
Hydrogen production through steam reforming of 
model bio-oil aqueous fraction using metal-supported 

mesoporous catalysts

Autor:

Pedro J. Megía Hervás

Directores:
Alicia Carrero Fernández

José A. Calles Martín

Programa de Doctorado en Tecnologías Industriales: 
Química, Ambiental, Energética, Electrónica, Mecánica y de los 

Materiales
Escuela Internacional de Doctorado

2020

H
yd

ro
ge

n 
pr

od
uc

tio
n 

th
ro

ug
h 

st
ea

m
 r

ef
or

m
in

g 
of

 
m

od
el

 b
io

-o
il 

aq
ue

ou
s f

ra
ct

io
n 

us
in

g 
m

et
al

-s
up

po
rt

ed
 

m
es

op
or

ou
s c

at
al

ys
ts

Pedro J. 
Megía 
Hervás

2020

TESIS DOCTORAL



 

 

 

 

 

 

 

TESIS DOCTORAL 

Hydrogen production through steam reforming of model 

bio-oil aqueous fraction using metal-supported 

mesoporous catalysts 

 

Autor: 

Pedro J. Megía Hervás 

 

Directores: 

Alicia Carrero Fernández 

José A. Calles Martín 

 

Programa de Doctorado en Tecnologías Industriales: Química, 

Ambiental, Energética, Electrónica, Mecánica y de los 

Materiales 

 

Escuela Internacional de Doctorado 
 

 

Madrid, 2020 

 





 

 

 

 

 

 

 

 

 

 

 

 

“A subtle thought that is in error may yet give rise to fruitful inquiry that can 

establish truths of great value” 

Isaac Asimov 
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                                               Resumen 

El trabajo recogido en la presente Tesis Doctoral forma parte la línea de producción y 

almacenamiento de hidrógeno y, ha sido desarrollado en los laboratorios del Grupo de 

Ingeniería Química y Ambiental de la Universidad Rey Juan Carlos. Concretamente, 

se ha centrado en la producción de hidrógeno renovable mediante reformado con vapor 

de compuestos modelo presentes en las fracciones acuosas procedentes de tratamientos 

termoquímicos de biomasa y residuos. Para ello, se han desarrollado catalizadores de 

cobalto soportados con el objeto de maximizar la producción de hidrógeno, 

minimizando la formación de productos secundarios tales como coque, que 

disminuyen la actividad del catalizador.  

Antecedentes 

La demanda mundial de energía primaria aumenta un 1.3 % cada año como 

consecuencia del crecimiento económico, el aumento de la población y los avances 

tecnológicos. Actualmente, más del 90% de la demanda mundial de energía se abastece 

con combustibles de origen fósil, emitiendo a la atmósfera aproximadamente 32 mil 

millones de toneladas de CO2 cada año. Además de los fuertes impactos ambientales, 

los combustibles fósiles son recursos limitados, y los precios del petróleo fluctúan 

enormemente afectando a la industria y a la capacidad de los consumidores para 

comprar bienes y servicios. Por ello, el número de países con políticas energéticas 

basadas en tecnologías de hidrógeno está aumentando [1]. 



 

 
Resumen                                                                                                                                                                                         .  

2 

 

El uso de hidrógeno para la producción de energía no genera emisiones contaminantes, 

ya que, en su combustión, solo se produce calor y vapor de agua. Asimismo, la 

aplicación del hidrógeno en pilas de combustible permite obtener energía eléctrica de 

forma sostenible y con elevados rendimientos. Por ello, el hidrógeno tiene el potencial 

de disminuir significativamente las emisiones de CO2, contribuyendo a mitigar el 

cambio climático. A pesar de todas estas ventajas, el hidrógeno no se encuentra 

disponible en forma libre en la naturaleza, es por eso que, hoy en día, el hidrógeno se 

produce principalmente a partir del reformado con vapor de gas natural. En 

consecuencia, la aplicación energética del hidrógeno como vector del futuro, requiere 

el desarrollo de nuevas tecnologías que permitan producirlo a partir de fuentes 

renovables. Entre los distintos procesos de producción de hidrógeno renovable, resulta 

interesante el reformado con vapor de la fracción acuosa del bioaceite obtenido 

mediante procesos termoquímicos de conversión de biomasa y residuos. 

En general, el reformado con vapor de los compuestos oxigenados contenidos en la 

fracción acuosa del bioaceite, es un proceso complejo en el cual intervienen un gran 

número de reacciones. Por ello, el rendimiento a hidrógeno se ve afectado por la 

presencia de reacciones secundarias como la de metanación y la de formación de 

coque, además de la limitación termodinámica de la reacción de reformado con vapor 

y de la reacción water-gas shift. De este modo, la viabilidad del proceso está muy 

relacionada con el desarrollo de catalizadores activos y estables, con alta selectividad 

hacia el producto de interés, el hidrógeno.  

Objetivos 

El principal objetivo del presente trabajo de investigación es el desarrollo de 

catalizadores de cobalto soportados sobre el material mesoestructurado SBA-15, que, 

permite una mejor dispersión de la fase activa. A día de hoy, los catalizadores de Co 

han sido menos estudiados que los de Ni, aunque presentan una elevada actividad a 

temperaturas moderadas y mejores rendimientos a hidrógeno. Además, en esta tesis, 
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se ha modificado el catalizador base Co/SBA-15 con varios promotores para mejorar 

su comportamiento en el reformado con vapor.   

Metodología 

El soporte utilizado para la preparación de catalizadores de cobalto fue el material 

silíceo mesoestructurado SBA-15, sintetizado por el método hidrotérmico descrito en 

la literatura. Con el objetivo de mejorar las propiedades catalíticas, el catalizador fue 

modificado incorporando promotores tales como Ca, Cu, Ce, Ag, Cr por impregnación 

a humedad incipiente utilizando disoluciones acuosas de los correspondientes nitratos.  

Las reacciones de reformado con vapor se llevaron a cabo en un reactor de lecho fijo 

situado en el interior de una unidad Microactivity-Pro (PID Eng&Tech) a 600ºC y 

presión atmosférica. Con el objetivo de tener Co en estado metálico (fase activa), antes 

de cada la reacción, los catalizadores se redujeron in situ haciendo pasar una corriente 

de H2 por el reactor. En los capítulos 1-3 se llevó a cabo el reformado con vapor de 

ácido acético como compuesto modelo, mientras que en el capítulo 4 se utilizó como 

alimento una mezcla formada por ácido acético, hidroxiacetona y fenol cuya 

composición se aproxima mayoritariamente a la de la fracción acuosa del bioaceite.  

Los catalizadores, tanto calcinados como reducidos y usados, se caracterizaron usando 

distintas técnicas: fisisorción de N2, ICP-AES, DRX, H2-TPR, TEM, TGA y CHN 

entre otras. 

Resultados y conclusiones 

Esta Tesis Doctoral se ha dividido en cuatro capítulos, cuyos resultados y conclusiones 

más relevantes se resumen a continuación: 

I. Efecto de la incorporación de promotores de reducibilidad sobre 

Co/CaSBA-15. 

En la primera parte de este capítulo, se estudia el efecto de la modificación del soporte 

SBA-15 con Ca antes de la impregnación del cobalto, ya que, de acuerdo con la 
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bibliografía, el calcio aumenta la interacción metal-soporte y aporta basicidad al 

catalizador. Los resultados de caracterización permitieron comprobar cómo la 

incorporación de Ca mejoró la dispersión de la fase activa a expensas de disminuir la 

reducibilidad, tal y como se pudo comprobar mediante las técnicas H2-TPR y XPS. La 

menor reducibilidad de la muestra Co/CaSBA-15, dio lugar a una conversión y 

rendimiento de hidrógeno inferiores a los alcanzados con el catalizador sin modificar. 

Para abordar este efecto adverso, en la segunda parte del capítulo, se propuso la adición 

de promotores de reducibilidad como el Cu, Ag y Ce que mejoraron el comportamiento 

catalítico aumentando la conversión de ácido acético. Sin embargo, la presencia de Cu 

no mejoró el rendimiento de hidrógeno, debido a su papel predominante en la reacción 

de descarboxilación del ácido acético en lugar de la reacción de reformado. Como 

consecuencia de la alta dispersión y una buena reducibilidad (comparable a la obtenida 

para Co/SBA-15), la muestra Co-Ce/CaSBA-15 dio lugar al mejor comportamiento 

catalítico en el reformado con vapor de ácido acético aumentando la conversión y el 

rendimiento de hidrógeno hasta 99% y 71,8% respectivamente. Es decir, un aumento 

del 20% para la conversión y del 62% para el rendimiento a hidrógeno, en comparación 

con el catalizador Co/CaSBA-15.  

II. Reformado de ácido acético empleando catalizadores bimetálicos Co-

M/SBA-15 (M: Cu, Ag, Cr, Ce). 

Dado que la incorporación de calcio en el soporte SBA-15 implica una etapa adicional 

en la preparación del catalizador y que los resultados del capitulo anterior no 

mejoraban los alcanzados con el catalizador Co/SBA-15, se decidió continuar 

utilizando únicamente como soporte el material mesoestructurado SBA-15. En este 

capitulo se prepararon catalizadores bimetalicos añadiendo Cu, Ag, Ce y Cr para 

analizar su influencia sobre las propiedades fisicoquímicas del catalizador Co/SBA-15 

y, sobre la actividad catalítica en el reformado con vapor de ácido acético. Los 

resultados mostraron como la adición de Cu y Ag condujo a una disminución de la 

temperatura de reducción del Co. En el caso del catalizador con Cu, se mantuvo el 

tamaño de cristal en comparación con el catalizador Co/SBA-15, mientras que, en el 
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caso del catalizador con Ag, el tamaño de cristal de Co aumentó. La adición de Ce, no 

produjo cambios significativos en la capacidad de reducción de los óxidos de Co ni en 

el tamaño de los cristales. Por su parte, al incorporar Cr disminuyó considerablemente 

el tamaño de cristal de Co, dando lugar a una mayor dispersión de la fase activa sobre 

el soporte. Los resultados catalíticos mostraron como las muestras Co-Cu/SBA-15, 

Co-Ag/SBA-15 y Co-Ce/SBA-15 redujeron el rendimiento hacia hidrógeno en 

comparación con el catalizador Co/SBA-15. Sin embargo, la adición de Cr, dio lugar 

a una mejora del comportamiento catalítico alcanzando el rendimiento a hidrógeno 

más alto de los catalizadores preparados, con valores por encima del 70% que se 

encuentran muy cercanos al equilibrio termodinámico. Además, con el catalizador 

Co-Cr/SBA-15 se observó una menor deposición de coque con mayor presencia de 

nanofilamentos de carbón defectuosos. 

III. Preparación de catalizadores Co-Cr/SBA-15 aglomerados para la 

obtención de hidrogeno por reformado con vapor de acido acético. 

Este capítulo está centrado en la optimización del proceso de aglomeración del 

catalizador Co-Cr/SBA-15. Se prepararon una serie de catalizadores extruidos 

variando el contenido de bentonita, utilizado como aglomerante, y el tamaño de 

partícula para obtener partículas de catalizador adecuadas para su uso en procesos de 

reformado con vapor a escala industrial. Los resultados de la caracterización no 

mostraron cambios reseñables en las propiedades fisicoquímicas del mismo tras el 

proceso de extrusión de la muestra en polvo, mientras que, la resistencia mecánica 

aumentaba con el contenido de aglomerante. Las pruebas de difusión externas e 

internas permitieron la selección del caudal y el tamaño de partícula del catalizador 

adecuados para evitar gradientes de concentración internos y/o externos. En estas 

condiciones experimentales, los catalizadores extruidos de Co-Cr/SBA-15 con un 30% 

en peso de bentonita y un tamaño de partícula con un diámetro efectivo de 1,5 mm, 

mostraron un buen comportamiento catalítico en el reformado de ácido acético, 

alcanzando un valor de rendimiento a hidrógeno cercano al 60% y, valores de 

conversión similares que los obtenidos con catalizador en polvo. 
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IV. Estudio de la formación de coque en el reformado con vapor de 

fracciones acuosas de bioaceite. 

