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Summary

Hydrogen constitutes a promising alternative to manage our energy supply more
efficiently. Hydrogen can be stored and used in fuel cells to produce electricity, where
it combines with the oxygen present in the air and generates solely water as by-
product. Of the different methods available to produce hydrogen, the catalytic
reaction of ethanol and water (reforming) is one of the most advantageous
alternatives, since ethanol can be produced easily from biomass (bioethanol), is liquid
and simple to manipulate. This doctoral thesis studies the behavior of a family of
cobalt catalysts to produce hydrogen from ethanol and water; to be more precise,
catalysts based on cobalt hydrotalcites. The same process could be triggered by other
types of catalyst, but many of them are far more expensive due to the noble metals
they contain, and others - those based on nickel and cobalt - desactivate after a short
amount of time because their surface accumulate carbon. This thesis demonstrates
that with the help of a precise method of preparation, one can create inexpensive
catalysts from cobalt hydrotalcites, which remain quite stable under realistic operating

conditions.

Chapter 1 introduces the reader to the key aspects of this doctoral thesis. It explains
the objectives pursued and gives an overview of the state of art and the groundwork
on which the experimental work is based. Besides explaining the general
characteristics of the catalysts and the reactions that will be studied, chapter 1 also
informs about cordierite monoliths: what exactly are they and why are they used in
this work to physically stabilize the catalysts and catalytic membrane reactors. In this
way, the aim of this doctoral thesis is to acquire new scientific knowledge on the one
hand and on the other, to apply this knowledge in the development of devices that can

be applied in practice.

The four chapters following thereafter form a compound of papers that have been
published in notable international journals (three of them) and one article in process of

revision.

Chapter 2 describes the preparation of a family of cobalt hydrotalcites with different

ratios of cobalt, magnesia and aluminum, and how these cobalt hydrotalcites behave



in the ethanol steam reforming reaction to produce hydrogen. Starting from a detailed
characterization using different techniques like TEM, XRD, IR, TGA, In situ XPS,
magnetism, etc., the different chemical elements present are identified, and their
structure in the catalysts before, during, and after reaction is analyzed. It becomes
evident that the best formula (with the greatest yield of hydrogen and the least
amount of coke residual) is a hydrotalcite with a relation of Co:Mg:Al=1:2:1. It is
concluded that during the reaction, the hydrotalcite-based catalyst transforms itself to
a mix of cobalt spinel, strongly interacting with MgO on a nanometric scale.
Nevertheless, if the reaction is repeated using only cobalt spinel (synthesized
specifically for this purpose), the outcome is a smaller amount of hydrogen. This shows
that cobalt hydrotalcite used as a catalyst precursor plays a crucial part in the final

structure of the catalyst.

Hydrotalcite Co:Mg:Al=1:2:1 doped with Pt and Rh is studied in chapter 3. For this, two
families of catalysts with different ratios of Pt and Rh were prepared. They were
analyzed under the same conditions as explained in chapter 2 and were tested in the
reaction. The objective of doping the cobalt hydrotalcite with noble metals was to
facilitate the reaction of cobalt, given the fact that metallic cobalt is the active element
in ethanol steam reforming. Besides this key function of metallic cobalt, chapter 2 also
reveals, however, that metallic cobalt speeds up the catalyst deactivation by causing
severe coke accumulation. On the other hand, under the same reaction conditions as
in the spinel experiment, Co(ll) also serves as an active species in the reforming,
differentiating itself by the fact that it leads to hardly any coke accumulation. In
absence of noble metals, Co(ll) remains unaltered and the catalyst is very stable; once
Pt or Rh are present, Co(ll) reduces to cobalt metal and the catalyst gets deactivated

due to accumulation of coke.

Chapter 4 studies the effects of adding alkaline additives, specifically K*. Ethanol can be
dehydrated in the acid centers of the catalysts to form ethylene, which triggers coke
accumulation. Hydrotalcites Co:Mg:Al=1:2:1 with different K* ratios were synthesized
and characterized with the techniques previously mentioned, and additionally with
NH; TPD tests. They were then tested in the ethanol reforming and also directly using

commercial bioethanol. The experiments showed that the best catalyst was the one



with a percentage of 1% of K" in relation to Co. It showed stable behavior during more
than 300 hours of experiments. The same catalyst was used to study the oxidative

ethanol steam reforming for greater energetic efficiency of the process.

As it is found that hydrotalcite Co:Mg:Al=1:2:1 with 1% of K" showed the best results,
in chapter 5 it is applied in a membrane reactor. For this, a commercial membrane of
Pd-Ag was used in the same ethanol steam reforming conditions, varying temperature,
pressure, ethanol-water ratio and the catalyst loads. The influence of the catalyst
position inside the membrane reactor was also studied (staged membrane reactor and
fixed bed reactor). It is concluded that the catalyst is suitable to be used in a catalytic
membrane reactor working under pressure and without nitrogen sweep gas in order to
obtain a pure flow of hydrogen which can be used to directly feed a low temperature
fuel cell. In addition to the separation of the hydrogen by the membrane, the net
production of hydrogen in the catalytic membrane reactor is clearly higher whenever

equilibrium displacement takes place.






Resum

L'hidrogen es perfila com un vector energetic que pot ajudar-nos a gestionar |'energia
d'una manera més eficient. L'hidrogen es pot emmagatzemar i utilitzar per produir
electricitat a les piles de combustible, en que es combina amb |'oxigen de I' aire i
genera Unicament aigua com a subproducte. De les diferents maneres que existeixen
per produir hidrogen, la reaccio catalitica entre I'etanol i I'aigua ( reformat ) constitueix
una de les millors opcions, ja que I'etanol es produeix facilment a partir de la biomassa
(bioetanol) i és un substrat liquid i facilment manipulable. En aquesta tesi doctoral s'ha
estudiat el comportament d'una familia de catalitzadors de cobalt per dur a terme la
produccié d'hidrogen a partir d'etanol i aigua, concretament catalitzadors basats en
hidrotalcites de cobalt. Hi ha altres catalitzadors per dur a terme aguest mateix procés,
pero molts d'ells tenen un cost elevat perqué contenen metalls nobles i altres es
desactiven amb facilitat per deposicié de carbd en la seva superficie (els basats en
niquel i cobalt). En aquesta tesi es demostra que mitjancant un métode precis de
preparacio a partir d' hidrotalcites de cobalt s'aconsegueixen catalitzadors de baix cost

i molt estables sota condicions reals d'operacio.

El capitol 1 és una introducci6 als aspectes més destacables de la tesi doctoral, en qué
es plantegen els objectius que es volen abordar i s'inclouen |' estat de l'art i els
fonaments en que es basa el treball experimental realitzat. A més de la naturalesa dels
catalitzadors i de les reaccions que es van a estudiar, en la introduccié també s'explica
gue sén i per que s'utilitzen en aquesta tesi monolits de cordierita com suports fisics
dels catalitzadors i reactors catalitics de membrana. | és que aquesta tesi doctoral
persegueix, d'una banda, I'adquisicié de nou coneixement cientific i, d'altra banda,
I'aplicacié d'aquest coneixement en el desenvolupament de dispositius Utils en

aplicacions reals.

En els capitols seglients, la tesi doctoral constitueix un compendi d'articles publicats en

revistes internacionals de prestigi (3 articles publicats i 1 article en procés de revisid).

En el capitol 2 es descriu la preparacié d'una familia de hidrotalcites de cobalt amb
diferent contingut de cobalt, magnesi i alumini i el seu comportament catalitic en la

reaccié de reformat d'etanol amb vapor per a la produccié d'hidrogen. A partir d'una



caracteritzacio detallada mitjancant diferents técniques instrumentals, entre les que
s'inclouen la microscopia electronica de rastreig, microscopia electronica de
transmissid, difraccié de raigs X, mesures de magnetisme a temperatura variable,
espectroscopia infraroja, analisis termogravimetriques, i experiments in-situ amb
espectroscopia fotoelectronica de raigs X, s'identifiquen les espécies quimiques
presents i la seva estructura en els catalitzadors abans, durant, i després de la reaccid,
posant de manifest que la millor formulacié (la que ofereix un rendiment a hidrogen
més elevat i sobre la qual amb prou feines es dipositen residus carbonosos) correspon
a una hidrotalcita amb una relacié Co:Mg:Al de 1:2:1. Aixi mateix es conclou que el
catalitzador preparat a partir d'aquesta hidrotalcita es transforma a una barreja de
espinel de cobalt interaccionant fortament amb MgO a escala nanometrica sota les
condicions de reaccié. No obstant aix0, en realitzar la reaccié exclusivament amb
I'espinela de cobalt (preparada per separat a aquest efecte) s'obté una produccié
d'hidrogen menor, cosa que demostra que la hidrotalcita de cobalt usada com a

precursor del catalitzador exerceix un control decisiu en I'estructura del mateix .

En el capitol 3 s'estudia la influéncia del dopatge de la hidrotalcita Co: Mg : Al = 1:2:1
amb Pt i Rh. Per a aix0 s'han preparat dues families de catalitzadors amb diferent
contingut de Pt i Rh, s'han caracteritzat de manera similar al capitol anterior i s'han
provat en la reaccié. La intencié de dopar la hidrotalcita de cobalt amb metalls nobles
ha estat la de facilitar la reduccié del cobalt, ja que esta descrit que el cobalt metall és
I'espécie activa en el reformat d'etanol amb vapor. No obstant aix0, en aquest capitol
de la tesi s'ha posat clarament de manifest que, tot i que el cobalt metall és una
espécie activa en la reaccid, també és la responsable de la rapida desactivacio del
catalitzador per acumulacié severa de carbé. En canvi, el Co (Il), en I'entorn definit per
la transformacio de la hidrotalcita a una barreja de espinela de cobalt i MgO sota les
condicions de reaccid, és una especie també activa en el reformat sobre la qual no es
dipositen gairebé residus carbonosos. En abséncia de metalls nobles, el Co (Il) es
manté inalterat i el catalitzador és molt estable, en canvi, en preséncia de Pt o Rh el Co

(1) es redueix a Co metall i el catalitzador es desactiva per acumulacié de carbé.

En el capitol 4 s'estudia I'efecte de |'addicié d'un additiu alcali, concretament K*. Se sap

gue l'etanol pot deshidratar en els centres acids dels catalitzadors donant lloc a etile,



gue facilment origina residus carbonosos. S'han preparat hidrotalcites Co:Mg:Al=1:2:1
amb diferent contingut de K*, s'han caracteritzat (a més de les técniques utilitzades en
els capitols anteriors també s'ha determinat |'acidesa mitjancant desorcidé térmica
programada de NHs) i s'han provat en el reformat d'etanol amb vapor i també
directament en el reformat de bioetanol comercial. S'ha trobat que el catalitzador
optim és aquell que conté al voltant d'un 1% de K* respecte al Co. Aquest catalitzador
s'ha mostrat totalment estable en les proves realitzades durant més de 300 h. Aquest
mateix catalitzador s'ha emprat per estudiar el reformat oxidatiu d'etanol amb vapor

per tal de millorar I'eficiencia energetica del procés.

En el capitol 5 s'ha utilitzat el millor catalitzador trobat, és a dir el catalitzador preparat
a partir de la hidrotalcita Co: Mg : Al = 1:2:1 amb 1% K, en un reactor catalitic de
membrana. S'ha utilitzat una membrana comercial de Pd - Ag i s'ha estudiat el procés
variant la temperatura, pressid, relacio etanol : aigua i carrega de reactius. També s'ha
estudiat la influéncia de la geometria entre el catalitzador i la membrana (membrana
en serie vs. membrana integrada al llit del catalitzador). Es dedueix que el catalitzador
és apte per a ser usat en un reactor catalitic de membrana operant a pressid i sense
gas de rastreig per obtenir un corrent pur d'hidrogen que pot ser utilitzada per
alimentar directament una pila de combustible de baixa temperatura. A més de la
separacio de I'hidrogen per la membrana, la produccié neta d'hidrogen al reactor

catalitic de membrana és clarament superior pel desplagament de la reaccio.






Resumen

El hidrégeno se perfila como un vector energético que puede ayudarnos a gestionar la
energia de una manera mas eficiente. El hidrogeno se puede almacenar y usar para
producir electricidad en las pilas de combustible, en las que se combina con el oxigeno
del aire y genera Unicamente agua como subproducto. De las distintas maneras que
existen para producir hidrégeno, la reaccidén catalitica entre el etanol y el agua
(reformado) constituye una de las mejores opciones, ya que el etanol se produce
facilmente a partir de la biomasa (bioetanol) y es un substrato liquido y facilmente
manipulable. En esta tesis doctoral se ha estudiado el comportamiento de una familia
de catalizadores de cobalto para llevar a cabo la produccién de hidrégeno a partir de
etanol y agua; concretamente, catalizadores basados en hidrotalcitas de cobalto.
Existen otros catalizadores para llevar a cabo este mismo proceso, pero muchos de
ellos tienen un coste elevado porque contienen metales nobles y otros se desactivan
con facilidad por deposicion de carbdon en su superficie (los basados en niquel y
cobalto). En esta tesis se demuestra que mediante un método preciso de preparacion
a partir de hidrotalcitas de cobalto se consiguen catalizadores de bajo coste y muy

estables bajo condiciones reales de operacion.

El capitulo 1 es una introduccion a los aspectos mas destacables de la tesis doctoral, en
el que se plantean los objetivos que se quieren abordar y se incluyen el estado del arte
y los fundamentos en los que se basa el trabajo experimental realizado. Ademas de la
naturaleza de los catalizadores y de las reacciones que se van a estudiar, en la
introduccion también se explica qué son y por qué se utilizan en esta tesis monolitos
de cordierita como soportes fisicos de los catalizadores y reactores cataliticos de
membrana. Y es que esta tesis doctoral persigue, por un lado, la adquisicion de nuevo
conocimiento cientifico y, por otro lado, la aplicacién de este conocimiento en el

desarrollo de dispositivos utiles en aplicaciones reales.

En los capitulos siguientes, la tesis doctoral constituye un compendio de articulos
publicados en revistas internacionales de prestigio (3 articulos publicados y 1 articulo

en proceso de revision).



En el capitulo 2 se describe la preparacion de una familia de hidrotalcitas de cobalto
con distinto contenido de cobalto, magnesio y aluminio y su comportamiento catalitico
en la reaccion de reformado de etanol con vapor para la produccion de hidrégeno. A
partir de una caracterizacion pormenorizada mediante distintas técnicas
instrumentales, entre las que se incluyen la microscopia electrénica de barrido,
microscopia electrénica de transmision, difraccion de rayos X, medidas de magnetismo
a temperatura variable, espectroscopia infrarroja, analisis termogravimétricos, y
experimentos in-situ con espectroscopia fotoelectrénica de rayos X, se identifican las
especies quimicas presentes y su estructura en los catalizadores antes, durante, y
después de la reaccion, poniéndose de manifiesto que la mejor formulacion (la que
ofrece un rendimiento a hidrégeno mas elevado y sobre la que apenas se depositan
residuos carbonosos) corresponde a una hidrotalcita con una relaciéon Co:Mg:Al de
1:2:1. Asimismo se concluye que el catalizador preparado a partir de esta hidrotalcita
se transforma a una mezcla de espinela de cobalto interaccionando fuertemente con
MgO a escala nanométrica bajo las condiciones de reaccion. Sin embargo, al realizar la
reaccién exclusivamente con la espinela de cobalto (preparada por separado a tal
efecto) se obtiene una produccién de hidrégeno menor, lo que demuestra que la
hidrotalcita de cobalto usada como precursor del catalizador ejerce un control decisivo

en la estructura del mismo.

En el capitulo 3 se estudia la influencia del dopaje de la hidrotalcita Co:Mg:Al=1:2:1
con Pt y Rh. Para ello se han preparado dos familias de catalizadores con distinto
contenido de Pt y Rh, se han caracterizado de manera similar al capitulo anterior y se
han probado en la reaccién. La intencion de dopar la hidrotalcita de cobalto con
metales nobles ha sido la de facilitar la reduccion del cobalto, puesto que estd descrito
gue el cobalto metal es la especie activa en el reformado de etanol con vapor. Sin
embargo, en este capitulo de la tesis se ha puesto claramente de manifiesto que, a
pesar que el cobalto metal es una especie activa en la reaccién, también es la
responsable de la rapida desactivacién del catalizador por acumulacion severa de
carbén. En cambio, el Co(ll), en el entorno definido por la transformacion de la
hidrotalcita a una mezcla de espinela de cobalto y MgO bajo las condiciones de

reaccion, es una especie también activa en el reformado sobre la que no se depositan



apenas residuos carbonosos. En ausencia de metales nobles, el Co(ll) se mantiene
inalterado y el catalizador es muy estable; en cambio, en presencia de Pt o Rh el Co(ll)

se reduce a Co metal y el catalizador se desactiva por acumulacién de carbdn.

En el capitulo 4 se estudia el efecto de la adicidn de un aditivo alcalino, concretamente
K*. Se sabe que el etanol puede deshidratarse en los centros acidos de los
catalizadores dando lugar a etileno, que facilmente origina residuos carbonosos. Se
han preparado hidrotalcitas Co:Mg:Al=1:2:1 con distinto contenido de K', se han
caracterizado (ademas de las técnicas utilizadas en los capitulos anteriores también se
ha determinado la acidez mediante desorcién térmica programada de NHz) y se han
probado en el reformado de etanol con vapor y también directamente en el reformado
de bioetanol comercial. Se ha encontrado que el catalizador 6ptimo es aquel que
contiene alrededor de un 1% de K* con respecto al Co. Este catalizador se ha mostrado
totalmente estable en las pruebas realizadas durante mas de 300 h. Este mismo
catalizador se ha empleado para estudiar el reformado oxidativo de etanol con vapor

con el fin de mejorar la eficiencia energética del proceso.

En el capitulo 5 se ha utilizado el mejor catalizador encontrado, es decir el catalizador
preparado a partir de la hidrotalcita Co:Mg:Al=1:2:1 con 1% K", en un reactor catalitico
de membrana. Se ha utilizado una membrana comercial de Pd-Ag y se ha estudiado el
proceso variando la temperatura, presion, relacion etanol:agua y carga de reactivos.
También se ha estudiado la influencia de la geometria entre el catalizador y la
membrana (membrana en serie vs. membrana integrada en el lecho del catalizador).
Se deduce que el catalizador es apto para ser usado en un reactor catalitico de
membrana operando a presidn y sin gas de barrido para obtener una corriente pura de
hidréogeno que puede ser utilizada para alimentar directamente una pila de
combustible de baja temperatura. Ademas de la separacion del hidrégeno por la
membrana, la produccion neta de hidrégeno en el reactor catalitico de membrana es

claramente superior por el desplazamiento de la reaccion.
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Chapter 1: Introduction

1.1 Society and energy

Energy and infrastructure are linked to technological development. Over time, the
growing world population has increased its energy demand. Mankind has used many
different sources of energy, according to their needs for this development: from the
kinetic energy of big animals, over the use of firewood, steam and coal to the fossil fuels
we currently use as the basis of global energy. Fuels such as gasoline, diesel and gas
contain a high level of energy and — at least for the moment — satisfy the need for
energy that today’s society has. Around 80% of the energy used today comes from these
primary energy sources [1], which are fossil, therefore are finite resources. So over time
the cost of their extraction will increase and it will be necessary to look for alternative

sources of energy.

Besides the monetary issue, there is also an environmental cost of fossil energy: Among
other indicators, it is reflected nowadays in the air pollution of urban areas, reaching

sometimes very unhealthy levels [2].

The increasing concentration of carbon dioxide (CO,) in the atmosphere brings with it
many changes in the global balance of gases and temperature in our atmosphere [1]. In
the last 20 years, accumulation of toxic gases in the earth’s atmosphere has risen
despite the continuous technological improvement to minimize these emissions [2].
Moreover, in the last 200 years the concentration of some gases like NOx and SOx in the
atmosphere has increased to unacceptable limits with disastrous results for the
environment: smog, acid rain, greenhouse effect and climate change [3]. According to
the Intergovernmental Panel on Climate Change (IPCC) [4], since 1900 the atmospheric
warming has been accelerating and the number of record temperatures reached in the
last 25 years is a tangible proof of this effect. The Earth has warmed by an average of 0.3
to 0.6 °C, due to the intensification of a natural phenomenon essential for survival on
earth: The greenhouse effect. The dependence on fossil fuels leads to emissions of
greenhouse gases, most notably CO, (80% contribution), a product of combustion [4]. As
global energy demand continues to grow, it is expected that global emissions of carbon
dioxide increase by 1.7% each year [5]. In that way the use of fossil fuels for energy

needs will quickly result in environmental critical problems in ecosystems of all regions
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Hydrogen production from bioethanol using cobalt hydrotalcites

of the world [9]. The IPCC estimates that temperatures may reach between 1.4 and 5.8

°C at the end of this century if no action is taken in this regard [3].

With regard to the EU, the annual energy demand has increased since 1986 by 1 to 2%
on a yearly basis. As shown in Table 1.1, the energy consumption of the European Union
in 2009 was covered mainly by oil (40.4%) and natural gas (24.4%), and only 4.3% by
renewable sources of energy. If this development continues without a change, by 2030
the energy balance will still be based on fossil fuels: 38% gained from oil, 29% from
natural gas, 19% from coal, 6% nuclear and 8% renewable energy [4]. When looking at
the energy consumption by economic sector, private households and the service sector
are the biggest consumers of final energy in absolute terms, with households being the

major consumers of natural gas (one third of all gas consumed) and about 18% of all oil

consumed.
Area oil Gas Carbon Nuclear Renewable Total
toe toe toe toe toe toe

North America 1122.4 705.9 603.8 210.4 141.9 2784.4
Latin America 221.7 106.2 18.7 4.4 132.1 483.1
European Union 694.5 420.2 307.0 2234 73.7 1718.8
Middle Orient 250.9 218.0 9.1 - 4.0 482.0
Former USSR 186.0 531.0 175.0 56.0 56.3 1004.3
Africa 124.3 61.8 102.8 34 19.8 312.1
Asia 1090.5 3309 1506.6 118.9 152.0 3198.9
TOTAL 3690.3 23740 2723.0 616.5 579.8 9983.6

Table 1.1 World energy consumption in 2009 [4].

In Spain, the energy consumption in 2007 was 145.9 toe (tone of oil equivalent), which
represents an increase of 2.6% compared to 2006, as shown in Table 1.2. There is high
oil consumption, about 50%, although a slight decrease in favour of natural gas can be

observed.
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Energy 2005 2006 2007
toe % toe % toe %
Carbon 20.4 15.0 20.9 14.7 21.1 14.5
0il 69.3 50.8 71.0 50.0 71.7 49.2
Gas 21.2 15.6 24.6 17.4 29.1 20.0
Nuclear 16.1 11.8 16.5 11.7 14.9 10.3
Renewable 9.2 6.8 9.1 6.4 8.8 6.1

Table 1.2 Spain’s Energy Consumption [6].

Table 1.3 shows that in 2007, the European Union consumed 1157.6 toe of all different
kinds of energies, but only produced 859 toe. The degree of energy self-sufficiency
decreased from 57% in 1990 to 51% in 2007 due to the increasing import of all primary
energy sources, especially coal, gas and oil (77%) [6]. If this trend continues, gas imports
will increase to 80% over the next 20 years and, if we fail to provide more competitive
domestic energy over the next 20 to 30 years, around 70% of energy needs for European

Union will be supplied by imported products [7].

Toe 1990 2007 Toe 1990 2007
Total energy produced 936.0 859.4  Total energy consumed  1067.5 1157.6
Carbon 366.4 187.7  Carbon 125.0 53.8
Oil 129.5 121.6 Oil 444.4 484.6
Gas 162.4 167.3 Gas 227.9 268.7
Nuclear 202.5 243.2 Nuclear 184.1 244.4
Renewables 72.7 138.8 Renewables 37.2 63.1
Industrial waste 2.2 2.6 Industrial waste 48.8 42.8

Table 1.3 Comparative production and consumption of energy in 1990 and 2007 for the
European Union [4].

In Spain, the power system is principally based on the import of coal, natural gas, and
particularly oil (Table 1.4). However, the main energy sources that are locally available
are nuclear and renewable, used for local consumption [8]. This shows that the
dependence of Spain and the rest of Europe on imports is increasing and, if we do not
stop the growth consumption in key sectors, which include transport, private

households and services, energy dependence for EU will continue to increase [4].
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Energy primary energy consumption | Energy Production Self sufficiency
toe % toe % %
Carbon 21.1 14.5 6.6 21.5 31.3
0il 71.7 49.2 1.6 0.5 0.2
Gas 29.1 20.0 1.4 0.5 0.5
Nuclear 14.9 10.3 14.9 48.7 100.0
Renewable 8.8 6.1 8.8 28.7 100.0
TOTAL 145.9 100 30.7 100 21.1

Table 1.4 Consumption, production and supply of energy in Spain (2007) [6].

Furthermore, as the geographical location of global energy supplies is not where the
major part of energy is consumed, energy supply will increasingly be subject to regional
political instability. The reserves of oil and natural gas are concentrated in few countries.
Over 70% of global oil reserves are located in countries of the Organization of Petroleum
Exporting Countries (OPEC). It is expected that in 2020 OPEC will cover only 50% of the
oil energy needs of the European Union, even though producing about 55 million barrels
per day, compared to 32 million barrels per day in 2000. On the other hand, about half
of the gas consumption for EU is satisfied with gas from only three countries: Russia,
Norway and Algeria. In geopolitical terms, 45% of European oil imports originate in the
Middle East, and 40% of natural gas imports come from Russia [4,7]. Therefore, the
geopolitical conditions threaten the smooth operation of the European fossil fuel

market.

1.2 Renewable energies

The increasing growing awareness of the great climate damaging effect in combination
with the instabilities present in some countries in the fossil fuel market are leading to
increasing political drive to reduce emissions of greenhouse gases and to stimulate
renewable energy. In 1997, the first international steps in this direction were made in
the Kyoto Protocol. This protocol, sighed by more than 160 countries and covering over
55% of the global greenhouse gas emissions, obligates the participating industrialized

countries to reduce their greenhouse gas emissions by 5% (with respect to 1990) in the
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period 2008 to 2012. Unfortunately, the Kyoto Protocol was not ratified by the United
States, the world’s largest emitter of greenhouse gases. Still, the Kyoto Protocol has
created a worldwide awareness and many new developments in the field of renewable
energy have taken place since then. For example, in March 2007 the European Union
committed itself to a 20% renewable energy target and a minimum target of 10% for
transport biofuels by 2020. Although these measures are important steps in the right
direction, much more of these steps will be required before society is completely based

on renewable energy.

The sun radiates more than 170000 TW to our planet [9], whereas the total world
energy consumption in 2001 was around 13.5 TW and is expected to increase to
between 27 and 40.8 TW in the year 2050 [10]. This means that the total amount of
solar energy reaching the earth in one hour is in the same order as the total world
energy consumption in one year [10]. However, a society that is completely based on
solar energy is not considered to be a realistic option on a short term due to
technological and economic obstacles. Therefore, other renewable energy technologies
are being developed in parallel to solar energy. About 2000 TW of the 170000 TW solar
radiation flux is continuously transformed into wind power, 100 TW is continuously
stored as biomass through photosynthesis [11], and 6 TW is continuously transformed
into hydropower through the water cycle. Nowadays, these indirect forms of solar
energy are exploited to some extent for electricity production through wind turbines,
biomass gasification/combustion and hydroelectric dams. Although these indirect forms
of solar energy can be exploited for electricity production on a much larger scale in the
future, a renewable society will also require large amounts of renewably produced

chemicals and fuels.

1.3 Ethanol

Ethanol is probably the first product ever obtained by a catalytic (enzymatic) process in
mankind history; as a beverage it has been produced since almost 5000 years in the
Ancient Egypt. Since then, most human cultures and societies have been producing it,
using practically any natural resource suitable for fermentation. Apart from its use as a

beverage, ethanol is one of most versatile organic chemicals because of its unique
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properties as a solvent, an antifreezing agent, a germicide, a fuel and especially as a
chemical intermediate for other organic chemicals. Under ordinary conditions, it is a
volatile, flammable, transparent and colourless liquid with a pleasant and characteristic
odour. The physical and chemical properties of ethanol are primarily dependent upon
the reactivity of the hydroxyl group, which makes it a polar compound and gives rise to
intermolecular hydrogen bonding. A very peculiar property of ethanol is the volume
shrinkage that occurs when mixed with water and the volume expansion when mixed
with gasoline [12]. As a fuel, ethanol has a high octane rating: 109 RON (Research
Octane Number), 90 MON (Motor Octane Number), and it is currently used in fuel

blends for spark ignition engines.

