reaction in terms of ethanol conversion and 1-
butanol selectivity, as it can be observed in Figure 4.2.3. Interestingly, both conversion and
selectivity stabilize for all catalysts at hour 3-4, which presumably means that the catalyst
undergoes a structural change at early stages of the reaction at 503 K and 50 bar. Afterwards,

the reaction achieves the steady state conditions.
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Figure 4.2.3 Conversion and 1-butanol selectivity through 24 hours of reaction for the
bifunctional catalysts. (m) 5Cu-Mg/HSAG, (A) 5Cu-Ba/HSAG, () 5Cu-Zn/HSAG, (e)
5Cu-Mn/HSAG.

4.2.3. Catalysts characterization

4.2.3.1. Structural and textural features

Figure 4.2.4 shows the Ho-TPR profiles of the monometallic Cu catalysts. It should be noted
that these analyses were carried out with the fresh catalysts, without any thermal treatment like
calcination, therefore the TPR profiles include the reduced products derived from the copper
nitrate decomposition. The sample 5Cu/HSAG shows a reduction peak at ca 485 K, whereas
the reduction of copper occurs at higher temperatures for the catalysts containing a metal oxide,
in the range 515-535 K. According to literature, the reduction of the precursor Cu(NO3), takes
place at 535-565 K while the reduction of Cu?* to Cu® occurs at 485-520 K [173,174].
Furthermore, the shift to higher temperatures observed for the catalysts containing a metal oxide
suggest that copper has stronger interaction with the support when a metal oxide is present since

it is known that species harder to reduce are those with stronger interaction with the support
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[175]. The sample 5Cu-Ba/HSAG shows an H: uptake at 550-700 K that could reflect the
decomposition of the barium carbonate formed during ambient exposition as discussed below.
Thus, considering the H>-TPR analysis, the reduction temperature of the catalysts was set at

573 K.

S5Cu/HSAG

5Cu-Mg/HSAG

5Cu-Ba/HSAG

5Cu-Zn/HSAG

J 5Cu-Mn/HSAG

TCD signal (a.u.)
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Figure 4.2.4 H2-TPR profiles of the catalysts samples.

Figure 4.2.5 shows the X-ray diffractograms of the HSAG support and the Mg/HSAG,
Ba/HSAG, Zn/HSAG and Mn/HSAG catalysts after thermal treatment. It can be observed that
the reflections corresponding to HSAG were detected at 20 of 26.2, 43.9, 54.6 and 77.6° for all
samples, whereas no diffraction peak could be ascribed to any magnesium or manganese oxide.
However, the peaks corresponding to ZnO (31.8, 34.3, 36.4, 47.5, 57.2, 63.2 and 67.8°) and
BaCOs (23.6, 34.2, 41.6 and 46.5°) were detected for the samples Zn/HSAG and Ba/HSAG,

respectively. Barium carbonate was presumably formed upon exposure to moisture in the air at
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ambient conditions over a prolonged period of time or upon contact with carbonic acid
dissolved in liquid H20 during the incipient wetness impregnation process with the copper
nitrate solution, since the reduction temperature applied afterwards, that is 573 K, is not enough
to completely decompose the carbonate [140,176,177]. Taking into account that Mg/HSAG,
Ba/HSAG, Zn/HSAG and Mn/HSAG contain approximately 1.5wt% of Mg, 5.5wt% of Ba,
3wt% of Zn and 2wt% of Mn, respectively, the results suggest that MgO and MnOx crystallites

are either too small or in low concentration to be detected by XRD.
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Figure 4.2.5 XRD patterns of the support HSAG and the metal oxide/HSAG catalysts.
(m) HSAG, (%) ZnO, (%) BaCOs.

X-ray diffractograms of the HSAG support and the resulting 5Cu/HSAG and 5Cu-M/HSAG
(M = Mg, Ba, Zn, Mn) catalysts reduced at 573 K with hydrogen are shown in Figure 4.2.6a.

This time, no reflections corresponding to the metal oxides could be detected except the peaks
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ascribed to ZnO (31.8, 34.3 and 36.4°) for the sample Zn/HSAG. The diffraction peaks
corresponding to HSAG were once again detected for all samples, which implies some
uncertainty for the XRD analysis of copper since the main peak characteristic of metallic copper
(43.5° is overlapped by the broad HSAG peak at 26=43.9°. Nevertheless, the main peak
attributed to metallic Cu was detected for all the samples, whereas the characteristic reflections
at 20 of 50.4 and 74° could only be detected for the 5Cu-M/HSAG samples (Figure 4.2.6a). It
should be noted that the peak at 43.5° is bigger and sharper for the samples containing a metal
oxide, especially for 5Cu-Zn/HSAG and 5Cu-Mn/HSAG. The sharpening of a XRD reflection
is attributed to bigger size and worse dispersion of the crystallites, so the results suggest that
copper nanoparticles seem to become bigger and worse dispersed when a metal oxide is present,
especially for ZnO and MnOx, compared to the copper nanoparticles supported on HSAG alone
(5Cu/HSAG). However, the reflections corresponding to CuO (35.7°, 38.9°) are perceptible to
some extent, especially for the 5Cu-Mg/HSAG sample, indicating that all reduced samples

might have suffered a slight surface oxidation due to ambient exposition.
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Figure 4.2.6 a) XRD patterns of the support HSAG, 5Cu/HSAG and the bifunctional
catalysts reduced at 573 K, b) XRD patterns of the catalysts after reaction, where a)
HSAG, b) 5Cu/HSAG, c) 5Cu-Mg/HSAG, d) 5Cu-Ba/HSAG, e) 5Cu-Zn/HSAG and f)
Cu-Mn/HSAG. (m) HSAG, (V) Metallic Cu, (¢) CuO, (*) ZnO, (x) BaCOs.

The XRD patterns of the samples after reaction are shown in Figure 4.2.6b. It can be observed
that the reflections corresponding to Cu® (43.5, 50.4 and 74°) become sharper for the catalysts
R-5Cu-Mg/HSAG and R-5Cu-Ba/HSAG compared to their counterparts only reduced in
hydrogen at 573 K, which may suggest that the reaction conditions have a negative effect on
copper nanoparticles’ size and dispersion for those catalysts. On the other hand, the reflections
corresponding to CuO (35.7°, 38.9%9) for the 5Cu-Mg/HSAG sample become almost
imperceptible, which is in agreement with the intensification of the Cu® main peak.
Interestingly, the reflections corresponding to ZnO (31.8, 34.3, 36.4, 57.2, 63.2 and 67.8°) and
BaCOs (23.6 and 34.2°) were detected for the samples Zn/HSAG and Ba/HSAG, respectively,
which indicates that ZnO and BaCOs crystallites become bigger or worse dispersed after

reaction.

90



Results and discussion

The specific surface area of the support HSAG, the M/HSAG (M=Mg, Ba, Zn, Mn) after
thermal treatment and the 5Cu-M/HSAG catalysts reduced at 573 K are listed in Table 4.2.2.
The presence of a metal oxide decreases the BET area in all cases from 396 m?/g of HSAG to
317 m?/g of Mg/HSAG, 301 m?/g of Ba/HSAG, 315 m?/g of Zn/HSAG and 321 m?/g of
Mn/HSAG. Additionally, the catalysts containing copper present further decrease of the BET
area, especially 5Cu-Ba/HSAG (143 m?/g). Previous studies found in literature [77,178,179]
have reported analogous decrease of the specific surface area related to the formation of

agglomerates species or large particles covering the support.

Table 4.2.2 Textural parameters of support and reduced catalysts.

Sample SgeT (M?g) Sample SgeT (M?/g)
HSAG 399
Mg/HSAG 317 5Cu-Mg/HSAG 270
Ba/HSAG 301 5Cu-Ba/HSAG 143
Zn/HSAG 315 5Cu-Zn/HSAG 294
Mn/HSAG 321 5Cu-Mn/HSAG 236

4.2.3.2. Surface properties

The distribution of acidic sites of the M/HSAG and the bifunctional copper catalysts was
determined by temperature-programmed desorption (TPD) of NHs. All samples were reduced
in situ with hydrogen at 573 K. Figure 4.2.7 shows the resulting desorption curves, which where
deconvoluted assuming three contributions that peaked at 450, 540 and 625 K, indicating the
presence of acid sites with different strengths taking into account that the higher the NHs

desorption temperature, the stronger the acid sites. In this way, the weak acid sites give rise to
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a signal between 350-500 K, the peak corresponding to medium strength acid sites appears at
550-550 K, whilst the strong acid sites are associated to a signal at 550-675 K. The association
of the acid strength with temperature is in agreement with other scales found in literature for
Cu/ZnO catalysts and for Al.O3 and SiO; as supports [59,178,180]. The deconvoluted peaks of
the NH3-TPD profiles fitted the experimental data quite satisfactorily as depicted in Figure
Al.1, which show the fitted curve of the samples. The distribution of acid strength derived from
the fitted curves, considering the area of each TPD curve and the ones of the deconvoluted
peaks, is shown in Table 4.2.3, as well as the normalized area of each curve in arbitrary units

to compare the total acidity of the catalysts.

It is not surprising that the catalyst 5SCu/HSAG shows some acidity since the adsorption of
ammonia at copper surfaces has been previously described on literature and metallic Cu
nanoparticles are reported to act as a Lewis acid due to their electron-deficient nature [181,182].
Nevertheless, 5Cu/HSAG shows less total acidity, that is the normalized area per gram of
sample under each curve in arbitrary units, than the bifunctional catalysts due to the
combination of acid sites from the metal oxide and the copper nanoparticles in these latter.
Comparing the acid sites distribution of the M/HSAG and the copper bifunctional catalysts
(Table 4.2.3), it could be observed that the addition of copper has a direct impact on the strength
of the acid sites. For instance, the catalysts Mg/HSAG and 5Cu-Mg/HSAG show relatively
uniform acid sites distribution, even though the presence of copper seems to favor the creation
of strong acid sites in detriment of the medium and the weak ones (5Cu-Mg/HSAG shows 35%
strong acid sites and 34% weak acid sites, while Mg/HSAG shows 29% strong acid sites and
38% weak acid sites, Table 4.2.3). This strengthening of the acid sites when copper is present

is also observed for Zn/HSAG and 5Cu-Zn/HSAG, since the percentage of medium-strong acid
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sites increases from 27-35% for Zn/HSAG to 33-37% for 5Cu-Zn/HSAG. In contrast, the
percentage of strong acid sites decreases from 44% for Ba/HSAG to 39% for 5Cu-Ba/HSAG,
in benefit of the medium-strength acid sites that increase from 20 to 28%. Interestingly, the
addition of copper to the catalyst Mn/HSAG, which shows relatively uniform acid sites
distribution with 39% of weak acid sites, considerably weakens the acidity of the catalyst
surface since 5Cu-Mn/HSAG exhibits mainly weak acid sites (51%). Although the samples
studied exhibit diverse proportions of weak, medium and strong acid sites, their most relevant
difference lays on the total acidity. It could be concluded after the observation of Figure 4.2.7
that the bifunctional catalysts have considerably more total amount of acid sites than their
counterparts without copper, except 5Cu-Mn/HSAG which exhibits less amount of acid sites
than Mn/HSAG. In terms of total acidity, the catalyst with the highest amount of acid sites
among the M/HSAG samples is Mn/HSAG followed by Mg/HSAG, Ba/HSAG and Zn/HSAG,;
while 5Cu-Mg/HSAG shows the highest total acidity among the bifunctional catalysts,

followed by 5Cu-Mn/HSAG, 5Cu-Ba/HSAG and 5Cu-Zn/HSAG (Figure 4.2.7 and Table

4.2.3).
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Figure 4.2.7 NHs-TPD profiles of the M/HSAG (left), 5Cu/HSAG and the bifunctional
catalysts (right), where M = Mg, Ba, Zn, Mn.
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Table 4.2.3 Acidity distribution derived after deconvolution of the NHs-TPD profiles.
NHs-TPD Area?

Sample % Weak acid sites % Medium acid sites % Strong acid sites

(a.u.)

Mg/HSAG 1.6 38 33 29
Ba/HSAG 14 36 20 44
Zn/HSAG 1.0 38 27 35
Mn/HSAG 2.4 39 26 35
5Cu/HSAG 1.3 35 31 34
5Cu-Mg/HSAG 2.6 34 31 35
5Cu-Ba/HSAG 2.0 33 28 39
5Cu-Zn/HSAG 14 30 33 37
5Cu-Mn/HSAG 2.0 51 27 22

2 Normalized per gram of sample.

CO2 microcalorimetry measurements were conducted to examine the strength and the amount
of surface basic sites of the catalysts, in order to determine the effect of the basic properties on
the catalytic performance of the bifunctional catalysts in the Guerbet reaction. For comparison
purposes and to achieve further understanding on the role of the copper NPs and the metal
oxides on the basic properties of the resulting catalysts, the samples 5Cu/HSAG and M/HSAG
were also analyzed. Figure 4.2.8 shows the differential heat of adsorption Quitr (KJ/mol) as a
function of surface coverage, which can be divided into three regions corresponding with the
strength distribution of the basic sites, that is strong (Quirr>90 KJ/mol), medium (90>Quif>60
KJ/mol) and weak (Quifr<60 KJ/mol), whereas 40 KJ/mol is considered the boundary between
chemical and physical CO. adsorption [151,152]. Consequently, the amount and the strength

distribution of the basic sites are summarized in Table 4.2.4. There was no CO> chemisorption
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and therefore no surface basic sites on 5Cu/HSAG since the obtained Quifr was below 40 KJ/mol
for each pulse of CO», revealing that physisorption was the only adsorption phenomenon that

took place and, for the sake of brevity, the adsorption profile of the sample 5Cu/HSAG is not

shown.
a) b)
160 = Mg/HSAG || 1604 = 5Cu-Mg/HSAG |
= Ba/HSAG = 5Cu-Ba/HSAG
1401 * ZnHSAG || 440k « | ® 5Cu-ZnHSAG

= Mn/HSAG \ | ® 5Cu-Mn/HSAG |

100

Q, (KJ/mol)
3

40 +
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Figure 4.2.8 Differential heats of CO2 adsorption vs. coverage at 323 K. a) M/HSAG, b)
5Cu-M/HSAG bifunctional catalysts, with M = Mg, Ba, Zn, Mn.

From the analysis of both Figure 4.2.8a and Table 4.2.4, it could be observed that the
Mg/HSAG, Zn/HSAG and Mn/HSAG samples present similar strength distribution and heats
of adsorption, independently of the total amount of CO> adsorbed, with predominance of strong
and medium-strength basic sites. However, the strength distribution of Ba/HSAG is completely
different, with predominance of weak-strength basic sites (43%) against the low presence of

strong basic sites (17%), that might be already carbonated due to the formation of surface
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BaCOs revealed by the XRD analysis. Nevertheless, in terms of total basicity (umol CO>
adsorbed/g), the catalysts are ordered as follows: Ba/HSAG > Mg/HSAG > Mn/HSAG >
Zn/HSAG. Interestingly, the total amount of basic sites decreases for all the bifunctional
catalysts compared with their counterparts without copper, even though their strength
distribution remains practically unaltered, except for 5Cu-Mg/HSAG that exhibits
predominantly medium-strength basic sites. The decrease of basicity related to the
incorporation of copper to the catalyst composition has been reported by Cheng et al. [109],
who obtained that the amount of basic sites is much lower on the copper-containing catalysts
than on the Cu-free catalyst, namely a MgAIOx mixed oxide. These results point to a surface

coverage of the metal oxide nanoparticles by the copper.

Table 4.2.4 CO2 chemisorption capacities at 323 K and type of basic sites.

Basic sites distribution

Total
Strong sites Medium-strength Weak-strength
S | pmol CO2/g
ample Q> 40 umol CO2/g umol CO2/g umol CO2/g
diff>
kJ/mol) (Quif>90 (90>Quitr>60 (60>Quifr>40
kJ/mol) kJ/mol) kJ/mol)
Mg/HSAG 65 26 22 17
Ba/HSAG 71 17 11 43
Zn/HSAG 18 9 5 4
Mn/HSAG 39 16 13 10
5Cu-Mg/HSAG 54 16 24 14
5Cu-Ba/HSAG 32 5 4 22
5Cu-Zn/HSAG 5 2 1 2
5Cu-Mn/HSAG 21 9 5 7
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TEM and EDX analysis were also conducted with the aim of identifying the interaction between
copper and the metal oxide, the distribution of the nanoparticles on the support and the particle
size in 5Cu-M/HSAG catalysts. The obtained TEM images and the corresponding histograms
of the particle size distribution are shown in Figure 4.2.9, while the mean particle sizes are
collected in Table 4.2.1. For comparison purposes, the sample 5Cu/HSAG was also analyzed.
The formation of metallic copper nanoparticles is evidenced for all reduced catalysts, with a
diameter that varies from 4.7 nm of 5Cu/HSAG to the range 7.5-8.3 nm for the bifunctional
catalysts. Therefore, the TEM analysis confirmed the conclusion derived from the XRD study,
that the presence of a metal oxide has a negative impact on the copper particle size, since the
bifunctional catalysts present bigger particle size than the reduced 5Cu/HSAG. On the other
hand, the average particle size increases for all samples after reaction (Figure 4.2.9, right),
irrespective of the catalysts composition, with diameters that range between 8.9 and 11.7 nm.
This is in agreement with the XRD results, according to which the XRD patterns of the catalysts

after reaction show sharper Cu® reflections than the reduced ones.