Con el objetivo de estudiar las causas de la desactivación en las reacciones de 

reformado utilizando Co/SBA-15 como catalizador, este capítulo analiza la evolución 

del catalizador usado a diferentes tiempos en la reacción de reformado de una mezcla 

de compuestos modelo que representan mayoritariamente la fracción acuosa obtenida 

a partir de biomasa. La desactivación del catalizador Co/SBA-15 es consecuencia de 

la formación de coque, su composición y la sinterización de las partículas de Co. La 

oxidación de Co no se tuvo en cuenta como causa de desactivación ya que, en los 

difractogramas de rayos X no se detectaron óxidos de cobalto. Los resultados 

evidenciaron que el catalizador se desactiva siguiendo un proceso con dos etapas 

consecutivas. La primera, que tiene lugar a tiempos de reacción cortos, se atribuye a 

la formación de nanofibras de carbono defectuosas sobre la superficie del catalizador, 

así como dentro de los poros de SBA-15, lo que da lugar a la presencia de partículas 

de Co aisladas. Durante esta etapa, también se observaron algunas partículas de Co 

encapsuladas dentro de nanofibras de coque, lo cual, dificulta el papel catalítico de 

estos centros activos. Durante la segunda etapa, los nanofilamentos de carbono 

resultaron ser más ordenados que en la etapa anterior y, siguieron creciendo hacia 

afuera del soporte sin taponar nuevos poros, motivo por el cual, los valores de 

superficie BET permanecen prácticamente constantes. En ambas etapas, el tamaño de 

los cristales de cobalto tras la reacción de reformado indicaba cierta sinterización con 

poca influencia en la desactivación del catalizador Co/SBA-15. Estos resultados, junto 

con un análisis estadístico t de Student, permitieron concluir que el crecimiento 

progresivo de las nanofibras de carbono y su naturaleza tienen más influencia en la 

caída de la conversión que el resto de las variables estudiadas. 
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                                                Summary 

The work presented in this Doctoral Thesis is part of the hydrogen production and 

storage line and has been developed in the Rey Juan Carlos University, specifically, in 

the Chemical and Environmental Engineering Group laboratories. In particular, it has 

been focused on the production of renewable hydrogen from model compounds 

present in the aqueous fractions obtained from thermochemical treatments of biomass 

and residual waste. For this purpose, cobalt supported catalysts have been developed 

in order to maximize the production of hydrogen, minimizing the formation of 

secondary products such as coke, which decrease the catalyst activity. 

World demand for primary energy rises by 1.3% each year as a consequence of global 

economic growth, the increase in population and advances in technology. Currently, 

more than 90% of the world's energy demand is supplied by fossil fuels, emitting 

approximately 32 billion tons of CO2 into the atmosphere each year. In addition to the 

strong environmental impacts, fossil fuels are ever-dwindling supplies, and oil prices 

wildly fluctuate, affecting the industry and the ability of consumers to buy goods and 

services. Therefore, the number of countries with energy policies based on hydrogen 

technologies is increasing [1]. 

The use of hydrogen for energy production does not generate polluting emissions, 

since only heat and water vapor are produced. Likewise, the application of hydrogen 

in fuel cells allows the production of sustainable electricity with high yields. Therefore, 

it has the potential to significantly reduce CO2 emissions, contributing to limiting 
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global climate change. Despite all these advantages, hydrogen is not available in free 

form in nature, reason why, currently hydrogen is produced mainly from the steam 

reforming of natural gas. Consequently, the application of hydrogen as the energy 

vector of the future, requires the development of new technologies that allow its 

production from renewable sources. Among the different processes for the production 

of renewable hydrogen, the steam reforming of the bio-oil aqueous fraction obtained 

from thermochemical treatments of biomass and wastes becomes interesting. 

In general, the steam reforming of the oxygenated compounds contained in the bio-oil 

aqueous fractions is a complex process that involves a large number of reactions. 

Hence, the hydrogen yield is affected by the development of secondary reactions such 

as methanation and coke formation reactions, in addition to the thermodynamic 

limitation of the reforming reaction and the water-gas shift reaction. Thus, the viability 

of this process is related to the development of stable and active catalysts, with high 

selectivity towards hydrogen as the product of interest. 

Therefore, the main objective of this research work is the development of cobalt-based 

catalysts supported on the mesoporous SBA-15 material, which allows a better 

dispersion of the active phase. To date, Co catalysts have been less studied than Ni 

catalysts despite they provide high activity at moderate temperatures and increase the 

hydrogen yield. In addition, in this Thesis, Co/SBA-15 has been modified using 

several promoters, to improve their catalytic performance in the steam reforming of 

both: acetic acid, as a model compound of the aqueous phase obtained from thermal 

treatments of biomass (chapters 1-3), and, a mixture of model compounds (acetic acid, 

hydroxyacetone and phenol), that represent an approximation to a real aqueous fraction 

in the last chapter.  

This Doctoral Thesis has been divided into four different chapters, the most relevant 

results of which are summarized below: 
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I. Effect of the incorporation of reducibility promoters on 

Co/CaSBA-15. 

In the first part of this chapter, the effect of SBA-15 modification with Ca before the 

Co impregnation is studied since according to the literature, calcium increases the 

metal-support interaction and provides basicity to the catalyst. The characterization 

results showed how Ca incorporation improved the metal dispersion at the expense of 

the reducibility as demonstrated by H2-TPR and XPS. The lower reducibility of 

Co/CaSBA-15 led to lower conversion and hydrogen yield compared to the 

unpromoted sample. To address this detrimental effect, in the second part of this 

chapter, the addition of reducibility promoters such as Cu, Ag and Ce was perform 

leading to an enhancement of the catalytic performance increasing the acetic acid 

conversion and the hydrogen yield. However, the presence of Cu did not improve the 

hydrogen yield, attributed to its predominant role in the decarboxylation reaction of 

acetic acid rather than in the reforming reaction. As a consequence of the high 

dispersion and good reducibility (comparable to that obtained for Co/SBA-15), Co-

Ce/CaSBA-15 sample reached the best catalytic behavior in the acetic acid steam 

reforming increasing the conversion and the hydrogen yield up to 99% and 71.8% 

respectively. That means, a 20% increase for the conversion and 62% for the hydrogen 

yield, compared to Co/CaSBA-15 catalyst.  

II.  Acetic acid steam reforming using bimetallic Co-M/SBA-15 (M: Cu, 

Ag, Cr, Ce). 

Since the incorporation of calcium in the SBA-15 support implies an additional stage 

in the catalyst preparation and based on previous chapter where catalytic results did’t 

improve Co/SBA-15, we decided to continue using bare SBA-15 as support. In this 

chapter, the influence of promoters (Cu, Ag, Ce and Cr) addition on the 

physicochemical properties of Co/SBA-15 catalyst and, on the catalytic activity of 

acetic acid steam reforming is studied. The results showed how Cu and Ag addition 

led to a decrease in the Co reduction temperature. In the case of the Cu-doped catalyst, 
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the Co crystal size was maintained when compared to the Co/SBA-15 catalyst, while, 

in the case of the Ag-containing catalyst, the Co crystal size was increased. The 

addition of Ce does not affect significantly neither Co-oxides reducibility nor Co 

crystallites size. For its part, the addition of Cr considerably reduced the Co crystallite 

size, giving rise to higher dispersion of the active phase over the support. Catalytic 

results showed how Co-Cu/SBA-15, Co-Ag/SBA-15 and Co-Ce/SBA-15 reduced the 

hydrogen selectivity. However, the addition of Cr gave rise to an improvement in the 

catalytic behavior, leading to the highest hydrogen selectivity of the prepared catalysts 

with values above 70% that are very close to the thermodynamic equilibrium (above 

70%). In addition, a lower coke deposition was observed in this catalyst with a greater 

presence of defective carbon nanofilaments. 

III. Preparation of agglomerated Co-Cr/SBA-15 catalysts for hydrogen 

production through acetic acid steam reforming. 

This chapter is devoted to the optimization of the agglomeration process of 

Co-Cr/SBA-15. A series of Co-Cr/SBA-15 extrudates were prepared by varying the 

bentonite content, used as binder, and particle size in order to get catalyst particles 

suitable to be used in a steam reformer at industrial scale. The characterization results 

did not show remarkable changes in the physicochemical properties after the extruding 

process of the powdered sample, while the mechanical strength increases with the 

binder content. The external and internal diffusion tests allowed the selection of the 

suitable flow rate and catalysts particle size to avoid any concentration gradients. 

Under these experimental conditions, Co-Cr/SBA-15 extrudates with a 30 wt.% of 

bentonite and a particle size with an effective diameter of 1.5 mm, showed a good 

catalytic performance in the acetic acid steam reforming, reaching a hydrogen yield 

around 58% and similar results in terms of conversion when compared to the powder 

form. 
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IV. Study of coke formation in the steam reforming of bio-oil aqueous 

fractions. 

With the aim of studying the causes of deactivation in the reforming reactions using 

Co/SBA-15, this chapter studies the evolution of the used catalyst at different times in 

the steam reforming of a mixture of model compounds that mostly represent the 

aqueous fraction obtained from biomass. Deactivation of Co/SBA-15 is a consequence 

of coke formation, its composition and Co sintering. The oxidation of Co was 

discarded as a cause of deactivation since no cobalt oxides were found by XRD in the 

used catalysts. Results evidenced that Co/SBA-15 is deactivated following a process 

with two consecutive stages. The first one, at short reaction times, ascribed to the 

formation of defective carbon nanofibers over the catalyst surface as well as inside the 

SBA-15 pores leading to isolated metallic Co particles. During this step, some Co 

particles were also encapsulated within coke nanofibers, hindering the catalytic role of 

these active centers. During the second stage, coke nanofilaments became more 

ordered growing out of the support without covering new pores, as inferred from 

almost constant BET surface values. In both stages, Co crystallites size indicated a 

slight sintering with minor influence on Co/SBA-15 deactivation. These results, along 

with a t-Student analysis, have led to the conclusion that the progressive growth of 

carbon nanofibers and its nature (C/H ratio) have more influence on the conversion 

drop than the rest of the studied variables. 
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                                     1. Introduction 

1.1. Current energy situation 

Global demand for primary energy rises by 1.3% each year to 2040, with increasing 

demand for energy services [2] as a consequence of global economic growth, the 

increase in population and advances in technology. In this sense, fossil fuels 

(petroleum, natural gas and coal) have been widely used for energy production and are 

projected to remain the dominant energy source until at least 2050 [3, 4] (see Figure 

1. 1). The use of fossil fuels for energy production and/or chemicals result in the 

emission of greenhouse gases such as carbon dioxide, nitrogen oxides and other 

volatile compound as well as solid particles into the atmosphere contributing to global 

climate change [5].  

 

Figure 1. 1. World primary energy consumption by energy source [4] 
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Currently, carbon-based fuels supply 85% of the total world’s energy demand. To meet 

the energy demand, approximately 36 billion tons of CO2 are emitted into the 

atmosphere every year of which over 90% comes from fossil fuels [6] and it is expected 

to further increase in coming years, as shown in Figure 1. 2. Besides the strong 

environmental impacts, the fossil fuels are ever-dwindling supplies, and oil prices 

wildly fluctuate, impacting profits for industries that produce and use oil and 

consumers’ ability to purchase goods and services [7]. Energy consumption and carbon 

emissions represent two crucial elements of the European Union energy strategy [8]. 

To ensure a reduction of both energy consumption and carbon emissions, different 

targets have been set up. In this sense, the next European Union binding agreement for 

energy efficiency target (primary energy consumption) is focused on the 30% of 

reduction in 2030 compared to the 1990 level [9]. Based upon the foregoing, multiple 

studies have been focused in the development of new technologies towards renewable 

energy sources as alternative to fossil fuels [10-15]. 