The term bioethanol is currently used to refer the ethanol produced from biomass
resources by biological processes (fermentation, enzymatic catalysis). The term is also
applied, in a broader sense, to all alcoholic liquors produced by fermentation of sugars
from plants, where the alcohol-to-water ratio on a molar basis is between 1:7 and 1:12.
Ethanol is therefore considered a renewable resource, due to its easy and broadly
implemented production from a variety of plants. Ethanol has high hydrogen-to carbon
ratio of 3, and high hydrogen content per unit volume in the liquid state. In addition,
ethanol distribution networks are already available in many countries. All these factors
make it a very attractive raw material for hydrogen production, especially for mobile

applications.

There has been considerable discussion on the global energy efficiency obtained when
fuel bioethanol is produced from agriculture products (for instance, from corn), because
of the energy used in planting and harvesting, fertilizer, transportation, and processing
into ethanol. It has been reported that the energy output in the fuel ethanol is at least
1.34 times (1.53 under a best-case scenario) the energy used in its production from corn
[13,14]. Most of this energy consumed in processing is used to remove all water after
fermentation. Then, the global energy balance would be considerably improved when
bioethanol is used in processes using water as reactant (such as reforming) to produce

hydrogen for fuel cells, instead of using it as a fuel mixed with gasoline [15].
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1.3.1 Bioethanol manufacture

Though industrial ethanol can be produced synthetically by hydration of ethylene or as a
by-product of certain industrial operations, most of it is produced by fermentation of
sugar, starch or cellulose. For instance, fermentation processes share of total production
in US, Western Europe and Japan increased from 83% in 1997 to 90% in 2001 [14].
Bioethanol is produced by anaerobic fermentation of sugars in aqueous solution by
yeasts, which produces beverage-grade alcohol containing about 14% ethanol. However,
to obtain pure ethanol to use as a gasoline additive, the aqueous ethanol obtained from
fermentation process needs to be distilled. This is an energy-intensive process and
contributes over 50% to the total cost of ethanol production [16]. Due to the first oil
crisis of 1973, Brazil started in 1975 the ProAlcohol program to produce fermentation
alcohol from sugar cane for its use as fuel in gasohols. Since then, the increasing demand
of ethanol as fuel component, and as a substitute for MTBE, has rocketed the world
production. Thus, in spite of the economical crisis, it increased from 40164 million litres
in 2004 to 86714 million litres in 2011 [17]. The United States, where most fuel alcohol is
currently made mainly from grains, mostly corn, is currently the first world producer of
ethanol, followed by Brazil, together, they represent near 86 % of the world total

production.

The use of edible plants (especially corn) and as a source of fuel ethanol has increased
their price in such a way that has opened a conflict of interests between its use as a
source of food vs. a source of fuel. This has generated the need of researching the use of
non-edible natural resources (grasses, straw, etc.) to produce bioethanol. This biomass is
lignocellulosic and accounts for about half of the world biomass. The use of
lignocellulosics increases greatly the availability of raw materials for ethanol production
and reduces the production price markedly. However, the complex molecular structures
of lignocellulosics make production of ethanol from them more difficult than from sugar
cane or starch-rich materials [18]. All processes for ethanol production from
lignocellulosics consist of two main steps: hydrolysis of cellulose and hemicellulose to
monomeric sugars, and subsequent fermentation to produce bioethanol. A more

detailed description can be found in reference [19].
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1.4 Catalytic routes to hydrogen production from ethanol and

bioethanol

Hydrogen is considered as one of the future energy vectors. Considered a third
generation fuel, it does not pollute air, water or underground, it provides energy in a
fuel cell and in this electrochemical process we only get water and heat as waste. It
seems difficult to find a better clean energy source and most environmentally friendly

[20].

There are three main reaction pathways for producing hydrogen directly from ethanol,
all of them catalytic, that differ by the co-reactant used, the process chemistry and the
maximum hydrogen yield reachable, namely: steam reforming, partial oxidation, and its

combination, autothermal reforming.

The highest hydrogen production can be obtained by ethanol steam reforming (ESR)
where ethanol reacts with water steam to give carbon dioxide and hydrogen. The overall

reaction can be formally written as:
CH3CH20H (g) +3 Hzo (g) -2 COZ (g) +6 H2 (g) AHozggK =173.3 kJ/moI (11)

Though reaction stoichiometry determines a steam-to-ethanol molar ratio S/E = 3,
rather higher ratios can be used. This is advantageous, as it allows using directly
bioethanol produced by fermentation, where the S/E ratio is about 13, without any need

of distillation.

Its main disadvantage is its high endothermicity, which brings along two drawbacks: a) a
high energy input is needed to run the reaction, in addition to the energy needed to
evaporate both liquid reactants and to heat the steam; and b) hydrogen formation is
limited by thermodynamic equilibrium. The latter can be improved by increasing the

steam-to-ethanol ratio [21].

Another important issue is that reaction conditions may lead to formation of carbon

monoxide:

CH3CH,OH (g) + H,0 (g) > 2 CO (g) + 4 Hz (g) AH®98 ¢ = 255.5 kJ/mol (1.2)
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thus reducing the hydrogen yield to 4 mol/ mol of ethanol. This reaction introduces
another problem, because carbon monoxide is a poison for polymer electrolyte
membrane fuel cell (PEMFC) electrocatalysts: a high CO content in the ESR product
current makes unavoidable a further purification step to reduce it to levels below few
ppm in the feed to the fuel cell [22]. In this case, the water gas shift (WGS) reaction can

be used to recover additional hydrogen:
CO (g) + H,0 (g) - H2 (g) + CO, (g8) AHssk= - 40.4 ki/mol (1.3)
(in fact, reaction 1.1 is the result of reaction 1.2 followed by reaction 1.3).

Partial oxidation of ethanol (POE), the reaction of ethanol with oxygen to produce
hydrogen and carbon dioxide, overcomes these drawbacks, but the maximum hydrogen

yield is 3 mol/mol of ethanol:
CH3CH20H (g) + 3/2 02 (g) -3 H2 (g) +2 COZ (g) AHozgg K= -552 kJ/moI (14)

However, for low oxygen-to-ethanol (O/E) molar ratios, carbon monoxide can be also

produced, but the reaction is thermodynamically unfavoured:
CH3CH,0H (g) +1/2 0,(g) > 3 H, (g) +2CO (g) AH®05 ¢ = 14.0 kJ/mol (1.5)

Though the maximum hydrogen yield is lower than in ESR, POE presents the advantages
brought by its exothermicity: a) there is no need of external energy input, simplifying the
process scheme by avoiding the heating units; b) there are no equilibrium limitations,
allowing to operate at temperatures markedly lower than those used for ESR, say,
between 473-873 K; and c) reaction is much faster, and then, the reactor needed is
smaller than for ESR. All these factors contribute to make the process setup much more
compact. Moreover, the co-reactant (oxygen) is a gas (no need to evaporate it), which
can be substituted by air directly taken from the atmosphere. Both features are of great
interest for on board hydrogen production for mobile applications of fuel cells. The
presence of oxygen can also contribute to decrease the formation of carbonaceous

residues on the catalyst surface, thus keeping the catalytic activity for longer periods.
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The main drawback of POE is common to all selective or partial oxidation processes in
the gas phase: the competing total oxidation (combustion) reaction is much more

favoured thermodynamically:
CH3CH20H (g) +3 02 (g) -2 COZ (g) +3 Hzo (g) AH0298K= -1293 kJ/moI (16)

The oxidation of hydrogen is also very exothermic (and hence thermodiynamically

favoured):
H2 (g) + 1/2 02 (g) - Hzo (g) AHozggK =-241.0 kJ/moI (17)

As a result, hydrogen selectivity is usually low. Moreover, the mixture of a fuel (ethanol)
with oxygen entails the risks of explosion and the need to operate outside the explosion

(flammability) range, i.e., from 3.5 (lower) to 19 (upper) % v/v in air [23].

The autothermal reforming (ATR), also known as oxidative steam reforming (OSR), seeks
to contribute the heat released by the partial oxidation reaction to the steam reforming
reaction. The feed consists of a mixture of water, ethanol and oxygen whose
concentrations should be adjusted correctly to ensure that the net enthalpy of the
reaction is close to thermal neutrality, producing predominantly hydrogen and carbon

dioxide:

CH3CH,0H (1) + (3-2x) H,O (1) + x O, (g) = 2 CO, (g) + (6-2x) Ha (g)
AH®05 ¢ = (173.3 — 483.6 x) kJ/mol (1.8)

where x stands for the ethanol-to-oxygen molar ratio. Due to this thermal near-
neutrality, ATR avoids the drawbacks of ESR, because it does not need an external
supply of heat, if the concentrations of water, ethanol and oxygen are properly adjusted,
and may be operated at much lower temperatures than ESR. For instance, by using x =
0.6, the reaction (1.8) becomes thermally near-neutral: AH®05 « = +4.4 kJ/mol, with
AG®;95 = -187.2 kJ/mol [24]. But adjustment can be made in various ways. If one keeps
S/E = 3 at 973 K, 0.482 mol of oxygen per mol of ethanol are required to achieve zero
enthalpy. Moreover, the presence of water in the feed inhibits the flammability and
explosion risks of the oxygen-ethanol mixtures, decreases combustion selectivity and

retards the carbonaceous residue deposition on the catalyst surface. However, it is
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difficult to control the working conditions for a steady state operation, and to optimize
catalysts with the needed functionalities in the adequate proportion. As an alternative,
the coupling of both ESR and POE reactions in separate but integrated reactors has been
investigated [25]. In this case, the complexity of the control of the reaction conditions to
keep thermal neutrality remains, but catalysts for each reaction can be optimized

separately.

Thermodynamic equilibrium of ESR, POE and ATR was studied by Gibbs free energy
minimization including the possibility of solid coke formation for the ranges of S/E = 0O-
10, O/E = 0-3 and reaction temperatures (Tg) of 473-1273 K [26]. The main conclusions

were:

a) Ethanol processed with steam and/or air will yield to the decomposition of ethanol
over the whole Ty range studied, to methane and CO, at low Tg, but at Tz > 673 K

methane is reduced, hydrogen content rises strongly and CO also evolves;

b) A higher hydrogen yield is possible in ESR than in POE; in the favourable operation
window, i.e., T = 823-923 K and S/E > 4, a hydrogen yield of 4 mole/mole of ethanol,

with CO mole fraction < 0.1 and without danger of coke formation is possible.

c) In POE high hydrogen contents appears jointly with high CO content, and reasonable
hydrogen yields can be achieved at O/E < 1.5 and Tr > 873 K but avoiding coke formation
requires O/E> 0.8; this makes POE an unfavourable choice for hydrogen-rich feeds for

fuel cells due to high CO content, but useful for synthesis gas production.

d) The main advantage of ATR, besides reducing the energy demand for ESR, is to reduce
coke formation rate; over the whole S/E-ratio range, increasing O/E-ratio from 0 to 0.75
in ATR shows no strong effect on the hydrogen and carbon monoxide formation at Ty <

873 K.

The total energy demand per mole of hydrogen produced follows the order POE < ATR <
ESR. Nevertheless, the higher hydrogen vyield attainable by ESR and the technological
maturity of other steam reforming processes make that, in practice, most research is

devoted to ESR.

Page 13



Hydrogen production from bioethanol using cobalt hydrotalcites

The hydrogen production from ethanol have been the aim of several reviews in the
literature, but most of them are devoted to ESR [27,28,29], fewer review and compare
the three alternative routes [16,18] and just one is devoted to partial oxidation of

ethanol (and methanol) [30].

It should be noted that the apparent simplicity of equations 1.1, 1.4 and 1.7 represent
just overall stoichiometric reactions, respectively, for ESR, POE and ATR, but the real
reactive systems are very complex. Due to the high intrinsic reactivity of ethanol, and
that of the reaction intermediates and products among them and with the water and/or
oxygen in the feed, there are many reactions occurring simultaneously. They result in a
lower hydrogen vyield [16] and processes leading to catalyst deactivation. For these

reasons, they are described in detail in the next Section.
1.4.1 Reaction pathways and thermodynamics

As explained in [31], in the absence of any other reactant, the main reactions of ethanol
itself, as a typical alcohol, are dehydrogenation to acetaldehyde (reaction 1.9) and

dehydration to ethylene (reaction 1.10):

CH3CH,0H (g) > CH3CHO (g) + H, (g) AH®,05 = 68.4 kJ/mol (1.9)
CH3CH,0H (g) - CH,=CH, (g) + H,0 (g) AH®595 = 45 kJ/mol (1.10)
Ethanol may also decompose to methane and carbon oxides:

CH3CH,OH (g) > 1/2 CO, (g) + 3/2 CH4 (8) AH 305« =-74 kJ / mol (1.11)
CH3CH,OH (g) > CO (g) + CHa (g) + Hy (8)  AH®05¢ =49 ki / mol (1.12)

Both acetaldehyde and ethylene are important intermediates that might be formed
even at low temperatures, before the formation of hydrogen and carbon oxides through
ESR reactions 1.1 and 1.2. While ethylene is a precursor of coke formation, acetaldehyde
plays an important role in the pathways leading to hydrogen formation. Acetaldehyde

may decompose into methane and CO o condensate to produce acetone:

CHsCHO (g) = CO (g) + CHa (g) AH%05 ¢ = -18.8 kJ / mol (1.13)
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2 CH3CHO (g) - CH3COCH; (g) +CO (g) +H, (g) AH0293K= 5.1 kJ/mol (114)
This condensation can be very favoured by the presence of water:

2 CH3CHO (g) + H,0 (g) - CH3COCHs (g) + 2 H2 (g) + CO, (g)
AHozgg K= -35.9 kJ/moI (115)

When water in present, either introduced in the feed for ESR or as a reaction product in
POE, it may react with ethanol (reactions 1.1 and 1.2), but also with the products

evolved from ethanol in reforming reactions:

CH3CHO (g) + 3 H,0 (g) = 2 CO, (g) + 5 Hs (g) AH 0 (= 104.8 kJ/mol (1.16)
CH3CHO (g) + H,0 (g) > 2 CO (g) + 3 H, (g) AH®65 = 187.1 ki/mol (1.17)
CH,=CH,(g) + 4 H,0 (g) > 6 H,(g) + 2 CO, (g) AH® 65« =127.6 kl/mol (1.18)
CH4 + 2H,0 > CO; (g) + 4 H, (g) AH%05 k= 164.4 kJ/mol (1.19)

and the water gas shift (WGS) reaction:
CO (g) + H,0 (g) = Hy (g) + CO, (g) AH®,05 k= -40.4 kJ/mol (1.20)

The final result is a higher yield to CO, CO, and hydrogen than in absence of water. Note
that all reactions that give methane are exothermic and favoured at low temperatures
and tend to reduce hydrogen production. Then, the formation of methane should be
avoided in the ESR [32]. Furthermore, the hydrogen formed may, in turn, produce other

hydrogenation reactions:

CH3CH,0H (g) + 2 Hy (g) = 2 CH4(g) + H20 (g) AH®505 k= -157 k/mol (1.21)
CH,=CH; (g) + H, (g) = CH3CHs(g) AH®5058 = -136.5 kJ/mol (1.22)
CO (g) + 3 Ha(g) = CH4(g) + H,0 (g) AH®505 k= -205.5 kJ/mol (1.23)
CO, (g) +4 Hy(g) = CHa(g) + 2 H,0 (g) AH®6g k= -164.4 kJ/mol (1.24)

These reactions are all exothermic and attention should be paid in the catalyst design to
limit the hydrogenation function to minimize the hydrogen consumption by these

reactions.
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Coke formation on the catalysts surface is very often observed in the ethanol processing

reactions. The mechanism of deposit formation seems to be

POE, and include several reactions:

common to both ESR and

2 CO (g) > C (s) + CO, (g) AH%05 = -171.5 ki/mol  (1.25)
CHs4 (g) = C(s) + 2 H; (g) AH 65 ¢= 75 kl/mol (1.26)
CH,=CH, (g) > [polymers] = 2 C (s) + 2H; (g) AHC505 = -52.1 kJ/mol (1.27)
CO (g) + Ha(g) > C(s) + H,0(g) AH®595 = -131.0 ki/mol (1.28)
CO;, (g) +2 Ha(g) > C(s)+2H,O(g) AH®595 = -89.8 kJ/mol (1.29)

All these reactions form a fairly complex reactive network that is outlined in Figure 1.1.

CH;+ CO —— H,0

Decomposition
@ +

Dehydrogenation

T ®+ CH,COCH;+ CO —

Condensation

Reforming
CH,CH,OH ) —

—> CO, + @
WGS

3H,
——> H,0 + CH,

H,0
> + 2 CO ——— Methanation

I 3 H,0
Dehydration > 2C0O, +
l Reforming

Polymers CH,=CH,) + H,0
! H

CH;-CH
Coke Hydrogenation s

Fig. 1.1 Reaction scheme of the steam reforming o

f ethanol (ESR)

Taken from “Renewable Hydrogen Technologies” [31]

Thermodynamic equilibrium calculations performed at different S/E ratios and different

pressures indicate that formation of undesirable by products,

such as methane and CO,

could be minimized by using higher S/E ratios and low pressure, preferably at 1 atm

[16,33]. On increasing the total pressure the H, and CO, yields decrease, while the

methane equilibrium concentration increases.

Page 16




Chapter 1: Introduction

When oxygen is present its high oxidizing power causes the oxidation reactions to
become predominant. In the POE process, besides the main reactions, namely, ethanol
partial oxidations (reactions 1.4 and 1.5) and combustion (reaction 1.6), ethanol may

undergo oxidehydrogenation to acetaldehyde:
CH3CH,OH (g) + 1/2 0, (g) - CH3CHO (g) + H,0 (g) AH0293K= -153 kJ/moI (130)

and, depending on the oxygen concentration, all intermediate products can be either

partially oxidized:

CH3CHO (g) +3/2 0, (g) > 2 H, (g) + 2 COz (g) AH%98¢ = -620.7 ki/mol (1.31)
CH3CHO (g) +1/2 0, (g) > 2 H, (g) + 2 CO (g) AH®65 ¢ = -54.7 kJ/mol (1.32)
CH4 (g) +1/2 0, (g) > 2 Hy (g) + CO (g) AH08 ¢ = -35.9 kJ/mol (1.33)

or totally oxidized (combustion reactions):

CH3CHO (g) +5/2 0, (g) - 2 H,0 (g) + 2 CO, (g) AH%95¢ = —1167 kJ/mol (1.34)
CH4 (g) +20, (g) - 2 H,0 (g) + CO, (g) AHozggK =-799.6 kJ/mol (135)
(0] (g) + 1/2 0, (g) - CO, (g) AHozgg k=-283.0 kJ/moI (136)

As water is the main byproduct in all oxidation reactions, it becomes the main co-
reactant when oxygen is consumed, and all the reforming reactions indicated for ESR are
also involved in POE, increasing the complexity of the overall reaction network. The
simplified reaction network in the POE process is outlined in Figure 1.2, where reforming

secondary reactions have been omitted for clarity.
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CH, + \CO
Decomposition

720, H,O
H,0O «—( ::) + s co, +
Oxidation Condensation
T + CH;COCH; + (CO

Dehydrogenation

%0, %0,
> H,O <€
2CO, +3H.0 CH.CH.OH Oxidation Oxidation
2 2
Total S
oxidation |
Dehydration
H,O +( CH,=CH, Polymers ——> Coke

Fig. 1.2 Reaction scheme of the partial oxidation of ethanol (POE). For clarity, the
reforming reactions with the water produced (equivalent to those in ESR in Fig. 1.1) are

not shown. Taken from “Renewable Hydrogen Technologies” [31]

A comparison of the equilibrium compositions calculated for ESR with those for POE
shows that the absence of steam in the feed decreases the H, concentration from >70%
in the ESR reaction to [b0% in the POE reaction, and that to achieve a maximum H, yield
temperatures above 873 K would be required for either ESR or POE, as long as CHj is
considered in the calculation as one of the present species. If it is excluded, a high H,
yield could be obtained at lower temperatures. This means that catalysts with low
selectivity to decomposition into CH4 could produce high yields of H, at temperatures

around 573 K [16].

Autothermal refoming reaction network is equivalent to the one depicted for POE, but
including all the reforming reactions depicted for ESR. The main difference lies on the
different contribution of each reaction involved, due to the simultaneous presence of

oxygen and steam in the feed.

Summarizing, the reaction networks for the three processes that convert ethanol into
hydrogen are extremely complex, both from the mechanistic and the thermodynamic
points of view. The intermediate steps involved include a variety of reaction types
(dehydration, dehydrogenation, reforming, total and selective oxidation, WGS, etc.).

They show different dependency relationships on reaction conditions and their
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promotion depends on different functionalities of the catalyst. In addition, formation of
coke precursors from several of the compounds involved makes deactivation an
important issue for the practical application of these processes. All these factors explain
the need for extensive research of catalysts, as well as of reactor and process
engineering, to optimize hydrogen production and process performance. This PhD is

mainly focused on the steam reforming process.

1.5 Catalyst for the steam reforming of ethanol

1.5.1 Noble metal catalysts

Many studies have been focused on the ethanol steam reforming using supported
nickel, cobalt and noble metal catalysts. An efficient catalyst for hydrogen production
from ethanol has to dissociate the C-C bond (at reasonably low temperatures), maintain
low the CO concentration and be stable under catalytic operation. Deactivation, related
to coke and carbonaceous compounds deposition, is the major drawback of the catalytic
systems based on transition metals. Among transition metals, noble metals, and in
particular Rh and Ru [34], are known to successfully break the C-C bond leading to less

coke deposition and thus to more stable catalysts.

As explained above, the ethanol steam reforming (ESR) reaction mechanism over noble
metals involves a complex set of reactions. In an early work by [35], the performance of
different Rh-containing catalysts supported on Al,O; for the ESR under steam-to-carbon
ratio S/C = 4.2 was explored. At a preliminary stage, it was found that the reaction
mechanism starts with the dehydrogenation and/or dehydration of the ethanol which
are assisted by the acid support, followed by the rapid conversion of the products into
CH4, CO and CO,, catalyzed by Rh. It was noticed that the presence of Rh at high
temperatures (T = 923 K) prevents coke formation and the catalyst maintains its activity
for several hours. [36] and [37] tested a wide range of catalysts in order to elucidate the
best catalytic system. The former studied different active phases (Rh, Pt, Pd, Ru, Ni, Cu,
Zn, Fe) as well as supports (Al;03, Ce0,-Al,03, Ce0,, Ce0,, Ce0,-ZrO,, ZrO;) in order to
obtain highly active catalysts for the ESR rendering high H, yields and selective towards
the formation of CO, both in the ESR and the WGSR. They found that the most active
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and selective catalysts were the Rh and Ni-based ones, achieving the highest H, yield
with the Rh/CeZrO, catalyst. [37] studied Rh, Pt, Pd and Ni catalysts supported over
Al,03; and Ce0,-ZrO, and obtained that Rh and Pt exhibited better performance and

were more active when supported over ceria-zirconia mixed oxides.

Since these initial works, considerable effort has been done in the research of the ESR
over noble metals, and Rh, Pt, Pd, Ru, Ir and Ag-based catalysts have been investigated.
In more than 40% of the published works, Rh-based catalysts have been used as this
metal is the most effective with respect to ethanol conversion and hydrogen selectivity,
due to its strong capacity to successfully dissociate the C-C bond of the ethanol molecule
[38,39]. Nearly 30% correspond to Pt-based catalysts taking advantage of the strong
oxidation activity and the WGSR promotion of Pt and its high activity and selectivity
towards H, production [40]. To a lesser extent, Pd-based catalysts have been used due
to its known dehydrogenation and steam reforming of methane catalytic activity. Also,
some works report on the use of Ru-based catalysts because their H, production is
comparable to that of Rh only at high Ru loading. Whereas Rh catalysts are stable, Ru
induces dehydration of ethanol to form ethylene, leading to coke formation via
polymerization [41,42]. Iridium has been tested in few works [43,44] and it was found
that Ir particles are responsible for the C-C bond cleavage in acetaldehyde which mainly
decomposes to CO and CHg, at temperatures above 673 K or is converted to acetone at
lower temperatures. Finally, [42] also tested Ag/CeO, for the ESR obtaining poor activity

of the catalyst being the main products H, and acetaldehyde between 373 and 873 K.

Bimetallic catalysts have synergetic effects; they show higher activity than the metals
alone in bond dissociation, dehydrogenation and oxidation processes but few authors
have studied them [45]. [46,47] studied Rh-Pd/Ce0,, obtaining that the direct oxidation
route to acetate over CeO, is suppressed by the presence of the metals and the
dehydrogenation reaction temperature is lowered by about 100 K in comparison with
Ce0, alone. Additionally, by in-situ IR studies, they inferred that the bimetallic catalysts
break the C-C bond of ethanol at temperatures below 400 K. Rh-Pt and Pt-Pd supported
over CeO, were studied by [47]. Rh-Pt was also tested by [48] for SR of 85% pure ethanol
and 15% gasoline (E85).
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Noble metals supported over alumina are often used because of its chemical and
mechanical resistance under reaction conditions, although it is known that acid supports
assist ethanol dehydration to ethylene at low temperatures, which in turn facilitates the
formation of C deposits [35,49,50]. [51] carried out temperature programmed
desorption (TPD) experiments concluding that under reaction conditions Al,Oz is not
able to promote the desorption of the secondary reaction products, poisoning the
surface catalyst and hindering the decomposition process which finally leads to a
marked decay in H, and CO, selectivity. TPO studies allowed them to investigate the C
formation; they found stable carbonaceous species and coke residues on both Al,O3 and

Pt/Al,0Os.

Although CeO, and Al,0; oxides are the most used ones, other supports have been
explored. ZrO,, SiO,, Y,03, C, Nb,Os, MgAl,04, MgO, TiO, and also zeolites have been
tested as noble metal supports. Among these, ZrO, is the most frequently used due to its
large oxygen storage capacity (OSC), high oxygen mobility and steam activation. Ce-Zr
solid solutions have been widely used because the addition of ZrO, to the ceria lattice
results in enhancing ceria redox properties, its basicity is reduced as the ZrO, content
increases, its thermal resistance is improved and it also helps to increase metal

dispersion [52,53,54].

To improve the performance of the catalysts and block coking different dopants have
been tested. Domok et al. [55] incorporated K (up to 0.4 wt.%) into Pt/Al,0s; which was
found to destabilize surface acetate groups; the ESR activity and stability were improved
in proportion with the K content. De Lima et al. [56] incorporated Sn into Pt/CeO,
achieving improved stability. Yaseneva et al. [57] modified the support by introducing La,
Pr and Sm into Ru and Pt supported catalysts: Ce,Zri,(La,Pr,Sm)..,,0,/Al,03, as it is
expected that the incorporation of low-valence cations (such as La, Gd, Pr) into the
lattice of ceria-zirconia solutions stabilizes it and improves the lattice oxygen mobility
[58]. Their results showed that Ru-containing catalysts doped by Sm were the most
effective while among the Pt-based ones, La-doping led to the most active catalyst. Can
et al. [59] and Le Valant et al. [60] added 10 wt.% of Sc, Y, La, Er and Gd to 1 wt.%
Rh/Al, O3 catalysts. On these modified supports, the dehydration reaction, leading to

olefins which are coke precursors, is disfavoured and consequently the ethanol
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conversion and the hydrogen vyield are increased. Duprez’s group [60,61] has done
extensive research on the addition of impurities to pure ethanol-water mixtures in order
to simulate raw bioethanol, which is of major importance for a cost effective industrial
application. Raw bioethanol contains higher alcohols and also aldehydes, amines, acids

and esters.

1.5.2 Nickel catalysts

Nickel-based catalysts are the most frequently used in reforming reactions due to C-C
bond rupture capability. Nickel has been generally supported onto alumina, because of
its ability to withstand reaction conditions [62]. However, due to the alumina acid sites,
this support tends to favour carbon deposition, for what other supports have been also
tested. On the contrary to noble metals, ESR over nickel catalysts takes place at
moderate temperatures. It has been generally observed that the selectivity to hydrogen
is increased with the increase in temperature, water to ethanol molar ratio and nickel
loading [63,64,65]. The reaction mechanism over nickel-based catalysts follows the same

steps than over noble metal-based catalysts [66,67].