From the histograms in Figure 4.2.9 it should be highlighted that approximately 10% of the
5Cu/HSAG and 5Cu-Mg/HSAG particles after reaction have a diameter bigger than 15 nm;
percentage that escalates to 20-25% for 5Cu-Ba/HSAG, 5Cu-Zn/HSAG and 5Cu-Mn/HSAG.
Regarding the reduced catalysts, only the bifunctional ones show copper particles bigger than
15 nm, with a percentage of approximately 5%. Some of these larger copper nanoparticles can
be seen in both TEM (Figure 4.2.9) and EDX images (Figure 4.2.10). As expected, the EDX
elemental mappings of the reduced bifunctional catalysts show well-defined copper

nanoparticles that coincide in space with the corresponding metal oxide on the carbonaceous
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support, supporting the conclusions drawn from the CO2 adsorption microcalorimetry

measurements.
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Figure 4.2.9 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): a) 5Cu/HSAG, b) 5Cu-Mg/HSAG, c¢) 5Cu-Ba/HSAG, d) 5Cu-Zn/HSAG, e) 5Cu-
Mn/HSAG.
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Figure 4.2.10 EDX elemental mapping of catalysts reduced in hydrogen at 573 K: a)
5Cu-Mg/HSAG, b) 5Cu-Ba/HSAG, c) 5Cu-Zn/HSAG, d) 5Cu-Mn/HSAG. Color code
refers to the distribution of elements (Cu, red; Metal oxide, white).
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4.2.4. Discussion

Henceforth, the reaction results and the extensive analysis derived from the characterization
techniques will be discussed in order to evaluate the benefits of tuning the catalysts composition
with a metal oxide, regarding the ethanol condensation towards 1-butanol. Since the synergistic
interaction between copper as a metallic function and metal oxides with acid/base properties
has been previously demonstrated [39,54,108,109], the aim of the discussion is to discern which
metal oxide is the most suitable among the studied ones considering their acid/base sites and
the copper particle size of the resulting catalyst. First of all, it should be noted that all
bifunctional 5Cu-M/HSAG catalysts studied present similar conversion levels, in the range 25-
28%, which constitutes an improvement against the 17% obtained with 5Cu/HSAG. Moreover,
it is concerning 1-butanol selectivity where the presence of a metal oxide in the catalyst
composition significantly improves the catalytic performance from the selectivity level of 11%
obtained with 5Cu-Zn/HSAG to the 33% with 5Cu-Mn/HSAG, whereas the catalyst Cu/HSAG
only reach a modest 4% (Table 4.2.1). It is therefore clear that both copper and the acid/base
sites of the metal oxide need to work cooperatively, since neither function is capable of

effectively upgrade ethanol to 1-butanol on their own.

In the light of the results, there is no doubt that the bifunctional catalysts have improved the
catalytic performance in the Guerbet reaction compared to their counterpart without a metal
oxide. Previous studies have attributed the reasons behind this synergistic behavior to the
exposed copper sites that catalyze the dehydrogenation/hydrogenation reactions, in unison with
the acid/base sites provided by the metal oxide, which catalyze the dehydration of 3-
hydroxybutanal (Figure 1.3.1, R3) and the aldol condensation (R2), respectively [67,183].

Furthermore, copper is widely recognized for catalyzing the dehydrogenation of ethanol
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towards acetaldehyde [52], the first step of the Guerbet reaction, which is consistent with the
acetaldehyde selectivity of 52% obtained with the catalyst Cu/HSAG. However, the observed
sintering of copper particles (Figure 4.2.9) does not seem to be crucial to significantly influence
on the ethanol conversion, since all bifunctional catalysts present similar conversion levels
despite exhibiting different values of copper particle size, whereas the sample 5SCu/HSAG
undergoes the most substantial change in its particle size at early stages of the reaction which

reflects on a conversion decrease to 17%.

Regarding which metal oxide is the most suitable for the Guerbet reaction, the results evidence
that manganese oxide and magnesium oxide further improve the catalytic performance among
the metal oxides studied, with conversion levels of 27 and 26% and 1-butanol selectivity levels
of 33 and 26%, respectively (Table 4.2.1). Interestingly, the 1-butanol selectivity increases for
the catalysts with the highest total acidity (5Cu-Mg/HSAG, 5Cu-Mn/HSAG and 5Cu-
Ba/HSAG, Table 4.2.3). Although 5Cu-Mn/HSAG and 5Cu-Ba/HSAG present the same total
acidity, their differences in the 1-butanol selectivity could be ascribed to their strength
distribution, since the former has predominantly weak acid sites (51%, Table 4.2.3) while the
latter shows relatively uniform acid sites distribution with 39% of strong acid sites. Considering
the acid strength distribution of the bifunctional catalysts, it seems that a high concentration of
weak acid sites has a beneficial effect on the 1-butanol selectivity, since the catalyst 5Cu-
Mn/HSAG has the highest percentage of weak acid sites (51%, Table 4.2.3) and also exhibits
the greatest 1-butanol selectivity (33%), followed by 5Cu-Mg/HSAG (26% 1-butanol
selectivity, 34% weak acid sites), 5Cu-Ba/HSAG (13% 1-butanol selectivity, 33% weak acid

sites) and 5Cu-Zn/HSAG (11% 1-butanol selectivity, 30% weak acid sites). Therefore, it could
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be concluded that the presence of medium-weak strength acid sites seems compulsory for

catalyzing the ethanol dehydration of 3-hydroxybutanal and thus improving the 1-butanol yield.

On the other hand, after analyzing the basic properties and the catalytic performance of each
catalyst, some correlations can be found regarding the amount of basic sites and their strength
with the 1-butanol selectivity. In this sense, the catalyst 5Cu-Zn/HSAG contains an insignificant
amount of basic sites (5 umol CO chemisorbed/g, 2 pmol/g of high strength, Table 4.2.4),
being also the least selective catalyst (11%), whereas 5Cu-Mg/HSAG has the highest amount
of basic sites (54 pmol CO2 chemisorbed/g, 16 umol/g of high strength), followed by 5Cu-
Ba/HSAG (32 umol CO2 chemisorbed/g, 5/g umol of high strength) and 5Cu-Mn/HSAG (21
pmol CO2 chemisorbed/g, 9 umol/g of high strength). Although 5Cu-Ba/HSAG is the second
catalyst with the largest amount of basic sites, its 1-butanol selectivity is practically as low
(13%) as the one achieved with 5Cu-Zn/HSAG. This apparent contradiction is in fact a
revealing indication of the relevance that the basic strength has along with the total amount of
basic sites, since 22 umol/g, that is, the 71% of the 5Cu-Ba/HSAG basic sites, have weak
strength. Moreover, the catalysts 5Cu-Mn/HSAG and 5Cu-Mg/HSAG contain 9 umol/g (44%)
and 16 pumol/g (29%) of strong basic sites, respectively, which might explain their differences
on the 1-butanol selectivity. Therefore, it could be concluded that the metal function combined
with a good equilibrium between medium-high strength basic sites and medium-weak strength
acidity is compulsory to satisfactorily upgrade ethanol towards 1-butanol, even though it is
commonly acknowledged that the increase of 1-butanol selectivity is related to the presence of

high strength basic sites [21,54,55,169].

The metal oxide and the acid/base properties of the resulting catalyst not only have an impact

on the selectivity towards 1-butanol but also on the product distribution and potential undesired
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compounds. For example, the formation of 1,1-diethoxyethane is generally attributed to acid
sites [54], which is in agreement with the 31 and 36% of selectivity achieved with Cu/HSAG
and 5Cu-Zn/HSAG, respectively, while the rest of the bifunctional catalysts reduce its
formation by half. Bearing in mind the results derived from the NHs-TPD and CO:
chemisorption techniques, the fact that the bifunctional catalysts considerable reduced the
formation of 1,1-diethoxyethane compared to Cu/HSAG, might be ascribed to the introduction
of basic sites and that the metal oxide covers the acid sites of the HSAG that catalyze the
acetylation of acetaldehyde with two ethanol molecules that leads to 1,1-diethoxyethane. Given
that the catalyst 5Cu-Zn/HSAG has an insignificant amount of basic sites and therefore is
constituted predominantly by acid sites, it is not surprising that its selectivity towards 1,1-
diethoxyethane was very similar to that of Cu/HSAG.

To sum up, although the acid/base sites of the final catalyst play a relevant role on the Guerbet
reaction, there is no doubt about the importance of the metal function on the 1-butanol yields,
since all of the M/HSAG catalysts ended up showing negligible ethanol conversion. Therefore,
the site time yield towards 1-butanol was calculated (Figure 4.2.11) for Cu/HSAG and the
bifunctional catalysts based on the number of copper atoms on the surface per gram. Figure
4.2.11 clearly illustrates that the copper sites exposed are optimal for the catalysts 5Cu-
Mn/HSAG and 5Cu-Mg/HSAG followed by their counterpart with BaO and ZnO as the metal
oxide, whereas the copper sites exposed are not enough to satisfactorily upgrade ethanol

towards 1-butanol in the absence of a metal oxide.
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Figure 4.2.11 Site time yield (s™*) for Cu/HSAG and the bifunctional catalyst after 7
hours of reaction.

4.2.5. Conclusions

Heterogeneous bifunctional catalysts based on copper nanoparticles and a metal oxide, namely
MgO, BaO, ZnO or MnO, supported on high surface area graphite were tested in the continuous
gas phase ethanol conversion towards 1-butanol, commonly known as Guerbet reaction. The
catalysts showed different catalytic behavior which was tried to be explained by
characterization of the active copper nanoparticles along with the acidity and basicity properties
of the resulting catalysts by TEM/EDX analysis, temperature-programmed desorption of NH3
and microcalorimetry of CO2 chemisorption. All in all, high 1-butanol yields can be ascribed to
the synergistic effect between the acid/base sites provided by the metal oxide, which catalyze
the dehydration of 3-hydroxybutanal and the aldol condensation, respectively, and the active
copper nanoparticles, that catalyze the dehydrogenation/hydrogenation reactions. In this sense,

the exposed copper sites are optimal for the catalyst 5Cu-Mg/HSAG, with a site time yield
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towards 1-butanol of 2.6-10? s, closely followed by 5Cu-Mn/HSAG, with a site time yield
towards 1-butanol of 2.55-10% s, in contrast to their counterparts with BaO and ZnO as the
metal oxide, thanks to a good equilibrium between medium-high strength basic sites and
medium-weak strength acid sites. The catalytic enhancement achieved with the bifunctional
catalysts and the low performance of Cu/HSAG in terms of 1-butanol selectivity suggest that
the presence of a metal oxide seems compulsory to efficiently upgrade ethanol towards 1-
butanol. Finally, all catalysts remained active for 24 h on stream, verifying their stability, while

the analysis of the product distributions showed that the reaction follows the Guerbet route.

4.3. Optimization of Cu-Ni-Mn-catalysts for the conversion of

ethanol to butanol

In this chapter, the catalytic coupling of ethanol into 1-butanol through the Guerbet reaction
was studied in a fixed bed reactor over different catalytic systems based on Cu and/or Ni as a
hydrogenating/dehydrogenating components, and manganese oxide incorporating acid/base

properties on a carbonaceous support, high surface area graphite (HSAG).

4.3.1. Reaction results

Blank experiments verified the absence of reaction at 503 K either with the empty reactor or
filled with silicon carbide, hence a catalyst is needed for the reaction to take place. For the
different samples, the results obtained in the catalytic reaction, once the steady state was
reached, are shown in Table 4.3.1. Carbon balances for all samples were above 90%.
Preliminary tests with the HSAG support and with Mn/HSAG sample show that these are

inactive under the reaction conditions used.
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Table 4.3.1 Catalytic activity and product selectivities obtained at 503 K and 50 bar after
24 h on stream.

d (nm)? Selectivity (%)
Sample —— Conv. (%)
Fresh Used ButOH Ac CO CHs 1,1-DEE Others®
Mn/HSAG - - 0.1 0 2 0 0 0 98
Cu/HSAG 4.7 111 17 4 52 0 0 31 13
Ni/HSAG 4.9 8.9 23 7 24 15 25 1 28
2.5Cu2.5Ni/HSAG 3.9 6.7 20 4 37 12 18 6 23
5Cu-Mn/HSAG 8.3 11.7 27 33 26 0 0 16 25
5Ni-Mn/HSAG 5.3 6.0 45 21 11 10 21 2 35
4CulNi-Mn/HSAG 53 8.0 36 35 16 6 8 8 27
2.5Cu2.5Ni-Mn/HSAG 7.6 7.8 37 36 13 7 10 3 31
2.5Cu2.5Ni-Mn/HSAG* 7.4 11.5 30 39 19 5 6 4 27

Ac — Acetaldehyde, 1,1-DEE — 1,1-diethoxyethane, ButOH — 1-Butanol. 2Average particle size determined by TEM of
fresh catalysts reduced at 573 K, except Ni/HSAG and 5Ni-Mn/HSAG that were reduced at 723 K, and after 24 h in
reaction. ® Other products also detected in small quantities: diethyl ether, ethyl acetate, 2-butanona, diethoxybutane, 1-
octanol, butanal, 2-butenal, 2-butanol, 2-ethyl-1-butanol, 1-octanol, 2-ethyl-1-hexanol, ethylene, ethane, acetone, propane,
pentane. The ~*™" indicates that the material was thermally treated in helium at 723 K prior to reduction with hydrogen.

As a general trend, the main products detected were 1-butanol, acetaldehyde, 1,1-
diethoxyethane, carbon monoxide and methane, while other products observed in small
quantities were ethyl acetate, 2-butanone, acetone, ethylene, ethane, pentane, propane,
diethoxybutane, butanal, 2-butenal, 2-butanol, 2-ethyl-1-butanol, 1-hexanol, 1-octanol and 2-
ethyl-1-hexanol. The proposed reaction pathways leading to these compounds can be found in
Figure 1.3.2. The presence of these compounds in the product stream is quite common for this
condensation reaction, as can be seen by reviewing literature, although the relative amount of

these compounds in the product distribution presents strong variations depending on the catalyst
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used. For example, 1,1-diethoxyethane, ethyl acetate and other higher alcohols such as 1-
hexanol and 1-octanol are the most common by-products [50,52,83,101], although acetone,

ethylene, propane, pentane, butane and butenes are also reported for this reaction

[51,52,57,72,78,170].

The catalysts were studied during 24 h of reaction and proved to be very stable in terms of
conversion and 1-butanol selectivity. Figure 4.3.1 shows that all catalysts reach a maximum in

conversion at hour 3-4, followed by a slight deactivation. Nevertheless, after 10 h the reaction

achieves the steady state conditions.
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Figure 4.3.1 Conversion and 1-butanol selectivity through 24 h of reaction. The ~*"
indicates that the material was thermally treated in helium at 723 K prior to reduction
with hydrogen. (m) 5Cu-Mn/HSAG, (A) 5Ni-Mn/HSAG, () 4CulNi-Mn/HSAG, (x)
2.5Cu2.5Ni-Mn/HSAG, (*) 2.5Cu2.5Ni-Mn/HSAG*.
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4.3.2. Catalysts characterization

4.3.2.1. Structural and textural features

The H>-TPR profiles of the catalysts are represented in Figure 4.3.2. These samples were not
subjected to any pretreatment like calcination and therefore it must be taken into account that
these profiles also include the reduction of some products derived from the metal precursor
decomposition. The samples 5Cu/HSAG and 5Cu-Mn/HSAG show a reduction peak at 485 K
and 520K, respectively, corresponding to the reduction of Cu?* to Cu® [174,184,185].
Interestingly, the presence of manganese shifts the reduction of copper at higher temperatures,
suggesting close interaction between the copper and the manganese oxide since species harder
to reduce are those with stronger interaction with metal oxides, according to literature
[174,186,187,188]. On the other hand, catalysts 5SNi/HSAG and 5Ni-Mn/HSAG show the
opposite behavior with two reduction peaks, the first one sharper at 540 K and the second one
in the range 585685 K for SNi/HSAG, while SNi-Mn/HSAG shows the first peak at 525 K and
the second one in the range 595-780 K. These TPR profiles are in accordance with others
studies found in literature with Ni supported on CNT [185] and HSAG [189,190], where the
first sharp peak is due to the reduction of dispersed Ni?* and the second broad one is attributed
to the reduction of remaining Ni?* in addition to gasification of carbon atoms in the vicinity of
the nickel particles, which catalyze this reaction producing methane. Catalysts containing both
copper and nickel show the first sharp peak at lower temperatures the more %wt of copper is
present, meanwhile the second broad peak is smoother and almost indistinguishable for
4CulNi-Mn/HSAG. There is no appreciable contribution of manganese oxide reduction since
the TPR profiles of samples 5Cu/HSAG, 5Ni/HSAG and 2.5Cu2.5Ni/HSAG and their

counterparts with manganese are practically identical in shape although they are displaced in
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the X axis as a result of changes in the dispersion state when supported on Mn/HSAG. Given
that manganese (I1) nitrate was used as a precursor and that Mn/HSAG was treated in helium
at 673 K, the oxidation state expected for manganese is Mn?* and therefore no reduction profile
could be attributed to higher oxidation states of manganese. Bearing in mind these profiles,

reduction temperature was set at 573 K for the catalysts containing copper and 723 K for those

containing only nickel.
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Figure 4.3.2 H2-TPR profiles of the catalysts samples.