 

Figure 1. 2. Energy-related carbon dioxide emissions [4] 

Against the use of fossil fuel technologies, the number of countries with policies that 

directly support investment in hydrogen technologies is increasing [1]. Hydrogen is 
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production does not result in pollutant emissions since only heat and water vapor are 

produced [18-20], reducing the emission of greenhouse gases. Besides energy 

applications, hydrogen is widely used in chemical and petroleum industries [16, 17, 

21]. Despite the abundance of hydrogen, it is not available in free form in nature [22]. 

Nowadays, hydrogen is mainly produce trough thermochemical processes using fossil 

fuels: hydrocarbon reforming, coal gasification, hydrocarbon pyrolysis and plasma 

reforming [16]. As a consequence, significant CO2 emissions are produced (around 

830 million tonnes per year) [1]. Thus, hydrogen production from renewable sources 

can face this problem by lowering the carbon footprint, leading to a sustainable energy 

system in the near future as shown in Figure 1. 3. 

 

Figure 1. 3. Schematic representation of energy system today and in the future [23]. 

1.2. Technologies for hydrogen production 

Hydrogen in molecular form can be obtained from many different sources such as 

fossil fuels, biomass and water [1]. Fossil fuels keep their dominant role in the global 

hydrogen supply since production costs are strongly correlated with fuel prices, which 

are still maintained at acceptable levels. Currently, there are several technologies to 

produce hydrogen from fossil fuels, being hydrocarbon reforming and pyrolysis the 

most used. These techniques almost allow the production of the entire hydrogen 
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demand [22]. More specifically, hydrogen is being produced 48% from natural gas, 

30% from petroleum, and 18% from coal [23]. 

Despite most hydrogen is nowadays produced from hydrocarbons, carbon-free sources 

have attracted the attention to produce renewable hydrogen [24]. Hydrogen with a low-

carbon footprint has the potential to facilitate significant reductions in energy-related 

CO2 emissions and to contribute to limiting global temperature rise to 2°C [23]. 

Besides water, biomass is a renewable source of primary energy derived from plants 

and animal materials [22] such as forest residues, crops, municipal solid waste, 

microalgae or animal by-products [25, 26]. This renewable feedstock is considered a 

potential source of fuels and chemicals. Hydrogen production from biomass and 

residual wastes is technically and economically feasible given the current state of 

technology and economic conditions in many developed countries [27]. It has been 

stated that biomass will cover the energy demand by more than 25% by 2050 [24]. On 

the contrary to fossil fuels, biomass-to-energy processes reduce the CO2 emission and 

absorbs CO2 from natural environment [28], leading to a neutral carbon emission 

scenario. 

1.2.1. Steam reforming 

Steam reforming, is the reaction of a mixture of steam and hydrocarbons at high 

temperature to produce hydrogen and carbon oxides. Steam reforming is used to 

extract hydrogen from natural gas and much less frequently from liquefied petroleum 

gas and naphtha [1]. The most widely used hydrocarbon reformation process is 

methane steam reforming from natural gas or light hydrocarbons. In this process, 

carbon monoxide is first produced together with hydrogen giving rise to synthesis gas 

(CH4 + H2O → CO + 3 H2), and then through water-gas shift reaction carbon monoxide 

is converted into carbon dioxide and additional hydrogen (CO + H2O → CO2 + H2) 

[29]. The overall methane steam reforming reaction can be represented as follows: 

CH4 + 2 H2O → CO2 + 4 H2 
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The reforming reaction is highly endothermic and a large amount of heat is required. 

For that reason, these reactions are typically carried out at a temperatures between 

800-1000 °C [30]. The methane steam reforming produces a hydrogen-rich gas, along 

with less amounts of mainly carbon dioxide, carbon monoxide and methane. Since 

hydrogen is mixed with other compounds, a separation step is required for purification. 

In modern hydrogen plants, the purification is accomplished via Pressure Swing 

Adsorption system, which can produce up to 99.999% pure hydrogen with a recovery 

ranging from 70-95% [31]. 

1.2.2. Partial oxidation 

Partial oxidation is an exothermic process, used to convert hydrocarbon fuels into a 

mixture of hydrogen, carbon monoxide, and other partially oxidized species [32]. The 

product distribution of partial oxidation reactions depends on C/O ratio and are 

constrained by high reaction temperatures (> 1000 °C). Thus, partial oxidation 

reactions are usually carried out using heterogeneous catalysts at lower temperatures 

[33]. Overall, the partial oxidation reaction could be described as follows: 

CnHm + ½ n O 2 → n CO + ½ m H2 

Thermodynamically, in this process H2 and CO are the most abundant products above 

550ºC [34], being CO a coke precursor. It can be removed by its oxidation towards 

CO2 or by the water-gas shift reaction increasing the H2 production. Despite the partial 

oxidation could be performed at moderate temperatures, the high exothermicity of the 

reaction could lead to hot-spots and, consequently, leading to catalyst deactivation 

[35]. 

1.2.3. Auto-thermal reforming 

The auto-thermal reforming includes the exothermic partial oxidation with O2, which 

provides the energy needed for the endothermic steam reforming reactions to increase 

the produced hydrogen [36]. In essence, both steam and oxygen are introduced into 

the reformer leading to the reforming and oxidation reactions occurring simultaneously 
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to get a thermodynamically neutral reaction [37]. This process has higher yield than 

the partial oxidation but lower than the steam reforming process. 

1.2.4. Electrolysis 

Electrolysis is one of the simplest ways to produce hydrogen from water. It can be 

summarized as conversion of electric power to chemical energy in the form of 

hydrogen and oxygen as a by-product with two reactions in each electrode; anode and 

cathode [38, 39]: 

Anode: H2O → ½ O2 + 2 H+ + 2 e− 

Cathode: 2 H+ + 2 e− → H2 

Overall process: H2O → H2 + ½ O2 

Water electrolysis powered by renewable energy sources, is expected to enable the 

scale-up of hydrogen production (high purity, 99.9%), and zero CO2 emissions are 

produced in water electrolysis processes [40]. However, the cost of H2 produced by 

electrolysis is still significantly higher than that produced by fossil fuels [41]. 

1.2.5. Thermolysis 

Thermolysis is a thermochemical water splitting process based on water 

decomposition to hydrogen and oxygen by heating at high temperatures. Despite this 

process implies an easy procedure, the water decomposition requires temperatures 

above 2500 °C [42, 43]. Thermolysis process is reversible, one of the main challenges 

in the application is the separation of the produced hydrogen and oxygen, since the 

recombination of both gaseous products may cause the formation of an explosive 

mixture [44]. The other challenge is the availability of materials, which can withstand 

the desired temperatures. 

Against thermolysis, thermochemical water-splitting cycles proceed at lower 

maximum operating temperatures and produce both H2 and O2 in separate steps, 
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thereby avoiding their recombination and bypassing the need for high-temperature and 

costly downstream gas separation [43]. 

1.2.6. Photo-electrolysis 

The process of water splitting by photo-electrolysis is similar to electrolysis but with 

the integration of this process with solar energy adsorption in a single unit. Water 

photo-electrolysis can be achieved by absorption of photons with energies greater than 

band gaps of semiconducting photo-electrodes, producing holes and electrons in 

photo-electrochemical cells [45]. The semiconductor uses the photons with energy 

greater than the semiconductor band gap to generate electron-hole pairs that are split 

by the electric field, which traverses the electrolyte [17]. 

1.2.7. Biological processes 

Due to increased attention to sustainable development and waste minimization, 

hydrogen obtained from biological processes research has increased substantially in 

the recent years. The main biological processes used for hydrogen production include: 

photolytic hydrogen produced from water (bio-photolysis), dark-fermentative 

hydrogen production and photo-fermentative processes [42]. 

Bio-photolysis and photo-fermentation are photonic-driven biochemical hydrogen 

production processes from water [17]. In direct bio-photolysis, a water molecule split 

into oxygen and hydrogen ion via photosynthesis by microorganisms such as green 

microalgae [16, 46]. One advantage of this process is that hydrogen can be produced 

from water in an aqueous environment at ambient conditions. It could be considered 

as an environmentally sustainable and economically feasible method from both, water 

and CO2 utilization perspectives [16, 22]. Currently, this technology requires a 

significant surface area to collect enough sunlight [42], due to the low hydrogen yield. 

For fermentative processes, anaerobic bacteria are used on carbohydrate-rich 

substrates, deprived of light and under anoxic conditions [16, 47]. As light is not 

required, it can produce hydrogen at any time. Bio-hydrogen production through the 
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dark fermentation process occurs through a series of bio-chemical reactions [47]. On 

the contrary, in photo-fermentation, under anaerobic conditions, photosynthetic 

bacteria use sunlight as a source of energy and assimilate small organic molecules 

present in the biomass obtaining H2 and CO2 as the byproducts [48]. The hydrogen 

yield is typically lower in dark conditions when compared to the yield under sunlight 

[16]. 

1.2.8. Thermochemical processes 

The thermochemical processes are one of the effective methods for producing 

hydrogen-rich gases from biomass [49, 50]. This technology mainly involve pyrolysis, 

gasification and hydrothermal liquefaction [22, 24, 25]. Both, gasification and 

pyrolysis technologies produce CO and CH4 which can be processed in order to 

increase the hydrogen production trough steam reforming and water-gas shift reaction 

[16]. Pyrolysis is considered to be the starting point of all thermochemical conversion 

technologies because it involves all chemical reactions to form solid, liquid, and gas 

as the main products with low concentration of oxygen [51]. In the recent years, 

advanced research on using biomass for liquid fuels has been performed, ranging from 

studies of pyrolysis and hydrothermal liquefaction of lignocellulose material, 

gasification and biomass-to-liquid technologies to the upgrading processes [26]. 

Pyrolysis is a thermal decomposition process, occurring in the absence of oxygen [52]. 

It is normally performed at temperatures between 300-1000 ºC [53, 54]. When biomass 

is used as feedstock, the pyrolytic products after thermal decomposition include bio-

char, bio-oil, and non-condensable gases including hydrogen, methane, carbon oxides 

and other gaseous hydrocarbons. Products yields depend on the operational conditions: 

when temperature is below 450 ºC bio-char formation is favored whereas bio-oil is the 

main product at temperatures between 450-800 ºC [25]. With the respect of operating 

conditions, pyrolysis is divided into fast pyrolysis and conventional pyrolysis. For 

hydrogen production, fast pyrolysis, which implies high temperatures and very short 
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residence times, is preferred since the major product for conventional pyrolysis is 

charcoal [24]. 

Biomass gasification is the conversion of biomass into a combustible gas mixture at 

high temperatures (800-900 ºC) in order to increase the hydrogen yield [16]. It is a 

variation of pyrolysis and, thus, is based upon partial oxidation [42]. At the end of the 

gasification, biomass is mainly converted into CO and H2 along with some water, CO2 

and CH4. Gasification requires oxidation agents such as air, oxygen or steam [25]. 

Following this technology, it is possible to obtain a fuel much cleaner and versatile 

than the original biomass [50]. 

Hydrothermal liquefaction of biomass is normally operated at moderate temperature 

of 250-370 ºC and high pressure (4-22 MPa) to break down the polymer structure of 

biomass [25]. The main product throughout this process is a liquid bio-crude along 

with a gaseous stream, an aqueous phase and a solid residue as byproducts [55]. The 

aqueous phase can be recirculated to the hydrothermal unit to enhance the bio-oil yield. 

Furthermore, it also could be used to produce hydrogen rich syngas from steam 

reforming. When compared with pyrolysis, the main advantages of hydrothermal 

liquefaction are higher energy efficiency, lower operating temperature and tar yield 

[26]. 