In contrast to noble metals, the particles of nickel species tend to sinter under ESR
reaction conditions. Besides, acid sites on alumina favour the dehydration of ethanol to
ethylene, competing with the dehydrogenation to acetaldehyde. Both facts, nickel
particle sintering and alumina acidity generate carbon deposits, which deactivate the
catalyst. To avoid these inconveniences, different promoters have been added to nickel-
based catalysts. Copper is the most efficient promoter for the production of hydrogen
[62]. Copper species are active in the WGS reaction to produce hydrogen and avoid the
growth of nickel particles [68]. Youn et al. [68] also studied the effects of adding
molybdenum to Ni/Al,0s. They observed that Mo reduces the interaction between Ni
and alumina, increasing the reducibility of nickel species, and also prevents the growth
of nickel particles [69]. Calcium, as well as Mg, is an efficient promoter to neutralize
aluminium acid sites. Vizcaino et al. [70] modified Ni/Al,05 catalysts with Mg, obtaining
an increase in the catalytic activity due to lower ethylene formation. They also modified

Cu-Ni/SBA-15 catalysts with magnesium and calcium. The dispersion of the Cu-Ni phase
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was improved and its interaction with the support was strengthened [71]. The same
group of authors studied the effect of Mg and Ca addition on coke deposition over Cu-
Ni/SiO,. They observed reduction of the metallic Cu-Ni particle size and strengthening of
the metal-support interaction. Moreover, Mg- and Ca-promoted catalysts favoured the
formation of defective carbon, which is more reactive and thermodynamically easier to
be removed during ESR [72]. Magnesium produces less carbon deposition when added
to Ni/CeO; catalysts, too. In [73] OSC and oxygen mobility of CeO, supports increased by
adding magnesium into the lattice of Ni/CeO,. The insertion of Mg into CeO, lattice
efficiently promotes the reduction of Ce**. Mg-modified Ni/CeO, catalysts have larger
OSC and smaller Ni crystallite size compared with bare Ni/CeO,. Choong et al. [74] also
observed that the addition of calcium on Ni/Al,03 greatly reduces the acidity of Al,Os.
Calcium also increased water adsorption, providing nickel catalyst the proximity and

abundance of adsorbed OH groups.

1.5.3 Cobalt catalysts

Low-cost cobalt-based catalysts are less active for ESR than catalysts that contain noble
metals, but they are very selective to H, and CO, because the reforming temperature
can be as low as 623 K in such a way that the WGS occurs simultaneously with steam
reforming and consequently CO concentration is kept low. In addition, methane is not an
intermediate of the reforming process over cobalt-based catalysts and, consequently,
high hydrogen yields are easy to achieve. The first work on ESR over cobalt catalyst was
reported by [75], where the catalytic performance of cobalt supported over Al,03, SiO,,
MgO, ZrO, and C was described. This pioneering work was followed by those of [76,77].
Cavallaro et al. [76] reported on the ESR over Co/Al,03 and Co/MgO under S/C[#.2
aimed to simulate the composition of biomass-derived ethanol/water mixtures. They
noticed that Co/Al,0; decayed in short time because of coke deposition, whereas
Co/MgO was found more stable. Llorca et al. (2002) [75] studied cobalt supported over a
great variety of supports with different acidity and redox properties (MgO, Al,03, SiO,,
TiO, V,0s, Zn0O, La,03, CeO, and Sm,03) under S/C=6.5 to simulate bio-ethanol steam

reforming. Supports with strongly acidic properties favoured the dehydration of ethanol
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into ethylene whereas supports with basic properties favoured dehydrogenation of
ethanol into acetaldehyde, which was recognized to be the first step of the reforming
process over cobalt. The same conclusion was reached by [78,79] on Co/SiO, and
Co/Al,0;3 catalysts. On the other hand, supports with redox properties showed better
properties for ESR because they favoured suppression of coke and reduction of cobalt.
ZnO-supported cobalt showed the best catalytic performance. In-situ magnetic
measurements coupled to ESR over the above cobalt catalysts allowed [80,81] to
demonstrate that metallic cobalt is a highly active species for the reforming of ethanol.
Under reaction conditions, the Co/ZnO catalyst showed 92% of reduced cobalt, mainly
as small superparamagnetic nanoparticles. On the other hand, in-situ FTIR with CO as a
probe molecule revealed that, in addition to metallic cobalt, oxidized Co species were
also present at the surface, thus suggesting that the redox pair Co°5Co?" is responsible
for the activity of cobalt in ESR [82]. This has been recently supported by the combined
XPS-TPD work of [83] over model Co/ZnO(0001) catalysts. The catalytic role of Co® and
Co** during ESR has also been investigated by [84] over Co/MgO, who concluded that
Co® is much more active for C-C cleavage and WGS, and by [85] over metallic and
oxidized cobalt model surfaces. Over cobalt-based catalysts, ethanol is first adsorbed to
yield ethoxy species, which undergo dehydrogenation and transform into acyl species
(rate determined step; [86] which, in turn, react with activated water to yield hydrogen
and carbon oxides. CH; is a secondary product formed through the methanation
reaction [87]. Carbonates are formed at the surface of the catalyst and carboxylates are
detected, which are believed to be spectator species. Dimethyl ketone can be also
formed via condensation of acetaldehyde. A complete network of reactions can be
found in [88]. The mechanism of the ethanol reforming reaction is accompanied by a
simultaneous transformation of the cobalt phase. HRTEM, X-ray diffraction, Raman
spectroscopy and in-situ magnetic measurements show that Cos04 is active for ethanol
dehydrogenation and, subsequently, is progressively reduced by the hydrogen
generated during this first step of the reaction into CoO and metallic [89]. The same
transformation has shown to occur over Co/CeO, by using in-situ XRD, controlled-
atmosphere XAFS and XPS [89]. Lin et al. [90] reported by in-situ XRD that hcp Co
possess higher activity than fcc Co for ESR. Once metallic cobalt is formed, the catalyst

becomes very active for the ESR and the hydrogen yield increases sharply. However, a
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consequence of this reaction scheme is that extensive carbon deposition occurs under
reaction conditions upon formation of metallic cobalt nanoparticles [91] which certainly
constitutes the major drawback of cobalt-based catalysts for ESR, although [87] claimed
that catalysts can be regenerated with mild oxidation. It is important to highlight that
most of the work reported in the literature concerning ESR over Co-based catalysts has
been conducted at high S/C ratio or under diluted conditions (i.e. using inert gas as
carrier), and only a few studies have been carried out directly with ethanol-water
mixtures under realistic conditions, which obviously have a great impact on coke
formation. Carbon deposition occurs in various geometries, including carbon nanotubes,

fibers, platelets and onion shell-type [93].

Several strategies have been attempted to minimize coke formation over Co-based
catalysts under ESR conditions. Llorca et al [94] incorporated Na* promoter into Co/ZnO
(up to 1% w/w) and obtained an important decrease of coke deposition during ESR, as
evidenced by XPS and HRTEM, due to blocking of strong acidic sites of the support,
which leads to the formation of ethylene, a well-known coke precursor. The same
catalysts were studied by [95] by EXAFS and concluded that Na* promoter enhanced the
reducibility of Co phase on ZnO, thus resulting in a stable and active catalyst for ESR.
Galetti [96] used a similar approach adding K* to a CuCoZnAl oxide, which resulted in a
stable catalyst for ESR at 873 K. On the other hand, it has been demonstrated that
alloying of cobalt with more electronegative elements such as Ni or Cu results in worse
catalytic performance, whereas alloying of cobalt with the less electronegative elements
Fe [97] and Mn [98,99] promotes the redox pair Co°5Co*, both in terms of lower cobalt
reduction temperature as well as fast re-oxidation, which in turn results in a better
catalytic stability. The promoter, low coke deposition effect of Fe has also been pointed

out by [100,101] with cobalt catalysts supported over Al,Os and SrTiOs.

Considerable efforts have been addressed towards the Co/CeO, and Co/ZrO, systems for
ESR due to the large oxygen storage capacity and high oxygen mobility exhibited by ceria
and ceria-zirconia solid solutions that are able to oxidize carbon residues and prevent
extensive carbon deposition. Song and Ozkan and Song et al [102,103] used DRIFT and
isotopic labelling to show the mechanism of carbon removal and the involvement of

water in the reaction network over these catalysts during ESR. Lima et al [104] showed
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that high S/C ratios and the presence of oxygen promoted cleaning of the Co surface
under ESR for Co/Ce0,, as expected. Avila-Neto [105] have used in-situ temperature and
spatial resolved XANES to show that the Co?*/Co? ratio in Co/Al,05 modified with La,05
and CeO, can be tuned by choosing appropriate water and oxygen partial pressures to
obtain stable catalysts for ESR operation. Rybak et al [106] pointed out that the
Zr0,/Ce0; ratio exerts significant influence on the coke formation. Lebarbier et al [107]
studied the effect of Zn promotion in Co/ZrO, catalysts and noted that addition of Zn
inhibited the oxidation of metallic cobalt particles under ESR. Enhanced oxygen mobility
in CeO;, was achieved by ca* incorporation, which originated unit cell expansion in the
ceria lattice and improved catalytic performance in ESR as well [87]. The influence of the
preparation method on the reducibility of Co/Ce-Zr-O catalysts was reported by
[102,108]. A proper metal-support interaction allows only partial reduction of cobalt and
leads to a superior catalytic performance for the production of hydrogen through ESR.

Long-term catalytic runs exceeding 750 h were reported by [109].

Noble metal (Pt, Pd, Rh, Ru, Ir)-promoted cobalt catalysts have been also investigated
for ESR [110]. The effects of the noble metals include a marked lowering of the
reduction temperature of the cobalt surface species interacting with the support due to
hydrogen spillover and the stabilization of Co sites in the reduced state throughout the
reaction. This causes an enhancement of catalytic activity, but in most cases causes
rapid deactivation by coke deposition. The best catalytic performance for ESR was

obtained for the CoRu formulation.
1.6 Hydrotalcites

As explained in [111], layered double hydoxides (LDHs), also known as anionic clays or
hydrotalcite (HT)-like materials, have anionic exchanged capacity. The ability to capture
and exchange organic and inorganic anions makes the compounds almost unique as
inorganic materials. Hydrotalcites have been used in large number of practical
applications such as neutralizers (antiacids), anion exchangers, polymer stabilizers, anion
scavengers, catalysts and catalyst supports, adsorbents, filtration, electroactive,
photoactive materials and pharmaceutics [112-118]. HTs are usually chosen over other

compounds due to the versatility, simplicity, easily tailored properties and low cost of
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the materials. HTs consist of a brucite-like [Mg(OH)2] network wherein an isomorphous
substitution of Mg2+ ion by a trivalent cation M>* occurs and the excess positive charge is
compensated by anions, like carbonate, which are located in the interlayer along with
water molecules [119-121]. Mg** may be accommodated in the octahedral sites of the
close packed hydroxide ions in the brucite-like layers to form LDH structures [122].
Cations which are too small, such as Be*, or too large, such as cd*, give rise to other
types of compounds [123]. Hydrotalcites can be synthesized by various techniques
depending on the specific requirement and properties of the compounds. The widely
acceptable methods to prepare hydrotalcites include: salt-oxide method [124],
hydrolysis reaction [113,115,125], deposition/precipitation reactions, structure
reconstruction [126], hydrothermal synthesis, anion exchange [127], electrochemical
methods, precipitation at constant pH (also called co-precipitation to indicate that all
cations precipitate simultaneously), precipitation at variable pH, precipitation at
different levels of supersaturation [110], combustion, sol-gel [124,125], microwave

irradiation [111], steam activation and solvothermal method [111].
1.6.1 Hydrotalcites as catalysts

Since these materials have a well-defined layered structure with nanometer (0.3—3 nm)
interlayer distances and contain important functional groups, they are widely used as
adsorbents for liquid ions [130-132] and gas molecules [133,134]. They also find use as
catalysts for oxidation [135-137], reduction [138] and other catalytic reactions
[139,140]. LDH compounds are used in membrane CO, separation [141,142] and
reactive separation applications, where the conversion of catalytic reactions can be
increased by directly removing one of the products from the reactor [143,144]. This
process is possible due to the permanent anion-exchange and adsorption capacity, the
mobility of the interlayer anions and water molecules, the large surface areas and the

stability and homogeneity of the HT materials [145].

The ability of HT to adsorb inorganic as well as organic anions makes these materials
very attractive for many applications. HT has been used in the plastics industry
[146,147], as an antacid substance and as a carrier for drugs [149-150]. HT-based metal

oxides also have the potential to be used as new bifunctional catalysts with a unique

Page 27



Hydrogen production from bioethanol using cobalt hydrotalcites

combination of acid—base and redox properties [151]. The great interest for the LDH
materials is related to the fact that the acid—base properties of LDH-based catalysts, as
well as the redox properties, may be easily tailored by isomorphous substitution of Mg
and Al cations with various other di- and trivalent cations. The effects of isomorphous
substitution on the surface and catalytic properties have been investigated by various
methods, namely FTIR, XPS, TPR, TPD and microcalorimetry in many test reactions, such
as cyclohexanol conversion [150,152,153], 2-octanol conversion [154], Knoevenagel
condensation and aldol condensation [155,156] and the isomerisation of bisophorone to

a-isophorone [157].

Hydrotalcites are commercially available and cheap solid bases. Calcined HTs are highly
active and selective, and they can play an important role in many base-catalyzed
reactions. Their reactive surface base sites were actively researched and characterized
using temperature programmed desorption (TPD) [158,159], FTIR spectroscopy
[160,161] and gas-phase microcalorimetry [153,162]. Their basicity is mainly related to
the amount and nature of divalent cations present. Controlled thermal decomposition of
hydrotalcites gives high surface area of mixed oxides that have the potentials in
numerous catalytic applications such as the removal of SOx and NOx, aldol
condensations, phenol alkylations, epoxidation of olefines, and partial oxidation,
hydrodehalogenation or hydrogenation reactions [163-165]. HTs show a memory effect,
a property by which they can recover the original lamellar structure if they come into
contact with water vapor or are immersed in liquid water. These rehydrated materials
have been applied to a number of base-catalyzed reactions on account of their Brgnsted
basic character [164,165,166]. In addition, acid sites or acid—base pairs on these
materials may also influence the catalytic performance. Acid—base sites can be active
sites for many reactions including Meerwein—Ponndorf-Verley reactions [167,168],
cycloadditions of carbon dioxide to epoxides [169], and aldol condensations [170]. The
acid—base properties of Mg—Al mixed oxides are governed by the Mg:Al molar ratio
[159-161], calcination temperature [171] and preparation conditions [155,158,160].
They can be easily separated and recycled, while pollutant salts and by-products are not

formed in the processes [172]. The rehydration of the Mg—Al mixed oxides gives rise to a
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meixnerite Mg—Al hydroxide in which the original layered structure is restored by

compensating the lost anions.

1.7 Catalytic wall reactors

Most ESR studies for hydrogen production have used conventional packed bed reactors,
but the use of structured catalytic wall reactors offers important advantages in terms of
efficiency, such rapid mass and heat transport, low pressure drop and no reactor
blocking, good structural and thermal stability, and precise control of process conditions
with higher hydrogen vyields. In addition, they are robust, easy to scale up on an
industrial basis and replace, and offer homogeneous flow distribution patterns.
Regarding ESR over Co-based catalytic walls, [25] reported the preparation of cordierite
honeycombs coated with Co/ZnO catalysts and their catalytic performance for ESR.
Monoliths loaded with cobalt talc in SiO, aerogel host were prepared under supercritical
conditions by [173]; they exhibited fast start-up and were about four times more active
for hydrogen generation under ESR at 623 K than monoliths loaded with Co/SiO,, which
was related to the better mass transfer characteristics of the aerogel support. Metal
plates coated with CoFe/ZnO and CoMn/ZnO catalysts by electrophoretic deposition
were described by [174].

1.8 Ethanol reforming in catalytic membrane reactors

As discussed previously, the reaction temperature is an important operational
parameter when conducting ethanol reforming reactions. High temperatures are
necessary for C-C bond cleavage, but moderate temperatures are preferred for the WGS
equilibrium to favour the formation of hydrogen and CO, at the expense of CO and
water, thus maximizing the production of H, and avoiding the requirement of bulky WGS
units at the reactor outlet. This condition considerably simplifies the fuel processor
design, both in terms of number of catalytic stages required as well as heat transfer

management. In this context, the use of catalytic membrane reactors (CMR), where the
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generation and separation of hydrogen take place simultaneously, appears as an
attractive approach to further simplify on-site/on-demand reformers (Figure 1.3). In
addition, the shift effect that occurs in CMR results in even higher hydrogen yields
because the presence of a membrane selective to the hydrogen permits attaining very
high conversion values in comparison with the traditional reactors operating under the
same conditions [175]. In fact, the continuous removal of one of the reaction products,
the hydrogen, promotes the reaction conversion beyond the equilibrium values. With
respect to a classical configuration consisting of a reactor unit in series with a separation
unit, CMR represent a modern configuration in which an integrated reaction/separation
unit has many potential advantages: reduced capital costs, improved vyields and

selectivities and drastically reduced downstream separation costs [176,177].
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Fig. 1.3 Scheme of a catalytic membrane reactor for generating PEMFC-grade hydrogen

from ethanol steam reforming. Taken from [31]

Among CMR, palladium-based membrane reactors fulfil the requirements to obtain an
ultra pure hydrogen stream suitable for PEMFC feeding. Via innovative techniques, such
as cold-rolling and diffusion welding developed at several laboratories and companies,
robust Pd-based thin wall tubes less than 0.05 mm wall thickness have been produced
[178] and their complete hydrogen selectivity and durability have been demonstrated in
long term tests [179]. The hydrogen flux through the membrane increases with
decreasing membrane thickness, and the overall cost decreases. Also, submicron-thick

Pd-based membranes have been manufactured using microfabrication technology [180].
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Today, numerous catalytic membrane reactors designs are available containing a bundle
of Pd-based tubes or fingers [181,182]. These devices are capable for producing higher
hydrogen throughputs than single tube membrane modules and can be used in compact
reforming systems. In addition, the reject gas from the membrane can be used as a fuel
source for a catalytic combustor to provide a self-sustainable operation [183].
Autothermal ESR operation in a fluidized membrane bed reactor with intrinsic CO,

capture has also been proposed [184].

Commercial applications of Pd-based permeators for producing very pure hydrogen
have been studied for more than fifty years (i.e. in the fuel cycle of the fusion reactors).
In fact, palladium membranes are among the oldest membranes studied for gas
permeation and separation applications and are still the membranes with the highest
hydrogen permeability and selectivity [185]. They are receiving renewed attention
because of the prospect of the hydrogen economy. The most critical issue for practical
applications of Pd membranes in CMR for hydrogen production is the chemical stability
of the metal membranes (poisoning effects of the reaction mixture on hydrogen
permeation, carbon deposition on the membrane, etc.). For a better chemical stability
(poisoning) and physical stability (mechanical stress, hydrogen embrittlement),
membrane reactors do not use pure Pd but various different types of Pd alloyed with
other metals such as silver, copper, nickel, iron and platinum. Most Pd alloy membranes
studied are of binary components, with a few of multicomponents. Pd-Ag (23 wt% Ag)
and Pd-Cu (38-42 wt% Cu) alloy membranes are nowadays widely employed in CMR for
hydrogen production. The Pd-Ag is a plastic alloy with a specific hydrogen permeability
of 3.4 Nm> mm m? h™* MPa®> at 873 K [182]. The hydrogen permeated depends not
only on the membrane properties, but it is also a linear function of the driving force,
which in the case of Pd-based membranes generally is given by the difference of the
square root of the H, partial pressure on both side of the membrane (Sieverts’ law). The
hydrogen permeation through dense Pd-based membranes follows a solution-diffusion
transport mechanism, separation depending on the difference in diffusivity and
solubility of hydrogen in the membrane. The membrane thickness plays an important
role: as thin the membrane as high the hydrogen permeance, even affecting the

membrane mechanical resistance. Therefore, for real applications to ensure the

Page 31



Hydrogen production from bioethanol using cobalt hydrotalcites

mechanical resistance and strength of the membrane, thicker membranes are
necessary. They are generally deposited onto porous supports such as SiO,, Al,03, B,O3

and porous stainless steel (PSS).

Pd alloy membranes have been used in catalytic membrane reactors mainly for WGS and
steam reforming reactions of methane and methanol [186], but their use in the steam
reforming of ethanol is relatively new [187,188]. The main aim of the scientists and
engineers involved in this field is oriented to emphasizing the role of the membrane by
analyzing the performances of the reaction system in terms of ethanol conversion,
hydrogen yield and hydrogen recovery, that is, the amount of hydrogen collected in the
permeate side vs. the total hydrogen produced during the reaction. A large piece of
work on ESR with Pd-Ag membranes (wall thickness of 50 im) using sweep-gas has been
carried out at the University of Calabria, Italy. [189] studied both methanol and ethanol
steam reforming over Ru/Al,0s catalyst in three different Pd-Ag membrane reactors. For
ESR, the highest conversion attained at 723 K was about 50% in counter-current mode,
which was significantly higher than that attained in a traditional reactor. However, in the
CMR coke deposition occurred to a large extent with consequent deactivation of the
catalyst. [176] used the same catalyst for performing ESR in a dense Pd-Ag CMR by
varying the water:ethanol molar ratio between 3:1 and 9:1 at 573-673 K and 1.3 bar in
counter current mode. Hydrogen recovery values of 22% were reached as well as
ethanol conversion higher than 99% with a 56% hydrogen yield, which represent a
significant improvement over the performance obtained with conventional catalytic
reactors according to the shift effect. Over the same catalyst, [181] reached hydrogen
yields as high as 80% working at 723 K and 2 bar using a dense thin wall Pd-Ag tube. The
same device was used by [190] for studying Pt- and Ni-based catalysts, which showed a
poor performance in terms of hydrogen yield with respect to the Ru-based catalyst
(Ru>Ni>Pt at low feed, while for higher feed flow ratios the sequence was Ru>Ni=Pt).
[191] also obtained kinetic expressions and modelled the CMR operation with the Ru-,
Ni- and Pt-based catalysts in order to optimize the membrane reformer by assessing the
ratio between the reaction and permeation kinetics. The effect of pressure was studied
by [192] in a Pd-Ag tube of 150 mm wall thickness in the range 1-8 bar. At 723 K and 4

bar and a feed flow rate of 5 g h™, hydrogen recovery values close to 100% were
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measured. The Ru/Al,0; catalyst was also studied for the oxidative steam reforming of
ethanol in the CMR at 673 K, S/C=5.5, GHSV=2000 h™* and by using a sweep gas into the
permeate side of the reactor [193], being the maximum hydrogen recovery (ca. 30%)
achieved at O/C=1.2. The oxidative steam reforming of ethanol was studied by [194]
over a Pt/Al,O3 catalyst in a membrane module with a finger-like configuration. The
addition of oxygen had a positive effect on the performance of the CMR operating under
pure ESR conditions. The behaviour of the CMR for the partial oxidation of ethanol over
Rh/Al,O3 catalyst was studied by [195] at 723 K, 1-3 bar, GHSV=1300 h and 0/C=0.7-
1.2. No carbon formation was detected and more than 40% hydrogen recovery was
achieved. ESR over Co/Al,05 catalyst was conducted by [196,197]. Several operational
parameters such as temperature, pressure, sweep-gas flow (SF) and load were evaluated
and hydrogen vyield and recovery values as high as 60% and 95%, respectively, were
reached at 673 K, 3 bar, SF=25.2 (countercurrent flow) and WHSV=0.2 h™. The same
catalyst was tested at 673 K in a porous stainless steel (PSS) supported Pd membrane
reactor with the aim of investigating the influence of the membrane characteristics as
well as of the reaction pressure from 3 to 8 bar by [187]. Hydrogen recovery of about
50% was reached under complete ethanol conversion. Co/Al,03 and Ni/ZrO, catalysts
have been recently used in the PSS membrane reactor at 673 and 8-12 bar for simulating
bio-ethanol steam reforming by using a mixture of water-ethanol-acetic acid and
glycerol with 1:13:0.18:0.04 molar ratio [198]. About 94% of bio-ethanol conversion was
obtained at 12 bar and GHSV=800 h over the Co/Al,0; catalyst, with 40% hydrogen

yield and 40% hydrogen recovery.

Lin et al. from Chienkuo Technology University, Taiwan, studied the oxidative steam
reforming of ethanol in a Pd-Ag/PSS membrane reactor (membrane thickness of 20 um)
loaded with CuzZn/Al,O3 catalyst at 593-723 K and 3-10 bar [199]. The same study was
conducted in a Ni-Pd-Ag ternary alloy membrane reactor with similar results [200]. [201]
at Argonne National Laboratory, USA, explored the benefits of high-pressure ESR for the
production of hydrogen needed to refuel the high-pressure tanks of PEMFC vehicles. The
experiments were conducted at 7-70 bar, 873-1023 K, S/C=3-12 and GHSV=8500-83000
htin a Pd-Ag (30 pm) CMR loaded with Rh/La,03-Al,03 catalyst. As expected from

thermodynamics, higher pressures showed inhibition of the hydrogen yield in favour of
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methane. In a recent work from the Technical University of Catalonia, the ESR was
studied in a CMR over cobalt talc at 598-673 K and 5-15 bar [202]. In addition to an
improvement of the hydrogen yield, the CMR showed a rapid response to changes in the
ethanol-water mixture load; a constant hydrogen flow was obtained after 2s following
variations of £10%. The experiments of [201,202] were performed without sweep gas,
therefore, pure hydrogen was obtained in the permeate side of the membrane, ready to
feed a PEMFC. In a similar configuration, [203] studied recently the ESR using a Pd-
Rh/CeO, catalyst over cordierite monoliths in-series into a stainless-steel membrane
reactor. Reaction yields of 3.1 mol hydrogen generated per mol ethanol in feed and total
yields of 1.4 mol H, permeated per mol ethanol in feed were measured, with maximum

hydrogen recuperation of 70%.

Although most of the ESR work in CMR has been done with Pd-Ag selective membranes,
there are also some examples of ESR in different types of membrane reactors with the
scope of reducing the cost. Yu et al. from the Korea Research Institute of Chemical
Technology used Pt-impregnated Knudsen membranes to carry out simultaneously the
ESR reaction and WGS [204]. The ethanol reforming-membrane reactor showed ethanol
conversion improvement up to ca. 15% in comparison with a conventional reactor, with
an improvement of hydrogen yield up to 10.5%. A similar experiment was performed
with a CMR loaded with Pt/TiO, catalyst, which showed hydrogen recovery values of 78-
87% in the temperature range 573-873 K [205]. From the Virginia Polytechnic Institute &
State University, USA, employed silica-alumina composite membranes with moderate
hydrogen permeance for ESR over Na-Co/ZnO catalyst, more recently, Pd-Cu composite
membranes over Al,03; [206]. High-effective hydrogen production from ethanol and
water has been recently reported in a tubular dense mixed-conducting oxygen
permeable membrane reactor, in which the water splitting takes place at the tube side
of the membrane and the oxidative steam reforming of ethanol occurs at the shell side

simultaneously [207].

POE over Rh/Al,O; in a dense Pd-Ag membrane reactor was evaluated working at 723 K,
GHSV=1300 h™*, O/E = 0.33-0.62 and reaction pressure range 1-3 bar [196]. Complete
ethanol conversion was achieved in all the experimental tests, and in the best result

more than 40.0% COx-free hydrogen recovery was achieved. The comparison between
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the performances of Rh/CeQ, catalyst in in this reactor and in a fixed bed reactor (FBR)
highlights the benefits of using CMRs: using O/E = 0.5, full ethanol conversion and Sy, =
34% were achieved at 723 K in CMR, compared to 85 % ethanol conversion and Sy, = 60
% at much higher Tz = 973 K in FBR [208]. The activity of the Pd-Ag MR without catalyst
was also tested. At stoichiometric O/ethanol ratio, the CMR presented around 85%
ethanol conversion and around 11% H, selectivity (vs. 100 % and 33%, respectively, in
the presence of Rh catalyst). However, the main drawback was carbon deposition (not
observed with catalyst), which covered the Pd-Ag membrane surface and lowered its

hydrogen permeation capacity.
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1.9 Objectives

This PhD is devoted to the study of ethanol steam reforming processes aimed to
produce hydrogen in catalytic wall reactors and catalytic membrane reactors over

catalyst derived from cobalt hydrotalcites. The specific objectives are:

1. To determine the best catalytic formulation for ethanol steam reforming and
oxidative steam reforming processes in terms of hydrogen yield and catalyst

stability under practical conditions.

1.1 To study the catalytic performance of several hydrotalcites with

different Co:Mg:Al ratios loaded onto cordierite honeycombs.

1.2 To study the catalytic performance of cobalt hydrotalcites promoted

by noble metals, namely Pt and Rh, loaded onto cordierite honeycombs.