Figure 4.3.3 represents the X-ray diffraction patterns of the HSAG support and the resulting
metal/HSAG and metal-Mn/HSAG catalysts reduced at 573 K with hydrogen, except
5Ni/HSAG and 5Ni-Mn/HSAG catalysts that were reduced at 723 K. Sample 2.5Cu2.5Ni-
Mn/HSAG was also studied after thermal treatment at 723 K and reduction with hydrogen, even

though its XRD pattern is not shown for the sake of brevity since the diffractogram is practically
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identical to the same sample only reduced in hydrogen. As can be observed in Figure 4.3.3, no
diffraction peak could be ascribed to any manganese oxide suggesting that MnOx crystallites
are either too small or in low concentration to be detected by XRD. These results are expected
since all samples contain approximately 2 wt% of Mn. The reflections corresponding to HSAG
were detected at 20 of 26.2, 43.9, 54.6 and 77.6° for all samples. It must be taken into account
that the broad peak at 20 =43.9° overlaps the highest distinct peaks of metallic copper (43.5°)
and nickel (44.4°). However, reflections corresponding to metallic Cu were detected in the
metal-Mn/HSAG catalysts and they were only discernible in the 5Cu/HSAG and
2.5Cu2.5Ni/HSAG samples, whereas the peak of higher intensity corresponding to metallic Ni
is slightly perceptible in the samples with Ni alone (5Ni/HSAG and 5Ni-Mn/HSAG), implying
that the incorporation of manganese to the carbonaceous support produce bigger particle size
and worse dispersion of the copper nanoparticles than the HSAG alone. XRD patterns of
reduced 5Cu/HSAG, 5Cu-Mn/HSAG and 5Ni-Mn/HSAG catalysts suggest that these samples
might have suffered a slight surface oxidation due to ambient exposition since the peaks of CuO

(35.7°, 38.9°) and NiO (37.4°, 43.5°) are perceptible to some extent.
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Figure 4.3.3 XRD patterns of the support HSAG and the reduced catalysts. (m) HSAG,
(V) Metallic Cu, (o) CuO, (#) Metallic Ni, (+) NiO.

Figure 4.3.4 shows XRD patterns of the bimetallic catalysts 4CulNi-Mn/HSAG and
2.5Cu2.5Ni-Mn/HSAG reduced in hydrogen at 573 K and after reaction. For simplicity,
samples after reaction are denoted with R-. XRD patterns corresponding to the rest of catalysts
samples after reaction at 503 K and 50 bar can be found in the Annex section A2 (Figure A2.1).
The results show that the samples remained practically unchanged after reaction, although it
can be observed that the peak corresponding to Cu® appears sharper for the samples after

reaction, evidencing the sintering of copper particles.
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Figure 4.3.4 XRD patterns of the support HSAG and the catalysts 4CulNi-Mn/HSAG
and 2.5Cu2.5Ni-Mn/HSAG, both reduced at 573 K with hydrogen, and after study in
reaction (R-). (m) HSAG, (V) Metallic Cu.

For the study of the specific surface area, BET measurements were performed for the support
HSAG, the sample Mn/HSAG and the M-Mn/HSAG catalysts reduced at their corresponding
temperature. As shown in Table 4.3.2, BET areas of the supported catalysts decrease with the
addition of manganese (321 m?/g) and specially after the addition of metal compared to that of
HSAG (396 m?/g). In addition, the pore volume is reduced by half for 2.5Cu2.5Ni-Mn/HSAG
(0.23 cm®/g) compared to that of HSAG (0.51 cm®/g), presumably also due to the addition of
manganese oxide and the reduced metal nanoparticles that form crystallites (especially copper)

that block the space formed by the aggregation of the graphite grains.
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Table 4.3.2 Textural parameters of support and reduced catalysts.

SBET Pore volume?
Sample
(m?/g) (cm®g)

HSAG 399 0.51
Mn/HSAG 321
5Cu-Mn/HSAG 236
5Ni-Mn/HSAG 278

2.5Cu2.5Ni-Mn/HSAG 230 0.23

2 BJH desorption pore volume

4.3.2.2. Surface properties

The distributions of acidic sites were determined by temperature-programmed desorption
(TPD) of NHz for selected samples (Figure 4.3.5). All samples were reduced in situ with
hydrogen at 573 K except 5Ni/HSAG and 5Ni-Mn/HSAG, which were reduced at 723 K. The
shape of the NHs-TPD profiles obtained suggest the existence of three main constituent peaks
with maximums at about 470, 540 and 625 K, respectively, which implies the presence of acid
sites with different strengths. Therefore, the strength of acid sites was classified as weak (350—
500 K), medium (500-550) and strong (550-675 K), in accordance with other scales found in
literature with Al,O3 and SiO> as supports [59,180]. To obtain the distribution of acid strength,
NHs-TPD profiles of all samples were deconvoluted into three components corresponding to
weak, medium and strong acid sites. The fitted curves of the samples are shown in the Annex
section A2 (Figure A2.2). Moreover, the acidity distribution derived after deconvolution of the
NHz3-TPD profiles is presented in Table 4.3.3, taking into account the area of each TPD curve
and the ones of the deconvoluted peaks. The normalized area of each curve in arbitrary units is

also showed in Table 4.3.3 to compare the total acidity of the catalysts.
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Figure 4.3.5 NHs3-TPD profiles of the Mn/HSAG, 5Cu/HSAG, 5Ni/HSAG and the the
bifunctional catalysts reduced in situ. The ~*"" indicates that the material was thermally
treated in helium at 723 K prior to reduction with hydrogen.

Table 4.3.3 Acidity distribution derived after deconvolution of the NHs-TPD profiles of
the bifunctional catalysts reduced in situ.

Sample NHs-TPD % Wgak acid % Mec?ium acid % Str_ong acid
Area (a.u.) sites sites sites
Mn/HSAG 2.4 39 26 35
5Cu/HSAG 1.3 35 31 34
5Ni/HSAG 1.3 31 26 43
5Cu-Mn/HSAG 2.0 51 27 22
5Ni-Mn/HSAG 1.9 35 27 38
2.5Cu2.5Ni-Mn/HSAG 1.8 44 24 32
2.5Cu2.5Ni-Mn/HSAG* 1.9 39 32 29

The ~*" indicates that the material was thermally treated in helium at 723 K prior to reduction with
hydrogen.
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Table 4.3.3 shows a decrease in the amount of surface acid sites for the bifunctional catalysts
with respect to the Mn/HSAG sample, whereas the monometallic 5Cu/HSAG and 5Ni/HSAG
show the lowest total acidity. All samples (Figure 4.3.5 and Table 4.3.3) show relatively
uniform acid sites distribution while the acidity of 5Cu-Mn/HSAG and 2.5Cu2.5Ni-Mn/HSAG
is predominantly associated to weak acid sites (51 and 44%, respectively). Interestingly, the
presence of copper in 5Cu-Mn/HSAG noticeably increases the percentage of weak acid sites
compared with the free-metal sample, while the addition of nickel in 2.5Cu2.5Ni-Mn/HSAG
seems to decrease the amount of weak sites associated to copper and increase the amount of
strong sites associated to Ni since the samples 5Ni/HSAG and 5Ni-Mn/HSAG show
predominantly strong acid sites (43 and 38 %, respectively). The bimetallic catalyst treated in
helium at 723 K shows an increase in the amount of medium-strength acid sites compared to its
counterpart without thermal treatment, while exhibiting quite uniform acid sites distribution,
probably due to the incorporation of copper and nickel into the structure of manganese oxide

after this thermal treatment.

Strength and number of surface basic sites and their distribution were estimated for the catalysts
by determination of CO> chemisorption heats. Figure 4.3.6 shows the evolution of the
differential heat of adsorption with the surface coverage for the studied catalysts. The strength
of basic sites can be classified as strong (Quir>90 KJ/mol), medium (90 > Quits > 60 KJ/mol) and
weak (Quiff <60 KJ/mol), whereas a differential heat of 40 kJ/mol is considered the limit

between chemical and physical CO. adsorption [191].

116



Results and discussion

a) b) c)
1404 B Mn/HSAG | 140/ B 5CuU-Mn/HSAG 1404= 2.5Cu2.5Ni-Mn/HSAG
M Mn/HSAG* . H SNi-MWHSAG " M 2.5Cu2.5Ni-Mn/HSAG*
E 2.5Cu2.5Ni-Mn/HSAG .
120- 120- okttt 120/, "
— 100+ 100 100+
Q
£ .
g 80 80 80 X
O 60 60 60- »
40 40 401
20 : ; . T . 20 ; : ; . ; 20 ; ; T . :
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Coverage Coverage Coverage

Figure 4.3.6 Differential heats of CO2 adsorption vs. coverage at 323 K. a) Mn/HSAG
before and after thermal treatment b) Cu-Ni bifunctional catalysts c) 2.5Cu2.5Ni-
Mn/HSAG before and after thermal treatment. The ~"*" " indicates that the material was
thermally treated in helium at 723 K prior to reduction with hydrogen.

Figures 4.3.6a) and b) show similar distribution profiles of basic sites, although there are some
significant differences that must be taken into account. First of all, it is quite noticeable that the
addition of copper to the sample Mn/HSAG drops the total amount of basic sites to a half, while
the percentage of strong basic sites remains practically the same (Table 4.3.4). This latter
finding is in agreement with the results of Shi et al., that assessed the basicity of CuO, a-MnO>
and Cu-Mn samples by CO>-TPD and observed that the high temperature bands corresponding
to strong basic sites of the single metal oxides shifted to slightly lower temperatures for the Cu-
Mn samples accompanied with a decrease in the intensity of the signal, indicating that the total
basicity was reduced for those catalysts [142]. On the other hand, the addition of nickel has the
opposite response: the total amount and the percentage of strong basic sites are higher than

those of the Mn/HSAG sample. The combination of copper and nickel (2.5Cu2.5Ni-Mn/HSAG)
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remarkably increases the total amount of basic sites (Table 4.3.4) compared to the samples with
copper and nickel alone, even though the percentage of strong basic sites is lower (43%) than
the one achieved with 5Ni-Mn/HSAG (62%). In addition, Figure 4.3.6a) and c) show higher
initial heats of adsorption of CO> for the samples Mn/HSAG and 2.5Cu2.5Ni-Mn/HSAG after
thermal treatment at 723 K than the same samples only reduced at 573 K, which implies a
strengthening of basic sites even though the total amount remains practically unchanged.
Although there are few studies approaching the effect of metal-manganese oxide interaction on
the resulting material basicity, previous studies of our group [183] and others
[163,164,165,166,167] regarding this effect on metal-MgO, suggest that the incorporation of
metals in the MgO lattice has an improving effect in the basic surface of MgO. Hence, the same
interpretation could be applied to explain the effect of thermal treatment when metal is added

on manganese containing catalysts.

Table 4.3.4 CO2 chemisorption capacities at 323 K and type of basic sites.

Basic sites distribution

Total
% Strong % Medium- o
Sample pmol CO2/g sites strength % Weak-strength
(Qir> 40 (Qui>90 (90>Quirr>60 (60>Quir>40
kJ/mol) kJ/mol)
kJ/mol) kJ/mol)

Mn/HSAG 39 42 34 24
Mn/HSAG* 41 43 25 32
5Cu-Mn/HSAG 21 44 24 32
5Ni-Mn/HSAG 49 62 26 12
2.5Cu2.5Ni-Mn/HSAG 55 43 31 26
2.5Cu2.5Ni-Mn/HSAG* 56 49 33 18

The *™" indicates that the material was thermally treated in helium at 723 K prior to reduction with hydrogen.
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TEM images of the catalysts and their corresponding histograms representing the particle size
distribution are depicted in Figure 4.3.7 and Figure 4.3.8. For the sake of brevity, TEM images
corresponding to 4CulNi-Mn/HSAG are shown in the Annex section A2 (Figure A2.3). TEM
images show Gaussian particle size distribution for all catalysts where the maximum of the peak
coincides with the average particle size. Metallic particles supported on Mn/HSAG have bigger
average particle sizes (d=8.3, 5.3nm and 7.6nm, Figure 4.3.8a, b and c) than that of
Cu/HSAG, Ni/HSAG and 2.5Cu2.5Ni/HSAG (d=4.7, 4.9 and 3.9 nm, Figure 4.3.7a, b and c),

confirming the conclusions drawn from the X-ray study.
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Figure 4.3.7 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): @) 5Cu/HSAG, b) 5Ni/HSAG and c) 2.5Cu2.5Ni/HSAG.
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Figure 4.3.8 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): a) 5Cu-Mn/HSAG, b) 5Ni-Mn/HSAG, c¢) 2.5Cu2.5Ni-Mn/HSAG, d) 2.5Cu2.5Ni-
Mn/HSAG*. The “*"" indicates that the material was thermally treated in helium at 723

K prior to reduction with hydrogen.

Additionally, average particle size determined by TEM increases for all catalysts after reaction
(Figure 4.3.7, Figure 4.3.8, right), especially for the samples containing copper, where the
proportion of particles with a diameter bigger than 15 nm reaches approximately 10% and 25%
for 5Cu/HSAG and 5Cu-Mn/HSAG, respectively. On the other hand, the proportion of particles

bigger than 15 nm after reaction is irrelevant for samples containing nickel alone and for
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2.5Cu2.5Ni/HSAG. XRD and TEM results seem to conclude that the increase of particle size
after reaction is due mainly to the sintering of copper particles, especially for manganese oxide
containing catalyst. Sun et al. also observed an agglomeration of smaller nanoparticles to form
bigger nanoparticles after reaction for catalysts containing copper and nickel [52]. It is
interesting to note that 2.5Cu2.5Ni-Mn/HSAG treated in helium at 723 K loses its Gaussian
distribution after reaction and that approximately more than 20% of the particles have a
diameter superior than 15 nm. Moreover, Figure 4.3.10b clearly showed an agglomeration of
nickel and manganese for the sample 2.5Cu2.5Ni-Mn/HSAG after reaction at 503 K, which
combined with the fact that Figure 4.3.1 showed stable conversion after reaching a maximum
at 3-4h, all seems to indicate that nickel and specially copper suffered superficial re-
accommodation and agglomeration at early stages of the reaction prior to reaching the steady

state conditions.

EDX elemental mapping of the catalysts showed that manganese was highly dispersed on the
support (Figure 4.3.9, Figure 4.3.10a) and confirmed the formation of copper and nickel
nanoparticles, which coincided in space with manganese evidencing well dispersion of the
active phases over the carbonaceous support. The samples 5Cu-Mn/HSAG and 2.5Cu2.5Ni-
Mn/HSAG reduced at 573 K showed copper particles of heterogeneous size (Figure 4.3.9,
Figure 4.3.10a) in agreement with the size distribution determined by TEM (Figures 4.3.8a and

c), while nickel and manganese remained well dispersed after reduction.
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Figure 4.3.9 EDX elemental mapping of 5Cu-Mn/HSAG reduced in hydrogen at 573 K.
Color code refers to the distribution of elements (Cu, red; Mn, white).

Figure 4.3.10 EDX elemental mapping of 2.5Cu2.5Ni-Mn/HSAG reduced in hydrogen at
573 K (a) and after reaction (b). Color code refers to the distribution of elements (Cu,
red; Ni, green; Mn, white).

In order to identify and quantify the different surface species of the catalysts, a surface analysis
was carried out by XPS. All samples present essentially the same XPS spectra. For simplicity,

Figure 4.3.11 shows Mn 2pzp, Cu 2pz2 and Ni 2ps/2 core level spectra of catalyst 2.5Cu2.5Ni-

122



Results and discussion

Mn/HSAG after reduction in hydrogen at 573 K as an example. The rest XPS spectra is shown

in the Annex section 4.3 (Figures A2.4-A2.8). The oxidation state observed for Mn 2ps» after

its spectrum analysis is Mn?*, having this species significant multiplet splitting according to

literature [192,193]. Nevertheless, curve fitting of this species requires extremely good

signal/noise of the spectra, therefore the Mn 2ps2 peak could only be deconvolved into three

peaks corresponding with the peaks of maximum intensity representatives of Mn?* and its

characteristic shake-up. Binding energies of the three contributions observed for Mn 2ps/> were

practically constant for all the reduced samples (Table 4.3.5). Therefore, a shoulder is evident

on the Mn 2p spectra at ca 646 eV, evidencing the presence of Mn?*, whose main peak appears

at lower BE (641.1 eV) [192,193,194].
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Figure 4.3.11 Mn 2p32 (left), Cu 2psi2 (center) and Ni 2pss2 (right) XPS spectra of sample
2.5Cu2.5Ni-Mn/HSAG reduced in hydrogen at 573 K.
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Table 4.3.5 Binding energies (eV) of core electrons and the Auger parameter (eV) of
catalysts samples reduced in hydrogen at 573 K and after reaction (R-).