The bio-oil produced from hydrothermal liquefaction or pyrolysis processes is a liquid 

product which has larger energy density than biomass being composed of different 

kind of oxygenated such as acids, ketones, aldehydes and phenols among others [25, 

26, 56]. This complex composition depends on the composition of the original biomass 

[57] and it is responsible for many adverse properties of bio-oil: low heating value, 

corrosivity or immiscibility with others fuels that make it considered as a low-quality 

fuel [58, 59]. The bio-oil can be segregated into two different fractions: one organic 

and other aqueous [60]. Whereas the organic fraction is composed of non-polar 

compounds and it can be upgraded by hydro-treating to obtain fuels, the aqueous phase 

has low value and it contains mainly water but also several oxygenated organic 



 

 
1. Introduction                                                                                                                                                .                                         

22 

 

compounds such as acetic acid, phenol and hydroxyacetone [11]. The worthless 

aqueous phase, can be revalorized by producing hydrogen through a catalytic 

reforming process [10]. The viability of this process is related to the development of 

active and stable catalysts, with high selectivity towards hydrogen production. 

1.3. Catalytic steam reforming 

Nowadays, catalytic steam reforming of gas, hydrocarbons and oxygenated 

hydrocarbons is a promising technology to produce hydrogen [61]. Bio-oil aqueous 

fraction is a complex mixture of different compounds where carboxylic acids, ketones, 

phenols, aldehydes [62-64] can be easily found along with a high water content. The 

concentration of each compound depends on the biomass feedstock used for its 

production. Due to the oxygenated nature of the bio-oil aqueous fraction and its high 

water content, it has the potential to be revalorized by catalytic steam reforming with 

hydrogen production. Although bio-oil aqueous fraction steam reforming has a 

complex reaction network, it can be described by the following reaction stoichiometry: 

CnHmOk+(n - k) H2 → n CO + (n + m/2 - k) H2 

The steam reforming reaction is followed by the water-gas shift reaction: 

CO + H2O ↔ CO2 + H2 

Thus, assuming full conversion, the overall process can be represented as: 

CnHmOk+(2 n - k) H2 → n CO2 + (2 n + m/2 - k) H2 

Steam reforming is an endothermic process and therefore is favored at high 

temperatures [65, 66]. Furthermore, pressure plays a key role in the reforming process. 

According to Le-Chatelier's principle, it has a negative equilibrium effect on hydrogen 

yield due to the non-zero stoichiometric molar balance between the gas products and 

reactants [67]. The hydrogen yield is also affected by the thermodynamic limitation of 

the water-gas shift reaction and other reactions such as methanation 

(CO + 3 H2 → CH4 + H2O; CO2 + 4 H2 → CH4 + 2 H2O), and coking [68]. 
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Additionally, the methane from the methanation reactions can be steam reformed to 

produce more hydrogen: 

CH4 + 2 H2O → CO2 + 4 H2 

A side effect of these reactions is the carbonaceous deposits on the catalyst surface. 

Coke deposition has been described as the main cause of catalyst deactivation in the 

steam reforming processes of hydrocarbons and oxygenated compounds [69-71]. Coke 

is mainly formed due to the Boudouard reaction (2CO (g) ↔ CO2 (g) + C), methane 

decomposition (CH4 ↔ C + 2H2), reverse carbon gasification (CO + H2 → H2O + C) 

or polymerization of oxygenates/hydrocarbons (CnHmOk → polymers → coke) [71-

73]. The attenuation of these reactions depends on the composition and 

physicochemical properties of the catalysts as well as the reaction conditions [74]. 

Thus, the design of suitable catalysts must be undertaken. Those catalysts should 

present high activity and hydrogen selectivity and high resistance to deactivation. 

As mentioned above, the bio-oil aqueous fraction has a complex composition, reason 

why many studies have focused the attention in the use of bio-oil model compounds 

such as acetic acid, phenol, furfural and hydroxyacetone among others [61, 75-77].  

1.3.1. Steam reforming catalysts 

Steam reforming catalysts are nowadays a critical point of study where activity, 

hydrogen selectivity and deactivation are the main aspects on which the related 

researches are focused. The reforming catalyst commonly undertakes the 

responsibility for cracking not only C-C and C-H bonds but also O-H bonds [78].  

1.3.1.1. Active phases 

Noble metal-based catalysts have been described as active and stable catalysts but their 

prices is extremely high [18, 78-80]. However, transition metals have lower cost when 

compared to noble metals. Since they have demonstrated suitable activity in steam 

reforming, researchers are paying much more attention to them in recent years [68, 80-

82].  
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1.3.1.1.1. Noble metals 

Supported noble metals catalysts such as Rh, Ru, Pt, Pd and Ir have been widely 

reported in oxygenated hydrocarbons steam reforming [78, 83-86]. The use of noble 

metals-based catalysts increase the hydrogen selectivity while carbon deposition is 

decreased increasing the catalytic stability [87, 88]. To reduce the catalyst cost, thus 

improving the reforming economics, low loadings (< 1 wt.%) are usually used [88, 

89]. Even so, they are still expensive when compared to non-noble metal-based 

catalysts being the utilization limited at large scale [78].  

Rioche et al. [83], studied the steam reforming of model compounds, similar to those 

found in bio-oil (acetic acid, ethanol, acetone and phenol) over noble metal-based 

catalyst supported on CeZrO2 and Al2O3. They found that Rh supported over CeZrO2 

exhibited the highest hydrogen yield when compared to Pt and Pd, being this support 

much more efficient than the alumina. Tomishige et al. [84] found that Rh supported 

on CeO2/SiO2 for the steam reforming of tar was significantly more active when 

compared to other noble metals, with a hydrogen selectivity order of Rh > Pt > Pd > 

Ru. Basagiannis et al. [85] observed other trend in the ethanol steam reforming in the 

temperature range of 300–450 °C using noble metals and Al2O3 as support. They found 

that the catalytic performance varies according to Pt > Pd > Rh > Ru. More recently, 

Senseni et al. [86] reported the catalytic behavior of noble metal catalysts supported 

on MgAl2O4 trough glycerol steam reforming. Their results led to the conclusion that 

Rh-based catalyst was the optimum, showing high catalytic performance under 

different feed ratios and feed flow rates. Specifically, they observed the following 

trends for conversion: Rh > Pt > Ru > Ir, and hydrogen selectivity: Rh > Ir > Ru > Pt. 

In general, Rh was found to be the most active catalyst in steam reforming processes 

[80] with also, the highest resistance to coke formation. This behavior is attributed to 

the Rh capacity towards C–C bond dissociation, which is greater than other noble 

metals. This fact results in better catalytic performance in terms of activity, selectivity, 

and stability [90]. 
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1.3.1.1.2. Transition metals 

Because of their suitable performance in steam reforming processes and their lower 

cost when compared to noble metals, transition metals have raised considerable 

attention in the past decades including Ni, Co, Cu and Fe [68, 91-93]; being Ni, the 

most studied one. 

Hu et al. [91] studied the performance of different transition metals (Ni, Co, Fe and 

Cu) supported over Al2O3 in acetic acid steam reforming. Their study led to the 

conclusion that Ni and Co were more active than Fe and Cu. They attributed this 

behavior to the ability for cracking the chemical bonds of acetic acid. Ni and Co were 

not only active in cracking C-C bonds, but also C-H bonds, while Cu was only active 

for the cracking of C-H bond and Fe species were only active for cracking C-C bonds. 

Konsolakis et al. [92] evaluate the influence of Ni, Co, Cu and Fe supported on 

Co/CeO2 in the ethanol steam reforming in the temperature range of 400-800 °C. 

Stability experiments showed excellent stability of the catalysts, but some differences 

were observed particularly at low temperatures, following the order Co > Ni > Cu > 

Fe. Another work conducted by Chen et al. [93] was performed using attapulgite-

supported transition metals in glycerol steam reforming. They observed how Ni and 

Co improved the ability to convert glycerol into hydrogen when compared with Cu 

and Fe catalysts, ascribed to its superior ability for cracking C-C and C-H bonds and 

the improvement of the water-gas shift reaction. 

Generally, it is reported that Ni and Co-based catalyst achieved similar catalytic 

performances when compared to those described in literature for noble metals. 

Co-based catalysts have been less reported although they also provide high activity at 

moderate temperatures and increases hydrogen yield [94, 95]. Ni is more active for 

methanation reactions and acetic acid decomposition towards CH4, while Co is more 

active for the reverse water-gas shift reaction and the decomposition of acetic acid to 

CO [91]. Both, Ni and Co, suffer from deactivation. Co-based catalyst are commonly 

deactivated from the oxidation and sintering of the metallic phase [96]. Conversely, 
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the greatest challenge for Ni-based catalyst is the rapid deactivation due to high coke 

deposition as well as Ni particles sintering [90]. To overcome the coke formation and 

catalyst deactivation, there are some strategies to follow during the catalyst design 

such as promoter addition and/or support selection. 

1.3.1.2. Promoters 

Combining the advantages of different active species in the same carrier has been 

describe as an effective way to improve the catalyst performance [97]. Promoters can 

be classified in two main groups: textural and chemical promoters. Textural promoters 

generally facilitate the preparation of well-dispersed catalytic phases, to prevent and 

delay the sintering of active species by enhancing the textural properties of the 

catalysts. However, most promoters in industrial reforming are chemical promoters, 

which can be alkali and alkaline earth metals or metal oxides, that enhance the activity 

of reactions and moderate the carbon formation [98, 99]. 

There is a wide variety of research in literature, in which the beneficial effects of 

promoters’ addition to steam reforming catalysts is studied. In this sense, different 

works can be found using alkaline (Na, K) [100-103], alkaline earth (Mg, Ca, Ba, Sr) 

[104-109] and rare-earth promoters (Ce, La, Yb) [110-115].  

The addition of alkali elements (alkaline and alkaline earth metals) to supported 

catalysts results in a decrease in coke formation. This is explained by an increase in 

surface basicity of the materials, promoting water adsorption and OH surface mobility, 

thus, decreasing the rate of coke deposition on catalyst surface. They also improve the 

dispersion of the active phase, preventing metal sintering and strengthening the 

metal-support interaction.  

Similarly, the presence of rare-earth metals in supported steam reforming catalysts was 

found to significantly enhance catalytic activity and stability, resulting in higher 

hydrogen yield and better carbon formation resistance by decreasing the selectivity 

towards ethylene, which is a coke precursor. This behavior is ascribed to the fact that 

lanthanides inhibit the growth of large crystals and prevent the re-oxidation of the 

https://www.sciencedirect.com/topics/engineering/catalyst-surface
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active phase during the steam reforming reaction. More specifically, both Ce and La, 

also promote carbon gasification ascribed to the higher amount of mobile lattice 

oxygen induced by the CeO2 and the formation of lanthanum oxycarbonate from 

La2O3, respectively [115]. 

Furthermore, considerable research work has also been undertaken adding other 

transition or noble metals such as Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Ru, Rh, Pd, Ag, Pt 

and Au [10, 80, 87, 116-119]. The combination of different active metals together 

giving rise to bimetallic M-M catalysts is an effective way to improve the catalytic 

performance by decreasing the reduction temperature, inhibiting carbon formation 

and/or improving the active phase dispersion. 

1.3.1.3. Supports  

It has been widely reported in literature that the catalytic performance is not only 

related to the active phase and/or promoters, but also to the support, which plays a key 

role in the catalyst activity and stability [120]. Support provides textural and 

physicochemical properties essential for keeping the catalyst well dispersed and 

resistant to coke formation. An adequate support should tap into the textural and 

chemical properties, such as surface area, porosity, thermal stability, redox properties, 

oxygen storage capacity and surface basicity. These characteristics, will improve the 

metal-support interaction, increase the dispersion of active metal particles and enable 

the reduction of the catalyst, in addition to avoid the formation of carbon species [121]. 

According to pore size, supports are categorized into three groups according to the 

International Union of Pure and Applied Chemistry (IUPAC): microporous (3-20 Å), 

mesoporous (20-500 Å) and macroporous materials (> 500 Å). 