1.3 To study the catalytic performance of cobalt hydrotalcites promoted

by alkaline additives, namely K*, loaded onto cordierite honeycombs.

1.4 To conduct long stability tests with commercial bioethanol over

catalytic honeycombs.

2. To characterize the catalysts before and after reaction as well as under
reaction conditions by in-situ techniques to obtain valuable information about

catalytic active sites for hydrogen evolution and catalyst deactivation.

2.1 To determine the influence of the phases present in the catalyst and

their structure.

2.2 To determine the presence and influence of Co(0) vs. Co(ll) in the

reaction.
2.3 To determine the influence of acidity and basicity.

3. To use dense metallic membranes with no sweep gas for the simultaneous

generation and separation of hydrogen with fuel cell grade.
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3.1 To study the influence of operational parameters, such as
temperature, retentate pressure, steam to carbon ratio and reactants

load.

3.2. To determine the best configuration in terms of hydrogen production
between a staged disposition of the catalyst and membrane and an

integrated disposition of the catalyst around the membrane.
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2.1 Introduction

Ethanol is nowadays a well-established source of hydrogen via catalytic steam
reforming, oxidative reforming or partial oxidation processes. Numerous reviews have
been published in the last years, covering both catalytic aspects and fuel reformer
concepts [1-5]. Ethanol has the advantage over other conventional substrates such as
natural gas, gasoline or liquefied petroleum gas (LPG) that it is readily available, easy to
obtain from biomass, almost CO,-neutral (bioethanol), safe to handle and can be
processed at low temperature to obtain hydrogen. Among the different processes for
hydrogen production, including those outlined above, as well as CO, sorption enhanced
routes, ethanol steam reforming (ESR) is the simplest for implementation and vyields

more hydrogen, since part of it comes from water (eq. 2.1).
C2H5OH +3 Hzo 26 Hz +2 COZ (21)

The drawback of ESR, however, is thermal management. Steam reforming reactions are
strongly endothermic and require a continuous supply of heat. In ethanol reformers, this
can be provided by a combination of direct and catalytic combustion of ethanol and by
burning the anode off-gas of a fuel cell [4, 6]. Therefore, it is desirable to develop
catalysts for low-temperature ESR to optimize thermal management in addition to build
long life and safe reformers that can be used for portable applications. A survey of the
literature reveals that noble metal-based catalysts perform well for ESR [1-3, 7, 8]. They
are stable and exhibit high activity, but only at high temperature (> 900 K). The reason is
that the reaction mechanism involves the decomposition of ethanol at low temperature
into a mixture of hydrogen, carbon monoxide and methane (eq. 2.2), followed by the
water gas shift reaction (WGS) at intermediate temperature (eq. 2.3) and, finally, the

steam reforming of methane at high temperature (eq. 2.4)[9].

C,HsOH = H, + CO + CH, (2.2)
CO + H,0 S H, + CO;, (2.3)
CHq+2 H,0 S 4 H, + CO, (2.4)
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In order to carry out ESR at low temperature, a different type of catalyst is required; in
particular, a catalyst that does not yield methane as an intermediate species in the
reaction mechanism, which can only be reformed at high temperature. Relatively
inexpensive cobalt catalysts fulfill this requirement [10-32]. Over cobalt-based catalysts,
ethanol is first dehydrogenated into a mixture of hydrogen and acetaldehyde (eq. 2.5),
and acetaldehyde reacts with steam to yield mainly hydrogen and carbon oxides (eq.
2.6) [33, 34]. Given the lower temperature of the overall process, the WGS equilibrium

(eq. 2.3) favors the hydrogen yield.
C,HsOH = H;, + CH3CHO (2.5)
CH3CHO + H,0 2> 3 H,+2CO (2.6)

However, and in contrast to noble metal-based systems, cobalt catalysts suffer from
severe deactivation during ESR due to extensive carbon deposition. In situ infrared
spectroscopy experiments [35], in situ magnetic measurements [33, 36] and in situ X-ray
photoelectron spectroscopy experiments [13] have revealed that Co metal particles are
formed under reaction conditions, which rapidly detach from the catalyst support and
originate carbon nanotubes and carbon nanofibers. At the same time, methane
selectivity increases at the expense of the reforming products (H, and CO,) and the
initial catalytic performance is not recovered after regeneration. In this work, we report
the catalytic performance of ceramic honeycombs coated with Co/Mg/Al hydrotalcites
for performing ESR at moderate temperature with scarce carbon formation. Hydrotalcite
precursors have already been used for the synthesis of catalysts suitable for ethanol
reforming reactions. In most cases nickel hydrotalcites have been used for ESR, and only
a few examples of cobalt hydrotalcites exist, but no details about stability and coke

formation have been reported under high ethanol loads [37-39].

A detailed characterization has been carried out by using X-ray diffraction (XRD),
scanning electron microscopy (SEM-EDX), high resolution transmission electron
microscopy (HRTEM), magnetic measurements and temperature-programmed
techniques (TGA, DSC and TPR) as well as in situ X-ray photoelectron spectroscopy (XPS),
which show that no metallic cobalt is detected under ESR conditions and, therefore,

cobalt ions are catalytically active. We have used catalytic honeycombs instead of
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conventional powdered or pelletized samples because they are robust, easy to scale up
and replace, and offer homogeneous flow distribution patterns with low pressure drop,
which constitute critical aspects for the development of fuel reformers [4, 11, 14, 40,

41].

2.2 Experimental

2.2.1 Catalyst preparation

Co/Mg/Al hydrotalcites with Co:Mg:Al molar ratios of 0.5:2.5:1, 1:2:1 and 2:1:1 were
prepared by co-precipitation at constant pH (10+0.2) by adding an aqueous solution of
NaOH/Na,COs3 (2 M) onto an aqueous solution of CoCl,-6H,0, Mg(NOs),-6H,0 and
Al(NO3)3-9H,0. Both solutions were mixed dropwise under stirring at 298 K. The slurry
was aged at 298 K for 15 h under vigorous stirring and the resulting precipitate was
filtered and thoroughly washed with deionized water. The solids were dried at 373 K for
18 h to yield the as-synthesized samples. The co-precipitation method allows preparing
hydrotalcites with a given metallic contain, since there is no loss of metallic salt during
the process. In this sense, these hydrotalcites have the nominal formulae
[CoMgsAl,(OH)16]CO3-4H,0, [Co,Mg4Al;(OH)16]CO3-4H,0 and [CosMg,Al,(OH)16]CO3-4H,0

and are named from now on as 0.5/2.5/1_as, 1/2/1_as and 2/1/1_as, respectively.

2.2.2 Catalytic honeycombs preparation

The as-synthesized hydrotalcites were deposited onto cordierite supports (400 cells per
square inch) by the washcoating method. Two different commercial honeycombs were
used from Rauschert and Corning companies, with similar chemical composition
(AlsMg,AlSisO1g). They were cut into cylindrical pieces of 1.8 cm in diameter and 2 cm
long. Two different binding agents were tested for coating the honeycombs with the as-
synthesized hydrotalcites: a 2:1 mixture of methoxyethanol and monoethanolamine [42]
and a 5:1 mixture of polyvinyl alcohol (PVA) and acetic acid [43]. The resulting catalytic

honeycombs were dried at 363 K for 2 hours and calcined at 823 K for 3 hours. The
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adherence of the catalytic coatings onto the cordierite walls was checked by immersing
the catalytic honeycombs in an ultrasonic bath and monitoring the weight loss for 5, 10,
15, 20, 25 and 30 seconds. Significant differences were encountered, being more stable
the catalytic honeycombs prepared with the PVA binding agent over Rauschert
substrates (22.5 wt.% loss after 30 s of ultrasound exposure). To better characterize the
microstructure of the catalytic coatings, the hydrotalcites were calcined in powder form
as well, following exactly the same procedure. These samples were named

0.5/2.5/1 calc, 1/2/1_calc and 2/1/1_calc.

: e)
-
«<
—

»

4

U LA LLLLE L

Fig. 2.1 Honeycombs before (left) and after (right) washcoat

2.2.3 Catalytic tests

Ethanol steam reforming was carried out in the temperature range 523-823 K at
atmospheric pressure in a tubular stainless-steel reactor over the as-synthesized
honeycombs without any pretreatment. The reaction was tested with a gaseous
H,0:CH3CH,0H=4:1 molar mixture (steam to carbon, S/C=2) provided directly with a
Knauer Smartline HPLC pump (the liquid mixture was vaporized at 450 K before entering
the reactor), or by using a nitrogen stream saturated with the reactants. VHSV values
ranged from 420 to 660 h* and W/F values ranged from 390-10* g'min/molg,on. The
reactor effluent was monitored on-line every 5 minutes by gas chromatography (Agilent

3000 A) using MS 5 A, Plot U and Stabilwax columns. Stability tests were conducted at
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823 K with pure liquid mixture. On the other hand, 0.5/2.5/1 calc, 1/2/1 calc and
2/1/1_calc powder samples were subjected to ESR at 823 K for 7 h in a similar manner
and the resulting samples were labeled as 0.5/2.5/1 reac, 1/2/1 _reac and 2/1/1_reac

and used for characterization.

2.2.4 Characterization techniques

Powder X-ray diffraction (XRD) patterns of the powder catalysts were collected between
5 and 70° 26, at a step width of 0.02° and a step time of 1 s using a Bruker D8 instrument
equipped with a Cu target and a graphite monochromator. Magnetization (M) vs.
applied magnetic field (H) (at 5 and 298 K) and ZFC-FC curves (at 50 Oe) were measured
with a superconducting quantum interference device (SQUID) magnetometer (Quantum
Design MPMS5XL, USA). A given amount of powder was confined in a gelatin capsule (of
known mass) and pressed with a given amount of cotton to avoid the powder from
moving during the measurement. The diamagnetic contribution of the capsule and the

cotton was subtracted from the total magnetization (mgta) as follows:

(2.7)

emu) __ Myotqr(emu)—(X capsule MASS capsulet X cotton MASS cotton)

g masspowder(9)

Mpowder (

where X is the magnetic susceptibility in cgs units: )((capsuIe)=-.’~3..’~39-10’7 emu-g'0e™ and

X(cotton)=-7.79-107 emu-g*0e™.

Thermogravimetric analysis (TGA) was accomplished with a Netzsch STA 449 F1 Jupiter
analyzer. Differential scanning calorimetry (DSC) was performed on a DSC 8500 Perkin
Elmer. Heating rate was fixed at 10 K'min™, from room temperature to 1173 K, both
under argon and under air. Temperature programmed reduction (TPR) was performed in
a Catalyst Analyzer BELCAT-M (BEL Japan, Inc.), equipped with a water trap and a
thermal conductivity detector (TCD). Prior to each TPR run, samples were heated up to
823 K (10 K-min™*) and cooled down to room temperature under argon. Then they were
analyzed by heating up to 1173 K (10 K-min™*) using hydrogen (10 vol% in argon) under a
flow rate of 30 mlI-min™. The morphologies of the catalysts were observed by SEM with a

Neon40 Crossbeam Station (Zeiss) equipped with a field emission electron source and an
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energy dispersing X-ray dispersive (EDX). A small portion of each sample powder was
deposited on a metallic disk holder and covered with a thin gold layer before SEM
analysis. High resolution transmission electron microscopy (HRTEM) was conducted on a
JEOL 2010F microscope operating at 200kV and equipped with a field emission electron
source. The point-to-point resolution of the instrument was 0.19 nm and the resolution
between lines was 0.14 nm. Samples were dispersed onto holey-carbon grids from

alcohol suspensions.

Infrared spectra were collected using a Shimadzu FTIR 8400S spectrometer (resolution 2
cm™). X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system
equipped with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9
detector. Sample powders were pressed to pellets and then fixed into a special sample
holder (no glue was used). Spectra were recorded with pass energy of 25 eV at 0.1 eV
steps at a pressure below 6 .10° mbar; binding energies were referred to the
adventitious C 1s signal. The apparatus was equipped with an additional high pressure
cell (HPC-20) for in situ treatments that, in addition to calcination and reduction
treatments, allowed reproducing ESR conditions, too. An Ametek mass spectrometer
connected to the high pressure cell was used to monitor the reaction products to
ascertain that the in situ XPS experiments reproduced those performed over the
catalytic honeycombs during the conventional ESR tests. Experiments were carried out
at 1 bar and temperature was provided with an infrared source and was measured
directly on the sample holder by a thermocouple. After each in situ treatment, samples
were transferred from the reaction cell to the analysis chamber under high vacuum (less

than 5x10” Pa).

The characterization of sample 1/2/1 was deeper in detail since its catalytic activity and

selectivity towards hydrogen was the best of the three studied samples.
2.3 Results and discussion

2.3.1 As-synthesized samples

The peaks in the X-ray diffractogram of the as-synthesized samples could be indexed

both to the Mg/Al and Co/Al hydrotalcite phases (XRD patterns 00-020-0658 [44] and

Page 60



Chapter 2. Cobalt hydrotalcite for the steam reforming of ethanol with scarce carbon production

00-051-0045 [45], respectively; (see Figure 2.2). Since there is only one set of peaks we
understand the samples are composed of Co/Mg/Al hydrotalcites. It has been reported
that the crystallinity of MgAl hydrotalcites dramatically degrades due to the substitution
of magnesium by cobalt ions [46]. In particular, the c parameter, related to the thickness
of the interlayer distance in hydrotalcites (c = 3 x d (003)), decreases as the Co/Mg ratio
is increased, because of a decay in electrostatic attraction between the brucite layer
positive charges and interlayer negative charges [47]. In this sense, the first three peaks
of the hydrotalcite diffractograms, indexed to 006, 0012 and 0018 reflections, are
shifted to higher angles as the amount of cobalt increases. Sample 1/2/1_as is not only
the most crystalline (narrowest peaks), but also bears these peaks at lower angles than
the other two, indicating that cobalt ions might have not completely substituted

magnesium cations within the brucite-like layers.

’; C)
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Fig. 2.2 X-Ray diffractograms of as-synthesized hydrotalcites. The hump

centered around 13° is due to the sample holder.

IR spectra (not shown) also contain the bands corresponding to the hydrotalcite bonds:

a broad band centered at 3458 cm™ and a small one at 1618 cm™ due to hydroxyl ions
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and physically adsorbed water molecules, respectively; narrow bands around 1387 cm™
corresponding to carbonate ions; and bands at low wavenumber 435, 625 and 637 cm™

associated to Al-O, Co-0O and Mg-O vibrations, respectively [48].

The morphology and structure of sample 1/2/1_as was studied by scanning and
transmission electron microscopies (Figure 2.3). SEM showed a homogeneous and
laminar material, as expected for hydrotalcites. The energy dispersive X-ray detector
identified the presence of carbon, oxygen, cobalt, magnesium and aluminum with a
molar ratio of Co:Mg:Al = 26:50:24, very close to the nominal value of 25:50:25. A closer
view was facilitated by TEM. The sample bears sheet-like particles (average length =62 +

13 nm), stacked in bunches.

Fig 2.3 SEM image (above) and TEM images (below) of sample 1/2/1_as.
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The as-synthesized samples showed paramagnetic (PM) behavior at room temperature
and slightly superparamagnetic (SPM) at 5 K (Figure 2.4). The profile of the zero field
cooled - field cooled (ZFC-FC) curves is characteristic of paramagnetic materials, with no
maximum in the ZFC curve. The inverse of molar susceptibility of cobalt (Xm; emu-mol
L.oe) vs. temperature obeys the Curie-Weiss (2.7) law over 50 K (see Figure 2.4, right

below).
M= — (cgs units) (2.8)

where Cy is the Curie constant (emu-K-mol™-0e™), T is the temperature (K) and 0 is the

Weiss constant (K). Then, the inverse of the molar susceptibility is linear to the

temperature:

1 1 0

— = .T- = 2.9
xMm  Cm Cm (2.9)

The Curie constant is, in turn, related to the effective magnetic moment (Ues):

Cym-3-kp
n-Ngy

Kerf = (Mg units) (2.10)

where kg is the Boltzmann constant (1.38:10° erg-K™), n is the number of magnetic
atoms per molecular formula, N, is the Avogadro’s number (6.022-10 mol™) and Mg is
the Bohr magneton (9.274-102' erg-Oe™). The calculated Curie constants for the
0.5/2.5/1_as, 1/2/1_as and 2/1/1_as samples were 8.30, 3.51 and 2.34 (emu-K-mol™-0e”
1), respectively. The corresponding Weiss constants (8) were -7.5, -15.1 and -13.4 K.
These negative values indicate that antiferromagnetic (AFM) interactions are present in
the samples. Furthermore, these AFM exchange interactions are enhanced (higher |8]) as
the Co/Mg ratio increases. Consequently, the magnetic moment per cobalt atom decays:
8.14, 5.30 and 4.33 pgfor 0.5/2.5/1_as, 1/2/1_as and 2/1/1_as, respectively. The values
of 1/2/1 as and 2/1/1 _as are typical of cobalt atoms located in octahedral
environments, as they are within the brucite-like layer of the hydrotalcite structure. The
magnetic spins of the cobalt ions are usually aligned parallel within each layer. The
observed AFM character is probably originated because of the layered structure with

magnetic spins of opposite orientation in consecutive layers. As the amount of cobalt
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increases, the probability of finding cobalt cations in consecutive layers is higher, for
what the antiferromagnetic character intensifies. This description matches the one of
some reported antiferromagnetic cobalt-aluminum hydrotalcites [49, 50], where a Curie
constant of 2.91 emu-K-mol Co™*-0e?, a Weiss constant of -3.8 K and a magnetic

moment of 4.82 ug for a Co:Al=3:1 molar ratio hydrotalcite were encountered.
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Fig. 2.4 Magnetization curves vs. applied magnetic field at 5 K and 298 K (above),
magnetization vs. temperature at 50 Oe (below left) and inverse of susceptibility vs.

temperature at 50 Oe (below right) of the as-synthesized samples.
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2.3.2 Calcined samples

Ethanol steam reforming reaction was carried out over catalytic honeycombs calcined at
823 K since it is well known that thermal decomposition of Mg-Al hydrotalcites leads to a
well dispersed mixture of magnesium and aluminum oxides with basic properties, which
are favorable for the dehydrogenation of ethanol into acetaldehyde, the first step of ESR
over Co-based systems (eq. 2.5). For that reason, hydrotalcites were thoroughly

characterized after calcination at this temperature.

The calcination process was followed by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). TGA profiles were derived to get the differential
thermogravimetric (DTG) profiles for a better detection of the mass losses. Panels a, b
and c in Figure 2.5 show these profiles of the three as-synthesized hydrotalcites.
Furthermore, some of the analyses were coupled to a mass spectrometer, in order to
identify the nature of the decomposed species. As can be observed in Figure 4, the three
as-synthesized samples showed similar DTG profiles in argon: the first peak centered at
398 K was assigned to the desorption of physisorbed water, the one at 437 K
corresponded to the decomposition of interlayer water and a small amount of
carbonate ions in the form of carbon dioxide, and the overlapped peaks centered
around 560 K and 627 K indicated the loss of interlayer anions (carbonates in the form of
carbon dioxide, nitrate in the form of nitrous oxide and hydroxyl ions in the form of
water). Further dehydroxylation of the brucite-like layers was accomplished mainly up to
900 K (as observed by mass spectrometry) but kept on slowly up to 1173 K. This profile
for hydrotalcite thermal decomposition matches published results by other groups [51,
52]. The endothermic peak observed in the DSC profile above 900 K goes together with a
drastic drop in the water evolved, as observed by mass spectrometry. Chmielarz et al.
observed the evolution of molecular oxygen at this temperature range, for what they
proposed that part of Co?* cations were firstly oxidized to Co* by NOx species, and then
the reverse process occurred with oxygen evolving [52]. As we do not observe oxygen
evolving, neither other species, we understood the endothermic process as a crystalline
restructuration of the material from hydrotalcite to spinel (see XRD data below), after
dehydroxylation of the brucite-like structure. The percentages of mass losses in each

stage are summarized in Table 2.1.
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Co/Mg/Al molar ratio 0.5/2.5/1 1/2/1 2/1/1

T range 303-480 K T DTG (K) 400 398,498 400,437
Wt.% 11 11 11
MS H20
T range 440-700 K TDTG (K) 560,627 570,639 558,626
Wt.% 21 24 21
MS COz, NO,
H20
T range 700-1173 K T DTG (K) - - -
Wt.% 7 6 6
MS H20
Mass% left at ending T (1173K) 61 59 62
Theoretical wt.% 59 61 65
(Co,Mg,Al)Ox/HT Co

Table 2.1 Data derived from thermogravimetric analysis of cobalt hydrotalcites. T DTG =
temperature of minima in DTG profile. MS = species identified by mass spectrometry. HT

Co = cobalt hydrotalcite

The amounts of mass losses are close to those expected from hydrotalcites with nominal
formula: [CoyMge Al,(OH)16]CO5-4H,0, with x =0.5, 1 and 2 and the mass left at 1173 K
is close to the theoretical remaining mass of metal oxides (Co,Mge.Al;)Og. The samples
decomposed at the same temperature under air (see Figure 5). The most relevant
difference between air and argon experiments is the lack of a peak in the DSC profiles
around 1000 K under air atmosphere. Considering these peaks under argon as the
crystalline change from hydrotalcite to spinel, we understand that the heating of the
sample under air provides oxygen in order to follow this process progressively, from
lower temperatures on. The IR spectra of the calcined samples showed (Co,Mg,Al)-O
vibrations at low wave numbers and hydroxyl groups at 3470 cm™, whereas the band at

1380 cm™ almost disappeared, suggesting the elimination of the carbonate groups.
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Fig. 2.5 Panels a, b and c: TGA profiles (dashed line), DT profiles (yellow line) and DSC
profiles (black line) of cobalt hydrotalcites, heated under argon at 10 K min™. Panel d:

DTG profiles under argon.

Panels d in Figure 2.5 and Figure 2.6 show the three DTG profiles together, under argon
and under air, respectively. They highlight the better thermal stability of sample
1/2/1_as, fact that could have been expected from the higher crystallinity observed by
XRD. Jiang et al [46] and Gennequin et al [47] observed that the addition of cobalt to
Mg-Al hydrotalcites destabilizes them thermally, because Co(OH), is less stable in air
than Mg(OH), and AI(OH); and Co®" has less affinity to CO;5”> than Mg2+. In this sense, the
better thermal stability of sample 1/2/1_as could be understood as if not all the cobalt
ions would have entered the crystal structure of hydrotalcite, in accordance with XRD

data.
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Fig. 2.6 Panels a, b and c: DSC profiles under air (violet line) and under argon (yellow
line) of cobalt hydrotalcites, heated under argon at 10 K min™. Panel d: DTG profiles

under air.

The X-ray diffractograms of the three samples after calcination showed a set of common
peaks, indexed to MgAl,04 and/or Co,AlO, spinels (XRD patterns 01-075-1798 [53] and
00-038-0814 [54], respectively; see Figure 2.7. Diffractogram of sample 1/2/1 calc
illustrates two shoulders at 26 = 43° and 63° (highlighted with arrows in Figure 6) which
coincide with the main peaks of the rock salt type phase common to MgO and CoO (XRD
patterns 01-07-1525 [55] and 01-075-0533 [56], respectively). There is also a different
relative intensity of the (400) peak at 20 = 45°: 1(1/2/1_calc) = 60% and 1(0.5/2.5/1_calc)
= 1(2/1/1_calc) = 42%. Considering the relative intensity of the peaks in MgAl,O, and
Co,AlO,4 patterns [53, 54], the former difference in intensity at 45° might indicate a
higher amount of magnesium spinel in 1/2/1_calc than cobalt spinel. These results are in
accordance with the TGA profile of this sample (higher decomposition temperature) and
the XRD data of the as-synthesized samples, suggesting that cobalt ions in sample 1/2/1

are not fully integrated into its crystalline structure.
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Figure 2.8 depicts SEM images of sample 1/2/1 calc, which show a very homogeneous
rounded morphology (above, left). By using a backscattered electron detector some
particles with higher contrast were observed (white spots in the image above, right),
which were assigned to cobalt-rich particles (since magnesium and aluminum have
similar electron density, much lower than that of cobalt). Backscattered electron images
and the shoulders observed in the X-ray diffractogram suggest that these particles are
formed of CoO. A homogeneous area of the calcined sample was analyzed by EDX. The
atomic ratio Co:Mg:Al was 27:50:24, close to the nominal value, 25:50:25. This analysis
was contrasted with another performed onto a spot of higher contrast and, as expected,
a higher amount of cobalt was detected, Co:Mg:Al = 56:31:13. HRTEM confirmed the
change of morphology due to calcination in sample 1/2/1_calc (see Figure 7, below). The
sheets of the as-synthesized sample were smashed up into small nanoparticles with
average size 6.6 £ 2.2 nm (see below, left image). Some elongated particles were still
seen, which reminded the hydrotalcite structure. Several lattice fringe images of bulk
and edge particles were taken (see the two images in Figure 7, below middle and right).
The lattice fringes of the bulk material were indexed to MgAl and/or CoAl spinels [53,
54], and the edge particles were indexed mainly to (Co,Mg)0O, and also to spinel, in
accordance with X-ray diffraction. A large number of the spinel rectangular particles

showed preferential orientation along the [400] axis (d = 0.21 nm).

Calcination at 823 K not only induced strong morphologic and crystalline changes, but
also magnetic ones. The magnetization at room temperature increased linearly with the
magnetic field, as a paramagnet (see Figure 2.9, above right). At 5 K, the three calcined
samples behaved slightly SPM (Figure 2.9, above left). At both temperatures, the net
magnetization per gram of cobalt decreased as the molar ratio of Co in the formula
increased, suggesting an increase in the antiferromagnetic exchange interactions

between cobalt atoms, as they get closer to each other.
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Fig. 2.7 X-Ray diffractograms of calcined samples.

The ZFC-FC curves showed hysteresis below 350, 230 and 300 K for 0.5/2.5/1 calc,
1/2/1 calc and 2/1/1 calc, respectively, although they also showed a remarkable
paramagnetic behavior, evidenced by the high increase in magnetization at the lowest
temperatures (Figure 2.9, below). Samples 1/2/1 calc and 2/1/1 calc presented a
maximum in the ZFC curve at 200 and 220 K, respectively, defined as blocking
temperature. This feature denotes a change in magnetic behavior with temperature. The
blocking temperature of an AFM material is named Néel temperature. The CoAl spinels
are AFM materials, with Néel temperatures below 33 K (the Néel temperature of the

cobalt spinel, Co304) [57, 58]. CoO has a Néel temperature of 289 K.
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Fig. 2.8 SEM images (SE and backscattered electrons (BSE), above) and TEM images
(below) of sample 1/2/1_calc.

The (Co,Mg)O0 solid solution bares decreasing values of Néel temperature as the amount
of Mg is increased [59, 60]. In this context, the magnetic phase responsible for the high
increase in magnetization at low temperature might be the CoAl spinel (which might
have a Néel temperature lower than 5 K, unable to be measured with our equipment)
and the magnetic phase responsible for the Néel temperature at 200 and 220 K, for
1/2/1_calc and 2/1/1_calc, might be a (Co,Mg)O solid solution with compositions
C00.7Mgo 30 and Cog 75Mgo 250, respectively (considering the data published in references
[59, 60]). Magnetization measurements are much more sensitive than X-ray diffraction,
for what it would be understandable that no peaks of this phase were identified by XRD
in samples 0.5/2.5/1 and 2/1/1. No metallic cobalt was identified in the calcined samples

with any technique.
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Fig. 2.9 Magnetization curves vs. applied magnetic field at 5 K (above, left) and 298 K
(above, right) and vs. temperature at 50 Oe (below: on the left the whole curve and on

the right a zoom at low magnetization) of the three calcined samples.

2.3.3 Ethanol steam reforming

The three catalysts performed well for the steam reforming of ethanol under the
conditions tested in this work. Table 2.2 compiles the ethanol conversion values for each
catalytic monolith attained in the 523-823 K temperature range as well as selectivity
values on a dry basis at S/C=2, W/F=10" g-min-moIEtOH'1 and VHSV=420 h'. Total
conversion of ethanol was achieved at ca. 823, 773 and 823 K for samples
0.5/2.5/1 calc, 1/2/1 calc and 2/1/1 calc, respectively. At these temperatures,
hydrogen selectivity was 67.3%, 69.5% and 67.2%, respectively. Therefore, sample
1/2/1_calc showed the best catalytic performance at the lowest temperature. This
better performance might be related to the cobalt cations not being fully integrated into
the crystalline structure of the catalyst, as discussed above. Below 773 K, the

dehydrogenation of ethanol into acetaldehyde (equation 2.5) was the main reaction.
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Dimethylketone was also obtained as a by-product, possibly by condensation of
acetaldehyde, as reported in other cobalt-based systems [15, 16]. The temperature of
disappearance of acetone matched the temperature of highest hydrogen selectivity for
each sample. As expected, the amount of CO increased with temperature at the expense
of CO, according to the water gas shift equilibrium. Interestingly, low amounts of
methane were formed, indicating that decomposition of ethanol and methanation

reactions were not important.