BE (eV) BE (eV) Auger BE (eV)
Mn 2p 3/2 Cu2p3/2 param. Ni 2p 3/2
+2
Mn2 Mz M o oy Ni*2  Ni%2
shake
5Cu-Mn/HSAG 641.2 642.8 646.0 | 932.9 934.3 | 1849.9
5Ni-Mn/HSAG 641.3 6429 644.2 - - - 853.9 855.8

2.5Cu2.5Ni-Mn/HSAG 641.1 6427 646.0 | 932.9 9344 | 1849.7 | 853.7 855.6

R-5Cu-Mn/HSAG 6414 6431 646.0 | 932.8 934.8 | 1849.9
R-5Ni-Mn/HSAG 641.0 642.7 646.0 - - - 853.1 855.8
R-2.5Cu2.5Ni-Mn/HSAG 641.1 642.6 646.0 | 932.9 - 1849.9 | 853.7 856.0

The catalysts studied showed two contributions for the Cu 2p3/, peak corresponding to Cu* (ca
932.9 eV) and Cu?* (ca 934.5 eV) with its characteristic satellite at the high binding energy side
[195,196,197]. Cu* was identified and differentiated from Cu® through observation of the L3VV
X-ray induced Auger parameter of copper and the calculation of the modified Auger parameter,

o’A, which was defined as:
ay = hv + KE;yy — KE Cu2ps;,  Equation 4.1

Where KELmm and KE Cu2ps2 are the kinetic energies of the L3VV X-ray induced Auger-
emitted electrons and the Cu 2psz» photo-emitted electrons, respectively [195]. The Auger
parameters determined for all catalysts containing copper (Table 4.3.5) are characteristic of Cu*
since a’A is approximately 1849.8 eV. The formation of metallic copper nanoparticles was
confirmed by XRD and TEM analysis, therefore the presence of Cu?* is attributed to surface

oxidation of the reduced sample under ambient air at room temperature, while the core must
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remain Cu®. Cu* might be formed in the XPS chamber due to the reductive atmosphere which

induces the reduction of surface Cu?*.

Ni 2pss2 spectra of all samples exhibit a main peak at ca 855 eV corresponding to Ni** and a
satellite peak at 861-862 eV. No peak could be ascribed to Ni° since its characteristic peak is
associated to lower BE (852.6 V). The Ni 2ps2 envelope was fitted into two contributions at
853-854 eV and ca 855.9 eV, in agreement with other studies found in literature [192,198,199].

Absence of Ni° could be attributed to surface oxidation to Ni*, as in the case of copper.

XPS atomic ratios of Metal/C, Mn/C, Cu/Ni, and Metal/Mn for the samples studied are given
in Table 4.3.6. Interestingly, the bimetallic sample reduced and after reaction shows higher
Cu/Ni atomic ratio obtained by XPS (2.28 and 1.47, respectively, Table 4.3.6) than the nominal
atomic ratio (Cu/Ni=0.92). These results are consistent with literature, where surface copper
enrichment is observed for Cu-Ni nanostructured alloys [200] and Cu-Ni supported on Al>O3,
ZrO2 and CeO2/Zr0O- [201,202], due to the lower heat of sublimation of copper compared to

nickel that induce the former to occupy the surface sites of the particles.

Moreover, atomic ratios (Table 4.3.6) extracted from the XPS analysis are in agreement with
the conclusions drawn from the preceding characterization techniques. The decrease of the
Metal/C and Metal/Mn ratios clearly illustrates how nickel and especially copper particles have
bigger particle size after the chemical reaction at 503 K and 50 bar. This effect is also observed
for manganese comparing Mn/C ratios and the Mn mappings (Figure 4.3.10b) where this
element seems to agglomerate after reaction. These results confirm the conclusion derived from
XRD, EDX and TEM analysis, given that some sintering of copper nanoparticles was observed

after reaction for 5Cu/HSAG and 5Cu-Mn/HSAG samples, while less sintering or
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agglomeration of nickel particles was observed in the 5Ni-Mn/HSAG sample studied after

reaction (Figure 4.3.8Db).

Table 4.3.6 Atomic ratios for catalysts samples reduced in hydrogen at 573 K and after
reaction (R-).

Cu/C Ni/lC Mn/C Cu/Ni Cu/Mn Ni/Mn

5Cu-Mn/HSAG 0.0013 0.0011 1.16

5Ni-Mn/HSAG 0.0004 0.0012 0.34

2.5Cu2.5Ni-Mn/HSAG | 0.0006 0.0003 0.0012 2.28 0.47 0.21

R-5Cu-Mn/HSAG 0.0010 0.0010 0.95

R-5Ni-Mn/HSAG 0.0002 0.0009 0.26

R-2.5Cu2.5Ni-Mn/HSAG | 0.0002 0.0002 0.0009 1.47 0.26 0.17

4.3.3. Discussion

In order to understand the synergystic behavior of the metals and manganese, it is of interest to
analyze how both functions work separately. Despite showing negligible conversion, the main
products with the sample Mn/HSAG were acetaldehyde, butane, 2-butenone, 1-butene, ethylene
and ethane. Although these compounds were found in traces since more than 99% percent of
the product stream was unconverted ethanol, the information deduced from these results is
enough to conclude that Mn/HSAG sample is not capable of upgrading ethanol to 1-butanol,
but it is promising as support since it contains acid/base sites of homogeneous strength

distribution (Table 4.3.3, Table 4.3.4) that are able to produce ethylene (formed by dehydration
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of ethanol on acid sites) and acetaldehyde (dehydrogenation of ethanol on basic sites), among

others.

Cu/HSAG, NIi/HSAG and 2.5Cu2.5Ni/HSAG show high activity for the conversion of ethanol
but with low selectivity towards 1-butanol (4, 7 and 4%, respectively), most likely due to the
absence of basic sites provided by manganese (Table 4.3.4). The principal by-products for
CUu/HSAG were acetaldehyde and 1,1-dyethoxyethane, which is formed by acid-catalyzed
acetylation of acetaldehyde with two ethanol molecules [168]. On the other hand, Ni-HSAG
tends to other undesired products such as methane, carbon monoxide, diethyl ether, and acetone,
whereas the bimetallic catalyst 2.5Cu2.5Ni/HSAG shows an intermediate behavior between the
monometallic Cu and Ni catalysts in terms of conversion and product distribution. Metal-
catalyzed acetaldehyde decarbonylation produces methane and carbon monoxide [56]; diethyl
ether is the product of the acid-catalyzed ethanol dehydration [57]; acetone is formed through
ethyl acetate hydrolysis that produce acetic acid and subsequent ketonization of this compound
[23]. Interestingly, the three catalysts are very selective towards acetaldehyde, especially
5Cu/HSAG and 2.5Cu2.5Ni/HSAG with a selectivity of 52 and 37%, respectively, which is
consistent with literature since it is reported that copper considerably speeds up the rate of
ethanol dehydrogenation that leads to acetaldehyde [52]. The presence of basic sites would
continue the reaction towards the aldol condensation of acetaldehyde that forms 3-
hydroxybutanal, which readily dehydrates to 2-butenal on acid sites and finally give rise to 1-
butanol after subsequent hydrogenations [103]. Since it was previously remarked that 1-butanol
selectivities are insufficient with metal/HSAG, it seems that a good combination of metal with
acid/base sites like those of Mn/HSAG (Figure 4.3.5 and Table 4.3.3, Table 4.3.4) would be a

promising combination for the upgrading of ethanol towards 1-butanol.
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Indeed, 1-butanol selectivities rise considerably when copper and nickel are combined with
manganese supported on HSAG presumably due to the combination of both functionalities:
metal and acid/base sites. This enhancement is mainly observed with copper since 1-butanol
selectivity rises from 4 to 33% with 5Cu/HSAG and 5Cu-Mn/HSAG, respectively, while it
increases from 7 to 21% with 5Ni/HSAG and 5Ni-Mn/HSAG, respectively. Interestingly,
despite containing more amount of basic sites (49 umol CO2 chemisorbed/g, 62% of high
strength, Table 4.3.4) and more percentage of strong acid sites (38%, Table 4.3.3) than 5Cu-
Mn/HSAG (21 umol CO2 chemisorbed/g, 44% of high strength, Table 4.3.4; 22% of strong acid
sites, Table 4.3.3), 5Ni-Mn/HSAG is the worst catalyst in terms of 1-butanol selectivity (21%)
among the bifunctional catalysts studied. Therefore, it seems that the upgrading of ethanol to
1-butanol requires a good equilibrium of acidic and basic sites similar to that of 5Cu-
Mn/HSAG, which is one of the samples studied that presented more acidity (Table 4.3.3 and
Figure 4.3.5), mainly of weak strength (51%, Table 4.3.3), and less basicity, mainly of high
strength (44%, Table 4.3.4). It should be noted that ethanol conversion rises remarkably for
both catalysts compared to their counterparts without manganese, and especially for 5Ni-
Mn/HSAG which reaches 45% of ethanol conversion. These clear differences in conversion
may be attributed to the surface metal sites of the catalysts after reaction, since 5Ni-Mn/HSAG
undergoes mild sintering (from 5.3 to 6 nm) compared to 5Cu-Mn/HSAG (from 8.3 to 11.7 nm).
All things considered, acid/base sites are definitely necessary to catalyze the dehydration of 3-
hydroxybutanal and the aldol condensation, respectively. But these centers do not seem to be
as crucial as the number of exposed metal sites, which catalyzes
dehydrogenation/hydrogenation reactions, for achieving good conversion and consequently

high 1-butanol yields.
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Furthermore, both catalysts present particularly different product distribution due to the before
mentioned tendency of nickel to produce side reactions that lead to undesired by-products.
Nevertheless, 5Ni-Mn/HSAG constitutes an enhancement in the suppression of these side
reactions since carbon monoxide, methane and acetone selectivities decrease from 15, 25 and
9% with 5Ni/HSAG to 10, 21 and 0.8% with 5Ni-Mn/HSAG, presumably because manganese
covers the acid sites of the HSAG support and introduce basic sites. This is confirmed by Figure
4.3.5 and data in Table 4.3.3, Table 4.3.4, which showed that this sample presented less total
amount of acid sites and a total amount of basic sites higher than Mn/HSAG and 5Cu-
Mn/HSAG. In addition to these by-products not found in the same catalyst with copper instead
of nickel, 5Ni-Mn/HSAG also produces small quantities of ethane, propane and pentane. On
the other hand, 5Cu-Mn/HSAG produces more 1,1-diethoxyethane than 5Ni-Mn/HSAG (16
and 2%, respectively), but at the same time the presence of manganese reduces its formation
compared to 5Cu/HSAG (31%). As the formation of 1,1-dyethoxyethane requires acid sites, the
different selectivities achieved for each catalyst are then consistent on the basis of their acidity,
since the absence of manganese and the acid character of HSAG make 5Cu/HSAG more acid
than 5Cu-Mn/HSAG, which in turn presents more acidity than 5Ni-Mn/HSAG (Table 4.3.3 and
Figure 4.3.5). Therefore, to inhibit the formation of undesired by-products and enhance the
conversion and the selectivity towards 1-butanol, a catalyst combining the best characteristics

attributed to copper and nickel should improve the ethanol condensation route to 1-butanol.

In fact, the bimetallic catalysts studied present higher 1-butanol selectivities compared to the
monometallic catalysts, especially 2.5Cu2.5Ni-Mn/HSAG (36%), which is the least acid
(mostly of weak strength, 44%) and the most basic (43% of strong basic sites) compared to the

other samples (Table 4.3.3 and Table 4.3.4). As it was expected, the catalytic behavior of the
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bifunctional and bimetallic catalyst 2.5Cu2.5Ni-Mn/HSAG is considerably better than that of
its counterpart without manganese, 2.5Cu2.5Ni/HSAG, in terms of 1-butanol selectivity (that
rises from 4 to 36%) and the formation of undesired by-products, whose selectivities decrease
when manganese is present in the catalyst formulation. This once again demonstrates that the
presence of acid/base sites provided by manganese oxide is compulsory to satisfactorily
upgrade ethanol towards 1-butanol. Moreover, ethanol conversion is higher (37 and 36% with
2.5Cu2.5Ni-Mn/HSAG and 4CulNi-Mn/HSAG, respectively) than the one achieved with 5Cu-
Mn/HSAG (27%) but lower than that of 5SNi-Mn/HSAG (45%), which is consistent with the
previous mentioned hypothesis that particle sintering during reaction severely affects ethanol
conversion, since 5Ni-Mn/HSAG presents smaller final particle size after reaction (6 nm) than
2.5Cu2.5Ni-Mn/HSAG (7.8 nm), 4CulNi-Mn/HSAG (8 nm) and 5Cu-Mn/HSAG (11.7 nm).
However, considering both conversion and selectivity, it can be observed that the bimetallic
catalysts improve the 1-butanol yield comparing to the monometallic and that the 2.5 wt.% Cu
and 2.5 wt.% Ni is the optimal Cu-Ni load, thanks to the above mentioned compromise between
medium-weak strength acid sites, homogeneous strength distribution of basic sites and mild
sintering. In addition, the presence of nickel enabled the 2.5Cu2.5Ni-Mn/HSAG catalyst to
especially reduce the formation of CO, CHg, 1,1-diethoxyethane and acetone, with selectivities

of 7, 10, 3 and 0.5, respectively.

The 2.5Cu2.5Ni-Mn/HSAG catalyst treated in helium at 723 K slightly improved 1-butanol
selectivity, but reduced considerably the ethanol conversion. This behavior was expected due
to the strong metal sintering observed after reaction (11.5 nm) and the reduction of its high
strength acidity after thermal treatment, with mostly weak and medium strength acid sites (39

and 32%, respectively, Table 4.3.3).
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As above discussed, in addition to the favorable contribution of acid/base sites, the production
of 1-butanol is strongly influenced by the metal function of the catalyst. So, given the observed
role of the metal phase, the site time yield towards 1-butanol was calculated (Figure 4.3.12) for
the bifunctional catalysts based on the number of metal atoms on the surface per gram for the
catalysts after reaction, since the superficial re-accommodation and agglomeration of nickel
and specially copper seems to be produced at early stages of the reaction prior to reaching the
steady state conditions. In this way, Figure 4.3.12 clearly illustrates how the combination of
copper and nickel in the 2.5Cu2.5Ni-Mn/HSAG and especially in the 2.5Cu2.5Ni-Mn/HSAG*

catalysts is the optimum among those studied to favor the reaction pathway towards 1-butanol.
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Figure 4.3.12 Site time yield (s™) for bifunctional catalyst after 7 h of reaction.

4.3.4. Conclusions

Several heterogeneous bifunctional catalysts based on Cu-Ni nanoparticles and manganese

oxide supported on high surface area graphite were screened in a fixed-bed gas continuous

131



Results and discussion

reactor to study the conversion of ethanol to 1-butanol. Their catalytic performance showed
substantial differences that were tentatively explained by characterization of the active sites by
temperature programmed desorption of NHs, microcalotrimetry of CO> chemisorption and
TEM/EDX analysis, which provided information about the acid/base sites related to manganese
oxide and its interaction with the metal particles, and the dehydrogenating/hydrogenating
properties associated to Cu-Ni particle size and distribution. These analysis and catalytic tests
suggested the existence of a synergistic effect between manganese combined with Cu and/or Ni
dispersed on high surface area graphite that gives place to an improved catalyst, in terms of
high 1-butanol yield, when applied in the Guerbet process. Copper is needed since it
considerably speeds up the rate of ethanol dehydrogenation that leads to acetaldehyde, while
nickel’s activity and less disposition to sintering favored the ethanol conversion, although more
undesired products and mostly gases were produced. Bimetallic catalysts proved to combine
the best characteristics of both metals. The most promising catalyst, 2.5Cu2.5Ni-Mn/HSAG*
treated in helium at 723 K prior reduction with hydrogen, exhibited an ethanol conversion of
30% and selectivity to 1-butanol of 39%, whose high amounts of weak acid sites and strong
basic sites constitute the optimal acid/base site strength distribution, even though its higher
metal particle size after reaction seems to provide a slightly negative impact in ethanol
conversion. Moreover, this catalyst remarkably reduces the formation of unwanted products.
For all catalysts, the analysis of the product streams indicated that the reaction pathway follows
the Guerbet route and demonstrated good stability, remaining active for 24 h on stream.
Although acid/base sites have a considerably impact on 1-butanol selectivity and product
distribution, it seems that the metal function plays a crucial role in the Guerbet ethanol

condensation reaction since clear differences in conversion are attributed to the sintering of

132



Results and discussion

particles that leads to decreasing conversion. However, a compromise between both parameters

must be reached to further optimize these catalysts.