Regarding the supports used for reforming catalysts, a wide variety of oxides have 

been used such as Al2O3, Ce2O3, La2O3, SiO2, MgO, TiO2, ZrO2, Nb2O5, Y2O3 [121-

123]. Among them, Al2O3 is the most studied support given that it afford high specific 

surface area allowing high dispersion and its chemical strength provides stability to 

the catalyst [68, 90]. Nevertheless, the acidic properties of this support under reaction 
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conditions promote dehydration process leading to coke precursors, thus resulting in 

fast deactivation [71, 90, 124]. In contrast, mesoporous silica materials have received 

considerable attention given that their structural versatility for applications including 

catalysis, separation, and nanomedicine [125]. Specifically, mesoporous SBA-15 and 

MCM-41 have been widely researched for the catalytic steam reforming technology 

[126]. Both materials are two-dimensional hexagonal pore arrangements of uniform 

cylindrical mesopores [127], however, SBA-15 exhibit larger pore size and thick walls 

leading to high thermal stability when compared to MCM-41 [128]. 

Indeed, several studies have come to the conclusion that SBA-15 support lead to the 

best catalytic results ascribed to smaller particle size and high dispersion, strengthened 

metal-support interaction, sintering resistance and less carbon deposition derived from 

smaller particles size [127, 129-131]. 

Synthesis of SBA-15 material was described for first time in 1998 by Zhao et al. [132], 

prepared in acid media at low temperature and under hydrothermal conditions. The 

synthesis procedure requires a non-ionic block copolymer comprised of hydrophilic 

(polyethylene oxide) and hydrophobic (polypropylene oxide) units as a structure 

directing agent (surfactant) and a silica precursor (tetraethyl orthosilicate or 

tetramethyl orthosilicate). Synthesis of SBA-15 involves the surfactant dissolution in 

acidic media followed by addition of silica source. The development of micellar 

structures from the surfactant allow the interaction of ethylene oxide units with 

cationic silica species from the silica source leading to highly ordered hexagonal 

phases with mesoporous channels after the surfactant removal by its calcination as 

schematically represented in Figure 1. 4.  
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Figure 1. 4. Schematic representation of different stages during the SBA-15 synthesis (Adapted from 

[133]). 

The synthesis conditions such as pH, block copolymer and hydrothermal temperature 

can be modified in a wide range, leading to different textural properties: mesopores 

size from 50 to 300 Å and pore wall thickness between 31- 64 Å [132]. Furthermore, 

as shown in Figure 1. 5, micropores are generated perpendicular to hexagonal channel, 

which penetrate the silica wall during synthesis. Micropososity is created from the 

more hydrophilic ethylene oxide chains of the surfactant, which make a way into the 

silica wall during synthesis and leave microporosity after calcination [134, 135]. 

 

Figure 1. 5. Microporous and mesoporous structures of SBA-15 material. 

1.3.2. Catalyst deactivation 

The development of stable catalysts is a key point in the steam reforming reactions 

since they undergo severe deactivation. Regardless of the metal used as active phase 

and the support selected, stability is still one of the main challenges for steam 

Micropores

10-30 Å
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reforming catalysts design [90]. The mechanisms of catalyst deactivation can be 

divided into coke formation, metal sintering and metallic phase oxidation. 

1.3.2.1. Coke formation  

Coke formation during steam reforming might be considered one of the main cause 

catalyst deactivation [69-71]. Carbon deposition is typically derived from undesirable 

secondary reactions of the intermediates and products, whose formation is not only 

related with the nature of the catalyst but also to the reaction temperature [78, 90]. 

Coke formation leads to activity loss since active sites and/or pores are blocked [136]. 

Different reactions are proposed in literature to account for the coke formation: the 

Boudouard reaction (2CO ↔ CO2 + C), methane decomposition (CH4 ↔ C + 2H2), 

reverse carbon gasification (CO + H2 → H2O + C) or polymerization of 

oxygenates/hydrocarbons (CnHmOk → polymers → coke) [71-73]. As mentioned 

above, the extent of these reactions is closely related to the reaction temperature. 

Whereas at lower temperatures (below 400 ºC) coke deposition by Boudouard reaction 

and reverse carbon gasification is favored, at higher temperatures (above 600 ºC) the 

promoted reaction is the methane decomposition [78, 90]. Different kind of carbon 

deposits can be formed depending on the active phase used and the reaction conditions. 

Sehested [137] reported the formation of different kinds of carbon deposits, amorphous 

or filamentous, with disparate roles in catalyst deactivation. Coke with amorphous 

structure has a greater impact on deactivation due to the encapsulation of the active 

metal sites [71, 138, 139]. When filamentous coke is formed, it covers the catalyst but 

the access of reactants to metal active sites may not be hindered. Accordingly, the 

deactivating effect of filamentous coke only becomes important when it blocks the 

access of reactants within the catalyst pores [71, 140, 141]. 

1.3.2.2. Metal sintering 

Sintering is another deactivation mechanism that must be taken into account in the 

steam reforming reactions. Sintering is a thermally activated physical phenomenon 

wherein the active metallic nanoparticles agglomerate leading to a decrease in the 
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number of the surface active sites, thus lowering the activity [142-145]. The principal 

mechanisms of sintering on supported catalysts, represented in Figure 1. 6. A and B, 

are the atomic migration of smaller metal particles to larges particles, known as 

Ostwald ripening, and the small particle migration and coalescence to larger particles, 

respectively [136, 137, 145, 146]. Both mechanisms involve the formation of larger 

particles and, therefore, the decrease in the number of smaller particles. 

 

Figure 1. 6. Main mechanisms of metal sintering: (A) Ostwald ripening and (B) particle migration and 

coalescence (Adapted from [147]). 

Several factors have been found to have influence on active metal sintering in steam 

reforming reactions such as high temperatures and high pressures of steam [137, 148]. 

The changes produced during sintering processes have been considered irreversible, 

being the original activity of the catalyst, nearly impossible to be restored [90, 149]. 

1.3.2.3. Metallic phase oxidation  

Since metallic phase is the active one in steam reforming processes, its oxidation 

towards an inactive metal oxide is another phenomenon, which lead to a decrease in 

the catalytic activity. The presence of oxygen in partial oxidation or oxidative steam 

reforming, CO2 in dry reforming [150, 151] and, to a lesser extent, steam in steam 

reforming, might result in the oxidation of the metallic species. Owing to the reduction 

capacity of hydrogen, present in the reaction medium, and since currently almost all 

reactions are carried out in an inert N2-atmosphere, deactivation effect ascribe to the 

oxidation of the active phase is limited in the reforming reactions not being as serious 

as the deposition of coke and sintering [78]. 
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                       2. Objectives and scope 

As discussed in the Introduction section, besides the strong environmental effects, the 

fossil fuels are ever-dwindling supplies, thus, the development of new technologies 

towards renewable energy sources is crucial. Different technologies for hydrogen 

production from renewable and non-renewable sources have been described 

emphasizing in sustainable hydrogen production trough catalytic steam reforming of 

bio-oil aqueous fraction. Since this fraction usually present different and complex 

compositions depending on the feedstock used for its production, many authors work 

on steam reforming of model compounds. For this purpose, the development of 

suitable catalysts to achieve high hydrogen yields by minimizing its deactivation is 

required. 

In this context, the present Doctoral Thesis, carried out in the Chemical and 

Environmental Engineering Group of Rey Juan Carlos University, is focused on the 

steam reforming of model bio-oil aqueous fractions using metal-supported 

mesostructured catalysts. Steam reforming is a complex process in which simultaneous 

reactions take place, therefore, the formation of undesirable secondary products such 

as coke is frequently, which can lead to the catalyst deactivation. Cobalt and nickel 

based catalysts have demonstrated good performance in steam reforming processes 

achieving similar results when compared to noble metal based catalysts. Co-based 

catalysts have been less reported although they also provide high activity at moderate 

temperatures and increases hydrogen yield. Thereby, the main scope of this work, is 
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the design of new Co-based catalysts supported over SBA-15, using promoters to 

improve the catalytic performance towards hydrogen and minimize their deactivation. 

In order to achieve the main goal of this Thesis, the following specific objectives, 

which correspond with the different appendix included next, have been proposed: 

I. Effect of the incorporation of reducibility promoters on Co/CaSBA-15. 

SBA-15 modification with Ca improves the metal dispersion but increases the 

reduction temperature of Co, therefore, this objective evaluates the 

incorporation of reducibility promoters giving rise to Co-M/CaSBA-15 (M: 

Cu, Ag and Ce) to improve the catalytic performance of Co/CaSBA-15 in the 

acetic acid steam reforming. 

II. Acetic acid steam reforming using bimetallic Co-M/SBA-15 (M: Cu, Ag, 

Cr, Ce). This specific target studies the modification of Co/SBA-15 catalyst 

with the incorporation of a second metal leading to Co-M/SBA-15 (M: Cu, 

Ag, Ce and Cr) in order to improve the catalytic performance. For this purpose, 

acetic acid will be used as a model compound of the bio-oil aqueous fraction 

obtained from biomass. 

III. Preparation of agglomerated Co-Cr/SBA-15 catalysts for hydrogen 

production through acetic acid steam reforming. The main goal of this 

objective is the preparation of Co-Cr/SBA-15 extrudates to be used in the 

acetic acid steam reforming as bio-oil aqueous fraction model compound. The 

bentonite content (binder) and particle size will be evaluated in order to 

achieve a suitable catalyst for it use in a steam reformer at industrial scale. 

IV. Study of coke formation in the steam reforming of bio-oil aqueous 

fractions. The main purpose of this target is the establishment of the 

relationship between Co/SBA-15 catalysts deactivation during the steam 

reforming of model bio-oil aqueous fraction from biomass, by studying the 

evolution of coke deposition and Co sintering. 
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                   3. Experimental procedure 

3.1. Materials

3.1.1. Chemicals 

Chemical used during this scientific research, both solid and liquid, are summarized in 

Table 3. 1. 

Table 3. 1. List of chemical used. 

 

Chemical Formula 
Purity/ 

concentration 

Provided 

by
Application

Clorhydric acid HCl 35 wt.% Scharlab SBA-15 synthesis

Tetraethyl orthosilicate C8H20O4Si 98% Aldrich SBA-15 synthesis

Pluronic 123 triblock copolymer - Aldrich SBA-15 synthesis

Calcium nitrate tetrahydrate Ca(NO3)2·4 H2O 99% Aldrich Catalysts preparation

Cobalt nitrate hexahydrate Co(NO3)2·6H2O 99% Aldrich Catalysts preparation

Copper nitrate trihydrate Cu(NO3)2·3H2O 99% Aldrich Catalysts preparation

Silver nitrate AgNO3 99% Aldrich Catalysts preparation

Cerium nitrate hexahydrate Ce(NO3)3·6H2O 99% Aldrich Catalysts preparation

Chromium nitrate nonahydrate Cr(NO3)3·9H2O 99% Aldrich Catalysts preparation

Hydrofluoric acid HF 48% Scharlab ICP analysis

Sulfuric acid H2SO4 95-98% Scharlab ICP analysis

Acetic acid glacial C2H4O2 99% Scharlab Steam reforming reaction

Hydroxyacetone C3H6O2 95% Alfa aesar Steam reforming reaction

Phenol C6H6O 99,5% Aldrich Steam reforming reaction

Acetone C3H6O 99% Aldrich GC calibration

Ethanol C2H6O 99,9% Scharlab GC calibration

Acetaldehyde C2H4O 99,5% Fluka GC calibration

1,4 butanediol C4H10O2 99% Aldrich GC standard
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3.1.2. Gases 

Table 3. 2 displays a list of gases used, as well as their purity and specific application. 

Table 3. 2. List of gases used. 

   

3.2. Catalysts preparation 

3.2.1. Synthesis of mesoporous SBA-15 material 

SBA-15 used as the support was synthetized according the hydrothermal method 

described elsewhere [132] using Poly(ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol), Pluronic 123, as non-ionic structure directing agent. A 

typical synthesis is schematized in Figure 3. 1. 