Co/Mg/Al T  Ethanol Selectivity (%)

molar (K) conv. CHsCH,0H H, CO, GCH, CH;CHO CH;COCH; CH, CO

ratio (%)

0.5/2.5/1 553 2 42.5 375 125 - 17.2 6.2 6.2
673 25 23.4 41.7 125 3.1 15.1 5.2 1.0 21
773 94 2.3 52,6 145 38 0.2 21.8 34 24
823 100 0.1 67.2 106 0.5 0.9 4.1 16.8

1/2 /1 553 13 20.9 31.0 181  -- 26.2 0.0 - 4.8
673 66 8.2 459 6.6 7.1 27.9 9.8 05 11
773 100 69.5 10.8 0.1 1.4 1.6 16.6
823 100 --- 69.1 9.1 --- 19 20.0

2/1/1 553 5 41.9 263 105 --- 23.9 53 53 53
673 44 24.0 43.0 105 45 10.2 6.3 15 25
773 88 4.7 56.0 155 2.9 14.9 51 4.1
823 100 --- 673 9.2 --- 2.9 20.5

Table 2.2 Ethanol conversion (conv.) and product selectivity at different temperature
over catalytic honeycombs loaded with hydrotalcite-derived cobalt catalysts. W/F = 104

g min moleon™, VHSV = 420 h™. Co/Mg/Al is the metallic molar ratio.

Figure 2.10 shows the stability of the catalytic monoliths tested in terms of hydrogen
yield (defined as ethanol conversion multiplied by hydrogen molar fraction on a dry
basis) over time on stream at 823 K under a pure ethanol-water mixture
(S/C=2,W/F=390 g-min-moIEtOH’l, VHSV=660 h’l). Samples showed a slow deactivation
over time, but to a different degree; the stability follows the trend
1/2/1 _calc>2/1/1_calc[D.5/2.5/1 calc. Therefore, the catalytic honeycomb 1/2/1 calc
exhibited the best catalytic behavior, both in terms of selectivity towards hydrogen and
stability. This result merits to be highlighted because to the best of our knowledge this is

the first cobalt-based catalyst which shows such stability for ESR under undiluted
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ethanol-water mixtures. In most cobalt-based systems strong deactivation occurs readily

under high ethanol loads due to extensive carbon deposition.
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Fig. 2.10 Hydrogen yield obtained under ESR at 823 K. S/C = 2, W/F = 390 g min molewon™,
VHSV = 660 h™.

2.3.4 Samples after ESR

The reacted samples showed simple XRD profiles (Figure 2.11) with three peaks, which
correspond to the rock salt type phase, common to MgO and CoO (XRD patterns 01-07-
1525 [55] and 01-075-0533 [56]). Once more, sample 1/2/1_reac was different from the
other two in the relative intensity of the peak located at 37°, 29% vs. 45% for
0.5/2.5/1 reac and 2/1/1_reac counterparts. Considering that the theoretical relative
intensity of this peak for MgO is 12% and for CoO is 68%, it can be concluded that
sample 1/2/1 reac has a higher amount of MgO than the other two samples. The
crystalline size, calculated using the Scherrer’s formula, is nanometric in all samples
(between 5 and 12 nm). On the other hand, bands at 565 and 680 cm™ in the IR spectra

are prominent, which are assigned to Co®-0 [61].
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Fig. 2.11 X-Ray diffractograms of reacted samples. Triangles indicate CoMgO solid

solution and stars spinel phase.

The morphology of sample 1/2/1 reac observed by SEM (Figure 2.12) was similar to
sample 1/2/1 _calc, that is, a cluster-of-grape morphology of small, rounded particles
together with cobalt-rich particles. Furthermore, only a few sporadic carbon nanotubes
could be observed. The Co:Mg:Al elemental ratio analyzed by EDS in homogeneous
areas was also close to the nominal value (22/52/26). TEM images also showed that
sample 1/2/1_reac was composed of rounded and kidney-like particles, with an average
size of 7.4+1.9 nm (Figure 2.12). Some elongated structures were visible, which were
understood as rehydrated hydrotalcites. Again, no significant carbon deposition was
observed and only a few carbon nanotubes could be detected. From lattice-fringe
images and Fourier Transform (FT) analysis, a clear difference in composition between
the bulk matrix and the cobalt-rich particles was encountered. The former is composed
only by (Co,Mg)O solid solution, whereas the cobalt-rich particles showed interplanar
distances corresponding to spinel phases, similar to the ones identified in the calcined
sample. Interestingly, no metallic cobalt particles were found, which have been
extensively reported to occur in cobalt catalysts after ethanol steam reforming

operation [12, 13, 15, 16, 33].
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Fig. 2.12 Representative SEM (above) and TEM (below) images of sample 1/2/1_reac.

The reacted samples showed a new magnetic behavior. At room temperature the
magnetization vs. field curves revealed two magnetic roles (Figure 2.13): a
ferromagnetic one (FM), illustrated by the hysteresis cycle at low fields, and another
paramagnetic (PM), illustrated by the linear increase at high fields. At 5 K the hysteresis
is still visible for samples 0.5/2.5/1_reac and 1/2/1_reac, but no more for 2/1/1_reac.
The ferromagnetic behavior must be attributed to the presence of metallic cobalt.
Nevertheless, the percentage of metallic cobalt in the sample is very low, considering
that its bulk saturation magnetization is 163 emu/g and the saturation magnetization of
samples 0.5/2.5/1, 1/2/1 and 2/1/1 is only 9.65, 1.18 and 0.17 emu/g Co, respectively.
Therefore, we estimate 5.9wt.%, 0.7wt.% and 0.1wt.%, of metallic cobalt in each sample.
The ZFC-FC curves show a big hysteresis for sample 0.5/2.5/1_reac, smaller hysteresis
for 1/2/1_reac and even smaller for 2/1/1_reac, in accordance with the previous data.
The Néel temperatures in the three cases are over, but close to, 300 K. Based on the

above, the reacted samples contain two magnetic phases: traces of metallic cobalt (FM)
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and a main AFM phase, which is attributed to oxidized cobalt (CoO or (CoMg)O solid
solution and a likely small contribution of CoAl spinel), according to XRD and HRTEM.
Another datum to support that the oxidized cobalt is the main phase is the fact that the
higher the amount of cobalt, the smaller the net magnetization of the reacted samples,
in accordance with the behavior of an antiferromagnetic material. No nanoparticles of
metallic cobalt were identified by HRTEM, although its high electronic density favors its
detection due to a higher electron contrast compared to magnesium- and aluminum-
containing oxides. Together with the small saturation magnetization values, we assume

that there are very few nanoparticles and they have very small size.
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Fig. 2.13 Above: Magnetization curves of reacted samples vs. applied magnetic field at 5
K and 298 K (insets: magnification of low field areas). Below: Magnetization curves of

reacted samples vs. temperature at 50 Oe.

The reacted samples were also analyzed by TPR (Figure 2.14) and showed only one peak,
which corresponds to the reduction of oxidized cobalt to Co®. Sample 0.5/2.5/1_reac has

its maximum at 833 K. However, samples 2/1/1_reac and 1/2/1_reac show maxima at
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higher temperatures, 904 and 990 K, respectively, and they just begin to reduce at 823
K. The effluents of the TPR experiments were followed by mass spectrometry. It was
observed that some methane was evolved, between 673 and 1073 K, due to the
reduction of superficial carbon. After calibration of the signal M/Z = 15 (CH3"), the
amount of methane, and therefore of carbon, was quantified for the three samples. The
mass of carbon for samples 0.5/2.5/1 reac, 1/2/1_reac and 2/1/1_reac was 4.4, 0.8 and
0.1 wt.% C, respectively. Considering that the samples were submitted to ethanol
reforming conditions for 7 hours, they generated 6.3-10°, 1.2:10> and 2.0-10%g c-g
CataWst'l-h'l. The amount of carbon is, in any case, scarce for cobalt catalysts working
under high ethanol loadings. It might be deduced that, at the reforming temperature,
823 K, sample 0.5/2.5/1 is partially reduced to metallic cobalt (Figure 2.14), which can be
the origin of its higher instability during reforming conditions (Figure 2.10), due to the
formation of some carbon. Indeed, the order of stability during reforming conditions
matches the order of reduction temperature in TPR experiments: 0.5/2.5/1 reac <

2/1/1_reac< 1/2/1 _reac.
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Fig. 2.14 TPR profiles of calcined samples, 0.5/2.5/1 reac (a), 1/2/1_reac (b) and
2/1/1_reac (c).

XPS analysis of the reacted samples showed differences in their surface composition.

Surprisingly, the Co/Mg/Al molar ratios at the surface were 1.1/1.3/1, 0.9/2.0/1 and
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0.9/1.2/1, for samples 0.5/2.5/1 _reac, 1/2/1_reac and 2/1/1_reac, respectively. Sample
0.5/2.5/1 has 4 times more cobalt at the surface than the nominal value, sample 1/2/1 is
quite homogeneous and sample 2/1/1 has around 37% of the nominal cobalt at the
surface. Each Co2p spectra is formed of two main peaks (components 2ps;, and 2p;,,)
and two satellites. In sample 0.5/2.5/1_reac each peak can be fitted to two components:
the first one, at 779.4 eV, can be assigned to metallic cobalt and the second one, at
781.1 eV, corresponds to oxidized cobalt and is accompanied by a satellite. Samples
1/2/1 reac and 2/1/1_reac show only one component of oxidized cobalt. There is a
relationship between the cobalt/magnesium molar ratio at the surface and the amount

of metallic cobalt, as shown by magnetometry and also XPS.

Intensity (a.u.)

810 800 790 780 770
Binding Energy (eV)

Fig. 2.15 Co 2p XPS spectra of sample 0.5/2.5/1 reac (a), 1/2/1_reac (b) and 2/1/1_reac
(c).
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In addition, we decided to carry out an in situ XPS study over the sample 1/2/1 in order
to get insight into the occurrence of surface reduced cobalt under reaction conditions,
which has been largely considered the active species for ESR over cobalt systems [13, 33,
35, 36]. Sample 1/2/1 was analyzed in situ in its as-synthesized form, after calcination at
823K, after ESR reaction at 823 K (the evolution of reaction products was followed
simultaneously by mass spectrometry) and also after being reduced at 823 K under a
hydrogen flow. All the analyses were performed consecutively, under high vacuum. The
spectra corresponding to the Co 2p core level are shown in Figure 15. The spectrum of
the as-prepared sample (Figure 2.13a) showed two peaks centered at binding energies
of 781.0 (Co 2ps;) and 797.2 eV (Co 2p;,,), along with two satellites. The position of
these peaks and their separation are ascribed to Co®* species. The high intensities of the
satellites are in accordance with the structure of the cobalt hydrotalcite, where the
metal occupies octahedral sites in a 2+ oxidation state. After calcination (Figure 14b) the
intensity of the satellite lines decreased relative to the spin-orbital splitting components.
In addition, two sets of signals appeared at 781.0 / 796.0 eV and 781.4 / 797.5 eV, which
correspond to Co* species in different environments. The satellite lines were located at
about 8-9 eV above the photo lines, thus indicating a partial charge transfer from Co%',
probably due to a strong interaction with Mg and Al [62]. The presence of these two
Co** species could be related to the formation of cobalt aluminate spinel and (Co,Mg)O
solid solution [63, 64], in accordance with XRD and magnetic measurements. Co** in
(Co,Mg)O solid solution exhibits an octahedral environment whereas Co®" in cobalt
spinel may occupy both octahedral and tetrahedral positions, depending on AP
substitution. After ESR (Figure 2.15c) the XP spectrum showed again strong satellite
lines, which were located at about 6-6.5 eV above the photo lines. Contrary to that, very
weak satellites, to be shifted about 10-11 eV to higher binding energies from the main
peaks, are characteristic of Co>" species, and metallic cobalt does not contain shake-up
satellite structure at all [65]. Moreover, the full width at half maximum (FWHM) of Co® is
characteristically narrow (< 1.5 eV) and FWHM values of the bands in Figure 2.15c are
about 2.5-3 eV. Therefore, the only species identified at the surface of the catalyst under
ethanol steam reforming conditions is Co*. Contrarily to other in situ XPS experiments
conducted under similar conditions [13], no reduced cobalt species has been identified.

In the spectrum, two Co?* species are identified at 780.7 / 796.7 eV and 782.7 /
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796.6 eV, which may correspond to the cobalt-alumina spinel and CoO phases infused
from magnetic measurements as well. Finally, the sample was exposed to hydrogen flow
at the same temperature used for ESR (823 K). The resulting spectrum is virtually
identical to that recorded after ESR, thus indicating that at this temperature C02+species
are stable and do not evolve into metallic entities. Actually, the TPR profile confirms that
sample 1/2/1_reac reduces significantly only over 860 K (Figure 2.14), and at reforming
temperature, 823 K, it is oxidized. This in situ experiment allows us to conclude that Co**
species are active for the ethanol steam reforming reaction. Moreover, the absence of
metallic cobalt at the surface of the catalyst would preclude carbon deposition. The
C/Co atomic ratio at the surface for samples 1/2/1 calc and 1/2/1_reac was calculated
from the XP spectra were 0.04 and 0.15, respectively. Together, this represents a new
generation of cobalt catalysts for producing hydrogen from ethanol at moderate

temperature.

2.3.5 Spinel

Since the characterization of the catalysts after reaction showed the existence of cobalt-
aluminum spinel along with MgO-Co0O, an additional experiment was performed over a
mixture of CoAl spinel and MgO in order to check if CoAl spinel and MgO are responsible
for the catalytic performance in ESR by themselves or if the hydrotalcite precursor plays
a key role in the catalytic properties of the final material. This experiment will serve to
check if CoAl spinel prepared by conventional methods exhibits the same behavior as

spinel derived from hydrotalcite precursor.

CoAl spinel was prepared by the combustion synthesis method from Mg(NO3)2:H20
(Sigma Aldrich) and AI(NOs3)3 - 9H20 (Sigma Aldrich) and urea (Sigma Aldrich) as a fuel
[66]. The reaction was carried out in a batch reactor. The mixture was grinded vigorously

to get a homogenous mixture, and then heated at 773 K for three hours.

The resulting product was characterized by powder X-ray diffraction (XRD) (Fig 2.16). All
peaks are indexed to Co,AlO4 and/or MgO (XRD patterns JCPDS 00-038-0814 and JCPDS
00-045-0946, respectively).
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Fig. 2.16 XRD profile of the synthesized CoAl spinel

ESR tests were carried out exactly under the same conditions as reported previously for
the hydrotalcite samples. Figure 2.17a shows ethanol conversion results for spinel and
hidrotalcite 1/2/1. Both samples exhibit the same behavior having similar mass transfer
properties from 750 to 823 K. However, the hydrotalcite-derived catalyst is more active
for ethanol transformation at lower temperature than the spinel synthesized ex-situ.
This could be ascribed to a particle size effect since hydrotalcite-derived spinel particles
are about 6.6 nm in size whereas spinel particles prepared ex-situ are about 8.0 nm (as

deduced from XRD).
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Fig. 2.17 ESR over CoAl spinel prepared ex-situ, S/C = 2, W/F = 390 g min molgon ™,
VHSV=660 h*. Ethanol conversion (a) and selectivity (b) vs. temperature and stability at

823 K (c).

The distribution of products for the spinel sample is shown in fig 2.17b. At 775 K, when
both hydrotalcite-derived catalyst and spinel sample have similar ethanol conversion
values, acetaldehyde and acetone selectivity is slightly higher in the spinel sample than
that obtained over the hydrotalcite 1/2/1 (table 2.2). Therefore, at similar conversion

the hydrotalcite-derived catalyst shows better selectivity for the steam reforming of
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ethanol, which suggests that the CoAl spinel, although remarkably active for the
reaction, performs better when it is obtained by decomposition of the hydrotalcite
precursor. Finally, a ESR stability test over the CoAl spinel prepared ex-situ is also
included in figure 2.17c. After approximately 8 h on stream at 823 K there is an increase
of the methane production at the expense of hydrogen due to the decomposition of
ethanol. Then, the CoAl spinel is also less stable than the corresponding hydrotalcite-

derived catalyst, which almost showed no signs of deactivation (figure 2.18).
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Fig. 2.18 Hydrogen yield over time on stream of hydrotalcite 1/2/1 vs CoAl spinel.
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2.4 Conclusions

We have synthesized cobalt-based catalysts for ESR derived from Co/Mg/Al
hydrotalcites that present high activity and selectivity towards hydrogen (69.5%) at
moderate temperature (773 K). The best catalytic performance is obtained over the
material obtained from Co/Mg/Al=1/2/1 hydrotalcite. A thorough characterization has
evidenced that it contains CoAl spinel particles as well as CoO strongly interacting with
MgO. However, CoAl spinel prepared separately is less active and stable for ESR than the
hydrotalcite-derived material. Unlike previously reported cobalt catalysts for ESR, no
metallic cobalt has been detected in our material, which scarcely generates carbon
under practical ESR conditions. Then, Co?" species should be active for ESR reaction. This
is @ meaningful result, since the catalytic activity in cobalt-based systems has been

traditionally assigned to metallic cobalt.
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3.1 Introduction

Ethanol is nowadays a well-established source of hydrogen via catalytic steam
reforming, oxidative reforming or partial oxidation processes. Numerous reviews have
been published in the last years, covering both catalytic aspects and fuel reformer
concepts [1-5]. Ethanol has the advantage over other conventional substrates such as
natural gas, gasoline or liquefied petroleum gas (LPG) that it is readily available, easy to
obtain from biomass, CO,-neutral (bioethanol) and safe to handle [6]. Among the
different processes for hydrogen production, ethanol steam reforming (ESR) is the

simplest for implementation and the one that yields more hydrogen (eq. 3.1).
C2H5OH +3 Hzo 26 Hz +2 COZ (31)

The drawback of ESR, however, is thermal management. Steam reforming reactions are
strongly endothermic and require a continuous supply of heat. In ethanol reformers, this
can be provided by combustion of ethanol and/or by burning the anode off-gas of a fuel
cell [4-7]. In this context, it is desirable to develop catalysts for low-temperature ESR to
optimize thermal management in addition to build long life and safe reformers that can
be used for portable applications. An efficient catalyst for hydrogen production from
ethanol has to dissociate the C-C bond, maintain a low CO concentration and be stable
under catalytic operation. A survey of the literature reveals that noble metal-based
catalysts perform well for ESR [1,3,8,9]. They are stable and exhibit high activity.
However, they are expensive and need high temperatures to be active (923-1023 K). The
reason is that the reaction mechanism involves the decomposition of ethanol at low
temperature into a mixture of hydrogen, carbon monoxide and methane (eq. 3.2),
followed by the water gas shift reaction (WGS) at intermediate temperature (eq. 3.3)

and, finally, the steam reforming of methane at high temperature (eq. 3.4) [10].

CoHsOH S Hy + CO + CH, (3.2)
CO + H,0 S H, + CO;, (3.3)
CHq+2 H,0 S 4 H, + CO, (3.4)
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The reaction mechanism over nickel-based catalysts follows the same steps as over
noble metal-based catalysts; however, nickel tends to sinter under ESR reaction
conditions and carbon deposition occurs easily [11]. In order to carry out ESR at low
temperature, a different type of catalyst is required; in particular, a catalyst that does
not yield methane as an intermediate species in the reaction mechanism, which can only
be reformed at high temperature. Inexpensive cobalt catalysts fulfill this requirement.
Over cobalt-based catalysts, ethanol is first dehydrogenated at low temperature into a
mixture of hydrogen and acetaldehyde (eqg. 3.5), and then acetaldehyde reacts with
steam at moderate temperature to yield mainly hydrogen and carbon oxides (eq. 3.6), or
decompose into carbon monoxide and methane (eq. 3.7) [12,13]. Dimethyl ketone can
be also formed via condensation of acetaldehyde. A complete network of reactions can
be found in Song et al. [14]. Given the lower temperature of the overall process (673-

823 K), the WGS equilibrium (eq. 3.3) favors the hydrogen yield.

C,HsOH S H, + CH3CHO (3.5)
CH3CHO + H,0 53 H,+2CO (3.6)
CH3CHO S CH, + CO (3.7)

The first work on ESR over cobalt catalyst was reported by Haga et al. in 1997, where the
catalytic performance of cobalt supported over Al,0s3 SiO,, MgO, ZrO, and C was
described [15]. This pioneering work was followed by those of Cavallaro et al. and Llorca
et al. in 2001-2002. Cavallaro reported on the ESR over Co/Al,03; and Co/MgO [16]. They
noticed that Co/Al,0; decayed in short time because of coke deposition, whereas
Co/MgO was found more stable. Llorca studied cobalt supported over a great variety of
supports with different acidity and redox properties (MgO, Al,O3, SiO,, TiO,, V,0s, ZnO,
La,03, CeO, and Sm;,0s3) [17]. Supports with strongly acidic properties favored the
dehydration of ethanol into ethylene whereas supports with basic properties favored
dehydrogenation of ethanol into acetaldehyde (eq. 3.5). The same conclusion was
reached by Kaddouri and Mazzocchia and by Batista et al. on Co/SiO, and Co/Al,03
catalysts [18,19].
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However, in contrast to noble metal-based systems, most cobalt catalysts suffer from
severe deactivation during ESR due to extensive carbon deposition, particularly under
realistic loads of ethanol. The search for cobalt-based catalysts for ESR that do not
generate coke and therefore, do not deactivate, is an open issue. Essential for this
matter is the understanding of the role of cobalt oxidation state. In situ IR spectroscopy
[20], in situ magnetic measurements [21,22], in situ XPS [23], in situ XRD [24] and
controlled-atmosphere XAFS [24] have revealed that Co metal particles are formed
easily under reaction conditions, which rapidly detach from the catalyst support and
originate carbon nanotubes, nanofibers and platelets. At the same time, methane
selectivity and the amount of higher hydrocarbons increase at the expense of the
reforming products (H, and CO,). Several strategies have been attempted to minimize
coke formation over Co-based catalysts under ESR conditions. Llorca et al. incorporated
Na® promoter into Co/ZnO and obtained an important decrease of coke deposition
during ESR, as evidenced by XPS and HRTEM, due to blocking of strong acidic sites of the
support, which leads to the formation of ethylene, a well-known coke precursor [25]. A
similar conclusion was reached by Kim et al. by EXAFS over the same catalysts [26]. On
the other hand, remarkable efforts have been addressed by the group of Ozkan towards
the Co/CeO; and Co/ZrO, systems for ESR due to the large oxygen storage capacity and
high oxygen mobility exhibited by ceria and ceria-zirconia solid solutions, which are able
to oxidize carbon residues and prevent extensive carbon deposition. They used DRIFT
and isotopic labeling to show the mechanism of carbon removal and the involvement of
water in the reaction network over these catalysts during ESR [27,28]. High S/C ratios
and the presence of oxygen promoted cleaning of the Co surface under ESR for Co/CeO,-
Zr0,, as expected [29-31]. Avila-Neto et al. used in situ temperature and spatial resolved
XANES to show that the Co**/Co° ratio in Co/Al,0; modified with La,03 and CeO, can be
tuned by choosing appropriate water and oxygen partial pressures to approach stable
catalysts for ESR operation [32]. Rybak et al. pointed out that the ZrO,/Ce0, ratio exerts
significant influence on coke formation under ESR [33]. Enhanced oxygen mobility in
CeO; was achieved by Song and Ozkan by ca* incorporation, which originated unit cell
expansion in the ceria lattice and improved catalytic performance in ESR as well [34].
The influence of the preparation method on the reducibility of Co/Ce-Zr-O catalysts has

been also reported [35-38]. A proper metal-support interaction allows only partial
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reduction of cobalt and leads to a superior catalytic performance for the production of

hydrogen through ESR.

It is generally accepted that metallic cobalt is an active species for the ESR, being
essential for the reaction, but it has been also demonstrated that Co?* plays an
important role for ESR [39-42]. Busca et al. found that the presence of oxidized cobalt
increased the selectivity towards H, and CO, over Ni-Co-Zn-Al catalysts [43]. Their data
suggested that the less reduced the surface, the more favored is the conversion of
ethanol into acetic acid, likely through ethoxy groups and acetaldehyde. Acetic acid and
its adsorbed forms as acetate species may be converted to CO, on a less reduced
surface, while they mostly decompose to methane and COy on a highly reduced catalyst.
Recently, Espinal et al. have performed detailed in situ XPS, HRTEM, XRD and magnetic
characterization of catalysts derived from Co/Mg/Al hydrotalcites and found that no
metallic cobalt is formed under ESR at 823 K [44]. This interesting result allows designing
catalysts containing cobalt for ESR without coke deposition (no metallic cobalt) by
placing in appropriate environments Co®* active species. A similar conclusion has been
reached by Da Costa-Serra and Chica using delaminated zeolite as Co support [45]. Over
K*-doped hydrotalcite-derived cobalt catalysts Espinal et al. [46] have reported stable

operation for 300 h under high loads of ethanol and commercial bioethanol at 823 K.

Finally, alloying cobalt with more electronegative elements such as Ni or Cu results in
worse catalytic performance for ESR, whereas alloying cobalt with the less
electronegative elements Fe [47-49] and Mn [50,51] promotes the redox pair Co’SCo?,
both in terms of a lower cobalt reduction temperature as well as a fast re-oxidation,
which in turn results in a better catalytic stability. Also, the addition of Fe and Mn
promoters hinders acetaldehyde decomposition (eq. 3.7) and less methane is formed as
byproduct [52]. Noble metal (Pt, Pd, Rh, Ru, Ir)-promoted cobalt catalysts have been also
investigated for ESR [53,54]. The effects of the noble metals include a marked lowering
of the reduction temperature of the cobalt surface species interacting with the support
due to hydrogen spillover and the stabilization of Co sites in the reduced state
throughout the reaction. This causes an enhancement of catalytic activity, but in most

cases a rapid deactivation by coke deposition is observed.
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In this work, we have extended our work on hydrotalcite-derived cobalt catalysts by
studying the effect of Pt and Rh addition on the catalytic performance for ESR under
practical conditions. To that end, we have used catalytic honeycombs instead of
conventional powdered or pelletized samples because they are robust, easy to scale up
and replace, and offer homogeneous flow distribution patterns with low pressure drop,
which constitute critical aspects for the development of fuel reformers [4,5,55-59]. The
hydrotalcite with molar composition Co:Mg:Al=1:2:1 was chosen to be doped with noble
metals because it showed the best catalytic performance in the former study [44]. The
aim of the noble metal doping was to increase catalytic activity. Rh was chosen as this
metal is the most effective with respect to ethanol conversion and hydrogen selectivity,
due to its strong capacity to successfully dissociate the C-C bond of the ethanol molecule
[60,61]. Pt was chosen because it promotes the WGS reaction and it is active and

selective towards H, production [62].

3.2. Experimental

3.2.1. Catalyst preparation

The Co/Mg/Al hydrotalcite with formula [Co,MgsAl;(OH)16]CO3:4H,0 (Co:Mg:Al molar
ratio=1:2:1) was prepared by the co-precipitation method. Briefly, aqueous solutions of
an appropriate amount of Co(NO3),-6H,0, Mg(NOs),:6H,0 and AI(NOs)3-9H,0 precursors
and 2M NaOH alkaline solution were separately prepared. These solutions were
simultaneously added drop-wise into 100 ml of deionized water maintaining a constant
pH (10%0.5) under vigorous mechanical stirring. After the co-precipitation, the
suspension was aged overnight under stirring at room temperature, filtered, and
thoroughly washed with deionized water. The resulting solid was dried overnight at 373

K and calcined at 823 K for 12 hours to obtain the hydrotalcite-derived mixed oxide.