4.4. Cu-Ni-MgO based catalysts for ethanol conversion into

butanol: Optimization of the catalytic properties

This chapter studies the performance for the ethanol condensation into 1-butanol through the
Guerbet reaction pathway of different bifunctional catalytic systems based on Cu and/or Ni as
a hydrogenating/dehydrogenating component and magnesium oxide incorporating acid/base

properties, supported on a high surface area graphite (HSAG).

4.4.1. Reaction results

In the first place, reaction blank tests were performed with the reactor filled with silicon carbide
and no activity was observed at 503 K, therefore a catalyst is needed for the reaction to take
place. Table 4.4.1 summarizes the catalytic performance of the different samples after 24 hours,
namely once the steady state was reached. It should be mentioned that carbon balances for all
catalysts were above 90 %.

Preliminary tests with the HSAG support and with the sample Mg/HSAG showed negligible
conversion under the reaction conditions used. As can be seen in Table 4.4.1, the catalyst used
has a strong influence on the product distribution. Generally, the main products detected were
1-butanol, acetaldehyde, 1,1-diethoxyethane, carbon monoxide and methane, whereas other
products observed in small quantities were ethyl acetate, 2-butanone, ethylene, diethoxybutane,
butanal, 2-butenal, 2-butanol, 2-ethyl-1-butanol, 1-hexanol, 1-octanol, 2-ethyl-1-hexanol and

acetone, which is in good agreement with the reaction pathway and the possible by-products
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mentioned in the introduction (see Figure 1.3.1 and the detailed version Figure 1.3.2). In
addition, methane and carbon monoxide can be produced via metal-catalyzed acetaldehyde
decarbonylation, while acetone can be formed via ethyl acetate hydrolysis that produces acetic

acid and subsequent ketonization of this compound [23,56].

Table 4.4.1 Catalytic activity and product selectivities obtained at 503 K and 50 bar
after 24 h on stream.

d (nm) Selectivity (%)
Sample anv'
Fresh®  Used® (70 ButOH Ac CO CHs I%ElE Others®
Cu/HSAG 4.7 11.1 17 4 52 0 0 31 13
Ni/HSAG 4.9 8.9 23 7 24 15 25 1 28
4CulNi/HSAG 4.2 7.1 20 5 39 8 12 13 23
5Cu-Mg/HSAG 7.5 8.9 26 26 23 0 0 15 36
5Ni-Mg/HSAG 4.5 55 23 24 12 15 25 2 22
2.5Cu2.5Ni-Mg/HSAG 5.8 9.3 28 32 13 11 15 2 27
4CulNi-Mg/HSAG 6.6 7.1 24 39 22 4 6 4 25
4.75Cu0.25Ni-Mg/HSAG 6.8 8.5 28 31 23 2 2 10 32
4CulNi-Mg/HSAG* 8.8 9.7 20 44 21 3 2 3 27

ButOH — 1-Butanol, Ac — Acetaldehyde, 1,1-DEE — 1,1-diethoxyethane, d — average particle size, determined by TEM of
fresh catalysts reduced at 573 K, except Ni/HSAG and 5Ni-Mg/HSAG that were reduced at 723 K, and after 24 h in
reaction. 2 Catalysts reduced at 573 K, ® After 24 h in reaction. ¢ Other products also detected in small quantities: diethyl
ether, ethyl acetate, 1-hexanol, 2-butanona, diethoxybutane, 1-octanol, butanal, 2-butenal, 2-butanol, 2-ethyl-1-butanol, 1-
octanol, 2-ethyl-1-hexanol, ethylene, ethane, acetone, propane, pentane. The “***" indicates that the material was thermally
treated in helium at 723 K prior to reduction with hydrogen.

After 24 hours of reaction, the catalysts showed high stability with regard to 1-butanol

selectivity, as it can be observed in Figure 4.4.1. It should be highlighted that all catalysts reach
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a maximum in conversion at hour 3-4, followed by a slight deactivation, except catalysts
2.5Cu2.5Ni-Mg/HSAG and 4CulNi-Mg/HSAG*, whose deactivation is a bit more accentuated.
Presumably, this means that the catalysts undergo a structural change at early stages of the
reaction at 503 K and 50 bar. Once the catalyst is finally transformed, the reaction achieves the

steady state conditions after 10 hours as Figure 4.4.1 shows.
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Figure 4.4.1 Conversion and 1-butanol selectivity through 24 hours of reaction for the
bifunctional catalysts. The “~* " indicates that the material was thermally treated in
helium at 723 K prior to reduction with hydrogen. (m) 5Cu-Mg/HSAG, () 5Ni-
Mg/HSAG, (e) 4CulNi-Mg/HSAG, (x) 2.5Cu2.5Ni-Mg/HSAG, (') 4.75Cu0.25Ni-
Mg/HSAG, (A) 4CulNi-Mg/HSAG*.

4.4.2. Catalysts characterization

4.4.2.1. Structural and textural features

Figure 4.4.2 shows the Ho-TPR profiles of the monometallic Cu and Ni and the bimetallic Cu-
Ni catalysts. It is important to note that these profiles include the reduced products derived from
the metal precursor decomposition since these analyses were carried out with the fresh catalysts,

without any thermal treatment like calcination. The sample 5Cu/HSAG shows a reduction peak
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at ca 485 K, while 5Ni/HSAG exhibits two reduction peaks, the first one sharper at 540 K and
the second one in the range 585-685 K. Interestingly, the sample 4CulNi/HSAG presents an
intermediate behavior with a sharp single reduction peak at 515 K. These results are consistent
with literature, since the reduction of the precursor Cu(NOs), and particularly Cu?* to Cu® has
been found to take place at 535-565 K and 485-520 K, respectively [173,174,184,185]. In
addition, the H>-TPR profiles of carbon supported Ni reported in the literature [185,189,190]
present the same first sharp peak attributed to the reduction of dispersed Ni?* and the second
broad one, which is ascribed to the reduction of remaining Ni%* as well as the metal catalyzed

gasification of carbon atoms around the nickel particles.

On the other hand, the H>-TPR profiles of the monometallic catalysts containing magnesium
show that the reduction of copper and nickel occurs at higher temperatures compared with their
counterparts without magnesium. The shift to higher temperatures is especially significant for
the 5Cu-Mg/HSAG sample, with a reduction peak at 530 K, whereas the 5Ni-Mg/HSAG sample
shows the main reduction peak at 560 K and the broad one in the range 600-700 K. Remarkably,
the broad peak characteristic of nickel is undiscernible in the H>-TPR profiles of the bimetallic
catalysts, showing only one sharp peak that shifts to higher temperatures the more %wt of nickel
is present: 530 K for 4.75Cu0.25Ni-Mg/HSAG, 540 K for 4CulNi-Mg/HSAG, and 555 K for
2.5Cu2.5Ni-Mg/HSAG. However, the reduction peak of the bimetallic catalysts always appears
at temperatures lower than that of 5Ni-Mg/HSAG (560 K), which is in agreement with previous
findings in the literature involving Cu and Ni nanoparticles [203,204,205,206]. In particular,
Lv et al. [204] characterized multi-walled carbon nanotubes (MWCNT) supported nickel
nanoparticles doped with magnesia and copper catalysts and observed that bimetallic Ni-Cu-

Mg/MWCNT catalysts reduced at lower temperatures than the monometallic Ni-Mg/MWCNT
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ones, leading to the conclusion that the introduction of copper enables the reduction of nickel
at lower temperatures. It is commonly acknowledged that species harder to reduce are those
with stronger interaction with the support [203], therefore these results suggest that both metals
have stronger interaction with the support when magnesium oxide is present. There is no
appreciable contribution of magnesium oxide reduction since the TPR profiles of samples
5Cu/HSAG, 5NI/HSAG and 4CulNi/HSAG and their counterparts with magnesium are
practically identical in shape although they are displaced in the X axis as a result of changes in
the dispersion state when supported on Mg/HSAG. Given that magnesium (I1) nitrate was used
as a precursor and that Mg/HSAG was treated in helium at 873 K, the oxidation state expected
for magnesium is Mg?* and therefore no reduction profile could be attributed to lower oxidation
states of magnesium. All things considered, the reduction temperature was set at 573 K for the

catalysts containing copper and 723 K for those containing only nickel.
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Figure 4.4.2 H2-TPR profiles of the catalysts samples.

Figure 4.4.3 shows the X-ray diffractograms of the HSAG support and the resulting
Metal/HSAG and Metal-Mg/HSAG catalysts reduced at 573 K with hydrogen, except
5Ni/HSAG and 5Ni-Mg/HSAG catalysts that were reduced at 723 K. The diffractograms show
no reflections corresponding to magnesium oxide, which was expected since all samples
contain approximately 1.45wt% of Mg. On the other hand, the diffraction peaks attributed to
HSAG were detected at 20 of 26.2, 43.9, 54.6 and 77.6° for all samples. Unfortunately, the
XRD analysis of copper and nickel involves some uncertainty since the broad HSAG peak that
appears at 20=43.9° overlaps the main peaks characteristic of metallic copper (43.5°) and nickel
(44.4°). Despite this limitation, the highest reflection of metallic Cu was discerned in the
5Cu/HSAG and 4CulNi/HSAG samples (Figure 4.4.3b and 4.4.3d), while the reflections at 20

of 43.5, 50.4 and 74° were detected in all the copper containing samples supported on
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Mg/HSAG (Figure 4.4.3e-h). On the other hand, no diffraction peak corresponding to metallic
Ni could be detected except for the 5SNi/HSAG sample (Figure 4.4.3c), even though the peak at
206=44.4° was only slightly perceptible. These differences may be attributed to the presence of
magnesium and its influence on the dispersion and size of metal nanoparticles. While nickel
appears well dispersed and immutable regardless of the catalyst composition, copper

nanoparticles seems to become bigger and worse dispersed when magnesium oxide is present.
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Figure 4.4.3 XRD patterns of the support HSAG and the reduced catalysts, where a)
HSAG, b) Cu/HSAG, c) Ni/HSAG, d) 4CulNi/HSAG, e) 5Cu-Mg/HSAG, f)

4.75Cu0.25Ni-Mg/HSAG, g) 4CulNi-Mg/HSAG, h) 2.5Cu2.5Ni-Mg/HSAG, i) 5Ni-
Mg/HSAG. (m) HSAG, (V) Metallic Cu, (¢) CuO, () Metallic Ni, (+) NiO.
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The peaks of CuO (35.7°, 38.9°) and NiO (37.4° 43.5°) are perceptible to some extent in the
XRD patterns of reduced 5Cu/HSAG, 5Cu-Mg/HSAG, 4CulNi-Mg/HSAG and 5Ni-
Mg/HSAG catalysts, indicating that these samples might have suffered a slight surface
oxidation due to ambient exposition.

The 4CulNi-Mg/HSAG catalyst and its counterpart treated in helium at 723 K were studied by
XRD after reduction in hydrogen at 573 K and after reaction (-R) (Figure 4.4.4). Interestingly,
the reflections corresponding with CuO (35.7°, 38.9°) observable for the reduced sample
4CulNi-Mg/HSAG (Figure 4.4.4b), disappear after reaction (Figure 4.4.4c), after the reduction
of its counterpart thermally treated in helium (Figure 4.4.4d) and after the reaction with this
latter catalyst (Figure 4.4.4e). In contrast, the reflections corresponding with Cu® (43.5, 50.4
and 74°) become sharper, which suggest that copper is severely affected by temperature and the
reaction conditions. The rest of catalysts were also studied after reaction but, for the sake of
brevity, their XRD patterns can be found in the Annex section A3 (Figure A3.1). The latter
assumption that copper seems to form aggregates after reaction at 503 K is once again
confirmed since Figure A3.1 shows that the Cu® peak is more intense for the samples containing
copper than for their counterparts only reduced in hydrogen (Figure 4.4.3) and that the CuO
peaks disappear except for the samples 5Cu/HSAG and 5Cu-Mg/HSAG. Moreover, the peaks
corresponding with Ni® and NiO are imperceptible for all the samples containing nickel,
evidencing that nickel particles do not suffer the same sintering effect that the copper particles

do.
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Figure 4.4.4 XRD patterns, where a) HSAG, b) 4CulNi-Mg/HSAG, ¢) R-4CulNi-
Mg/HSAG, d) 4CulNi-Mg/HSAG*, e) R-4CulNi-Mg/HSAG*. (m) HSAG, (V) Metallic
Cu, (o) CuO.

The specific surface area of the support HSAG, and the Mg/HSAG and M-Mg/HSAG catalysts
reduced at their corresponding temperature are listed in Table 4.4.2. The presence of
magnesium oxide decreases the BET area from the 396 m?/g of HSAG to the 317 m?%g of Mg-
HSAG. Moreover, the addition of metal further decreases the specific surface area, especially
for the 5Cu-Mg/HSAG (270 m?/g) and 4CulNi-Mg/HSAG (243 m?/g) samples, presumably
due to the incorporation of magnesium oxide and the reduced metal NPs that form crystallites
(especially copper) that block the space formed by the aggregation of the graphite grains. Thus,
it was not surprising that the 4CulNi-Mg/HSAG sample treated in helium at 723 K prior

reduction with hydrogen, showed further decrease of the BET area (214 m?/g) compared with
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the 4CulNi-Mg/HSAG sample only reduced in hydrogen at 573 K, presumably due to the

formation of crystallites of bigger size as it was observed by XRD.

Table 4.4.2 Textural parameters of support and reduced catalysts.

Sample Seet (M?/g)
HSAG 399
Mg/HSAG 317
5Cu-Mg/HSAG 270
5Ni-Mg/HSAG 303
4CulNi-Mg/HSAG 243
4CulNi-Mg/HSAG* 214

The *" indicates that the material was thermally treated in
helium at 723 K prior to reduction with hydrogen.

4.4.2.2. Surface properties

Temperature-programmed desorption (TPD) of NH3z was performed for selected samples in
order to obtain the distributions of acidic sites that can be seen in Figure 4.4.5. All samples were
reduced in situ with hydrogen at 573 K except 5Ni/HSAG and 5Ni-Mg/HSAG, which were
reduced at 723 K. After detailed observation of the NH3-TPD profiles, it can be concluded that
the samples studied present acid sites with different strengths, since each profile can be
deconvoluted into three components with a maximum at 450, 540 and 625 K, corresponding to
weak (350-500 K), medium (500-550) and strong (550-675 K) acid sites. This correlation
between temperature and acid strength is in accordance with other scales found in literature for

Cu/ZnO and other catalysts with Al.Os and SiO. as supports [59,178,180]. Therefore, the
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distribution of acid strength was obtained after deconvolution of the NHs-TPD profiles of all
samples as can be seen in the Annex section A3 (Figure A3.2). The acidity distribution resulting
after deconvolution of the NHs-TPD profiles is shown in Table 4.4.3, considering the area under
each TPD curve and the ones of the deconvoluted peaks. The normalized area under each curve

in arbitrary units is also showed in Table 4.4.3 to compare the total acidity of the catalysts.
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Figure 4.4.5 NHs3-TPD profiles of the Mg/HSAG, 5Cu/HSAG, 5Ni/HSAG and the
bifunctional catalysts reduced in situ. The ~*"" indicates that the material was thermally
treated in helium at 723 K prior to reduction with hydrogen.

Table 4.4.3 shows an increase in the amount of surface acid sites for the bifunctional catalysts
with respect to the monometallic 5Cu/HSAG and 5Ni/HSAG as well as the Mg/HSAG sample.
The adsorption of ammonia at metal surfaces such as copper and nickel has been previously
reported on literature [181,182,207] and there is a general consensus on the nature of the metal-
ammonia bonding, in which the NHs molecule is bound through its nitrogen atom. Biemolt et
al [181] reported that the ammonia-metal bond involves a relatively weak orbital interaction

between the metal valence electrons and the lone pair of ammonia, and a strong electrostatic
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interaction between the permanent dipole of NHz and the positive charge of the copper nucleus.
Moreover, metallic Cu nanoparticles are reported to act as a Lewis acid due to their electron-
deficient nature [208]. The samples 5Cu-Mg/HSAG and 5Ni-Mg/HSAG show similar NHz-
TPD profiles than their counterparts without magnesium oxide, 5SCu/HSAG and 5Ni/HSAG,
even though the areas and therefore the total acidity are superior when supported on Mg/HSAG
since the bifunctional samples combine the metallic and the exposed MgO centers, the latter
partially covered by copper and nickel NPs. The sample 5Cu-Mg/HSAG presents the most total
acidity (Figure 4.4.5 and Table 4.4.3) even though it shows relatively uniform acid sites
distribution (35% strong acid sites and 34% weak acid sites). The percentage of weak acid sites
seems to predominate for the samples Mg/HSAG and 4CulNi-Mg/HSAG (38 and 40%,
respectively), while the percentage of strong acid sites predominates for the samples 5Ni-
Mg/HSAG and 4CulNi-Mg/HSAG* (39 and 41%, respectively). In addition, it can be observed
in Figure 4.4.5 and Table 4.4.3 that the presence of nickel in the bimetallic catalysts (4CulNi-
Mg/HSAG and 4CulNi-Mg/HSAG*) decrease the total acidity with respect to the
monometallic bifunctional catalysts, specially 5Cu-Mg/HSAG. The bimetallic catalyst treated
in helium at 723 K shows an increase in the amount of strong acid sites compared to its
counterpart without thermal treatment, probably due to the incorporation of copper and nickel

into the structure of magnesium oxide after this thermal treatment.
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Table 4.4.3 Acidity distribution derived after deconvolution of the NHs-TPD profiles.