 

Figure 3. 1. Schematic synthesis of mesostructured SBA-15 material 

4 g of Pluronic 123 are dissolved in 125 mL of HCL solution (1.9 M) under stirring at 

room temperature. Subsequently, 8.6 g of tetraethyl orthosilicate (TEOS) as silica 

Gas
Purity/      

concentration 
Provided by Application

Ar 99,998% Praxair Carrier gas

He 99,996% Praxair Carrier gas

H2 99,998% Praxair Catalyst reduction

N2 99,999% Air Liquide Diluent

H2-Ar 10.03% H2 - 89.97% Ar Air Liquide TPR analysis

Air 100% Praxair TGA

Mixture
20% C2H4, 10% C2H6, 

20% CO, 30% CO2, 
Air Liquide GC calibration

Filtration

Washing

Calcination

TEOS

H+

P-123

pH = 1.5 40 ºC, 20 h 110 ºC, 24 h SBA-15
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source is added at 40 ºC. Then, this aqueous solution of triblock copolymer and TEOS 

is kept under stirring conditions for 20 h for aging. In this period, the silica 

polymerization over the micelles formed by the surfactant takes place, leading to the 

ordered mesoporous structure typical for SBA-15. After that, the mixture is aged at 

110 ºC for 24 h under autogenous pressure, thus, consolidating the mesoporous 

structure and providing greater thermal and mechanical resistance. Finally, the solid is 

recovered by filtration, washed with deionized water and dried first in air at room 

temperature overnight and then calcined in air to remove the templates at 550 ºC for 

5 h with a heating ramp of 1.8 ºC/min. The latter step of the template removal is one 

of the crucial aspects in the synthesis of ordered mesoporous, because the procedure 

employed during calcination influenced the final textural properties of SBA-15 

material [152]. 

3.2.2. Support modification with Ca 

The incorporation of Ca as a doping agent in the SBA-15 material used as support, is 

carried out following the incipient wetness impregnation method, using calcium nitrate 

tetra-hydrate (Ca(NO3)2·4 H2O) as precursor. Incipient wetness impregnation method 

is the simplest procedure for dispersing a catalytic species on a carrier by impregnating 

the support to incipient wetness with an aqueous or non-aqueous solution, which 

contain a salt precursor of the catalytic element/s. 

Specifically, SBA-15 modification with calcium is performed by adding dropwise on 

the calcined support, which is previously outgassed for 30 min, the corresponding 

volume of the calcium nitrate aqueous solution equal to the catalysts pore volume, 

determined by N2-physisorption as discussed in section 3.3.1. Subsequently, the solid 

is kept under vacuum for 4 h. In this way, the precise amount of catalytic species is 

assured to be present in the carrier. Finally, the Ca-modified support is calcined for 5 

hours with a heating ramp of 1.8 ° C/min at 550 ºC, the appropriate temperature to 

assure the elimination of the nitrates groups from the precursor, according to the 

thermogravimetric analysis results. 
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3.2.3. Synthesis of the supported catalysts 

Both, Co as the active phase and promoters (Cu, Ag, Ce or Cr) incorporation over 

SBA-15 or CaSBA-15 supports is accomplished by the incipient wetness impregnation 

method using mixed aqueous solutions of the corresponding nitrates: Co(NO3)2·6H2O 

and Cu(NO3)2·3H2O, AgNO3, Ce(NO3)3·6H2O, Cr(NO3)3·9H2O. The procedure is the 

same as that described above (section 3.2.2.).   

3.3. Catalysts characterization 

3.3.1. N2 adsorption-desorption at 77 K 

The textural properties of the catalysts were acquired by means of N2 adsorption-

desorption at 77 K on a Micromeritics Tristar 3000 sorptometer. Prior to the analysis 

samples were outgassed under vacuum at 200 °C for 4 h to clean de surface of the 

support (ambient components adsorbed). 

In general, physisorption is a phenomenon that occurs whenever an adsorbable gas (the 

adsorptive) is brought into contact with the surface of a solid (the adsorbent). The 

shape of gas adsorption curve and hysteresis loop depend on the pore structures of the 

adsorbent and the gas-solid interaction. The adsorption isotherm is the relationship, 

between the amount of adsorbed with the upward equilibrium pressure (expressed as 

relative pressure P/P0) of the adsorbable gas at isothermal conditions, whereas 

desorption isotherm is obtained at downward equilibrium pressure. When the 

adsorption and desorption curves do not coincide, a hysteresis loop arises generally 

associated with capillary condensation. Thus, physisorption can be divided into three 

different stages. (i) Monolayer adsorption, all the adsorbed molecules are in close 

contact with the surface of the adsorbent. (ii) Multilayer adsorption, not all the 

adsorbed molecules are in direct contact with the adsorbent surface, followed by 

capillary condensation in mesopores. (iii) Capillary condensation, phenomenon 

whereby a gas condenses to a liquid-like phase in a pore at pressure (P) less than the 

saturation pressure (P0) of the liquid [153]. 
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The specific surface area is estimated by means of Brunauer-Emmett-Teller (BET) 

method [154] applied to the nitrogen adsorption branch. Conversely, for the estimation 

of the pore size the Barret-Joyner-Halanda method (BJH) [155] is used, assuming a 

cylindrical pore geometry. 

Figure 3. 2A shows the nitrogen adsorption-desorption isotherm of the SBA-15 

material. This material presents a type IV isotherm, typical for mesoporous materials, 

with a H1-type hysteresis loop, stating a narrow range of uniform mesopores, 

according to the IUPAC classification. Meanwhile, Figure 3. 2B shows the pore size 

distribution according to the BJH method.  

 

Figure 3. 2. (A) N2 adsorption-desorption isotherm at 77 K; (B) pore size distribution of SBA-15 

material. 

3.3.2. Inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) 

For determining the chemical composition of the synthetized material, inductively 

coupled plasma atomic absorption spectroscopy analysis is used. This technique for 

the quantitative determination of elemental compositions [156], is used for the 

determination of the weight percent of each element present in the catalyst: Co, Ca, 
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Cu, Ag, Ce or Cr. The analyses were carried out by using a Varian a Vista-Pro AX 

CCD-Simultaneous ICP-AES spectrophotometer. Prior to the analysis, the sample is 

treated by acidic digestion with sulphuric and fluorhydric acids to dissolve the support 

and obtain metallic solutions. Afterwards, the solution is diluted in ultrapure Milli-Q 

water.  

The basis of this technique is the excitation of metal atoms using an Ar plasma capable 

of reaching 10000 K ensuring the complete atomization of the liquid sample. When 

the excited atoms return to their fundamental energy state, radiation is emitted. The 

intensity of this radiation depends on the amount of metal atoms present in the liquid 

solution. For the metal quantification, calibration curves corresponding to each metal 

in the appropriate concentration range is required. For this purpose, a 1000-ppm 

standard solution in nitric acid of each metal is used. 

3.3.3. X-ray diffraction (XRD) 

XRD measurements can give information about the supports porous mesostructure, 

crystalline phase and crystallite size [157]. XRD patterns were acquired on a Phillips 

X’pert PRO diffractometer using Cu Kα radiation, a 2θ increment step of 0.02º and a 

collection time of 2 s. The identification of the crystalline phase is done by comparing 

the obtained diffractograms with those patterns of the Joint Committee on Powder 

Diffraction Standards (JCPDS) database. 

X-rays is electromagnetic radiation with wavelengths in the range of 0.01 to 10 

nanometers with energies in the range 100 eV to 100 keV. When the geometry of the 

incident X-ray beam that impact the sample satisfies the Bragg equation, constructive 

interference occurs and a peak is observed in the recorded scattered radiation according 

to: 

n·λ = 2·dhkl·sen θ 

where n is a natural number, λ is the wavelength of the incident wave, dhkl the 

interplanar distance, characteristic of each diffraction plane with the corresponding 



 

 
                                                                                                         3. Experimental procedure 

41 

 

Miller index (h, k, l) and θ is the scattering angle of the X-ray beam. By using the 

Scherrer equation to the characteristic peaks, it is possible to determine the mean 

crystallite size (Dhkl) [158]. The equation is: 

β=
0.9· λ

Dhkl· cos θ
 

where β is the full peak width at half of the maximum of intensity of the desired hkl 

plane, λ is the x-ray wavelength and θ is the angle of Bragg diffraction peak. 

As an example, Figure 3. 3A displays the small angle XRD pattern of SBA-15 material, 

showing a the characteristic pattern of the hexagonal pore mesostructure of SBA-15, 

constituted by three well resolved diffraction peaks attributed to the planes indexed to 

(100), (110) and (200). While in Figure 3. 3B the represented XRD pattern is for 

Co-supported SBA-15, in which a wide peak between 20 and 30° attributed to the 

amorphous silica forming the walls of the support pores and peaks at 2θ = 31.4, 37.1 

45.1, 59.7 and 65.3º corresponding to cubic Co3O4 (JCPDS 01-071-4921) can be 

distinguished. 

 

Figure 3. 3. (A) Small angle XRD pattern of mesoporous SBA-15 material; (B) XRD pattern of 

Co/SBA-15. 
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3.3.4. Temperature programmed reduction (H2-TPR) 

Temperature programmed reduction is an experimental technique for the 

characterization of heterogeneous catalysts, which gives information about their metal 

phase reducibility and information about the metal-support interactions. This 

technique allows the study of the reduction process of an oxidized sample, which is 

subjected to a programmed temperature ramp, while exposed to a reducing gas mixture 

(typically H2 mixed with an inert gas). Thus, the reduction of a metal oxide by 

hydrogen to form metal and water vapor take place. This process can generally be 

described by the following reaction: 

MOx + xH2 → M0 + xH2O 

To carry out the analysis, a Micromeritics AutoChem 2910 analyser was used. 

Experimentally, the sample is paced in a fixed-bed quartz tube under 10% H2 in argon 

flow (35 mL/min) with a 5 ºC/min heating ramp from ambient temperature to 980 ºC. 

Effluent gas is forced to flow through a cold trap to remove water produced before 

reaching the thermal conductivity detector (TCD). Samples were previously degasified 

under dry argon flow (35 mL/min) at 110 ºC for 30 min with a heating rate of 

15 ºC/min.  

The reduction rate of the sample is online measured by monitoring the composition of 

the reducing gas mixture at the outlet of the quartz reactor. As the gas flow is constant 

during the experiment, the changes in hydrogen concentration lead to the emergence 

of reduction peaks. The interpretation of the TPR profile allows the identification of 

the maximum reduction temperatures, number of reduction peaks and hydrogen 

consumption from which the degree of reduction can be determined. In this sense, in 

Figure 3. 4 the reduction profile of Co/SBA-15 catalyst is represented. 
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Figure 3. 4. Hydrogen temperature programmed reduction analysis of Co/SBA-15 catalyst. 

As it can be observed, three main reduction stages can be stated according to three 

maxima at 248, 332 and 494 ºC. The maximum located at highest temperature, 494 ºC, 

is not only related to the maximum reduction temperature, but also those cobalt 

particles, which have greater interaction with the support. 

3.3.5. Electron microscopy techniques 

In heterogeneous catalysis, the surface structures of catalysts and supports are of 

particular interest. In this sense, electron microscopy techniques such as scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) provide 

information about the catalyst morphology, chemical composition and structure, by 

detecting characteristic X-ray produced in the interaction of the electrons with matter. 

While in TEM primary electron beam of high energy and high intensity (80-300 keV) 

are used, in SEM, these electrons are mainly secondary (or backscattered) with low 

energy (~50 eV) [159, 160]. Due to the low energy, these electrons can only escape 

from the surface of the sample and, therefore, provide information about the surface 

morphology. TEM uses transmitted electrons, which are passing through the sample 

to create an image (micrograph). In this way, information at nanoscale can be obtained.  