Noble metal (Rh and Pt) addition to the calcined hydrotalcite (over the same batch) was
accomplished by impregnation with 0.2 M aqueous solutions of H,PtClg and RhCls. Three
samples with different amount of Rh were prepared: 0.1, 0.3 and 0.5 wt. %, referred to

the nominal cobalt content. Four samples with different amount of Pt were prepared:
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0.1, 0.3, 0.5 and 1.0 wt. %, referred to the nominal cobalt content. The resulting
materials were dried at 373 K and calcined at 823 K for 4 hours. Rh and Pt were
introduced after the formation and calcination of the hydrotalcite, instead of co-
precipitating the noble metal salt together with the other metal salts or instead of
impregnating the hydrotalcite previous to calcination to favor its deposition at the
surface of the mixed oxide. The samples will be referred from now on as CoHT
(reference sample with no noble metal), 0.1Pt-CoHT, 0.3Pt-CoHT, 0.5Pt-CoHT, 1Pt-CoHT,
0.1Rh-CoHT, 0.3Rh-CoHT and 0.5Rh-CoHT, according to their noble metal promoter and

amount, referred to the nominal cobalt content.

The catalyst powders were deposited onto cordierite supports (400 cells per square
inch) by the washcoating method. Honeycombs were from Rauschert Company, with a
nominal chemical composition of AlsMg,AlSisO5. They were cut into cylindrical pieces of
1.8 cm in diameter and 2 cm long. A 5:1 molar mixture of polyvinyl alcohol (PVA) and
acetic acid was used as binding agent. The resulting catalytic honeycombs were dried at
363 K for 2 hours and calcined at 823 K for 3 hours. The washcoating procedure was
repeated several times until the catalyst loading was ca. 10 % with respect to the

cordierite support (1.5 mg-cmz).

3.2.2. Catalytic tests

Ethanol steam reforming (ESR) was carried out in the temperature range 523-823 K
(every 50K) at atmospheric pressure in a tubular stainless-steel reactor over the
catalytic honeycombs without any pre-treatment. The reaction was first tested with a
gaseous H,0:CH3CH,0H=4:1 molar mixture (steam to carbon, S/C=2) by using a nitrogen
stream saturated with the reactants (7-10'4 gEtOH-min'l, W/F=10" g-min-moIEtOH'l).
Stability tests were then conducted at 823 K with pure liquid mixtures of absolute
ethanol (Sigma-Aldrich)-water provided directly with a Knauer Smartline HPLC pump
(S/C=2, 0.018 geron-min™, W/F=400 g-min-moleton*). The liquid mixture was vaporized at
450 K before entering the reactor. The reactor effluent was monitored on-line every 5
minutes by gas chromatography (Agilent 3000 A) using MS 5 A, Plot U and Stabilwax
columns. On the other hand, 0.5Pt-CoHT and 0.5Rh-CoHT powder samples were
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subjected to ESR at 823 K for 8 h with pure liquid mixture in a similar manner than
monoliths, to enable extra ex situ characterization. The resulting samples, both

monoliths and powder, are labeled from now on as xxx-CoHT-reac.

3.2.3. Characterization techniques

X-ray diffraction (XRD) patterns were collected between 10 and 90° of 20 using a Bruker
D8 instrument equipped with Cu K, incident radiation (A=1.5404 A) and a graphite
monochromator. Diffractograms were recorded with a step width of 0.02° and a step

time of 1.5 s.

X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system equipped
with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector.
Sample powders were pressed to pellets and then fixed into a special sample holder (no
glue was used). Spectra were recorded with pass energy of 25 eV at 0.1 eV steps at a

pressure below 5 -10™*% bar; binding energies were referred to the C 1s signal.

Temperature programmed reduction (TPR) was performed in a Catalyst Analyzer
BELCAT-M (BEL Japan, Inc.). Prior to each TPR run, samples were heated up to 823 K (10
K-min™!) and cooled down to room temperature under argon. Then, they were analyzed
by heating up to 1173 K (10 K-min™*) using hydrogen (10 vol. % in argon) under a flow

rate of 30 ml-min™t.

Scanning electron microscopy (SEM) was carried out with a Neon40 Crossbeam Station
(Zeiss) equipped with a field emission electron source. Samples were deposited on a

metallic disk holder and covered with a thin Au layer before analysis.

Magnetization (M) vs. applied magnetic field (H) (at 5 and 298 K) and ZFC-FC curves (at
50 Oe) were measured with a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS5XL). A given amount of powder was confined in
a gelatin capsule (of known mass) and pressed with a given amount of cotton to avoid
the powder from moving during the measurement. The diamagnetic contributions of the

capsule and the cotton were subtracted from the total magnetization (mya)) as follows:
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M (emu> _ My a1 (€MU) — (X capsule * MASS capsule T X cotton - MASS cotton)
powder -
masspowder(g)

where X is the magnetic susceptibility in cgs units: )((capsule)=-.'~3..'~39-10’7 emu-gt-0e™

and X(cotton)=-7.79-10" emu-g*-0e™".

3.3. Results and discussion

3.3.1. Ethanol steam reforming

All catalytic honeycombs loaded with hydrotalcite-derived cobalt catalysts promoted
with different amounts of Pt and Rh performed well for the steam reforming of ethanol
under the conditions tested in this work. Table 3.1 compiles the ethanol conversion
values for each catalytic honeycomb attained in the 673-823 K temperature range as
well as selectivity values on a dry basis at S/C=2, W/F=10" g-min-molgon™ and VHSV=850
h™'. It merits to be highlighted that, under the same operation conditions, catalytic
honeycombs containing noble metal exhibited higher activities with respect to the non-
promoted sample CoHT. This is particularly visible when comparing the selectivity
towards acetaldehyde, which is the first intermediate of the reforming process (eq. 3.5),
under near or complete ethanol conversion at 723 K for the different samples. At this
temperature, the acetaldehyde selectivity is remarkably higher for the non-promoted
sample CoHT (28.2 %) with respect to samples promoted with Pt (between 0 and 7.9 %,
depending on the Pt content) and to samples promoted with Rh (between 0 and 5.6 %,
depending on the Rh content). Therefore, noble metal addition to hydrotalcite-derived
cobalt catalysts results in a significant enhancement of the reforming capability and, in
particular, promotes the transformation of acetaldehyde. This is in accordance with the
results reported by Profeti et al. over noble-metal promoted Co/Al,03 and Co supported
over magnesium aluminate catalysts [53,54]. Catalytic honeycombs 1Pt-CoHT and 0.5Rh-
CoHT exhibited the best activity in terms of both ethanol and acetaldehyde conversion
in the range of temperature considered. For each family of catalysts, the higher the
noble metal content the higher the catalytic activity. However, samples promoted with

noble metals yielded progressively higher amounts of methane (up to about 5.5 %) at
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increasing noble metal content, meaning that the decomposition of acetaldehyde (eq.
3.7) was favored with respect to the non-promoted Co sample, where the highest
methane selectivity achieved was only 1.9 %. Interestingly, addition of Pt and Rh
promoted the WGS reaction (eq. 3.3) at low temperature and higher CO,/CO ratios were
measured in comparison to the non-promoted sample. On the other hand, the amount
of CO increased at the expense of CO;, and H, at increasing temperature, as expected
from thermodynamics. The formation of dimethyl ketone, a secondary product resulting
from the aldol condensation of acetaldehyde [17], was enhanced in promoted catalysts
with low noble metal content, whereas was progressively inhibited at higher noble
metal content values, where the occurrence of dimethyl ketone was lower than that
obtained over the non-promoted cobalt catalyst. In all cases, the amount of ethylene, a
well-known coke precursor in ESR, was kept low at 773-823 K, particularly for Rh-bearing

samples. No other hydrocarbons were detected among the reaction products.

Catalyst T EtOH oy Selectivity (%)

(K) (%) H, co, co CH, CH;CHO (CH;),CO GC;H,
0.1Pt-CoHT 673 59.4 464 58 43 14 30.4 7.2 4.3
723 93.4 531 111 2.2 1.4 7.9 18.4 6.0
773 100 65.0 119 136 1.9 - 6.0 1.6

823 100 67.4 103 199 2.3 - - -
0.3Pt-CoHT 673 59.1 47.8 6.7 3.7 1.5 25.4 11.2 3.7
723 99.4 67.3 11.8 136 2.8 0.3 3.5 0.7

773 100 69.0 13.1 155 2.4 - - -

823 100 65.2 11.2 198 3.8 - - -
0.5Pt-CoHT 673 61.1 494 7.1 3.9 1.9 24.7 10.4 2.6
723 97.4 55.7 114 5.7 1.5 3.7 18.2 3.7

773 100 67.7 132 162 3.0 - - -

823 100 65.3 114 194 3.9 - - -
1Pt-CoHT 673 68.9 487 66 46 2.6 25.0 9.9 2.6

723 100 679 173 938 5.0 - - -

773 100 66.2 149 142 46 - - -

323 100 654 12.0 190 35 - - -
0.1Rh-CoHT 673 5 472 6.9 3.0 1.3 29.9 9.1 2.6
723 92.6 546 11.7 1.8 1.4 5.6 20.4 4.5
773 100 55.4 135 2.7 21 0.1 22.4 3.7
823 100 670 86 217 2.4 - - 0.3
0.3Rh-CoHT 673 52.3 47.0 4.7 5.1 2.6 31.2 6.8 2.6

723 100 689 152 105 5.4 - - -
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773 100 679 132 141 49 - - -
823 100 654 111 194 4.2 - - -
0.5Rh-CoHT 673 72.6 51.7 5.9 7.8 3.4 23.4 6.9 0.9
723 100 65.1 16.5 10.3 8.0 - - -
773 100 644 143 143 7.0 - - -
823 100 63.4 109 20.2 5.5 - - -
CoHT 673 66 38.7 226 6.1 - 32.7 - -
723 98.8 46.4 6.7 1.1 0.5 28.2 9. 7.1
773 100 69.5 10.8 16.6 1.6 - 1.4 0.1
823 100 69.0 9.1 20.0 1.9 = = =
Equilibrium 823 - 59.7 20.3 6.3 13.7 - - -

Table 3.1 Ethanol conversion and distribution of products on a dry basis obtained at

W/F=104 g min molgon Land S/C =2 over catalytic honeycombs with 1.5 mgat cm™

Catalytic honeycombs were subsequently tested at 823 K for 8 h under high reactant
loads by using an undiluted ethanol-water mixture provided directly by a liquid injection
pump (S/C=2, W/F=400 g-min-moIEtOH’l, VHSV=600 h'l). In all cases, total conversion of
ethanol was achieved and constant selectivity values were maintained at about 64 % H,,
22 % CO,, 6 % CO and 8 % CH,4. As a representative example, Figure 3.1 shows the
stability of the catalytic honeycombs 0.5Pt-CoHT and 0.5Rh-CoHT over time on stream.
Similar yields of hydrogen (measured as 100-Fu; out/6-Feion,in) Of about 85 % were
obtained in both cases, as well as with the other catalyst formulations. It is important to
recall that these values are significantly different from those corresponding to
equilibrium (Table 3.1). In particular, the selectivity towards methane was lower than
that predicted by thermodynamic equilibrium. This is due to the reaction mechanism,
which does not proceed via decomposition of ethanol into hydrogen, carbon monoxide
and methane (eq. 3.2), which is the main path over noble metals as explained in the
introduction section, but via the acetaldehyde route (eq. 3.5), which is characteristic of
cobalt-based systems, as discussed above. Also, the amount of carbon dioxide produced
is higher than that expected from equilibrium, which points to CO, as a primary product

of the reaction, as has been already reported in other cobalt-based catalysts [20,22,23].

At the end of the stability tests, catalytic honeycombs were weighted in order to check

for carbon deposition. Carbon accumulation was severe in all the honeycombs loaded
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with hydrotalcite-derived cobalt samples promoted with noble metals, 0.01-0.1 gc'8cat
Lh™ (Table 3.2). Noticeably, samples promoted with Pt accumulated more carbon than
their corresponding Rh counterparts. In contrast, the amount of carbon deposited over
the CoHT-reac sample (non-promoted catalyst) under the same operating conditions

was considerably minor, 0.002 gc'gca{l-h'1 [44].
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Fig. 3.1 Product selectivity versus time at 823 K with 100 % EtOH conversion obtained
over catalytic honeycombs 0.5Pt-CoHT and 0.5Rh-CoHT. S/C = 2, 0.018 ggion min™?,
W/F=400 g'min'mol’lgtOH.
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Catalyst gcgcat'lh'1

0.1Pt-CoHT 0.017
0.3Pt-CoHT 0.040
0.5Pt-CoHT 0.031

1Pt-CoHT 0.096
0.1Rh-CoHT 0.018
0.3Rh-CoHT 0.012
0.5Rh-CoHT 0.013

Table 3.2 Carbon accumulated over honeycombs loaded with hydrotalcite-derived

cobalt samples promoted with noble metals.

3.3.2. Characterization of samples before and after ESR

Ethanol steam reforming (ESR) was carried out over catalytic honeycombs calcined at
823 K since it is well known that thermal decomposition of Mg-Al hydrotalcites leads to a
well dispersed mixture of magnesium and aluminum oxides with basic properties, which
are favorable for the dehydrogenation of ethanol into acetaldehyde, the first step of ESR
over Co-based systems (eq. 3.5). X-ray diffraction (XRD) profiles and magnetization
measurements of the calcined samples doped with Pt and Rh (not shown) were virtually
identical and indistinguishable from those of non-promoted hydrotalcite-derived cobalt
catalyst, CoHT. In all cases, the samples are comprised by an intimate mixture of Co,AlO,

spinel and (Co,Mg)O0 solid solution, in accordance with previous works [44,46].

Thermal programmed reduction (TPR) profiles are depicted in figure 3.2 The TPR profile
of the non-promoted sample, CoHT, shows two peaks. The first one, which corresponds
to the reduction of Co®" to Co®' [44], is centered at about 710 K. The second peak
appears between 1058 K and 1137 K and corresponds to the total reduction of Co®" to
Co° [44]. The consumption of hydrogen corresponding to the second peak is ca. four
times higher than that associated with the first peak, as expected from the
stoichiometry of cobalt spinel (Co"Cco"AlO,) and/or a mixture of cobalt in other spinels
and CoO. The reducibility of cobalt is strongly influenced by the presence of Pt and Rh,
even in small amounts. In the samples with the lowest noble metal content, 0.1 wt. %

with respect to Co, in addition to these two reduction peaks there are also new
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hydrogen uptakes at lower temperatures. Two new reduction peaks appear at 628 K and
563 K for sample 0.1Pt-CoHT and at 663 K and 563 K for sample 0.1Rh-CoHT. The low-
temperature hydrogen uptake becomes progressively more important as the content of
the noble metal promoter increases. In Pt-promoted samples, the temperature of the
maximum of the second peak corresponding to the reduction of Co®" to Co® decreases as
the nominal amount of platinum increases, from 1123 K to 868 K, whereas the
temperature of the maximum of the low-temperature peak corresponding to the
reduction of Co®" to Co?' stabilizes at 518 K. In Rh-promoted samples, the low-
temperature hydrogen uptake stabilizes at 528 K whereas the reduction of Co®* to Co°
occurs in two steps at 903-943 K and 1058-1088 K. It is well known that noble metals
facilitate reduction of cobalt via the spillover effect in bimetallic catalysts [64].
Therefore, under the ethanol steam reforming conditions tested in this work (523-823
K), it is expected that the hydrogen produced during the reaction will completely reduce
Co*" and partially reduce the cobalt (I1) ions to metallic cobalt in the samples promoted
with Pt and Rh, depending on reaction temperature. In contrast, at the maximum
reaction temperature tested, 823 K, cobalt (ll) species will not undergo significant

reduction in the non-promoted sample, CoHT.
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Fig 3.2 TPR profiles.
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The magnetic properties of samples 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac obtained
after ethanol steam reforming at 823 K were studied in detail in order to identify the
magnetic phases present in the samples and, specifically, to determine the occurrence
of metallic cobalt. Figure 3.3a shows the magnetization curves vs. magnetic field (M(H)
curves) of sample 0.5Pt-CoHT-reac at 5 K and room temperature. Both curves are
characteristic of ferromagnetic character, as evidenced by the hysteresis cycles, which
indicate the presence of metallic cobalt. Coercivity at 5 K is -1475 and 1356 Oe, and at
298 K the coercivity is 460 Oe. The magnetization curve at 5 K does not saturate, even at
high fields, which is attributed to the presence of a non-ferromagnetic phase. Saturation
magnetization at room temperature is 29 emu-gc, . An estimation of the amount of
metallic cobalt can be done considering that the bulk saturation magnetization of
metallic cobalt is 163 emu-ch'l, and therefore, 29 emU'ch’1 represents 18 % of metallic
cobalt in the sample. We assume that the non-metallic cobalt in the sample corresponds
to the antiferromagnetic (AFM) phase cobalt oxide, CoO, or (Co,Mg)O solid solution,
according to the X-ray diffraction profile and previous works [44,46]. Sample 0.5Rh-
CoHT-reac shows the same magnetic behavior than 0.5Pt-CoHT-reac (see Figure 3.3 b).
The hysteresis cycles, both at low and room temperature, denotes the presence of
metallic cobalt. Coercivity at 5 K is -2232 and 1891 Oe and at 298 K the coercivity is 400
Oe. Saturation magnetization at room temperature reaches 49.1 emu-gc({l, which
corresponds to 30 % of metallic cobalt. The inset in Figure 4b zooms on the
magnetization at low applied fields. It can be clearly observed a turning point at zero
field, which corresponds to a superparamagnetic or antiferromagnetic phase. We
ascribe it to the cobalt oxide or (Co,Mg)0 solid solution [44,46]. Figure 3.3c contains the
zero field cool-field cool curves of both samples. The hysteresis up to room temperature
implies, once more, the presence of a ferromagnetic phase. Magnetization of sample
0.5Pt-CoHT-reac in the field cool curve slightly decreases with temperature. This is
indicative of the existence of a superparamagnetic (SPM) or AFM phase, since magnetic
susceptibility in these materials is dependent on applied magnetic field and inversely
proportional to temperature; in turn, magnetization is directly related to the magnetic
susceptibility (M(emu/g) = X(emu)/m(g), where M is magnetization, X is magnetic
susceptibility and m is mass). In sample 0.5Rh-CoHT-reac, magnetization decreases with

temperature only at low temperature, suggesting that the amount of SPM or AFM phase
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in this sample is lower than in the Pt-containing sample, in accordance with the M(H)
curves. Metallic cobalt is not identified by X-ray diffraction, although this phase
represents 18 % and 30 % of the cobalt content in 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac
samples, respectively. This could be ascribed to a very small size of metallic cobalt
particles, which would give rise to broad diffraction peaks, non-observable. It should be
recalled that the samples were in contact with air during the magnetic measurements,
which could partially oxidize the metallic cobalt particles. Therefore, samples under
reaction conditions could have even a higher amount of reduced cobalt. The magnetic
behavior of sample CoHT-reac has been reported previously and there is practically no

metallic cobalt (<0.7 %) [44].
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Fig. 3.3 Magnetization curves versus magnetic field applied at 5 K (red squares) and 298
K (blue line) of samples 0.5Pt-CoHTreac (a) and 0.5Rh-CoHT-reac (b). Insets zoom on low
magnetic field. (c) ZFC—FC curves of samples 0.5Pt-CoHT-reac (green line) and 0.5Rh-
CoHT-reac (violet line) at 50 Oe. Upper curves field cool curves. Lower curves zero-field
cool curves.
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X-ray photoelectron spectra of the samples promoted with 0.5 % Pt and 0.5 % Rh were
analysed before and after ESR reaction in order to study the oxidation state of the cobalt
atoms. The Co2p core-level is composed of two components, Co2ps;, and Co2p;/,, which
result from the spin orbital splitting, and shake up satellites. XP spectra of the calcined
samples 0.5Pt-CoHT and 0.5Rh-CoHT have the same structure at the same energy range;
there are two main peaks, the Co2ps/; and Co2p;y,,; photolines, and two weak satellites
(figure 3.4). The main peaks as well as the satellites can be fitted to two components.
The Co2ps;; components appear at 781.3 eV and 781.9 eV and can be assigned to
oxidized cobalt species in different atomic environments. This is compatible with the
existence of cobalt spinel and CoO or (Mg,Co)O, according to the magnetic
measurements. As expected, there are no peaks of metallic cobalt around 777-778 eV.
After ESR, the XP spectra of samples 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac share again
the shape and the energy range; there are two main peaks around 781.5 eV and 797.5
eV, which correspond to the Co2ps;, / Co2py, spin orbital splitting, and two strong
satellites. The main peaks, as well as the satellites, could be fitted again with two
components. The spin orbital splitting is 16.0 eV and the separation between the
satellite lines and the photo lines is close to 6 eV, indicative of high spin Co*" species, like
those of cobalt oxide (Co,Mg)0O, and practically excluding the existence of Co* ions. A
small contribution at 777.3 eV is visible in the sample 0.5Rh-CoHT-reac, indicating the
presence of metallic cobalt at the surface of the catalyst. In fact, the asymmetry in the
coercitive field observed in samples 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac (figure 3.4)
might imply that a layer of CoO is formed over metallic cobalt entities, thus explaining
the low metallic cobalt signal in the XP spectra. It has been reported that Co particles
coated with CoO exhibits exchange bias effect due to interfacial interaction between
ferromagnetic Co metal and antiferromagnetic CoO [65]. In situ XPS experiments
reported previously revealed that no metallic cobalt was formed under ESR over the

non-promoted sample CoHT-reac [44].
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Fig. 3.4 X-ray photoelectron spectra of samples 0.5Pt-CoHT and 0.5Rh-CoHT before and
after ESR.

A detailed FESEM study was performed over samples 0.5Pt-CoHT-reac, 0.5Rh-CoHT-reac
and CoHT-reac. Figure 3.5 shows representative images for these samples after ESR
reaction at 823 K recorded with secondary and backscattered electron detectors.
Secondary electrons (SE) are useful for morphology studies whereas backscattered
electrons (BE) are much sensible to atomic number differences. The morphology of all
samples is similar and corresponds to an intimate mixture of round-shaped particles of
nanometric size (fig. 3.5 a, 3.5 ¢ and 3.5 e). Interestingly, the BE images reveal the
presence of metallic cobalt nanoparticles as bright dots only in the samples 0.5Pt-CoHT-
reac and 0.5Rh-CoHT-reac (fig. 3.5 b and 3.5 d), whereas the non-promoted catalyst
CoHT does not contain them (fig. 3.5 f). The Co nanoparticles are well resolved and
measure about 10-15 nm in 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac samples, thus
confirming the magnetometry results. Concerning carbon deposition, SEM images

recorded over both 0.5Pt-CoHT-reac and 0.5Rh-CoHT-reac samples reveal the presence
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of abundant carbon nanotubes (figure 3.6), whereas no carbon structures are

recognized in the non-promoted sample CoHT-reac after ESR.

Fig. 3.5 SEM images obtained using SEs (a, ¢, e) and BE (b, d, f) of samples after ESR
stability tests at 823 K. 0.5Pt-CoHT-reac (a, b), 0.5Rh-CoHT-reac (c, d) and CoHT-reac.

Taking into account the amount of carbon accumulated during ESR for the different
catalysts (Table 2) and the characterization of samples before and after reaction by
means of magnetic measurements, XPS and SEM, it is possible to conclude that carbon
deposition in the form of nanotubes is directly related to the presence of metallic cobalt
nanoparticles. In samples promoted with Pt and Rh, cobalt is easily reduced to form such
metallic nanoparticles under reaction conditions, as deduced from TPR experiments,

whereas over non-promoted catalyst cobalt remains in an oxidized state and no carbon
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accumulation occurs. The calculations of percentage of metallic cobalt phase, as well as
the amount of generated coke, match the results obtained previously for hydrotalcite-
derived cobalt catalysts with no addition of noble metals (sample CoHT-reac) [44] and
also with samples doped with potassium [46]. Hydrotalcite-derived cobalt catalysts with
and without addition of potassium generate much less amount of coke than Pt- and Rh-
doped samples and, in accordance, contain a significantly lesser amount of metallic
cobalt after reaction (<0.7 % Co® compared to 18 % and 30 % Co’ in Pt- and Rh-doped
samples, respectively). These results reinforce the finding that oxidized cobalt is an

active species in the ethanol reforming reaction that does not generate coke [44,46].

Fig. 3.6 Scanning electron microscopy images of samples 0.5Pt-CoHT-reac (a) and 0.5Rh-

CoHT-reac (b) showing abundant carbon deposition.
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3.4 Conclusions

Hydrotalcite-derived cobalt catalysts promoted with noble metals Pt and Rh are very
active for ethanol steam reforming at moderate temperature. Total conversion of
ethanol and a gas stream containing ca. 64 % H,, 22 % CO,, 6 % CO and 8 % CH, is
obtained at 823 K with a direct liquid feed of ethanol-water (S/C=2, W/F=400
g-min-moIEtOH'l) over honeycombs loaded with 1.5 mgcatcm'z. However, metallic cobalt
nanoparticles of about 10-15 nm in size evolve under reaction conditions because Pt and
Rh strongly promote the reduction of cobalt by spillover effect, as determined by
temperature-programmed reduction experiments, magnetic measurements, X-ray
photoelectron spectroscopy and electron microscopy. These cobalt nanoparticles cause
a rapid accumulation of carbon in the honeycomb channels (carbon nanotubes) under
ethanol steam reforming conditions (up to ca. 0.1 gc-gcat'l-h'l). In contrast, hydrotalcite-
derived cobalt catalysts not promoted with noble metals are less active under the same
operational conditions, but are stable since almost no carbon accumulation occurs (less
than 0.002 gc-gca{l-h’l) because cobalt remains oxidized under ethanol steam reforming
reaction. Appropriate cobalt-based catalysts for ethanol steam reforming can be

designed by placing in appropriate environments Co*" active species.
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4.1 Introduction

Hydrogen production from ethanol steam reforming (ESR) reaction has great interest
because it allows obtaining six molecules of hydrogen from one molecule of ethanol and

three molecules of water:
C2H5OH +3 Hzo 26 Hz +2 COZ (41)

Bioethanol is produced from biomass fermentation, for what it is a renewable energy
source. Bioethanol is then CO, neutral within the reforming reaction, because the
carbon dioxide produced in this reaction comes from the carbon dioxide absorbed from

the biomass during its growth.

For ESR, the use of suitable catalysts allows total conversion of ethanol at lower
temperatures and better selectivity towards hydrogen, with reduced production of
undesirable side-products. Catalysts based on noble metals are optimal to avoid coke
formation [1]. However, they are very expensive and need high temperatures to be
active (923-1023 K). On the other hand, cobalt-based catalysts are cheap and active at
low temperatures (523-823 K), but they deactivate quickly due to coke generation. Coke
formation is associated to metallic nanoparticles, which nucleate the growth of carbon
nanotubes [2]. It is generally accepted that metallic cobalt is the active species for the
ESR, being essential for the reaction, but also that the redox pair Co’5Co? s
responsible for the activity of cobalt in ESR [3-6]. Casanovas et al. pointed out that the
easy exchange between oxidized and reduced cobalt centres may promote catalytic
activity of Co-ZnO not only in ESR but also in WGS, where water behaves both as a
reactant and as an oxidant [7]. Busca et al. also found that the presence of oxidized
cobalt increased the selectivity towards H, and CO, over Ni-Co-Zn-Al catalysts. Their data
suggested that the less reduced the surface, the more favoured is the conversion of
ethanol into acetic acid, likely through ethoxy groups and acetaldehyde. Acetic acid and
its adsorbed forms as acetate species may be converted to CO, on a less reduced
surface, while they mostly decompose to methane and CO, on a highly reduced catalyst
[8]. An important advantage of carrying out the ESR at moderate temperature is that

WGS occurs simultaneously with steam reforming and consequently CO concentration is
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kept low. In addition, methane is not an intermediate of the reforming process over Co-
based catalysts and, consequently, high hydrogen yields are easy to achieve [7]. CH, is a

secondary product formed through the methanation reaction [9].

Within this context, the search for cobalt-based catalysts for ESR that do not generate
coke and therefore, do not deactivate, is an open issue. Essential for this matter is the
understanding of the role of cobalt oxidation state. In one of our previous works, we
studied cobalt hydrotalcites as precursors for ESR catalysts [10]. After calcination at
823 K, they are converted to cobalt spinels, which are very active. Ethanol conversion
was total at 823 K, reaching 70% of hydrogen selectivity (S/C=2, W/F=390 to
10* g-min-moI'IEtOH) and, more interestingly, coke formation was scarce. We analysed the
samples after reaction by several techniques (magnetometry, XRD, XPS, HRTEM, etc.)
and we observed traces of metallic cobalt only by magnetometry (between 5.9 and 0.1
wt. % Co°, depending on the metallic molar fraction of the hydrotalcite); no metallic
cobalt was detected by X-ray diffraction, neither by in-situ XPS and HRTEM. Therefore,
we concluded that the main active species in ESR was oxidized cobalt. This interesting
result allows designing catalysts containing cobalt for ESR without coke deposition (no
metallic cobalt) by placing in appropriate environments Co®* active species. A similar
conclusion has been reached by Da Costa-Serra and Chica [11] using delaminated zeolite

as Co support.