Sample ,L\Irl:;-;z?) % Weak acid sites % Medium acid sites % Strong acid sites
5Cu/HSAG 1.3 35 31 34
5Ni/HSAG 1.3 31 26 43
Mg/HSAG 1.6 38 33 29
5Cu-Mg/HSAG 2.6 34 31 35
5Ni-Mg/HSAG 2.0 29 32 39
4CulNi-Mg/HSAG 19 40 31 29
4CulNi-Mg/HSAG* 1.7 29 30 41

The " indicates that the material was thermally treated in helium at 723 K prior to reduction with
hydrogen.

The strength distribution and number of surface basic sites were estimated by adsorption
microcalorimetry measurements using carbon dioxide as molecular probe. Figure 4.4.6
illustrates the distribution of basic sites representing the differential heat of adsorption as a
function of surface coverage for the studied catalysts, whereas Table 4.4.4 summarizes the
results obtained. Foremost, the strength of basic sites can be classified as strong (Qdiff>110
KJ/mol), medium (110>Qdiff>60 KJ/mol) and weak (Qdiff<60 KJ/mol), while a differential
heat of 40 kJ/mol is considered the boundary between chemical and physical CO, adsorption

[151,152].
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Figure 4.4.6 Differential heats of CO2 adsorption vs. coverage at 323 K. a) Mg/HSAG
before and after thermal treatment, b) Cu-Ni bifunctional catalysts, c) 4CulNi-
Mg/HSAG before and after thermal treatment. The > indicates that the material was

thermally treated in helium at 723 K prior to reduction with hydrogen.

Interestingly, the sample Mg/HSAG presents similar strength distribution and heats of

adsorption after thermal treatment at 723 K (Mg/HSAG*, Figure 4.4.6a), although the total

amount of CO> adsorbed is higher for the latter (Table 4.4.4). The lower total amount of basic

sites observed for Mg/HSAG may be due to the water and CO. adsorbed after ambient

exposition that disappear when the sample is treated in situ at 723 K, giving rise to enhanced

basicity. Remarkably, the total amount and the percentage of strong basic sites decrease for the

sample 5Cu-Mg/HSAG compared to Mg/HSAG. However, the percentage of strong sites is

noticeably higher for 5Ni-Mg/HSAG with a total amount of basic sites similar to that of

Mg/HSAG after thermal treatment, since the former is reduced at 723 K. In order to understand
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the different basicity displayed by both metals supported on Mg/HSAG, the bimetallic 4CulNi-
Mg/HSAG catalyst was also studied. Interestingly, the sample 4CulNi-Mg/HSAG exhibits a
sharp decrease in the percentage of strong basic sites (8%, Table 4.4.4) compared to the sample
with copper and nickel alone (12 and 38%, respectively), even though the total amount of basic
sites is not as lower (70 pmol CO»/g) than the one achieved with 5Cu-Mg/HSAG (54 umol
CO2/g). Nevertheless, the same sample after thermal treatment in helium at 723 K shows higher
heats of adsorption at initial values of surface CO, coverage with a 18% of strong basic sites,
while the total amount of basic sites remains unalterable. This strengthening of basicity also
observed for the sample 5Ni-Mg/HSAG, has been associated with metal-support interaction at
higher temperatures, since it is noteworthy that the samples that have been reduced or treated
at 723 K are those with higher strength of basic sites. Moreover, the correlation between the
strengthening of the surface basicity of magnesium oxide and metal-MgO interaction at higher
temperatures has been widely reported in literature and previous studies of our group
[163,164,165,166,167,183], where it was concluded that the incorporation of metals atoms in
the MgO lattice, that takes place at higher temperatures, improves the basic surface of MgO.
Particularly, Ueda et al. [164] observed that the surface basicity of magnesium oxide is
enhanced by the addition of nickel and copper ions to the MgO, increasing the total amount of
basic sites. It should be noted that Ueda’s catalysts were not reduced with hydrogen and that
they were pretreated in nitrogen at 873 K prior to the calorimetric analysis, while in this study
only the metallic samples 5Ni-Mg/HSAG and 4CulNi-Mg/HSAG have been treated at 723 K.
Therefore, the metal-support interaction effect successfully explain the different basicity

obtained for copper and nickel catalysts, since the 5Cu-Mg/HSAG sample has only been treated
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at 623 K during degasification, temperature not high enough to achieve a Cu-MgO interaction

as strong as the Ni-MgO achieved at 723 K.

Table 4.4.4 CO2 chemisorption capacities at 323 K and type of basic sites.

Total Basic sites distribution
pmol CO2/g
Sample % Strong sites % Medium-strength % Weak-strength
(Quifr> 40

kJ/mol) (Quir>90 kd/mol)  (90>Quif>60 kJ/mol)  (60>Quir>40 kd/mol)

Mg/HSAG 65 19 55 26
Mg/HSAG* 85 21 56 23
5Cu-Mg/HSAG 54 12 62 26
5Ni-Mg/HSAG 86 38 49 13
4CulNi-Mg/HSAG 70 8 77 15
4CulNi-Mg/HSAG* 69 18 70 12

The *™" indicates that the material was thermally treated in helium at 723 K prior to reduction with hydrogen.

The results of TEM analysis are summarized in Figures 4.4.7 and 4.4.8, which depict selected
TEM images of the catalysts and their corresponding histograms representing the particle size
distribution. It is interesting to note that TEM cannot differentiate Cu from Ni species without
an element specific signal detector; thus, the compositional information was obtained with an
EDX detector coupled to the TEM/STEM setup. However, the TEM images confirm the
formation of well-dispersed metal nanoparticles with a diameter ranging between 4 and 10 nm
after reduction with hydrogen, which can be attributed to the formation of active Cu® and/or Ni°
species. The histograms obtained after measuring a statistical meaningful number of

nanoparticles, show an almost Gaussian particle size distribution for the majority of the reduced
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catalysts, especially the monometallic ones, whereas the bimetallic catalysts and all the samples

after reaction show a long-tail distribution at higher particle size.
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Figure 4.4.7 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): a) 5Cu/HSAG, b) 5Ni/HSAG, and ¢) 4CulNi/HSAG.

Although Cu and Ni species cannot be differentiated by observation of the TEM images, some
interesting information can be drawn from the evaluation of both Figures 4.4.7 and 4.4.8. First,
the presence of magnesium seems to negatively affect copper particle size, since all copper
containing catalysts present bigger particle size than their reduced counterparts without
magnesium, 5Cu/HSAG and 4CulNi/HSAG (4.7 and 4.2 nm, Figure 4.4.7a and 4.4.7c), as the
X-ray study revealed. On the other hand, the particle size of reduced 5Ni/HSAG and 5Ni-

Mg/HSAG are practically the same (4.9 nm and 4.5 nm, respectively, Figure 4.4.7b and 4.4.8b),

149



Results and discussion

while bimetallic Cu-Ni catalysts show smaller particle size with increasing nickel content: 6.8
nm for 4.75Cu0.25Ni-Mg/HSAG, 6.6 nm for 4CulNi-Mg/HSAG and 5.8 nm for 2.5Cu2.5Ni-
Mg/HSAG. Furthermore, the average particle size increases for all catalysts after reaction
(Figure 4.4.7 and 4.4.8, right), especially for the samples containing copper. Interestingly, all
copper containing catalysts after reaction present almost 10% of particles with a diameter bigger
than 15 nm, except 4CulNi/HSAG (Figure 4.4.7c, right) and 4CulNi-Mg/HSAG (Figure
4.4.8d, right), whose average particle size is 7.1 nm with only 0.1% and 5% of the particles
bigger than 15 nm, respectively. All in all, it seems that the introduction of nickel efficiently
prevents copper sintering in a certain degree, where 1 wt% is the optimal nickel content to avoid
major copper agglomeration. The same sample was also studied after thermal treatment in
helium at 723 K prior reduction with hydrogen and TEM analysis revealed further sintering of
the particles (8.8 nm, Figure 4.4.8f left) with approximately 20% of the particles bigger than 15
nm. As it was expected, the average diameter of the particles increased to 9.7 nm (Figure 4.4.8f
right) for 4CulNi-Mg/HSAG™ after reaction, which seems to be correlated with the decrease in

conversion observed for this catalyst (Table 4.4.1).
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Figure 4.4.8 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): a) 5Cu-Mg/HSAG, b) 5Ni-Mg/HSAG, c¢) 2.5Cu2.5Ni-Mg/HSAG, d) 4CulNi-
Mg/HSAG, e) 4.75Cu0.25Ni-Mg/HSAG, f) 4CulNi-Mg/HSAG*. The ~* " indicates that
the material was thermally treated in helium at 723 K prior to reduction with hydrogen.
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EDX elemental mapping was performed in order to identify the interaction between Cu, Ni and
Mg and the distribution of the nanoparticles on the support. The EDX images of monometallic
catalysts (Figure 4.4.9) showed that the active phases (magnesium and the metal, copper or

nickel) were highly dispersed on the carbonaceous support coinciding in space.

80 nm ™ 80nm ' ™ 80nm

Figure 4.4.9 EDX elemental mapping of catalysts reduced in hydrogen at 573 K: a) 5Cu-
Mg/HSAG, b) 5Ni-Mg/HSAG. Color code refers to the distribution of elements (Cu, red;
Ni, green; Mg, white).

The bimetallic Cu-Ni catalysts reduced (Figure 4.4.10) and after reaction (Figure 4.4.11) were
also analyzed by EDX to further study the interaction between copper and nickel and the likely
copper sintering evidenced by XRD and BET analysis. The samples reduced at 573K showed
copper particles of heterogeneous size, while nickel and magnesium appeared well dispersed.

Nevertheless, copper particles, regardless of their size, coincided in space with nickel and
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magnesium, evidencing the formation of copper-nickel particles dispersed over Mg/HSAG. On
the other hand, the samples after reaction (Figure 4.4.11) showed Cu-Ni particles of bigger size,
although these big particles show a composition with a Cu/Ni ratio larger than that of the bulk
chemical analysis. Even for the catalyst with the same copper and nickel content (2.5Cu2.5Ni-
Mg/HSAG, Figure 4.4.11a), the bigger particles seem to be enriched in Cu. All things
considered, the sintering that takes place during reaction, previously observed by XRD and
TEM, could be attributed specially to copper particles. This superficial re-accommodation and
agglomeration of nickel and especially copper particles seems to occur at early stages of the
reaction prior to reaching the steady state conditions, since Figure 4.4.1 showed stable

conversion for all catalysts after reaching a maximum at 3-4 h.
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Figure 4.4.10 EDX elemental mapping of catalysts reduced in hydrogen at 573 K: a)
2.5Cu2.5Ni-Mg/HSAG, b) 4CulNi-Mg/HSAG, c) 4.75Cu0.25Ni-Mg/HSAG. Color code
refers to the distribution of elements (Cu, red; Ni, green; Mg, white).
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Figure 4.4.11 EDX elemental mapping of catalysts after reaction at 503 K and 50 bar: a)
2.5Cu2.5Ni-Mg/HSAG, b) 4CulNi-Mg/HSAG, c) 4.75Cu0.25Ni-Mg/HSAG. Color code
refers to the distribution of elements (Cu, red; Ni, green; Mg, white).

Surface analysis of the catalysts was accomplished with the aim of identifying and quantifying
the different species present in the surface of the catalysts. For the sake of brevity, Figure 4.4.12
only shows the Mg 2p, Cu 2ps2 and the Ni 2ps/2 core level spectra as well as the X-ray generated
Cu LMM Auger spectra of catalyst R-4CulNi-Mg/HSAG™* treated in helium at 723 K before
reduction in hydrogen at 573 K as an example, since all samples present similar XPS spectra as

can be seen in the Annex section A3 (Figures A3.3-A3.9). The Mg 2p peak of the monometallic
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catalysts was deconvoluted into three components corresponding to MgO, Mg(OH). and

MgCOg, which are generally associated to binding energies in the range 50.1-50.8 eV, 49.5-

51.5 eV, and from 50.4 and up to 54.0 eV, respectively [209,210,211,212,213]. The surface

concentration of each species is tabulated in Table 4.4.5, being MgO the most abundant. As it

can be seen in Table 4.4.5 and Figure 4.4.12 (top left), the bimetallic samples only show one

contribution of Mg 2p corresponding to MgO.
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Figure 4.4.12 Mg 2p (top left), Cu 2ps2 (top right), Ni 2ps2 (bottom left) and X-ray
generated Cu LMM Auger (bottom right) XPS spectra of sample R-4CulNi-Mg/HSAG*
treated in helium at 723 K before reduction in hydrogen at 573 K.
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It can be observed in Table 4.4.5 that the catalysts studied show different copper oxidation
states, especially comparing the reduced catalysts and their counterparts after reaction. All the
reduced catalysts show a contribution at ca 934.5 eV with a characteristic satellite at the high
binding energy side, indicative of the presence of Cu?* [196,197,214,215]. After reaction at 503
K and 50 bar, the Cu 2ps» peak is shifted to lower binding energies accompanied by the
reduction of the satellite peak, which indicates that the smallest copper nanoparticles become
oxidized by ambient exposition. This conclusion is in agreement with the XRD results (Figure
4.4.3 and 4.4.4) previously discussed. Nevertheless, the most intense copper 2pz» peak appears
for all catalysts at ca 932.9 eV, typical of either Cu® or Cu* [196,197], which where
differentiated through examination of the L3VV X-ray induced Auger transition and the

calculation of the modified Auger parameter, o’a, which was defined as:
ay = hv + KE;yy — KE Cu2ps,,  Equation 4.2

Where KELmm and KE Cu2pas, are the kinetic energies of the LsVV X-ray induced Auger-
emitted electrons and the Cu 2ps2 photo-emitted electrons, respectively [195,214]. The analysis
of the Auger peak-shape confirmed the presence of Cu?* in all the reduced catalysts and the
samples after reaction through observation of the Cu LsMasMas peak at a kinetic energy of ca
917.6 eV and the estimation of the Auger parameter o’ A, which resulted in the region of 1851.6-
1851.9 eV, characteristic of Cu?* species [196]. The main contribution of the Auger peak for
all catalysts appeared at ca 916.8 eV with a a’a in the range 1849.1-1849.6 eV, which revealed
the presence of Cu® in all cases. Interestingly, both bimetallic samples after reaction (R-
4CulNi-Mg/HSAG and R-4CulNi-Mg/HSAG¥*) exhibited a Cu LsMasMas peak at a kinetic

energy of ca 918.5 eV with a o’A at 1851.1 and 1851.9 eV, respectively, characteristic of
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metallic copper [185]. The presence of Cu?* could be ascribed to surface oxidation of the
reduced sample under ambient air at room temperature, whereas the core must remain Cu®since
the formation of metallic copper nanoparticles was evidenced by XRD and TEM analysis.
However, the reductive atmosphere of the XPS chamber might induce the reduction of surface
Cu?"into Cu*.

Table 4.4.5 Binding energies (eV) of core electrons and the Auger parameter (eV) of

catalysts samples reduced in hydrogen at 573 K and after reaction (R-). *Thermally
treated in helium at 723 K prior reduction with hydrogen.

BE (eV) BE (eV) BE (eV)
Auger parameter .
Mg 2p Cu2p3/2 Ni 2p 3/2
Cu®/Cu* Cu® Cu® Cu* Cu*? Ni*2
50.4 (63)*
5Cu-Mg/HSAG 51.1 (31) 933.1 934.8 - 18;? 1 18?; 9 -
52.4 (6) (67) 33)
50.3 (81)
5Ni-Mg/HSAG 51.4 (13) - - - - - 2223 §§8§
52.0 (6) '
. ) 1849.6  1851.9 | 854.4 (42)
4CulNi-Mg/HSAG 50.7 933.0 934.9 (58) (42) | 856.6 (58)
. ) 1849.1  1851.6 | 854.6 (37)
4CulNi-Mg/HSAG* 50.7 932.8 934.6 (44) (56) | 856.5 (63)
50.4 (66)
R-5Cu-Mg/HSAG 51.1 (26) 932.8 934.6 - 18;3 2 18f 19 -
52.2 (8) (85) (19)
50.2 (73)
R-5Ni-Mg/HSAG | 51.3(22) - - - - gggi §§3§
52.5 (5) '
. 1851.9  1849.1 18519 | 854.8(36)
R-4CulNi-Mg/HSAG 50.7 932.9 934.9 (33) (48) (19) | 856.5 (64)
. 1851.1  1849.1  1851.9 | 854.6(38)
R-4CulNi-Mg/HSAG* 50.6 932.7 934.5 (13) (39) 47) | 8565 (62)

*The concentration of each species in atomic percent is shown in parentheses.
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The analysis of Ni 2ps/2 spectra of all samples showed a main peak at ca 855 eV with a satellite
peak at 861-862 eV, which is characteristic of Ni%* oxidation states [203,216,217]. Taking other
studies found in literature as a reference [192,198,199], the main peak was deconvoluted into
two components at ca 854 eV and ca 856 eV. Moreover, the surface oxidation to Ni%* might
explain the absence of metallic nickel on the catalysts surface, which is evident since its

corresponding peak usually appears at lower binding energies (852.6 eV) [216].