Whereas SEM was performed on a Phillips XL30 Environmental Scanning Electron 

Microscope equipped with a tungsten filament and an accelerating voltage of 15 kV, 
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TEM micrographs were obtained using a 200 kV JEOL JEM 2100 microscope with a 

resolution of 0.25 nm at the National Centre for Electron Microscopy (CNME, 

Complutense University of Madrid, Madrid, Spain) or a 200 kV Philips TECNAI 20 

microscope with a resolution of 0.28 nm at Technology Support Centre (CAT, Rey 

Juan Carlos University, Móstoles, Spain). Samples preparation involve their 

suspension in acetone and subsequently deposition on a carbon-coated copper grid 

(nickel grid for Cu-based samples). Both equipments are equipped with energy 

dispersive X-ray spectroscopy (EDS/EDX), which can help to analyse the local 

chemical composition of materials.  

Figure 3. 5A shows a TEM micrograph of a calcined Co-Cr catalyst supported over 

SBA-15, in which metal particles as round dark particles and the distribution of well-

ordered channels, typical for SBA-15 material, can be distinguished. Conversely, 

Figure 3. 5B shows a SEM image, in which the external surface of an agglomerated 

particle of Co-Cr/SBA-15 catalyst is displayed.  

 

Figure 3. 5. (A) TEM micrograph of calcined Co-Cr/SBA-15; (B) SEM image of agglomerated 

Co-Cr/SBA-15 

3.3.6. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is used not only to determine the calcination temperature 

of the prepared supports/catalysts, but also to quantify the amount of coke deposited 

after the steam reforming reaction. This technique, measures weight changes of a 

sample when it is subjected to a controlled heating ramp under a controlled gas 
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atmosphere. Under these conditions, an analysis gas passes through the sample 

reacting with the solid leading to a weight variation. The reduction in sample weight 

is usually attributed to release of by-product produced in the reaction. Furthermore, 

using the derivative of the weight loss curve (DTG) a clear identification of different 

stages at different temperatures along the decomposition can be stated.  

Measurements were performed in airflow with a heating rate of 5 °C/min up to 1000 °C 

using a TA Instruments SDT 2960 thermobalance. Figure 3. 6 displays the obtained 

results for a used Co/SBA-15 catalyst in the acetic acid steam reforming after 5 h time-

on-steam  

 

Figure 3. 6. Thermogravimetric analysis of Co/SBA-15 used in acetic acid steam reforming 

3.3.7. Carbon-hydrogen-nitrogen-analysis (CHN) 

CHN is a chemical standard method for quantification analysis C, N and H. The setup 

will combust and oxidize the sample into simple compounds (CO2, H2O, NOx and 

COx), being subsequently detected with a thermal conductivity detector (TCD) which 

will generate a signal proportional to the concentration of the individual components. 

This technique is used to determine the nature of carbon deposits after the reforming 

reaction. Carbon-to-hydrogen ratio is an useful relationship that will indicate whether 
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the coke is more aromatic or more aliphatic, since higher carbon-to-hydrogen ratio is 

associated to more aromatic or condensed structures [74, 161]. 

The measurements were performed on an elemental analyser type Flash 2000 provided 

by Thermo Fisher Scientific equipped with a thermal conductivity detector (TCD) 

using sulphanilic acid as standard. 

3.3.8. Raman spectroscopy 

Raman spectroscopy is a technique that provides chemical and structural information 

about different materials. It relies on inelastic or Raman scattering of a monochromatic 

radiation beam (usually a laser beam) on interaction with the sample. The scattered 

laser beam gives information about the vibrational modes of the chemical bonds 

present in the sample [162]. Raman spectroscopy is used for the analysis of carbon 

deposits in the spent catalysts after the steam reforming reactions. Carbon-based 

samples usually have two main bands centred on ~1350 and ~1580 cm-1 associated 

with D-band and G-band, respectively. D-band is related to the carbon atoms vibration 

of disordered aromatic structures such as amorphous or defective filamentous carbon 

[115, 163], whereas G-band is ascribed to condensed graphitic aromatic structures 

such as graphite layer [164]. The intensity of the D band relative to the G band can be 

used as a qualitative measure of the formation of carbon with different degree of 

graphitization or disorder in the carbon structure [115, 162]. 

Raman spectra were recorded using a JASCO NRS-5000/7000 series Raman 

spectrometer. For illustration purposes, Figure 3. 7 displays a Raman spectrum of used 

Co/SBA-15 in acetic acid steam reforming. 
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Figure 3. 7. Raman spectrum of used Co/SBA-15 in acetic acid steam reforming. 

3.3.9. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a chemical characterization technique used for on 

the surface of solids. This technique is surface-sensitive quantitative spectroscopic that 

measures the electronic state of the elements present in the catalyst formulation. Is 

based in the photoelectric effect, in which electron spectra are recorder by irradiating 

a material with a beam of X-rays. 

XPS spectra were recorded on an XPS Physical Electronics PHI 5700 spectrometer 

using non-monochromatic Al-Kα radiation (300 W, 15 kV and 1486.6 eV). Binding 

energy values were referenced to carbon C1s peak (284.8 eV). Figure 3. 8 shows the 

narrow scan spectra of the Co 2p region, in which two major binding energy features 

can be distinguished around 778-781 and 794 eV, assigned to Co 2p3/2 and Co 2p1/2, 

respectively. According to literature, peaks centred at 778 eV reveal the presence of 

Co0, while peaks centred at 781 eV are characteristic of Co2+ [165, 166]. 
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Figure 3. 8. Co 2p XPS of reduced of reduced Co/CaSBA-15 at 700ºC. 

3.4. Catalytic tests 

3.4.1. Experimental set-up 

The experimental set-up for hydrogen production through catalytic steam reforming is 

shown in Figure 3. 9. The reaction system is a Microactivity-PRO unit (PID 

Eng&Tech. S.L.) controlled by means of Adkir software, and, connected with an 

online micro-GC for the analysis of the outlet gas stream. 

 

Figure 3. 9. Image of the experimental set-up. 
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The schematic diagram of the Microactivity-PRO unit is displayed in Figure 3. 10. The 

reaction system consists of a fixed-bed tubular reactor (1) in stainless steel 316 (i.d. = 

9.2 mm, L = 300 mm), with the catalyst bed placed inside upon a porous plate. The 

reactor is located inside an electric oven (2), where temperature in the catalytic bed 

was measured by means of a K-thermocouple.  

The gases are fed into the reactor by means of a system of Hi-Tec Bronkhorst mass 

flow controllers (3) that provide a known and controlled flow of gases. Conversely, 

liquids are dosed by means of a GILSON 307 HPLC alternative positive displacement 

pump (4). Liquid and gaseous flows are introduced into the hotbox system (5), which 

has one heater’s forced flow (6) to maintain the temperature at 200 °C to prevent 

condensation in the pipes and to preheat the reactants. Once the gases have been 

preheated and liquids evaporated, these streams merge and flow to a 6-port valve (7) 

that allows two different positions: reaction or by-pass. The flow inside the reactor is 

up-down, whereby the reactant mixture is fed through the upper part of the reactor and 

the reaction products are obtained through the lower part. Products are conducted 

towards a liquid-gas separator (8), refrigerated by Peltier effect, that allows the 

condensation of liquids at low temperature separating them from the gas stream, which 

is reintroduced into the hot box and directed to the analysis system. 
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Figure 3. 10. Schematic diagram of the Microactivity-PRO unit adapted from [116]. 

3.4.2. Steam reforming reactions 

Before the catalytic tests, the activation of the catalyst is performed to reduce the metal 

active phase to ground state. For this purpose, the required amount of catalyst is place 

upon the porous plate of the reactor. Afterwards, pure hydrogen (30 mL/min) is flowed 

up to 700 °C for 6.5 h with a heating rate of 2 °C/min. Then, the gas flow is changed 

to nitrogen in order to purge the reactor while the reaction temperature is reached. The 

reactions were carried out isothermally at 600 ºC and under atmospheric pressure in a 

fixed bed reactor as described in section 3.4.1, using N2 as carrier gas and internal 

standard for the gas stream analysis. The steam-to-carbon molar ratio was fixed to 
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double the stoichiometric value in all cases with the exception of phenol due to its low 

solubility in water (S/C = 8). 

During the tests, the analysis of the outlet steams at different times is performed. For 

example, in the case of reactions at 5 h time-on-stream, both gas and liquid streams 

are analysed at 15 min and every hour (1, 2, 3, 4 and 5 h). Before analysing the gas 

stream, its flow rate is measured in a manual bubble flow meter. After this, the 

condensable products are recovered from the liquid-gas separator and subsequently 

analysed in a gas chromatograph. 

Finally, the amount of carbon deposited on the spent catalysts is evaluated by means 

of thermogravimetric analysis as described in section 3.3.6. 

3.4.3. Products analysis 

3.4.3.1. Gas products 

Outlet gas stream composition is measured online using an Agilent 490 Micro-GC 

equipped with a PoraPlot U column (10 m) and a Molecular Sieve 5A column (20 m) 

using He and Ar as carrier gas, respectively. The injector has a built-in 10 µL sample 

loop that is filled with the gaseous sample. In the PoraPlot U column is possible to 

separate compounds such as CO2, C2H4 and C2H6, while H2, N2, CH4 and CO are 

separated in the other column. To avoid the presence of condensable vapors and solid 

particles in the capillary columns, a Genie filter is installed before them. For the gas 

detection, a thermal conductivity detector (TCD) is used at 120 ºC. To carry out the 

identification and quantification of each component from the gas phase, it is mandatory 

a pre-calibration. For this, a calibration bottle with known concentrations of the 

different gases was used (20% C2H4, 10% C2H6, 20% CO, 30% CO2, and 20% CH4). 

This equipment allows immediate and continuous analytical analysis by means of the 

Open Lab CDS Chem Station software. In Figure 3. 11 there is an example of the 

chromatograms obtained for the gas stream. 



 

 
3. Experimental procedure                                                                                                                .     

52 

 

 

Figure 3. 11. Gas stream chromatogram using Open Lab CDS Chem Station software. 

3.4.3.1. Liquid products 

Condensable vapors are trapped in the liquid-gas separator and periodically recovered. 

For the analysis, the liquid samples are previously diluted in 1,4 butanediol, which also 

acts as internal standard. The preparation is done by weighing around 0.05 g of 1,4 

butanediol and 0.3 g of liquid sample and subsequently analysed in a Varian CP-3900 

chromatograph equipped with a CP-WAX 52CB column (30 m × 0.25 mm, DF = 0.25). 

For each analysis, 1 μL is injected by means of a 10 μL Agilent Syringe. For the 

detection of the different compounds present, a flame ionization detector (FID) is used. 

The main parameters and the heating ramp used in the chromatographic method are 

displayed in Figure 3. 12. 

  

Figure 3. 12. Main parameters and heating ramp of the chromatographic method for the liquid sample 

analysis. 
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The recording of chromatograms and the measurement of the size of response peaks 

was done using the Star Chromatography Workstation 6.41 software. This software 

allows the identification and calculation of the different ratios between components 

based on retention times and the corresponding area of each peak. In Figure 3. 13, a 

chromatogram is shown in a representative way, recorded from a liquid sample 

analysis after acetic acid steam reforming. In order to quantify different compounds, 

present in the liquid sample after the steam reforming tests, a previous calibration is 

required, which will allow to calculate their concentration in the sample. 

 

Figure 3. 13. Chromatogram obtained in the analysis of a liquid sample.
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                   4. Results and Discussion

4.1. Effect of the incorporation of reducibility promoters on 

Co/CaSBA-15. 

The results obtained in this chapter are discussed in detail in Article 1. The results 

provided in this work highlight the necessity of combining both dispersing additives 

and promoters of reducibility to improve the catalytic properties. 

In this section, the effect of Ca addition to Co/SBA-15 in the acetic acid steam 

reforming is for first time studied. After the addition of calcium to the SBA-15 used 

as support, the overall ordered mesoporous structure of the initial material was 

maintained despite it decreased the BET surface area. This fact was verified from the 

N2 adsorption-desorption isotherms which described a type IV isotherm with a H1-

type hysteresis loop according to IUPAC classification, as well as from TEM 

micrographs, typical for SBA-15 material. When comparing the catalyst properties of 

Co/SBA-15 and Co/CaSBA-15, Ca addition led to a decrease in the crystallite size of 

Co species over the support at the expense of the reduction temperature, which was 

shifted towards higher temperatures due to higher interaction between the active phase 

and the support or to the development of new Ca-Co compound. This led to a decrease 

in the ratio of Co reduced species in the activated catalysts as demonstrated by XPS 

(Figure 4. 1).  
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Figure 4. 1. Co 2p XPS of Co/SBA-15 and Co/CaSBA-15 samples reduced at 700 ºC. 