Here, we present a further study of cobalt hydrotalcites which were doped with
potassium at several weight percentages. The hydrotalcite with molar composition
Co:Mg:Al=1:2:1 was chosen to be doped with potassium because it showed the better
catalytic activity in the former study [10]. The aim of the potassium doping was to
reduce even more the coke formation, by neutralizing the acid sites of the hydrotalcites,
which are likely the responsible for ethanol dehydration into ethylene and other coke
precursors. The catalysts are active for ESR, with high stability in time and scarce coke
formation. Potassium acts as a promoter of the reaction, favouring the ethanol
conversion at lower temperature. No metallic cobalt was observed by XPS after reaction
and less than 0.1 wt. % by magnetometry. Then, oxidized cobalt appears once more as
an active species for ethanol reforming. The catalytic tests were directly carried out over

monoliths washcoated with the catalysts to simulate practical application. For the same
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reason, the performance of the catalytic monoliths was also tested with commercial

bioethanol.
4.2 Experimental

4.2.1. Catalyst preparation

The Co/Mg/Al hydrotalcite with formula [Co,Mg;Al,(OH)16]CO5-4H,0 (Co:Mg:Al molar
ratio=1:2:1) was prepared by the co-precipitation method. Briefly, aqueous solutions of
an appropriate amount of Co(NOs),.6H,0, Mg(NOs),.6H,0 and AI(NOs)3.9H,0 precursors
and 2M NaOH alkaline solution were separately prepared. These solutions were then
simultaneously added drop-wise into 100 ml of deionised water maintaining a constant
pH (10%0.5) under vigorous mechanical stirring. After the co-precipitation, the
suspension was aged overnight under stirring at room temperature, filtered, and
thoroughly washed with deionised water. The resulting solid was then dried overnight at
373 K and calcined at 723 K for 12 hours to obtain the hydrotalcite-derived mixed

oxides.

Potassium addition to the calcined hydrotalcite (over the same batch) was accomplished
by impregnation with a 0.032 M KOH aqueous solution. Three samples with different
amount of potassium were prepared: 0.5, 1.0 and 2.0 wt. %, referred to the nominal
cobalt content. The resulting materials were dried at 373 K and calcined at 723 K for 4
hours. The potassium was introduced after the formation and calcination of the
hydrotalcite, instead of co-precipitating the potassium salt together with the other
metal salts or instead of impregnating the hydrotalcite previous to calcination, to favour
its deposition at the surface of the mixed oxides. The samples will be referred from now
on as OK_calc (reference sample with no potassium), 0.5K_calc, 1K_calc and 2K_calc,

respectively.

The calcined hydrotalcites were deposited onto cordierite supports (400 cells per square
inch) by the washcoating method. Honeycombs were from Rauschert Company, with a
nominal chemical composition of AlsMg,AlSisO5. They were cut into cylindrical pieces of
1.8 cm in diameter and 2 cm long. A 5:1 molar mixture of polyvinyl alcohol (PVA) and

acetic acid was used as binding agent. The resulting catalytic honeycombs were dried at
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363 K for 2 hours and calcined at 823 K for 3 hours. The washcoating procedure was
repeated several times until the catalyst loading was ca. 5% with respect to the

cordierite support.
4.2.2. Catalytic tests

Ethanol steam reforming (ESR) was carried out in the temperature range 523-823 K
(every 50K) at atmospheric pressure in a tubular stainless-steel reactor over the
catalytic honeycombs without any pre-treatment. The reaction was first tested with a
gaseous H,0:CH3CH,0H=4:1 molar mixture (steam to carbon, S/C=2) by using a nitrogen
stream saturated with the reactants (8.0-10"5 gEtOH-min’l, W/F=13.4-10° g-min-moIEtOH'l).
Stability tests were then conducted at 823 K with pure liquid mixtures of absolute
ethanol (Sigma-Aldrich) and commercial bioethanol (Deulep), provided directly with a
Knauer Smartline HPLC pump (the liquid mixture was vaporized at 450 K before entering
the reactor; S/C=2, 0.018 gEtOH-min'1 for 7 h long stability tests and 0.036 gEtOH-min'1 for
300 h long stability tests). VHSV values ranged from 325 to 625 h™* and W/F values
ranged from 475 to 115 g-min-moIEtOH'l, for 7 and 300 h, respectively. The reactor
effluent was monitored on-line every 5 minutes by gas chromatography (Agilent 3000 A)
using MS 5 A, Plot U and Stabilwax columns. On the other hand, OK_calc, 0.5K_calc,
1K _calc and 2K_calc powder samples were subjected to ESR at 823 K for 8 h with pure
liquid mixture in a similar manner than monoliths, to enable extra characterization. The
resulting samples, both monoliths and powder, were labelled as OK_reac, 0.5K_reac,

1K_reac and 2K_reac.
4.2.3. Characterization techniques

X-ray diffraction (XRD) patterns of the calcined catalysts in powder form were collected
between 10 and 90° of 20 using a Bruker D8 instrument equipped with Cu Ka incident
radiation (A = 1.5404 A) and a graphite monochromator. The reacted samples were
analysed between 5 and 60° of 26, using a Rigaku Rotaflex RU-200 B, also equipped with
a Cu target. All the diffractograms were recorded with a step width of 0.02° and a step

time of 1 s.
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X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system equipped
with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector.
Sample powders were pressed to pellets and then fixed into a special sample holder (no
glue was used). Spectra were recorded with pass energy of 25 eV at 0.1 eV steps at a

pressure below 6 -10™*% bar; binding energies were referred to the C 1s signal

Temperature programmed desorption of ammonia (TPD-NHs3) was performed in a
Catalyst Analyzer BELCAT-M (BEL Japan, Inc.), equipped with a thermal conductivity
detector (TCD). The samples were pre-treated under argon, heated up to 723 K
(10 K-min™!) maintained at 723 K for 1 hour and cooled down to 373 K. Then, the sample
was saturated with pure NH; for 10 minutes (30 ml-min™). After this step, in order to
drag out the excess of ammonia (the non-interacting with the catalyst) the sample was
flushed with argon at 373 K, until the TCD signal was stabilized. Analysis was then
performed by heating up to 1173 K (10 K-min™) under argon. The evolution of gases was
also monitored by mass spectrometry, with a Cirrus spectrometer from MKS spectra

products, equipped with a multiplier detector.

Temperature programmed reduction (TPR) was performed also in a Catalyst Analyzer
BELCAT-M (BEL Japan, Inc.). Prior to each TPR run, samples were heated up to 823 K
(10 K‘min™) and cooled down to room temperature under argon. Then, they were
analyzed by heating up to 1173 K (10 K-min™") using hydrogen (10 vol% in argon) under a

flow rate of 30 ml-min.

Magnetization (M) vs. applied magnetic field (H) (at 5 and 298 K) and ZFC-FC curves (at
50 Oe) were measured with a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS5XL, USA). A given amount of powder was
confined in a gelatin capsule (of known mass) and pressed with a given amount of
cotton to avoid the powder from moving during the measurement. The diamagnetic
contributions of the capsule and the cotton were subtracted from the total

magnetization (myota) as follows:

M (emu> . Myga (€mu) — (X capsule * MASS capsule T X cotton - MASS cotton)
powder -
masspowder(g)
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where X is the magnetic susceptibility in cgs units: )((capsule)=-3.39-10'7 emu-gt-0e™

and X(cotton)=-7.79-10" emu-g*-0e™.
4.3. Results and discussion

4.3.1. Calcined hydrotalcites

The calcined samples were analysed by X-ray diffraction (see Figure 4.1). The XRD
profiles of the four samples are identical, indicating that the addition of potassium in the
studied range does not affect the crystalline phases of the calcined hydrotalcites
(compare the XRD profile of the sample OK_calc with those of the samples with
potassium). Taking into account the stoichiometry of the parent hydrotalcite structure,
these compounds are formed by a A(ll)B(Il),04 spinel and A(lIl)O oxide, where
A=Mg”*/Co*" and B=Co®*/AI** [12]. From the information compiled in Figure 4.1 it is
deduced that the main peaks of the diffractograms can be indexed to MgAl,0, and/or
Co,Al04 spinels [13, 14] (XRD patterns JCPDS 01-075-1798 and JCPDS 00-038-0814,
respectively). In addition, the two shoulders at 43° and 63° of 20 match the main peaks
of the rock salt type phase common to MgO and CoO [15, 16] (XRD patterns JCPDS 01-
07-1525 and JCPDS 01-075-0533, respectively), suggesting the incipient formation of the

simple oxides or the double oxide.

Irtersity (a.u)
° % Q %0’ é

Intensity (%)

Fig. 4.1 X-ray diffractograms of samples (a) OK calc, (b) 0.5K calc, (c) 1K calc and (d) 2K

calc. XRD patterns of several spinel and oxide phases are included for comparison.
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XP spectra of the calcined samples were analysed in order to determine the oxidation
state of the cobalt atoms and to determine the atomic ratio between cobalt and
potassium. According to the literature, the Co2p core-level is composed of two
components, Co2ps/; and Co2p;,, (Which result from the spin orbital splitting) and shake
up satellites. XP spectra of the four calcined samples have the same structure at the
same energy range: there are two main peaks, the Co2ps/; and Co2p;,,; photolines, and
two weak satellites. The main peaks can be fitted to two components, and the satellites
as well (see Figure 4.2). A Fe LMM line due to the sample holder is also detected. The
first Co2ps/, component appears at 780.5 eV and can be assigned to an oxidized cobalt
species, Co™". The second component appears at 782.2 eV and might correspond to
another cobalt cation in a higher oxidization state than the previous one, or in another
atomic environment. This is compatible with the existence of directly Co,AlO, spinel or
with other cobalt spinels and CoO or (Mg,Co)O, according to the XRD results discussed

above. As expected, there are no peaks assigned to metallic cobalt, around 777-778 eV.

Co 2p3/2

Intensity (a.u.)

810 805 800 795 790 785 780 775
Binding energy (eV)

Fig. 4.2 XP spectrum of sample 1K calc, representative of the four samples. Residual STD

=1.03.
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Sample Co:Mg:Al atomic ratio K/Co atomic ratio

Co Mg Al
0K calc 1 2.8 5 0
0.5K calc 1 3.8 1.9 0.31
1K calc 1 4.1 2.0 0.72
2K calc 1 4.2 2.4 0.41

Table 4.1 Elemental atomic composition of the surface of the catalysts determined by

XPS.

XPS analysis of the surface revealed that the K/Co atomic ratio did not follow the
nominal tendency (see Table 4.1). On the contrary, the amount of potassium at the
surface followed the series: 0 < 0.5 < 2 < 1, being the experimental atomic percentage of
K/Co at the surface: 0, 0.31, 0.41 and 0.72 atomic %, respectively. Also, the surface
Co:Mg:Al ratio does not match the molar nominal ratio 1:2:1. Sample OK_calc has the
surface metal ratio closest to the nominal one: 1:2.8:1.5. Interestingly, as the amount of
nominal potassium increases, so does the amount of magnesium and aluminium at the
surface, with the corresponding decrease of cobalt (Table 4.1). These data indicate that
the calcination treatment after potassium impregnation (4 hours at 723 K) favours the
segregation of magnesium and aluminium atoms towards the surface of the calcined
hydrotalcite. This has been reported in the literature for K-promoted Co-Cu-Zn-Al
catalysts for higher alcohol synthesis [17] and could explain why the K/Co ratio at the

surface exhibits a volcano shape with a maximum centred on the 1K_calc catalyst.

Thermal programmed desorption of ammonia (TPD-NH3) was monitored with mass
spectrometry (MS) to calculate the concentration of acid sites at the surface of the
material. The TPD profiles present three peaks (Figure 4.3). The peak at the lowest
temperature, between 433 K and 463 K, corresponds to desorption of ammonia, as

evidenced by MS. The second peak is the less intense, between 600 and 700 K, and is
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related with water evolution. The third peak, which has the largest area, corresponds to
several processes: desorption of ammonia (M=15" in the mass spectrum), thermal
reduction of cobalt with evolution of oxygen (M=32"), evolution of water (M=18",17")
and carbon dioxide (M=44"). This third peak occurred between 939 K and 946 K. No
hydrogen and nitrogen evolution was detected at any time, suggesting that there is no
decomposition of NHs; into N, and H,. This has been reported to occur in some
ruthenium metal centres [18]. Shen et al. studied the surface acid/base properties of
hydrotalcite derived MgAIO oxides by infrared spectroscopy and identified the presence

of Brgnsted acid sites (H') and Lewis acid sites (AI**

) [19]. Considering this information,
the peak at the lowest temperature is assigned to NH," species formed between NH;
and surface protons, as Lewis acid sites are stronger than Brgnsted sites. The ammonia

I** ions within the

evolved at high temperature corresponds to the one anchored at the A
Mg-0O-Al species [20]. Interestingly, the area of the first peak decreases as the amount of
potassium at the surface (the one determined by XPS) increases. In fact, it follows a
linear relationship (see Figure 4.4). The amount of acid sites ranges from 0.34 to 0.07
mmoINHg-gsamme’l. Moreover, the temperature of the most intense peak linearly
decreases as the amount of potassium at the surface increases, indicating that not only
the number of acid sites decreases, but also their strength (see Figure 4.3). The intensity
of the third peak cannot be directly related to the number of Lewis acid sites, since
reduction of cobalt and evolution of CO; also takes place. But, taking into account the

first peak, our aim of reducing the acid strength of the hydrotalcites by doping with

potassium was achieved.
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OK_calc
0.5K_calc
1K_calc
2K_calc

TCD signal nomalized to
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Fig. 4.3 (Above) TPD-NH; profiles of calcined samples with annotation of the evolved
gases. (Below) Mass spectrum of sample OK calc, coupled to the TPD-NH3 experiment.

Only masses with significant amount are shown.
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Fig. 4.4 Amount of acid sites corresponding to the peak centred at 450 K in the TPD NH;
profiles vs. K/Co atomic ratio, determined by XPS.

Thermal programmed reduction (TPR) profiles are similar for the four samples (see

Figure 4.5). Each profile shows two peaks. The first one, which corresponds to the
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reduction of Co®" to Co®" [10], is centred around 710 K. The second peak appears
between 1058 K and 1137 K and corresponds to the total reduction of Co®" to Co° [10].
The temperature of the maximum of the second peak decreases as the nominal amount
of potassium increases, indicating that potassium doping favours the reduction of the
cobalt (Il) ions to metallic cobalt. The consumption of hydrogen corresponding to the
second peak is ca. four times higher than that associated with the first peak, as expected
from the stoichiometry of cobalt spinel (Co,AlQ;) and/or a mixture of cobalt in other

spinels and CoO.
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Fig. 4.5 TPR profiles of calcined samples.

Further characterization by magnetometry was performed on samples OK_calc and
1K_calc, since they bear the lowest and highest amount of potassium at the surface, as
determined by XPS. The magnetic behaviour is the one expected for an
antiferromagnetic spinel, as it has been previously observed [21] and in accordance to
XRD results. The magnetization at room temperature linearly increased with the
magnetic field, as it is expected for a paramagnet (see Figure 4.6). At 5 K, the calcined

samples behaved slightly superparamagnetic, matching their high magnetic
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susceptibility at this temperature, as illustrated in the ZFC-FC curves by the high slope at
low temperature. We had previously observed in a set of samples with different
Co/Mg/Al molar ratio that the magnetization per gram of cobalt decreased as the
amount of cobalt in the hydrotalcite increased, confirming the antiferromagnetic
character of the calcined Co/Mg/Al hydrotalcites [10]. ZFC-FC curves appear as
superimposed in each sample. The absence of hysteresis excludes the existence of a
ferromagnetic phase. Moreover, the absence of inflection points indicates that there is
only one magnetic phase, which is assigned to cobalt spinel. Then, and as expected,
potassium addition to the hydrotalcites does not alter the magnetic properties of the

calcined samples.
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Fig. 4.6 Magnetization curves vs. applied magnetic field (up and center) and vs.

temperature (down; H = 50 Oe) of samples OK calc and 1K calc.
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4.3.2. Ethanol steam reforming

Calcined cobalt hydrotalcites, doped with potassium, appear to be active catalysts for
the ESR reaction. Monoliths loaded with the same amount of catalyst (150 mg) were
tested between 623 K and 823 K with a gaseous H,O:EtOH molar mixture of 4:1 (steam
to carbon, S/C = 2, 8.0-10° gEtOH-min'l). Each temperature was maintained until the
product amount was stabilized after ca. 35 min. Figure 4.7 shows the ethanol conversion
vs. temperature for the four samples. Ethanol conversion starts to be detectable just
above 600 K and reaches total conversion at 823 K. It should be highlighted that as the
amount of potassium at the surface increases (determined by XPS), the ethanol
conversion is higher at lower temperatures. Therefore, potassium can be regarded as a

promoter of the reaction since it enhances the activity of the catalyst.

100 -
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Fig. 4.7 Ethanol conversion vs. temperature; inlet flow 8.010° EEtoH min %, S/C = 2.

ESR reaction over cobalt-based catalysts is a complex process that begins with the
dehydrogenation of ethanol into acetaldehyde and then follows with the steam
reforming of acetaldehyde into hydrogen and a mixture of carbon oxides [7]. The
decomposition process of ethanol into methane and carbon monoxide also takes place
at high temperature, as well as methanation of carbon oxides. Figure 4.8 collects data of

product selectivity vs. temperature of the four samples. Below 723 K, the main products
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are H,, CH3CHO, acetone (an undesirable by-product formed at the expenses of
acetaldehyde) and CO,. Above 723 K, the H, and CO, selectivity increases at the expense
of acetaldehyde and acetone. Finally, at 773-825 K oxygenates are consumed and the
reverse WGS reaction takes place, with a concomitant increase of CO. Methane and

ethylene content are kept low under the temperature range tested.
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Fig. 4.8 Product selectivity vs. temperature ((m) H,, (¢) CO,, (A) C;H4, (X) CH3CHO, (o)

CH3COCHs, (*) CH4 and (o) CO); inlet flow 8.0 ° 10 ggron min +, S/C = 2.

As the ethanol conversion vs. temperature is dependent on the amount of potassium,
selectivity data at 50% and 100% ethanol conversion have been collected in Figure 4.9,
in order to study the influence of potassium on the product selectivity (the reaction
temperature at 50% EtOH conversion, as depicted from Figure 4.7 is 740 K, 725 K, 695 K
and 722 K for samples OK to 2K, respectively; the reaction temperature at 100% EtOH
conversion is 823 K for the four samples). Hydrogen selectivity increases with potassium
addition at 50% EtOH conversion, but it is nearly independent at 100% EtOH conversion.
At 50% EtOH conversion, acetaldehyde increases with potassium at the surface

(identified by XPS), suggesting that the addition of potassium favours the
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dehydrogenation of ethanol. At 100% EtOH conversion there is no CH3CHO, and acetone
also diminishes with higher potassium doping. Ethylene selectivity is independent of
potassium content, being lower at higher ethanol conversions. Methane and carbon
monoxide selectivity are below 2.5% at 50% EtOH conversion, i.e., potassium does not
favour the decomposition of ethanol into CH; and CO at this temperature. At 100% EtOH

conversion, CHy selectivity increases slightly due to the higher reaction temperature (823

K).
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Fig 4.9 Product selectivity at 50% EtOH conversion (left: temperature ranges from 695 K
to 740 K) and 100% EtOH conversion (right: T = 823 K).

Stability tests were performed at 823 K during 7 hours, with high load of reactants,
0.018 grion-min’, vaporized before entering the reactor (S/C=2). The four samples were
fairly stable during this period of time, reaching 60% of hydrogen selectivity and around
15% of CO, content on a dry basis. In order to study in depth how the stability was
affected by the addition of potassium, samples OK and 1K were submitted to severer
conditions: 200 h of reaction fed with ethanol, followed by 100 h fed with bioethanol
(823 K, 0.036 geion-min’*; see Figure 4.10). Bioethanol contains impurities, such as sugars
and other compounds derived from the fermentation process, which are more difficult
to reform than ethanol. Therefore, deactivation of catalysts is faster when fed with
bioethanol [22]. Samples OK and 1K were stable during the experiment and showed no
significant changes of selectivity when fed either with ethanol or bioethanol (Figure

4.10). H, selectivity stabilized around 62%, CO, around 21%, CO and CH4 around 5-8%,
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and acetaldehyde was only in traces along the experiment. No acetone, neither

ethylene, were produced.
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Fig. 4.10 Stability test: product selectivity vs. time at 823 K with 100% EtOH conversion

(left: sample 0 K; right: sample 1 K). Inlet flow 0.036 ggion min *, S/C = 2.

The usual lack of stability of cobalt-based catalysts is one of the drawbacks of these
materials. Our results are outstanding since our catalysts are stable for at least 200 h
under high load of ethanol and a further 100 h under high load of bioethanol, with no
signs of deactivation. The disposition of the cobalt atoms within the crystalline structure
of the spinel might be determinant for their long-term stability. On the other hand,
potassium does not have a significant role in the stability of the catalysts in the time
interval studied. The monoliths were weighed before and after the stability tests to
monitor the amount of carbon deposited onto the catalysts. Interestingly, no increase of
mass was detected in the short-time tests (7 hours) in any of the four samples. TPR
coupled to mass spectrometry is also a useful tool for identifying carbon formation.
Hydrogen reduces coke to methane between 673 K and 1073 K, which can be quantified
by a signal at M=15" in the mass spectra (the signal M=15" corresponds to the radical
CH5", the most intense when sampling methane). No peak of mass 15" was detected in
samples OK_reac and 1K_reac after stability tests (7 h long), thus again indicating that
coke formation was negligible. In the long-time tests (300 h), sample OK generated
13.5-10’?’gc-g'lc;,,tah,st-h'1 and sample 1K 6.7-10'3gc-g’1cata|yst-h’l. These data confirm our
initial hypothesis that the addition of potassium to cobalt hydrotalcite-derived catalysts

might neutralize the acid sites and, in turn, decrease the coke formation. This fact might
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favour a better stability in a longer time interval than 300 h, compared to the sample

without K.

4.3.3. Samples after ESR

As we observed in our previous work [10], oxidized cobalt species are active for ethanol
steam reforming and, in contrast to metallic cobalt, they are less active but do form
scarce coke during reaction. This constitutes a big advantage on cobalt-based systems
for ESR, since these catalysts deactivate easily due to coke formation, although they
work at lower temperatures than other metal-based catalysts and they are remarkably
cheaper. Here, we have made an effort on the determination of the oxidation state of

cobalt after the reaction.
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Fig. 4.11 X-ray diffractograms of reacted samples OK reac (a) and 1K reac (b). (m) Silicon
signal from the holder. XRD patterns of several oxide phases are included for

comparison.
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The reacted samples showed simple XRD profiles, with only two peaks (see Figure 4.11),
corresponding to the rock salt type phase, common to MgO and CoO [15, 16] (XRD
patterns JCPDS 01-07-1525 and JCPDS 01-075-0533). Any peaks at 47°, 51° neither 53°
of 20 were detected, that would indicate the presence of metallic cobalt. Therefore, the
main crystalline phase present in the sample is (Co,Mg)O. Aluminium cations may be
highly dispersed in the structure of (Co,Mg)O without the formation of spinel species or,

alternatively, be present in an amorphous phase.

XPS analysis shed light on the oxidation state of cobalt atoms at the surface. The spectra
of the four samples share the shape and the energy range: there are two main peaks
around 781.3 eV and 797.2 eV, which correspond to the Co2ps/, / Co2py/; spin orbital
splitting, and two strong satellites (see spectrum of sample 1K _reac in Figure 4.12,
representative of the four samples). The main peaks, as well as the satellites, could be
fitted to only one component. The spin orbital splitting is 15.9 eV and the separation
between the satellite lines and the photo lines is close to 5 eV, indicating that the
present cobalt species is a high spin Co?, and practically excluding the existence of Co>*
ions. We assign these bands to cobalt oxide (Co,Mg)O. Significantly, there are no peaks
at 777-778 eV, indicating again the absence of metallic cobalt at the surface of the
catalyst. We had already observed the absence of metallic cobalt under ESR reaction

conditions with a Co/Mg/Al calcined hydrotalcite in an in-situ XPS experiment [10].
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Fig. 4.12 XP spectrum of sample 1K reac, representative of the four reacted samples.
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The atomic ratio between carbon and cobalt was compared to the amount of potassium
in the sample, before and after reaction. The carbon peak has two components. One is
assigned to the presence of carbonate species (around 289 eV) and it is not considered
for the current calculation. Only the component around 284 eV, assigned to carbon
residues, is considered. The values of the C/Co atomic ratios are listed in Table 4.2.
Calcined samples show small C/Co atomic ratio with an average value of 1.4. After
reaction, the C/Co atomic ratio increased significantly (one order of magnitude, from 1.1
to 10.8) in sample OK_reac. On the other hand, the samples doped with potassium do
not show such a high C/Co atomic ratio after reaction, reaching values only 4.0 to 5.2.
These results indicate, once more, that the presence of potassium in the sample hinders

the formation of coke during ethanol steam reforming.

Calcined samples C/Co (atomic ratio) Reacted samples C/Co (atomic ratio)
OK calc 1.1 OK reac 10.8

0.5K calc 1.2 0.5K reac 5.2

1K calc 0.2 1K reac 5.1

2K calc 33 2K reac 4.0

Table 4.2 Co and C atomic composition at the surface of calcined and reacted samples

calculated by XPS.

The magnetic measurements point towards the existence of two magnetic phases after
reaction. The main one has a paramagnetic profile, indicated by the linear increase of
magnetization at room temperature as the applied magnetic field is intensified. The
minor one is related with a slight superparamagnetic shape at 5K, and also by the
decrease in magnetization as the temperature increases in the zero field cooled—field
cooled experiments (see Figure 4.13). That profile matches with an antiferromagnetic
behaviour, for what we assign it to the cobalt oxide phase. The second phase is
ferromagnetic, as evidenced by the small hysteresis at low applied magnetic field, both

at 5K and at RT. We have assigned this phase to metallic cobalt. Its amount, calculated
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as the percentage ratio between the experimental saturation magnetization (5.6 and 6.6
emu/g) and the bulk saturation magnetization (163 emu/g) at room temperature, is only
0.09 wt.% and 0.18 wt.%, for samples 1K _reac and OK_reac, respectively. It can be
argued that the lack of metallic cobalt could be attributed to a reoxidation of the
metallic cobalt entities potentially formed during the ESR. However, we had observed in
a previous work on cobalt talc nanolayers, that the catalyst after reaction showed clearly
ferromagnetic behaviour in the magnetization curves vs. field and vs. temperature. In
that case, the sample was kept at normal conditions, indicating that Co® entities were

stable under these conditions and they were not reoxidized [23].
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Fig. 4.13 Magnetization curves vs. applied magnetic field (up and centre) and vs.

temperature (down, H = 50 Oe) of samples OK reac and 1K reac.

TPR profiles recorded after ESR reaction show only one peak, centred at 1013 K and

1043 K, for samples OK_reac and 1K_reac, respectively (see Figure 4.14). These peaks
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correspond to the reduction of Co®" to Co’. There is no peak around 700 K, confirming
that Co*" species are not present after the reaction, as observed by XRD, XPS and
magnetic measurements. This is due to the reduction of Co® in cobalt spinel by the
hydrogen generated during ESR, which was carried out at 823 K (compare the TPR
profiles before and after ESR, Figures 5 and 14, respectively). Therefore, only Co®" is
present in the sample. The peaks are narrow and well defined, pointing to a

homogeneous dispersion of the Co** species in the material.
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Fig. 4.14 TPR profiles of samples OK reac and 1K reac.