XPS atomic ratios of Metal/C, Mg/C, Cu/Ni, and Metal/Mg for the samples studied are given
in Table 4.4.6. The reaction at 503 K and 50 bar is accompanied by a substantial decrease in
the Cu/C, Cu/Mg and Cu/Ni atomic ratios that points to the formation of large copper
nanoparticles on the catalyst surface, whereas nickel nanoparticles do not suffer intense
sintering since the decrease of the Ni/C and Ni/Mg ratios after reaction is far less accentuated.
This behavior clearly demonstrates once again that copper nanoparticles have more tendency
to agglomerate after reaction at 503 K and 50 bar compared to nickel nanoparticles, confirming
the conclusions drawn from XRD, EDX and TEM analysis. In contrast, the Mg/C ratio slightly
decreases for all samples after reaction, with almost no appreciable decrease for the bimetallic
catalysts. This behavior indicates that magnesium do not suffer the same agglomeration that
nickel and especially copper nanoparticles, which is in agreement with the conclusions derived
from the Mg mappings (Figure 4.4.11), where it can be observed that this element is well

dispersed over the carbonaceous support.

It should be highlighted that the bimetallic catalyst 4CulNi-Mg/HSAG shows higher Cu/Ni
atomic ratio obtained by XPS (Table 4.4.6) than the nominal atomic ratio (Cu/Ni = 3.69), which
indicates that the surface of the bimetallic particles is enriched by copper, due to its lower heat

of sublimation compared to nickel. Surface copper enrichment has been previously reported by
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literature for Cu-Ni supported on Al:O3, ZrO, and CeO2/ZrO, [201,202], and Cu-Ni

nanostructured alloys [200].

Table 4.4.6 Atomic ratios for catalysts samples reduced in hydrogen at 573 K and after
reaction (R-).

Cu/C Ni/lC Mg/C CulNi Cu/Mg Ni/Mg

5Cu-Mg/HSAG 0.0038 0.0057 0.66
5Ni-Mg/HSAG 0.0016 0.0052 0.31
4CulNi-Mg/HSAG 0.0030 0.0007 0.0069 4.01 0.43 0.11
4CulNi-Mg/HSAG* | 0.0021 0.0006 0.0063 3.61 0.33 0.09

R-5Cu-Mg/HSAG 0.0026 0.0048 0.54
R-5Ni-Mg/HSAG 0.0011 0.0043 0.25
R-4CulNi-Mg/HSAG | 0.0013 0.0004 0.0069 3.44 0.19 0.05

R-4CulNi-Mg/HSAG* | 0.0015 0.0006 0.0060 2.51 0.24 0.10

4.4.3. Discussion

To rationalize the synergistic behavior of the metals and magnesium, the catalytic performance
of both functions should be first analyzed separately. Foremost, the catalysts Cu/HSAG,
Ni/HSAG and 4CulNi/HSAG were studied in absence of magnesium, showing high activity
for the conversion of ethanol but with quite low selectivity towards 1-butanol (4, 7 and 5%,
respectively, Table 4.4.1). Particularly, acetaldehyde and 1,1-diethoxyethane were the principal
by-products for Cu/HSAG whereas methane, carbon monoxide, diethyl ether, and acetone
constituted the main undesired products of Ni/HSAG. As it was expected, 4CulNi/HSAG
showed an intermediate behavior in terms of conversion and product distribution when

compared with the monometallic catalysts supported on HSAG, with acetaldehyde, 1,1-
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diethoxyethane, methane, carbon monoxide and acetone as principal by-products. Since the
dehydrogenation of ethanol towards acetaldehyde is the first step of the Guerbet reaction, it is
interesting to note that the selectivity of acetaldehyde is 52% for Cu/HSAG, 24% for Ni/HSAG
and 39% in the case of 4CulNi/HSAG, which is in agreement with literature since copper is

well-known for catalyzing the formation of acetaldehyde via ethanol dehydrogenation [52].

On the other hand, although the conversion of the Mg/HSAG sample is insignificant, the
analysis of its product distribution is quite interesting even though the compounds (mainly
acetaldehyde, diethyl ether and ethylene) were only traces in the product stream since more
than 99% was unconverted ethanol. That is to say, catalyst Mg/HSAG is unable of upgrading
ethanol to 1-butanol but given that acetaldehyde is the product of the base catalyzed
dehydrogenation of ethanol, whereas diethyl ether and ethylene are both the products of the
acid catalyzed dehydration of ethanol, their presence in the product stream confirms that the
catalyst Mg/HSAG contains acid/base sites as it was previously concluded after the
characterization analysis (Table 4.4.3 and 4.4.4). Therefore, the results point to the likelihood
that the combination of the active Cu and Ni nanoparticles with the acid/base sites of Mg/HSAG

would result in a synergistic effect for the upgrading of ethanol towards 1-butanol.

As expected, the bifunctional catalysts considerably improved the selectivity towards 1-butanol
compared to their counterparts without magnesium, since 1-butanol selectivity rises from 4 to
26% with Cu/HSAG and 5Cu-Mg/HSAG, respectively, and it increases from 7 to 24% with
Ni/HSAG and 5Ni-Mg/HSAG, respectively (Table 4.4.1). This enhancement is even more
pronounced for the bimetallic Cu-Ni catalysts, since 1-butanol selectivity reaches 31% for
4.75Cu0.25Ni-Mg/HSAG, 32% for 2.5Cu2.5Ni-Mg/HSAG and 39% for 4CulNi-Mg/HSAG

(while 4CulNi/HSAG only reached 5%), with quite comparable ethanol conversion levels. The
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improved 1-butanol selectivity of the bifunctional M-Mg/HSAG catalysts could be ascribed to
the exposed metal sites, necessary for catalyzing the dehydrogenation/hydrogenation reactions,
combined with a good equilibrium of the acid/base sites, which catalyze the dehydration of 3-
hydroxybutanal (Figure 1.3.1, R3) and the aldol condensation (R2), respectively. Although it is
well accepted in literature that the increase of 1-butanol selectivity is related to the presence of
high strength basic sites [21,54,55,169], the results suggest that the combination of medium-
high strength basicity and the presence of acid sites in medium-low concentration is preferable
to achieve superior 1-butanol yields. To support this conclusion, it is important to note that 5Ni-
Mg/HSAG is the least selective catalyst (23%) despite containing the largest amount of basic
sites (86 umol CO2 chemisorbed/g, 38% of high strength, Table 4.4.4) and the most total acidity
(Figure 4.4.5 and Table 4.4.3, 39% of strong acid sites) after 5Cu-Mg/HSAG (Figure 4.4.5 and
Table 4.4.3, 35% of strong acid sites), which also contains the lowest amount of basic sites (54
pmol CO- chemisorbed/g, 12% of high strength, Table 4.4.4) and exhibits a selectivity towards
1-butanol of 26% (Table 4.4.1). In contrast, the 1-butanol selectivity improves with the sample
4CulNi-Mg/HSAG (39%, Table 4.4.1) compared to the monometallic catalysts, while
exhibiting intermediate basicity (70 pumol CO. chemisorbed/g, 8% of high strength, 77% of
medium strength, Table 4.4.4) between 5Ni-Mg/HSAG and 5Cu-Mg/HSAG, and moderate

amount of acid sites, 40% of weak strength (Figure 4.4.5 and Table 4.4.3).

The variable Cu-Ni loading and the presence of magnesium in the catalyst configuration have
a direct impact on the acid/base sites and consequently on the product distribution. For instance,
CUu/HSAG and 5Cu-Mg/HSAG produce more 1,1-diethoxyethane (31 and 15%, respectively)
than the catalysts containing only nickel (Ni/HSAG and 5Ni-Mg/HSAG) given that the

percentage of this compound in their product stream is less than 2%. It is noteworthy that the
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presence of magnesium reduces the formation of 1,1-diethoxyethane compared to Cu/HSAG,
presumably due to the introduction of basic sites and that Mg covers the acid sites of HSAG
needed to catalyze the acetylation of acetaldehyde with two ethanol molecules that leads to 1,1-
diethoxyethane. Concerning the bimetallic Cu-Ni catalysts, the increase of nickel loading and
the presence of magnesium considerably reduces the formation of this by-product since its
selectivity decreases from 13% for 4CulNi/HSAG to 10% for 4.75Cu0.25Ni-Mg/HSAG, 4%
for 4CulNi-Mg/HSAG and finally to 2% for 2.5Cu2.5Ni-Mg/HSAG (Table 4.4.1).
Nevertheless, higher nickel loadings considerably intensify the formation of undesired by-
products like carbon monoxide, methane and acetone. In this way, methane and carbon
monoxide selectivities decrease from 25% and 15% with both Ni/HSAG and 5Ni-Mg/HSAG,
to 15% and 11% with 2.5Cu2.5Ni-Mg/HSAG, to 6% and 4% with 4CulNi-Mg/HSAG and
finally to 2% and 2% with 4.75Cu0.25Ni-Mg/HSAG. Interestingly, the synergy between the
metals and magnesium is also evidenced when comparing the methane and carbon monoxide
selectivities obtained with 4CulNi/HSAG (12 and 8%, respectively) and 4CulNi-Mg/HSAG
(6 and 4%, respectively). Particularly, in the case of acetone and the catalysts containing nickel,
the presence of magnesium once again enhances the suppression of an undesired side reaction
as it was previously demonstrated with the reduction of the 1,1-diethoxyethane formed by
copper containing catalysts. This is well evidenced since the acetone selectivity is 9% with
Ni/HSAG and 7% with 4CulNi/HSAG, while it is reduced to traces for the bifunctional
catalysts. Finally, taking into account the effect of the metal loading on the product distribution
and the selectivity towards 1-butanol, it seems that the optimal Cu-Ni loading is 4wt.% Cu and
1wt.% Ni, that may be partly segregated and form metallic Cu and Cu—Ni alloy phases, as it

has been suggested for silica-supported Cu—Ni nanoparticles with lower nickel contents [218].
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Comparing the microscopy results (Figures 4.4.7 and 4.4.8) and the catalytic performance of
each catalyst, metal particle size does not seem to be crucial to significantly influence on the
ethanol conversion levels. Nevertheless, the reduced 4CulNi-Mg/HSAG* catalyst treated in
helium at 723 K exhibits the highest particle size (8.8 nm reduced and 9.7 nm after reaction)
which apparently has a negative effect on conversion since it slightly decreases from 24% with
4CulNi-Mg/HSAG to 20% with its counterpart thermally treated in helium. On the contrary,
1-butanol selectivity greatly improves for this catalyst in spite of the slight decrease in
conversion. This behavior is in agreement with the previously introduced conclusion that the
synergistic effect of the 4wt.% Cu and 1wt.% Ni as the optimal Cu-Ni loading with the medium-
high strength basicity and moderate acidity of the resulting bifunctional catalyst, remarkably
rises 1-butanol yields. To prove this point, it should be noted that the catalyst 4CulNi-
Mg/HSAG* presents mostly medium-high strength basic sites (18% of strong basic sites and
70% of medium strength, Table 4.4.4) with less total acidity (41% of high strength, Table 4.4.3)
than 4CulNi-Mg/HSAG (40% of weak strength, Table 4.4.3).

All in all, the results confirm the synergistic effect between the metals and the acid/base sites
introduced by magnesium oxide, since appropriate copper and nickel loading, the presence of
MgO and the resulting acidity and basicity of the final catalyst, influence on the product
distribution and especially on the 1-butanol selectivity, inhibiting undesired side reactions and
therefore improving the ethanol condensation path to 1-butanol. Taking into account the points
above discussed and the fact that Mg/HSAG alone is unable to upgrade ethanol to 1-butanol,
everything suggests that the metal function of the catalyst has a considerable influence on the
1-butanol yields. Consequently, the site time yield towards 1-butanol was calculated (Figure

4.4.13) for the bifunctional catalysts based on the number of metal atoms on the surface per
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gram. Thus, Figure 4.4.13 highlights how the 4CulNi-Mg/HSAG* catalyst obtained after
thermal treatment in helium at 723 K greatly favors the reaction pathway towards 1-butanol

thanks to the optimal combination of copper and nickel exposed sites.
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Figure 4.4.13 Site time yield (s!) for bifunctional catalyst after 7 hours of reaction.

4.4.4. Conclusions

Ethanol was continuously converted to 1-butanol on heterogeneous bifunctional catalysts based
on Cu-Ni nanoparticles and magnesium oxide supported over high surface area graphite in a
fixed-bed reactor operated in gas phase. All catalysts proved to be very stable, remaining active
for 24 h on stream, and the analysis of the product distributions showed that the reaction follows
the Guerbet route. The enhancement of the reaction path towards 1-butanol can be attributed to
the exposed metal sites, required for catalyzing the dehydrogenation/hydrogenation reactions,

combined with a good equilibrium of the acid/base sites, which catalyze the dehydration of 3-
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hydroxybutanal and the aldol condensation, respectively. The characterization of the catalytic
sites, metal nanoparticles and the acid/base sites, by TEM/EDX analysis, microcalorimetry of
CO2 chemisorption and temperature-programmed desorption of NHs, revealed information that
allowed to explain the differences between their catalytic performance. All things considered,
the results endorse the synergistic effect between the acid/base sites provided by magnesium
oxide and the Cu-Ni nanoparticles for the upgrading of ethanol towards 1-butanol with
improved conversion and selectivity. The bimetallic Cu-Ni catalysts considerably improved the
1-butanol yield, especially 4CulNi-Mg/HSAG* catalyst treated in helium at 723 K, which
exhibited stable ethanol conversion of 20% and selectivity to 1-butanol of 44%. Although the
sintering of its metal nanoparticles after thermal treatment seems to provide a slightly negative
impact in ethanol conversion, its appropriate copper and nickel loading and the presence of
medium-high strength basic sites and moderate concentration of acid sites, result in an improved
catalyst for the production of 1-butanol and at the same time reducing the formation of
undesired products. Comparing the TEM/EDX analysis and the catalytic performance of each
catalyst, particle size does not seem to be crucial to achieve good ethanol conversion levels, but
the metal function has significant effects on the resulting acidity and basicity of the bifunctional

catalyst and therefore on the 1-butanol selectivity and product distribution.
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5. CONCLUSIONS

The general objective of this Doctoral Thesis is to optimize bifunctional heterogeneous
catalysts, based on metal NPs and metal oxides with different acid/base properties supported
on high surface area graphite, in order to improve their performance in the continuous gas-
phase condensation of ethanol into 1-butanol, namely the Guerbet reaction, in a fixed-bed
reactor. In short we intended to obtain a catalytic material superior in catalytic performances to
those reported in the published scientific literature. The aim is to comprehend the synergistic
effect between a metal oxide combined with the metal NPs dispersed on the graphitic support
that gives place to an improved catalyst, in terms of 1-butanol yield, when applied in the

Guerbet process.

The purpose of this final chapter is to present the more relevant conclusions obtained, which

are detailed below.

1) After analyzing the effect of temperature on ethanol conversion and 1-butanol selectivity,
503 K is considered the optimal reaction temperature since the results show that ethanol
conversion increases with increasing reaction temperature, whereas the 1-butanol selectivity

profile reaches a maximum at 503 K.

2) The characterization of the active metal nanoparticles along with the acidity and basicity
properties of the resulting catalysts, pointed out that high 1-butanol yields can be ascribed to
the synergistic effect between the acid/base sites provided by the metal oxide, which catalyze
the dehydration of 3-hydroxybutanal and the aldol condensation, respectively, and the active

metal nanoparticles, that catalyze the dehydrogenation/hydrogenation reactions.
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3) Regarding the metal oxide, the results point out that the exposed metal sites are optimal for
the catalysts with MgO, closely followed by MnO, in comparison with the catalysts containing
BaO and ZnO as the metal oxide. The better catalytic performance of MgO and MnO-based
catalysts are ascribed to a good equilibrium between medium-high strength basic sites and

medium-weak strength acid sites of the resulting bifunctional catalyst.

4) Regarding the metal NPs, even though Pd/Mg catalysts supported on graphite showed high
selectivity to 1-butanol, a combination of Cu-Ni as the metal function is preferred,
independently of the metal oxide, since the activity and selectivity achieved with the latter
catalysts are very similar to those obtained with Pd-based catalysts. In addition, it should be
highlighted that the catalysts with Pd contain bulk MgO while the catalysts with Cu and/or Ni
contain considerable less amount of metal oxide. Considering also the higher cost of palladium
precursors compared to those of copper and nickel, Cu-Ni catalysts were considered the optimal

metal composition.

5) Copper is needed since it considerably speeds up the rate of ethanol dehydrogenation that
leads to acetaldehyde, while nickel’s activity and less disposition to sintering favored the
ethanol conversion. Thus, bimetallic Cu-Ni catalysts proved to combine the best characteristics
of both metals, remarkably reducing the formation of unwanted products, being 2.5 wt.% Cu
and 2.5 wt.% Ni the optimal metal loading for MnO-based catalysts and 4 wt.% and 1 wt.% the

optimal loading for MgO-based catalysts.