4.4 Oxidative Steam Reforming (OSR)

Oxidative steam reforming was carried out in the temperature range 723-823 K at
atmospheric pressure in a tubular stainless-steel reactor over the as-synthesized
honeycombs loaded with the hydrotalcite 1K, without any pretreatment. The reaction
was tested with three different oxygen to carbon mixtures of O/C=0.1, 0.2 and 0.3
molar, named 0.1_Ox, 0.2_Ox and 0.3_Ox respectively, the ethanol-water ratio was
maintained constant at S/C=3. Figure 4.15 shows product selectivity for ESR and OSR

0.1_Ox at 100 % ethanol conversion.
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Fig 4.15 ESR and 0.1_Ox OSR selectivity vs Temperature

Hydrogen selectivity is higher for ESR during the whole range of temperature, OSR has
lower hydrogen selectivity and acetone starts to raise at 800 K. On the other hand
hydrogen selectivity decreases when the amount of oxygen is increased, figure 4.16
shows selectivity for the three O/C molar ratios compared to ESR selectivity. CO, and
acetaldehyde notably increase when oxygen is added, and acetone is present only in
OSR. Figure 4.16 also shows theoretical H,, ESR shows a H, yield close that expected
from theoretical H,. Contrarily OSR results are different than expected; when oxygen is
increased the H, yield move away from the theoretical value, thus indicating that OSR is

not a good choice for Co hydrotalcite-derived catalysis.
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Fig. 4.16 OSR and ESR selectivity at 823 K.
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4.5 Conclusions

We have synthesized a new family of robust honeycomb catalysts for bioethanol steam
reforming based on calcined Co/Mg/Al hydrotalcites doped with potassium. The
addition of potassium to the hydrotalcites reduces the number and strength of acid
sites. The catalysts are active for the ESR reaction, where potassium acts as a promoter,
being very stable for long-term experiments under high loads of both ethanol and
bioethanol and generating scarce amounts of carbon (0.0067 gc-g'lcata|yst-h'1). During
reaction, cobalt spinel transformed completely into high spin Co®" in cobalt oxide (or in
(Co,Mg)0) and only traces of metallic cobalt were identified by magnetometry, <0.1 wt.
% Co’, indicating that oxidized cobalt is an active species in ESR. These catalyst do not

perform well under OSR conditions.
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5.1 Introduction

On-site hydrogen generation from various liquid fuels as an alternative to direct
hydrogen storage is envisioned as one of the key points for the use of proton exchange
membrane fuel cells (PEMFC) for the market of power sources for portable and mobile
applications [1,2]. Among liquid fuels that are currently considered, ethanol is
advantageous over other conventional substrates because it is readily available, easy to
obtain from biomass and to transport, CO,-neutral and safe to handle [3,4]. In recent
years, numerous catalyst formulations have been studied intensively for ethanol steam

reforming (ESR) aiming at the generation of hydrogen [5-8]:

C,HsOH + 3H,0 S 6H, + 2C0O; (5.1)

An efficient catalyst for hydrogen production from ethanol has to dissociate the C-C
bond, maintain a low CO concentration and be stable under catalytic operation. A survey
of the literature reveals that noble metal-based catalysts perform well for ESR [9-11].
They are stable and exhibit high activity. However, they are expensive and need high
temperatures to be active (923-1023 K). The main reaction mechanism involves the
decomposition of ethanol into a mixture of hydrogen, carbon monoxide and methane,
followed by the steam reforming of the produced methane. Additionally, the water gas
shift reaction balances CO and CO, rendering extra hydrogen amounts. Nickel catalysts
are inexpensive but under reaction conditions they suffer from sintering and

deactivation by carbon deposition.

Cobalt-based catalysts can operate at much lower temperature levels when compared
with noble metal-based catalysts, typically at 673-823 K, since they do not yield methane
as an intermediate species in the reaction mechanism, which can only be reformed at
high temperature [12-43]. Over cobalt-based catalysts, ethanol is first dehydrogenated
into a mixture of hydrogen and acetaldehyde (eq. 5.2), and then acetaldehyde reacts
with steam to yield mainly hydrogen and carbon oxides (eq. 5.3), which participate in
the WGS (eq. 5.4), or decompose into carbon monoxide and methane (eq. 5.5), which in

turn undergo steam reforming (eq. 5.6):
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C,HsOH S H, + CHsCHO (5.2)

CH3CHO + H,0 5 3 H, +2 CO (5.3)
CO+H,05 H,+CO, (5.4)
CH3CHO S CH4+ CO (5.5)
CHs+H,0 5 3H,+CO (5.6)

An important advantage of conducting the ESR at lower temperature is that the WGS
equilibrium favors the formation of hydrogen and CO, at the expense of CO and water
(eq. 5.4), thus maximizing the production of H, and reducing the volume of the WGS
units normally implemented downstream the reformer (or even using a single WGS
reactor). The heat transfer management of the fuel processor design is simplified as
well. However, in contrast to noble metal-based systems, most cobalt catalysts suffer
from severe deactivation during ESR due to extensive carbon deposition, particularly
under realistic loads of ethanol. Essential for this matter is the understanding of the role
of cobalt oxidation state. Accurate in situ studies have revealed that Co metal particles
are formed easily under reaction conditions, which rapidly detach from the catalyst
support and originate carbon nanotubes, nanofibers and platelets. At the same time,
selectivity to methane and higher hydrocarbons increases at the expense of the
reforming products (H, and CO,). Recently, we have reported that catalysts derived from
Co/Mg/Al hydrotalcites are active for ESR at 823 K and do not accumulate carbon
because no metallic cobalt is formed under reaction conditions [44]. This interesting
result allows designing catalysts containing cobalt for ESR without coke deposition (no
metallic cobalt) by placing in appropriate environments Co®* active species. Over K'-
doped hydrotalcite-derived cobalt catalysts we have reported stable operation for 300 h

under high loads of ethanol and commercial bioethanol [45].

The use of catalytic membrane reactors (CMR), where the generation and separation of
hydrogen take place simultaneously, appears as an attractive approach to further
simplify on-site/on-demand reformers. In addition, the extraction of hydrogen from the
reaction medium that occurs in CMR equipped with H,-selective membranes leads to an

equilibrium shift in the reforming reactions and enables attaining enhanced hydrogen
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yields when compared with conventional reactors operating under the same conditions
[46]. With respect to a classical configuration consisting of a reactor unit in series with a
separation unit, CMR represent a modern configuration in which an integrated
reaction/separation unit has many potential advantages: reduced -capital costs,
improved yields and selectivities and drastically reduced downstream separation costs

[47,48].

Among CMRs, palladium-based membrane reactors fulfill the requirements to obtain an
ultra-pure hydrogen stream suitable for PEMFC feeding. Via innovative techniques, such
as cold-rolling and diffusion welding developed at several laboratories and companies,
robust Pd-based thin wall tubes less than 0.05 mm in wall thickness have been produced
[49] and their complete hydrogen selectivity and durability have been demonstrated in
long term tests [50]. Today, numerous catalytic membrane reactors designs are available
for producing high hydrogen throughputs in compact reforming systems [51,52]. In
addition, the retentate gas outcoming the membrane reactor can be used as a fuel

source for a catalytic combustor to provide a thermally self-sustainable operation [53].

Pd alloy membranes have been used in CMR mainly for WGS and steam reforming
reactions of methane and methanol, but their use in the steam reforming of ethanol is
relatively new [54-60]. Concerning the use of cobalt-based catalysts for ESR in catalytic
membrane reactors, Iulianelli et al. conducted ESR over Co/Al,0; [61,62]. Several
operational parameters such as temperature, pressure, sweep-gas flow (SF) and load
were evaluated and hydrogen vyield and recovery values as high as 60% and 95%,
respectively, were reached at 673 K, 3 bar, SF=25.2 (countercurrent flow) and WHSV=0.2
h™*. The same catalyst was tested at 673 K in a porous stainless steel (PSS) supported Pd
membrane reactor with the aim of investigating the influence of the membrane
characteristics as well as of the reaction pressure from 3 to 8 bar by Basile et al. [63].
Hydrogen recovery of about 50% was reached under complete ethanol conversion.
Recently, a Co/Al,03 catalyst has been used in a PSS membrane reactor at 673 and 8-12
bar for simulating bio-ethanol steam reforming by using a mixture of water-ethanol-
acetic acid and glycerol with 1:13:0.18:0.04 molar ratio [64]. About 94% of bio-ethanol
conversion was obtained at 12 bar and GHSV=800 h™, with 40% hydrogen yield and 40%
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hydrogen recovery. Finally, Dominguez et al. [65] studied the ESR in a CMR over cobalt
talc at 598-673 K and 5-15 bar. In addition to an improvement of the hydrogen yield, the
CMR showed a rapid response to changes in the ethanol-water mixture load; a constant

hydrogen flow was obtained after 2s following variations of +10%.

Here, we extend our work on hydrotalcite-derived cobalt catalysts by studying their
performance in a catalytic membrane reactor equipped with a Pd-Ag membrane to
obtain PEM fuel cell-grade hydrogen (1 atm, no sweep gas). Different reactor
configurations, temperature (673-873 K), pressure (1-18 bar), ethanol load and steam-

to-carbon (S/C=1.8-3) ratios have been tested.

5.2 Experimental

5.2.1. Preparation of catalyst

The Co/Mg/Al hydrotalcite with formula [Co,MgsAl>(OH)16]CO3:4H,0 was prepared as
described elsewhere by co-precipitation from aqueous solutions of Co(NOs),-6H,0,
Mg(NO3),-6H,0 and Al(NOs3)3-9H,0 and 2M NaOH alkaline solution at a constant pH of
10£0.5. The resulting solid was thoroughly washed, dried at 373 K and calcined at 823 K
for 12 hours to obtain the hydrotalcite-derived mixed oxide. Potassium addition to the
calcined hydrotalcite (1.0 wt. % referred to the nominal cobalt content) was
accomplished by impregnation with KOH aqueous solution. The resulting catalyst was

dried at 373 K and calcined at 823 K for 4 hours.

The catalyst powder was deposited onto cordierite pieces (AlsMg,AlSisO1g, 400 cells per
square inch, Rauschert Company) by washcoating [44,45]. A 5:1 molar mixture of
polyvinyl alcohol (PVA) and acetic acid was used as binding agent. The resulting catalytic
cordierite pieces were dried at 373 K and calcined at 823 K for 4 hours. The washcoating
procedure was repeated until the catalyst loading was ca. 5% with respect to the

cordierite support.
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5.2.2 Characterization

X-ray diffraction (XRD) patterns were collected between 10 and 90° of 26 with a step
width of 0.02° and a step time of 1 s using a Bruker D8 instrument equipped with Cu Ka

incident radiation (A\=1.5404 A) and a graphite monochromator.

The microstructure, morphology, and composition of the catalyst layer were studied
with a Zeiss NEON40O crossbeam scanning electron microscope (SEM) operated at 5 kV

and equipped with energy dispersive X-ray analysis (EDX).

Surface characterization was done with X-ray photoelectron spectroscopy (XPS) on a
SPECS system equipped with an Al anode XR50 source operating at 150 mW and a
Phoibos 150 MCD-9 detector. The pressure in the analysis chamber was below 107 Pa.
The area analyzed was about 2 mm x 2 mm. The pass energy of the hemispherical
analyzer was set at 25 eV and the energy step was set at 0.1 eV. Charge stabilization was
achieved by using a SPECS Flood Gun FG 15/40. The following sequence of spectra was
recorded: survey spectrum, C 1s, Co 2p, Al 2p, Mg 2p and C 1s again to check for charge
stability as a function of time and the absence of degradation of the sample during the
analyses. Data processing was performed with the CasaXPS program (Casa Software Ltd.,

UK). The binding energy (BE) values were referred to the C 1s peak at 284.8 eV.

5.2.3 Reaction tests

The functionalized cordierite pieces described above were implemented in a membrane
reactor machined in stainless steel measuring 230 mm tall and 22 mm OD (Reb Research
& Consulting). A feed evaporation conduit was welded around the reactor. The Pd-Ag
membrane (30 m active layer thickness over PSS) was a 76 mm tall, 1/8” diameter, pine-
hole free, dead-end tube with a total area of 7.1 cm’. Two different design
configurations were selected for the catalytic membrane reactor as shown in Figure 1.
First, the catalytic honeycombs (9 pieces, 1.324 g total catalyst load) were disposed in-

series into the reactor followed by the membrane tube, resulting in a staged membrane
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reactor (SR) (Figure 5.1a). In the second configuration (Figure 5.1b), a fraction of the
same catalytic honeycombs were crushed into small pieces (ca. 0.5 mm) and distributed
around the membrane tube, resulting in a membrane reactor (MR) (0.46 g total catalyst
load). Occasionally, the membrane outlet was blocked to represent the operation of a
conventional fixed bed reactor (CR), i.e., without separation. The liquid feed mixture of
ethanol and water was introduced with a Knauer Smartline HPLC pump. The retentate
pressure was adjusted by a manually-operated back-pressure regulator. No pressure
regulation was implemented on the permeate side (atmospheric pressure). No sweep
gas was used, therefore, pure hydrogen was obtained in the permeate stream. The
gaseous products of the retentate were analyzed by online gas chromatography (Agilent
3000A MicroGC) using MS 54, PlotU and Stabilwax columns, as well as the permeate to
verify the selectivity of the membrane separation towards hydrogen. Total volumetric
flowrates of both permeate (Bronkhorst EL-FLOW) and dry retentate streams (bubble
meter) were measured. By measuring under steady-state conditions and in a precise
period of time both the composition and flowrate of the gaseous outlet streams as well
as the volume of liquid condensed from the retentate flow we verified the correct
closure of the mass balance. Before the reaction, pure gas permeation tests were carried
out on the reactor membrane, which showed that the selectivity towards hydrogen was
infinite and that both Sievert’s and Arrhenius’ laws were followed. The apparent
activation energy for H, permeation was found to be 10.3 kJ-mol® (+1.5 ki-mol™
considering the 95% confidence limits), in agreement with values reported through the

literature for membranes of similar characteristics [66].
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Fig. 5.1 Staged membrane reactor (A) and crushed honeycombs membrane reactor (B).

Page 154



Chapter 5. Ethanol steam reforming in a catalytic membrane reactor over cobalt hydrotalcite

5.3 Results and discussion

5.3.1 Catalyst characterization

The X-ray diffraction (XRD) profiles of the Co/Mg/Al hydrotalcite and the calcined
catalyst doped with potassium (not shown) exhibited the characteristic peaks of the
hydrotalcite structure (26 at ca. 10.8, 22.5, 34.1, 38.4, 45.3, 60.2 and 61.8°) and cobalt
spinel (20 at ca. 18.9, 31.5, 37.0, 44.4, 55.5, 59.2 and 65.0°), respectively, in accordance

to previous studies [44,45].

Scanning electron microscopy (SEM) was carried out directly over the cordierite pieces
loaded with catalyst as prepared as well as after the ethanol steam reforming tests
performed in this study, which accounts for more than 650 h. Figure 5.2a shows a
representative SEM image of the fresh catalyst. The sample is comprised mostly by
rounded particles of about 20-40 nm in diameter, although several larger platelets are
also visible. According to XRD and previous studies [44], the small, rounded particles are
ascribed to cobalt spinel, whereas larger particles with platelet morphology likely
correspond to mixed oxides coming from hydrotalcite calcination. Figure 5.2b shows a
SEM image of the catalyst after ESR for 650 h. Two observations merit to be highlighted;
first, the size of spinel particles decrease under ESR conditions, which now measure
about 10-20 nm in diameter. Second, the amount of hydrotalcite platelets increases
after reaction, which is related to rehydration under steam during ESR conditions, as
observed previously [44]. Finally, no carbon deposition has been observed after 650 h of
reaction. This is an outstanding result taking into account that low S/C ratios have been
selected for approaching real operation (S/C=1.8-3) and also that in a catalytic
membrane reactor the partial pressure of hydrogen is lower than that in a conventional

reactor due to hydrogen permeation through the membrane.
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Fig. 5.2 SEM images for fresh catalyst (A) and the catalyst after ESR for 650 h (B).

In order to definitely rule out the presence of carbon deposition onto the catalyst after
the ESR tests, we recorded the XP spectra of the surface of both the fresh catalyst and
the used one (XPS is a surface sensitive technique and also very sensitive to carbon). The
concentration of carbon on the catalysts was virtually identical in both cases (C/C0=0.17
and 0.12, C/(Al+Mg)=0.10 and 0.11 before and after reaction, respectively), thus
confirming that no carbon accumulation occurred during ESR operation in the
membrane reactor. We have reported previously by in-situ techniques [44] that the
absence of metallic cobalt during ESR is responsible for such extraordinary stability. The
XPS analysis of the Co 2p region of both the fresh and the used catalysts in our study
confirms the absence of metallic cobalt on both of them (Figure 5.3). Bands at 780.0 and
795.5 eV correspond well to the Co 2ps/; and Co 2p,/; binding energies of Co(ll) species,
and the satellite lines at 785.3 and 802.1 eV are due to the cobalt hydrotalcite and spinel

structures [44]. No bands of metallic Co are visible at about 778 and 793 eV.

Page 156



Chapter 5. Ethanol steam reforming in a catalytic membrane reactor over cobalt hydrotalcite
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Fig. 5.3 XPS analysis of the Co 2p region of both the fresh (A) and the used catalysts (B).

5.3.2 Staged membrane reactor

As explained in the experimental section, two configurations for the catalyst and the Pd-
Ag separation membrane were tested in the same reactor under similar reaction
conditions (see Figure 5.1). In all cases, ethanol conversion was complete and the only
products detected by gas chromatography were H,, CHs, CO and CO,. No acetaldehyde
(the first step in ethanol reforming over Co-based catalysts, equation 5.2), acetone
(which is formed via condensation of acetaldehyde) or C,, hydrocarbons were detected.
The total amounts of H,, CO,, CO and CH,; obtained in the staged configuration at
atmospheric pressure and different reaction conditions were always fairly identical to
those obtained previously for catalytic honeycombs loaded with the same catalyst in a

fixed bed reactor [45], confirming reproducibility.
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The effect of temperature on the distribution of products on a dry basis at 10 bar is
shown in Figure 5.4a. The amount of hydrogen increased slightly with temperature at
the expense of methane, which is explained in terms of methane steam reforming
(equation 5.6). On the other hand, as temperature was increased, the reverse water gas
shift reaction was favored and the amount of CO increased progressively at the expense
of CO,, according to the WGS equilibrium (equation 5.4). Pressure had a stronger effect
on the distribution of products of the reaction. Figure 5.4b shows the distribution of
products on a dry basis obtained at a fixed temperature of 833 K. The selectivity towards
methane increased sharply with pressure at the expense of hydrogen, which is explained
in terms of the Le Chatelier’s principle, since the consumption of moles of H, and CO is

favored with pressure to yield CH; (methanation reaction, see reverse of eq. 5.6).
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Fig. 5.4 The effect of temperature on the distribution of products on a dry basis at 10 bar

(A) and distribution of products on a dry basis obtained at a fixed temperature of 833 K

(B).

Figure 5.5 reports the amount of hydrogen permeated as influenced by temperature and
pressure in the SR design. As expected, pressure affected strongly the separation of
hydrogen at each temperature. The increase of hydrogen flowrate through the
membrane is explained in terms of the hydrogen permeation driving force due to the
difference in hydrogen pressure at both sides of the membrane, as expected from
Sievert’s equation. The larger the pressure difference of hydrogen in the retentate and

permeate sides, the larger the permeated hydrogen amount per unit membrane area,
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this effect clearly dominating up to intermediate pressures (i.e., P<10 bar). However, at
higher pressures (10<P<14 bar), the curves of permeated hydrogen tend to attenuate
their increments. This is due to the fact that two conflicting effects occurred
simultaneously. On the one hand, pressure favored hydrogen permeation through the
membrane and, therefore, a higher hydrogen permeating flux. On the other hand, high
pressure values resulted in a decrease of the total production of hydrogen
(Fh2,produced=FH2,retentatetFH2,permeate). Thus, as pressure increases, the membrane located
downstream the reactor is fed with gaseous mixtures containing lower molar fractions
of H,. This is a direct consequence of the thermodynamics of the reaction since the
complete ethanol steam reforming reaction proceeds with a strong increase of the
moles number (equation 5.1). The effect of temperature on the permeated hydrogen
flowrate is also reported in Figure 5.5. The increase of the operating temperature
originates two effects, which both result here in an increase of the total amount of
hydrogen permeated. Higher temperatures favor both the total hydrogen production by
the reforming reaction and also the permeation through the Pd-Ag membrane as this is

a temperature-activated process.
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Fig. 5.5 Amount of hydrogen permeated as influenced by temperature and pressure in

the SR design
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5.3.3. Catalytic membrane reactor

Figure 5.6 shows a comparison of the performance of the two different reactor
configurations tested, i.e., SR and MR. Total molar flowrates of produced hydrogen
(retentate + permeate) in SR or MR adimensionalized with those obtained without
membrane separation (CR) are shown for different pressure values. As expected, the SR
configuration showed no influence of the membrane in the production of H,. Due to the
equilibrium shift effect originated by the removal of H, through the membrane, a MR
configuration proved to be superior, with increases of up to 68% in the H, production

rate. Higher pressures accentuate the behavior as more hydrogen is permeated.

2
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Fig. 5.6 Comparison of the performance of the two different reactor configurations

tested, SR and MR.

The influence of pressure and temperature on hydrogen recovery, defined as the
amount of hydrogen permeated divided by the total amount of hydrogen produced, is
reported in Figure 5.7 for a MR configuration. As expected, hydrogen recovery increases
with pressure due to a higher permeation driving force. As permeation is a temperature
activated process, recovery is also enhanced at increasing temperature. High hydrogen

recovery values of about 80% were achieved in the operating conditions of Figure 5.7.
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Fig 5.7 Influence of pressure and temperature on hydrogen recovery for MR

configuration.

Studies regarding ethanol steam reforming over cobalt hydrotalcites have been reported
in a previous work by our group [44,45]. There, it was found that temperatures in the
range 773-873 K are optimum for catalytic performance. Figure 5.8a shows a
comparison of H, yield and hydrogen recovery at these two extreme temperatures for
the MR and SR designs and maintaining a fixed value of the load per unit catalyst mass
of Qiig/Wear =2.3 ml-g'l-h'1 for both configurations (constant contact time based on the
catalyst). For both design configurations, an increase of the hydrogen vyield with
temperature is observed as a result of the equilibrium shift of the endothermic
reforming reaction. Moreover, for the MR design the increase in H, yield when
temperature is increased from 773 to 873 K is higher than the one observed for the SR
configuration due to the equilibrium shift effect as hydrogen is permeated through the
membrane, operating in the MR in parallel with the reaction. For T=873 K, it should be
noted in Figure 5.8a a remarkable value of 5.1 for the hydrogen yield, which means ca.
85% with respect to the maximum stoichiometrically possible of 6 (see equation 5.1).
Regarding hydrogen recovery, an enhancement of this variable with temperature is
observed for both designs due to both the activation of the membrane and the higher
amounts of hydrogen produced by the reaction. Recoveries in the MR design are higher
than those corresponding to the SR due to both superior H, yields and lower loads

selected to compensate a lower catalyst mass in the MR configuration, which
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determines a lower total flux per unit membrane area. Remarkable hydrogen recovery

values up to 86% of the total amount of hydrogen generated are reported in Figure 5.8a.
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Fig. 5.8 Comparison of H, yield and hydrogen recovery at these two extreme
temperatures for the MR and SR designs (A) and similar comparison based on a constant

feed load per unit membrane area of Qjig/Amem»=0.42 ml-cm?h?

Figure 5.8b presents a similar comparison of the performance of both designs (i.e., H,
yield and recovery vs. T) based on a constant feed load per unit membrane area of
Qiig/Amemp=0.42 ml-cm™®h™. Similar effects than those already discussed above are
obtained, that is, an enhancement of hydrogen yield and recovery at increasing
temperature due to membrane and reaction kinetic activation. Besides, the effect of the
improvement in total hydrogen generation due to the equilibrium shift as hydrogen is
permeated from the reaction medium is also easily observed. However, the quantitative
differences between performances of MR and SR designs are more moderated on this

comparison basis. Since the MR configuration is loaded with a lower catalyst mass, the
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diminished contact time (feed flow per unit catalyst mass) affects negatively the
hydrogen generation. Nevertheless, this adverse effect is overcompensated by the
hydrogen permeation effect. In these terms, the MR design is capable to attain superior

performance parameters than the SR even operating with ca. 1/3 the catalyst load.

Finally, the effect of the S/C was tested at 823 K for the MR configuration at a constant
space velocity of 6.5 mlnq-g'l-h'1 (Figure 5.9). As the S/C ratio increases, the hydrogen
yield also increases as higher amounts of water shift the equilibrium to render extra
hydrogen, as expected from equations 5.3, 5.4 and 5.6. However, the increase of the S/C
ratio also dilutes the system with excess water. This leads to a decrease of the driving
force for the permeation through the membrane, which is reflected in the slight drop of
the H; recovery reported in Figure 5.9. Extrapolation of the S/C values beyond the ones
presented in this Figure are expected adverse for the performance, as values nearer to
S/C=1.5 are dictated by stoichiometry and S/C values higher than 3 would not
apparently improve the reaction performance but for sure would considerably

deteriorate the hydrogen separation due to an excessive dilution.
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Fig. 5.9 S/C tested at 823 K for the MR configuration at a constant space velocity of 6.5

mlnq-g'l-h'1
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5.4 Conclusions

Cobalt hydrotalcite [Co,Mg4Al>(OH)16]CO3-4H,0-derived catalyst doped with potassium
was supported over cordierite pieces and placed inside a membrane reactor with a
single, dead-end Pd-Ag membrane in two configurations. In one configuration, the
catalyst pieces were placed in-series with the membrane, forming a staged membrane
reactor. In the second configuration, the same catalyst was packed around the
membrane, leading to a catalytic membrane reactor. Ethanol steam reforming was
carried out in both design configurations at different temperatures, pressures, feed
loads and steam-to-carbon values. No sweep gas was used, therefore, pure hydrogen
was obtained in the permeate stream, which was maintained at atmospheric pressure.
The catalytic membrane reactor configuration showed higher hydrogen yields and
hydrogen recoveries than the staged design as resulting from the equilibrium
displacement due to the hydrogen removal from the reaction medium. At the conditions
tested, the retentate pressure showed a stronger influence on hydrogen yield and
recovery than the operating temperature. At 12 bar, 873 K and S/C=3, 3.7 STP
LHzlpermeate-mLEtOH,"quid'l-gcat'l were measured for the catalytic membrane reactor, ca.
three times higher than the values observed for the staged membrane reactor. The
cobalt hydrotalcite-derived catalyst used in the reactor, in both design configurations,
exhibited a very stable operation and no carbon accumulation occurred under operation

for 650 h, as deduced from SEM and XPS analysis.
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Chapter 6: General Conclusions

6.1 General conclusions

e Cobalt-based catalysts derived from Co/Mg/Al hydrotalcites are highly active and
selective towards hydrogen (69.5 % on a dry basis) at moderate temperature
(773 K) for ethanol steam reforming (ESR). The catalyst derived from
Co/Mg/Al=1/2/1 (molar) hydrotalcite shows the best catalytic performance.

e A detailed characterization of the catalyst with several physico-chemical
techniques has evidenced that the catalyst derived from Co/Mg/Al=1/2/1
hydrotalcite contains CoAl spinel particles as well as CoO strongly interacting
with MgO. However, CoAl spinel prepared separately and mixed with MgO is less
active and stable for ESR than the hydrotalcite-derived material.

* Unlike previously reported cobalt catalysts for ESR, no metallic cobalt has been
detected in our material under ESR with in situ experiments (XPS). Therefore,
adequate cobalt-based catalysts for ethanol steam reforming can be designed by
placing in appropriate environments Co?* active species.

e Hydrotalcite-derived cobalt catalysts promoted with noble metals Pt and Rh are
very active for ethanol steam reforming at moderate temperature. However,
metallic cobalt nanoparticles of about 10-15 nm in size evolve under reaction
conditions because Pt and Rh strongly promote the reduction of cobalt by
spillover of H, generated during the reaction.

* These metallic cobalt nanoparticles cause a rapid accumulation of carbon
(carbon nanotubes) on the catalyst surface, rendering a practical application
unviable.

e Cobalt catalysts derived from Co/Mg/Al hydrotalcites doped with potassium have
less number and strength of acid sites, being very stable for long-term
experiments under high loads of both ethanol and commercial bioethanol and
generating scarce amounts of carbon (0.0067 gc-g'lcata|yst-h'1).

e Catalysts derived from Co/Mg/Al hydrotalcites do not perform well under
oxidative steam reforming (OSR) conditions.

e Catalytic membrane reactors show higher hydrogen vyields and hydrogen
recoveries than conventional reactors or staged designs with reactors and

separation membranes placed in series. This is due to equilibrium displacement
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due to the hydrogen removal from the reaction medium through the membrane.
By using Pd-Ag metallic membranes a pure stream of H; is obtained, which can
be directly used to feed a low-temperature fuel cell. Stable operation with no
deactivation and no carbon accumulation has been demonstrated in a catalytic

membrane reactor for 650 h.
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