6) Comparing the TEM/EDX analysis and the catalytic performance of each catalyst, particle
size does not seem to be crucial to achieve good butanol yield levels even though the sintering

of metal nanoparticles seems to provide a slightly negative impact in ethanol conversion.
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Nevertheless, the metal function has significant effects on the resulting acidity and basicity of
the bifunctional catalyst and therefore on the 1-butanol selectivity and product distribution.
Thus, a compromise between both parameters must be reached to further optimize these

catalysts.

7) For all catalysts, the analysis of the product streams indicated that the reaction pathway
follows typical Guerbet route and relevantly is demonstrated the good stability of the here

developed catalytic materials, remaining stable and active for 24 h on stream.
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Figure A2.3 TEM images of catalysts reduced with hydrogen (left) and after reaction
(right): 4CulNi-Mn/HSAG.
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Figure A2.5 Mn 2ps2 (left), Ni 2psi2 (right) XPS spectra of sample 5Ni-Mn/HSAG
reduced in hydrogen at 723 K.
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Figure A2.7 Mn 2pss2 (left), Ni 2pss2 (right) XPS spectra of sample R-5Ni-Mn/HSAG.
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Figure A3.1 XRD patterns of the support and the catalysts after reaction (R-), where a)
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(V) Metallic Cu, (e) CuO.
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(bottom) XPS spectra of sample 5Cu-Mg/HSAG reduced in hydrogen at 573 K.
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Figure A3.4 Mg 2p (left), Ni 2psr2 (right) XPS spectra of sample 5Ni-Mg/HSAG reduced
in hydrogen at 723 K.
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(bottom) XPS spectra of sample R-5Cu-Mg/HSAG.



—— Mg"* Mg(OH),

T +2 —
; Mg “ MgCO, 3
il ©
Q il
z 2
] c
E 2
= c +

— N|2

Ni*" satellite
66 5 50 45 870 865 860 855 850
Binding energy (eV) Binding energy (eV)

Figure A3.8 Mg 2p (left), Ni 2pss2 (right) XPS spectra of sample R-5Ni-Mg/HSAG.

—— Mg*’ Mg 2p —cu’ Cu 2p3/2
—Cu”
=y | —— cu” sateliite
© 5
= 8
g 2
5 2
= 2
- £
60 55 50 45 950 945 940 935 930 925
Binding energy (eV) Binding energy (eV)
Ni 2p3/2 Cu LMM Auger

Intensity (a.u.)
Intensity (a.u.)

—— Auger Cu’°

—— Auger Cu”
Ni** satellite Auger Cu™
870 865 860 855 850 580 575 570 565 560
Binding energy (eV) Binding energy (eV)

Figure A3.9 Mg 2p (top left), Cu 2pasr2 (top right), Ni 2ps2 (bottom left) and X-ray
generated Cu LMM Auger (bottom right) XPS spectra of sample R-4CulNi-Mg/HSAG.



ANNEX A4

Publications derived from this Doctoral Thesis

Publications:

C. Lopez-Olmos, M.V. Morales, A. Guerrero-Ruiz, C. Ramirez-Barria, E. Asedegbega-Nieto,
I. Rodriguez-Ramos. Continuous Gas-Phase Condensation of Bioethanol to 1-Butanol over
Bifunctional Pd/Mg and Pd/Mg—Carbon Catalysts. ChemSusChem 11 (2018) 3502 —3511.

CHEMS=!SCHEM
Full Papers

bt

DOl 10.1002/cs5c. 201801381

Dol bren TR, P TAIT -

Continuous Gas-Phase Condensation of Bioethanol to
1-Butanol over Bifunctional Pd/Mg and Pd/Mg-Carbon

Catalysts

Cristina Lopez-Olmos,™ Maria Virtudes Morales,™ Antonio Guemero-Ruiz,*™ Y
Carolina Ramirez Barria[* ™ Esther Asedegbega-Nieto,™ and

Inmaculada Rodriguez Ramos™ !

hmimulw-hmi
dﬁniﬂhﬁﬂmlnﬂmifﬂ dehydioge oy

umum“nnﬁmmw
: ht-hscl-lnﬁ-i;hulh

and m
: studied in a fised bed reactor.
r&uﬂ—:mhmmﬂh
mﬁﬂmhm h!ﬁlﬂk n a

od on the My MSAG camposie dfer thermal meatment &
helium ar 721, presumably due 1o the

two pamese ate size af the b ickes and the:

4Sr1K far 1'h before =
Wh;l-i-lndr_:h;qmulhugu'l-u
m(ﬂﬂhﬁ.mﬁm—l“ﬁﬂ-

catahyst sppe o3 symthe bazedd

Introduction

interest im 1-butanod production has grown in recent years ke
cuse it is considered 1o be a promising altemative o ethanol
s a gasoline subsiihzie. Butanol offers many advantages over
ethanol when wsed 25 fuel owmng to iz properties such s
lower volatility, Tnmiscibility with water, less comosie natune,
which leads to mproved safety, and mamby fis higher heat of
combuskion, simidar to that of gasolme!* " Moreover, unbke
other sirochok, butanal bas an sirffudd atio closer 4o that of
gasoline, which makes i more suitable when used in srent
wars, a5 o modification of combustion engines & reqaied™
indeed, the application of butanol as biofuel has already been
demonsdrated, and af the =me time 2 reducion in emission
of polhsants was attained with 3 very low increase in fued con
mumption compared with gasoline™ Firthesmare, apart from

Il C ey Qfrmes, C Roamresr Barrm, Prod § Bedesges fame
multinio dr Caddinn ¢ Arirokenguermacy, £S48
e Cuie 2, Comvivdebone o, 500 i (Spond
Tl LW Weesie, Presf A, G M, R Blarri,
Lk F. Asihrgbogs Moo
Depradt e dé Quroas Incogdricd v Tivmea
LANFTY, Foat ol de Cire s
Pamercy Samuaks dbed Ry 9, 8040 Mok Fpaini
PR TR W
[} Pt A G- e, P, | Mexkicpusts Rsvisi
Lrapez e Deverar p Assle i dde Caisfiomboves Sl i ogimenn
Elewicdoncd s ey LPNED- S0 0T
Epas)
Tha: CHCIE mberadifc wionn swarn@ecrlad for thee wofoa) of B wrbcle can
b esuwrndl samd -
el gon ek s L0 DDA O BRI £

The hifur 2 < were

Wity Onling Library 502

o f_,,aﬁ:shs m—ﬂuﬂth
thie optimal density of strongly asic sites b 2 key sspect inde
signing supenor bifunciional heterogeneous cilyst gpdems
for the condengation of sthaned to 1-butanol

its fuel propertics, 1 botanol finds applications in paints, 5ol
wenks, and phsticizers, and it is ako the mw materal for acryhc
acid and acrylic esters.

Traditicnally, butanol has been produeced through the aoe
tmrer- botanol-ethanol (ML) bacienal fermengaton Howeser,
in the 19505 this method was replaced by the petrochemical
moute known as the oo procews, n which propyiens i hydo
foamylated with syngas over a homogeneous rhoduom catalyst
to yield butanal which & then hydogenated o butanol™
Howewer, this route & not sustainable owing 1o the rising price
of crude oil, which has favoeed e emesgence of industrial ALE
fermentation m many coonfmes. Mevertheless, some sfudies
have pointed out the Emitations of this fermentation process,
such as low butanol yield and byproduct formation {aceione
and ethanoll™ On the contrary, the direct conwersion of bt
nol from ethanol has been sugoestad 1o be a more desirable
moute, sinee the reaction procceds faster compared with, the
fermentation prooess and fewer steps are pecessary o obiain
the product. Since ethanol could also be a biomass desivative:
Ibinethanolh'” the catalytic comversion of bioethanal to buts
nal is a promising atiernative for fuel prodisction from encwa
ble biomass resources™ The symthesis of higher alcohols from
Eight aicohols is known 2 the Guerbet reaction and b been
wsesd fior mnee than 100 years™ Tradtionally, it was canied out
with a homogeneouws base (afkah metad hydroxide) in the pres
cnce of a metal. The chemical route for the synthesis of 1-be
tenol fom cthenol imvobves @ muitistep mechanism dsec
Figure 1§ Step (1) is the dehydrogenation of ethanol to aoctat
debyde, gtep (2) & the base-cotalyerd akdod condenstion: of

0 I Vikley VUH 'Sk CnbFI B Cn KLak, Wiitheim



C. Lopez-Olmos, A. Guerrero-Ruiz, I. Rodriguez-Ramos. Optimization of Cu-Ni-Mn-catalysts
for the conversion of ethanol to butanol. doi.org/10.1016/j.cattod.2019.05.058

Catalysis Today xos (o) oo

Contents lsts available at ScienceDirect

Catalysis Today

I ] SEVIER journal homepage: www.elseviar.con/lacate/catiod

Optimization of Cu-Ni-Mn-catalysts for the conversion of ethanol to butanol

C. Lopez-Olmos™’, A. Guerrero-Ruiz’, I. Rodriguez-Ramos™"

* tnsninuto de Cordlisiy y Petrolesquiimies, CSIC, Cantoblanco, 25099 Madvid, Spain
" Dyes, Quimica Morplnics y Téoea, Facubod de Clencies UNED, 28040 Madrid, Spai

ARTICLE INFO ARBSTRACT

Keywarde: Inlhepnsaumdylheumlyttmumdmudmmlhnndwhcurhurmwumdudm

Bioethanol a fixed bed reactor over different catalytic systemy based on Cu and‘or Ni as a hydnog: dehryds

Exunol candenvation P and mangs axide incory g acid/base p over a carb sqwnnln.haulm

Carticm suppore mmw(mmLMnmlymmmeymwmdmnmxmwm

m‘: sponding metal nitrates and the cesilting ! was then reduced in-situ with hydeogen at 573 K fac | h before

Nicke! catalysts jon. The lysts were ch d by X.my diffraction (XRD), o P dh
(TPR), specific surface area, NH; temp peogs ed desorption, OO ch pri tan edec
tron py (TEM), energy dispersive Xomy spr py (EDX), and X-ray phatoelectron spectroscopy
(XPS). From all these techaiques it can be deduced that the di of the iy gred {Cu, Ni, Ma)

are in the panometric scale and homogeneously dispersed on the support. The reactions were performed in &
continwous-flow fixed-bed reactor in gas phase with these bifunctional catalyses at 503 K and 50 bar ming a
stream of helium and ethanol. The bimetallic catalyst 2 5Cu2 SNI Ma/HSAG, treated in heltum st 723K prior
reduction with bydrogen, exhibited the best o in terms of 1-butamol selectivity (39%),

Ny&xmchwp&eﬁe:«d&:mﬂmuﬁu&diumdthmgbucdmnhﬂdm
manganese uxide and the Cu- NI nanoparticles,

1. Introduction by | to & sep P d This p was developed in
1920, although it b fitable due 1o the lack of competic

Bioethanol, ob d by § of diff bi rials ¥ wuhlheouown:anlﬂlauushnermnhndmleuw
and wiastes, has dominated so far the blo-based feedstock market, used acts with syn-gas of carbon ide and hydrogen) forming
by itself or as a mixture with conventional fuels, However, ethanol has a butyraldehyde which Is subsequently hyde d to produce b |
number of significant drawback d to gasol it has lower 5). Nemthla&.nwuud!wuludndeﬂnmuammmhad

energy content, adsorbs water, Mmmamwduwoapm s high cost have made this process less attractive in the recent years,
blems in storage tanks and Is carrosive to the current technology of when “green” processes and renewable rials are more desirabl

wgines and fuel nf [1). In 1b ‘hlwluel Thus, the direct i jon of ethanol nto 1.k | s idered a
properties that more clasely ble those of gasoline, b i more desirable route, since the reaction Is faster when compared to the
promising al ive 1o ethanol as a substi furfmdlhuhauh ABE process and fewer steps are necessary to get (o the product.

1l ¥ ble with wster and has an energy Through the b 1b | Is produced by ethanol

density of 90% (2], condensation, whlcb hwllcs dehyd: jon of ethanol to acet-

Therelore, the in the production of 1. i has grown idehyde, aldol of Idehyde to Idehyde and
nowadays also due to ity application as & raw material in the manu. hydrogenation of Mdehyde 10 IL‘ '(r.l Guerl dustrial
facture of chemical products in the paint and solvent Industry, which p employs homogs b hough recent h fo
nwuaeunpummnorwya acetate, huyl werylate, glycol ethers, ;mwlubcmwmmtmukmmt dehydmcnaucnw
resing and ik [1,9). Tradit . b | has been pro- scetaldehyde, s well as the hydrog of
dmwmtmludmm(mm)mwhm Ibutanol require easily b % ble metal | tbenldnl
petrochemical oxo process, lnthem rlal f d step Is more difficult to perform on solid metal oxides, In
gives place 1o o mi of { and ethanol, which Is then this sense, sevesal b 5 ¥ have been reported for this
* Corresponding authors.

Emadl addeexses: cristnaloperolmmiarcnc e (C. Lopez-Olmaos), smdoguwenitiop osees (1 Recdeigues-Raaos).
Bttpe, //dobang/ 10,3016/ catpd 2010 068 050

Recelved 22 October 2018; Received in revised form 25 March 2019; Accepred 21 May 2019
09205801/ © 2019 Blsevier WV, All rights reserved.



In preparation:

C. Lopez-Olmos, M.V. Morales, A. Guerrero-Ruiz, I. Rodriguez-Ramos. Comparative study
on the acidity and basicity of metal oxides for the catalytic conversion of ethanol into 1-butanol.

C. Lopez-Olmos, A. Guerrero-Ruiz, I. Rodriguez-Ramos. Improvement of Cu based catalyst
for ethanol conversion into butanol.



ANNEX A5

Curriculum Vitae

Education:

UNED — Instituto de Catalisis y Petroleoquimica

PhD Student, FPU Fellow

2015-current Supervisor: Prof. Inmaculada Rodriguez-Ramos and Antonio Guerrero-Ruiz.
Thesis title: Produccion catalitica de compuestos quimicos a partir de materiales renovables.

UNED

Master of Science (M.Sc.) Master’s degree in Inorganic Chemistry and Chemical
Engineering

(2014 — 2015) Supervisor: Prof. Maria Luisa Rojas Cervantes

Research Project: Encapsulacion via sol-gel y su aplicacion para la industria alimenticia.
Defense on October 2015 obtaining the maximum grade with Honours.

Universidad de Malaga

Bachelor's degree, Chemical Engineering (First Class Honours)
(2008 — 2014) Research Supervisor: Prof. Dietmar Leinen

Research Project: Capas selectivas sobre acero galvanizado. Defense on April 2014 obtaining
the maximum grade with Honours.

Publications:

C. Ramirez-Barria, C. Lopez-Olmos, A. Guerrero-Ruiz, I. Rodriguez Ramos. Direct catalytic
effect of nitrogen functional groups exposed on graphenic materials when acting cooperatively
with Ru nanoparticles. RSC Advances, 7 (2017) 44568-44577.



C. Lopez-Olmos, M.V. Morales, A. Guerrero-Ruiz, C. Ramirez-Barria, E. Asedegbega-Nieto,
I. Rodriguez-Ramos. Continuous Gas-Phase Condensation of Bioethanol to 1-Butanol over
Bifunctional Pd/Mg and Pd/Mg—Carbon Catalysts. ChemSusChem 11 (2018) 3502 —3511.

J.M. Conesa, M.V. Morales, C. LoOpez-Olmos, |. Rodriguez-Ramos, A. Guerrero-Ruiz.
Comparative study of Cu, Ag and Ag-Cu catalysts over graphite in the ethanol dehydrogenation
reaction: catalytic activity, deactivation and regeneration. Applied Catalysis A, 576 (2019) 54-
64.

C. Lopez-Olmos, A. Guerrero-Ruiz, I. Rodriguez-Ramos. Optimization of Cu-Ni-Mn-catalysts
for the conversion of ethanol to butanol. Catal. Today, doi.org/10.1016/j.cattod.2019.05.058

Conferences and Presentations:

SECAT’19: Catalysis for the future: Advances in structures, processes and applications.

Poster communication: Optimizacion de catalizadores basados en Cu-Ni-MgO para la
conversion de etanol a butanol.

CarboCat—VI1I: 8th International Symposium on Carbon for Catalysis.

Poster communication: Optimization of Mn promoted Cu-Ni catalysts for the conversion of
ethanol to butanol.

SECAT’17: Catalysis for a more sustainable world.

Oral communication: Optimizaciéon de catalizadores de Cu para la conversion de etanol a
butanol.

Europacat 2017: Catalysis - A bridge to the future.

Poster communication: Improvement of Cu based catalyst for ethanol conversion into butanol

Awards, fellowships and Grants:

FPU Ph.D Fellowship (2017-2019).

Universidad de Méalaga. Award for the Outstanding Graduate of the Year 2013/2014.