This detrimental effect was traduced in lower conversion and hydrogen selectivity, and 

higher coke deposition when compared with Co/SBA-15 catalyst. The above results 

are the basis for the addition of reducibility promoters, such as Cu, Ag and Ce to 

Co/CaSBA-15 in order to keep its better metallic dispersion and metal-support 

interaction but increasing its reducibility to address the worse catalytic performance in 

the acetic acid steam reforming. As regard from Figure 4. 2, the addition of Cu, Ag 

and Ce as promoters, improved in terms of reduction temperature the reducibility of 

Co/CaSBA-15. This effect was more significant with the addition of Cu and Ce, which 

significantly shifted to lower reduction temperatures most of the area, being this effect 

more pronounced for Co-Ce/CaSBA-15 sample. On the basis of the reduction degree 

estimated by H2-TPR analysis, XPS spectra of Co/CaSBA-15 and Co-Ce/CaSBA-15 

were compared in Co 2p region. The Co0/(Co0 + Co2+) ratio obtained for the activated 

Co-Ce/CaSBA-15 increases up to 0.76, reaching values close to those obtained with 

Co/SBA-15. 
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Figure 4. 2. H2-TPR profiles for Co-(Cu, Ag or Ce)/CaSBA-15 samples. 

The catalytic results, displayed in Figure 4. 3A show how the incorporation of 

reducibility promoters improved the acetic acid conversion, being for 

Co-Ce/CaSBA-15 the highest value. On the other hand, attending to hydrogen yield 

(Figure 4. 3B), Ag and Ce addition led to higher hydrogen yield, which is the main 

product of this reaction, while Cu-promoted sample reached slightly lower hydrogen 

yield than the unpromoted sample, ascribed to the participation of Cu in the 

decarboxylation reaction of acetic acid rather than the reforming reaction [167]. The 

most noticeable increase in H2 yield was found by using Ce as promoter, achieving 

values very close to the thermodynamic one, estimated at the same reaction conditions. 

This effect is ascribed not only to the lowest Co particle size and the improvement in 

the reducibility, but also due to the fact that the presence of Ce creates more oxygen 

vacancies, facilitating the improvement of oxygen mobility [168] leading to the best 

catalytic performance. 
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Figure 4. 3. Catalytic results for Co-M/CaSBA-15 (M: Cu, Ag or Ce) with TOS at 600ºC, WHSV=30.1h-1. 
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4.2. Acetic acid steam reforming using bimetallic Co-M/SBA-15 (M: 

Cu, Ag, Cr, Ce). 

The results obtained in this chapter are further discussed in Article 2. This manuscript, 

analyses the effect of promoter incorporation on Co/SBA-15 catalysis to be tested in 

acetic acid steam reforming. In this regard, Co/SBA-15 was modified with Cu, Ag, Ce 

and Cr, leading to Co-M/SBA-15 catalysts. All the prepared catalysts were 

characterized by different techniques. In Table 4. 1 the main physicochemical 

properties are summarized. As it can be observed from this table, depending on the 

promoter used, different physicochemical properties were obtained. 

Table 4. 1. Physicochemical properties of Co-M/SBA-15 (M: Cu, Ag, Ce, Cr) catalysts. 

Catalyst 
Coa 

(wt.%) 

Ma 

(wt.%) 

SBET 

(m2·g−1) 

Dpore 
b 

(nm) 
Vpore 

c (cm3·g−1) 
D
Co

0  
d 

(nm) 

Dispersion 

(%) e 

SBA-15 - - 550 7.5 0.97 - - 

Co/SBA-15 6.4 - 503 7.2 0.83 9.5  7.5 

Co-Cu/SBA-15 6.5 2.0 476 7.2  0.79 9.7 6.3 

Co-Ag/SBA-15 6.4 1.6 419 6.9 0.71 12.3 3.9 

Co-Ce/SBA-15 6.6 1.7 494 7.4 0.84 9.6 6.5 

Co-Cr/SBA-15 6.8 1.8  469 7.1 0.81 7.2 9.9 

a Determined by ICP-AES (M: Cu, Ag, Ce or Cr) in reduced samples, b BJH desorption average pore 

diameter, c Measured at P/P0 = 0.97, d Determined from XRD of reduced catalysts by Scherrer equation 

from the (111) diffraction plane of Co0,e Determined from H2-TPD results using formula from Li et al. 

[169] assuming H/Co = 1. 

Broadly, Cu and Ag addition led to a significant decrease in the reduction temperature 

according to H2-TPR profiles (Figure 4. 4). Whereas Cu addition to Co/SBA-15 favors 

Co oxide reducibility, while maintaining almost unaltered Co0 crystallites size; Co-

Ag/SBA-15 showed also lower reduction temperatures but larger Co0 crystallites than 

Co/SBA-15. However, Ce addition does not affect significantly neither reducibility 

nor Co0 crystallite size. Finally, Cr addition to Co/SBA-15 shifted the CoO reduction 

feature towards higher temperatures due to the presence of Cr species [170] or to the 
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confinement of Co oxides into SBA-15 channels, because of their smaller size induced 

by the presence of chromium oxides. 

 

Figure 4. 4. H2-TPR profiles for a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co-Ce/SBA 

15; e) Co-Cr/SBA 15 samples. Red. (%) data displayed on the right correspond to reducibility. 

The obtained catalytic results reveals almost complete conversion for all the catalysts 

tested while some differences in the hydrogen yields could be assessed. It must be 

highlighted that Co-Cr/SBA-15 achieved the highest H2 yield (above 70 mol%) close 

to the thermodynamic value at the present reaction conditions. This behavior is related 

to the small Co crystallite size leading to higher active sites surface area [171, 172]. 

The amount of coke formed on Co-Cr/SBA-15 was much lower than the rest of the 

catalysts after 5 h of time on stream. Besides, Raman spectroscopy was used to 

determine the nature of coke deposited after the steam reforming reaction. The results 

showed how disordered aromatic structures such as amorphous or defective 

filamentous carbon were formed in a higher extent on Co-Cr/SBA-15 (ID/IG = 0.80) 

when compared to the other tested catalysts. Furthermore, it could be stated from the 

obtained results that H2 yield and the ID/IG ratio are intimately related. 
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4.3. Preparation of agglomerated Co-Cr/SBA-15 catalysts for 

hydrogen production through acetic acid steam reforming. 

Among all the prepared catalyst in the previous chapter, Co-Cr/SBA-15 was the 

catalysts with the best catalytic performance towards hydrogen production, reason why 

was selected for the agglomeration process in order to prepare suitable catalysts to be 

used in fixed bed reactor at industrial scale. When compared with other techniques 

such as coating or impregnation methods, extrusion easily produced agglomerated 

samples with high loading of active components since the use of solid core materials 

is avoided [173, 174]. In this line, Article 3 addresses the preparation of a series of 

Co-Cr/SBA-15 extrudates by varying the binder content and the particle size. Thus, 

the prepared samples were named as CoCrS-X-Y, where X corresponds to the amount 

of bentonite in terms of wt.%, while Y refers to the effective diameter in mm.  

The characterization results summarized in Table 4. 2 showed that the agglomeration 

procedure has no remarkable influence over the textural properties, since the achieved 

results were close to those obtained for the powder sample.  

Table 4. 2. Textural properties of powder Co-Cr/SBA-15 and extruded CoCr-X-Y catalysts. 

Sample SBET (m2/g) Vp
a (cm3/g) Dp

b (nm) DCo3O4
c (nm) 

CoCrS 490 0.7 5.5 7.1 

CoCrS-20-2.1 355 0.5 5.8 8.1 

CoCrS-25-2.1 335 0.5 5.8 8.0 

CoCrS-30-2.1 322 0.5 5.5 8.1 
a Pore Volume measured at P/P0 = 0.97; b BJH desorption average pore diameter;     
c Determined from XRD of calcined catalysts by Scherrer equation from the (311) 

diffraction plane of Co3O4 

 

The mechanical strength, on the other hand, becomes higher following a linear trend 

with the bentonite content. However, despite the mechanical strength increased, the 

conversion followed an opposite behavior under conditions in which external diffusion 

effects were absent. In order to evaluate the resistance to the mass transfer inside the 
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pores of the catalyst particles, several reactions were done using extruded catalysts 

with different sizes ranging from effective diameters between 1.3-2.1 mm (Figure 4.5). 

  

Figure 4.5. Catalytic results in terms of hydrogen yield and acetic acid conversion for extruded materials 

with different effective diameters. 

By decreasing the particle size to an effective diameter of 1.5 mm, the acetic acid 

conversion increased up to 96 % from a conversion value near 80 % reached by the 

sample with the highest effective diameter. This effect can be explained since a 

decrease in effective particle diameter minimize the influence of internal mass transfer 

related to the resistance found by reactant molecules to reach active sites placed inside 

the catalyst particle pores [175]. Hydrogen yield, on the other side, did not exhibit 

remarkable changes.  

From these results it can be concluded that a successful agglomeration process has 

been developed, opening a door towards the preparation of new catalysts for reforming 

purposes suitable for their use at industrial scale. 
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4.4. Study of coke formation in the steam reforming of bio-oil 

aqueous fractions. 

With the aim of studying the causes of deactivation in the reforming reactions using 

Co/SBA-15, this chapter studies the evolution of the used catalyst at different times 

during the steam reforming of a mixture of model compounds representing the aqueous 

fraction from biomass HTL. The mixture was composed by 1.57, 8.25 and 17.5 mol% 

of phenol, hydroxyacetone and acetic acid, respectively, in water. In this regard, a brief 

summary of the major results of Article 4 is disclosed in this section. 

The catalytic behavior with time-on-stream is represented in Figure 4. 6. As it can be 

observed, deactivation took place in two clearly differentiated stages. In the first one 

(TOS <20 h), the deactivation effect is more severe decreasing the conversion until 

81 %. In this period, CO decreases while CO2 increases suggesting that Boudouard 

reaction is favored. However, the fact that H2 content in the gas stream remains almost 

constant suggests that water-gas-shift reaction can be also taking place. In the next 

stage (TOS >20 h), the conversion remains almost constant. This behavior indicates 

that the main deactivation is produced during the first 20 h of reaction. 

 

Figure 4. 6. Conversion (X) and reaction products distribution (Ci) with TOS (T=600 ºC, P=1 atm, 

WHSV=30.2 h-1). 
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After the reaction, all the tested catalysts were characterized by means of TGA, XRD, 

elemental analysis, N2 physisorption and TEM. During the first stage (TOS <20 h), 

deactivation is ascribed to the formation of defective carbon nanofibers over the 

catalyst surface as well as inside the SBA-15 pores. This fact led to a significant drop 

in conversion and BET surface area since coke was covering not only the pore mouths 

but it also was deposited inside them leading to isolated metallic Co particles. During 

this step, some Co particles were also encapsulated within coke nanofibers as could be 

appreciated by TEM, hindering the catalytic role of these active centers.  

These facts are responsible of a conversion drop up to 81 mol % at 20 h time-on-

stream. During the second stage of deactivation, between 20-50 h TOS, coke deposited 

became more ordered and aromatic as deduced by its higher C/H ratio. Coke deposits 

grow as filaments out of the support, as inferred from almost constant BET surface 

values and therefore not blocking the SBA-15 pores. In both stages, Co0 crystallite size 

calculated form XRD of used samples indicated a slight sintering with minor influence 

on Co/SBA-15 deactivation. These outcomes are schematized in Figure 4. 7. 

 

Figure 4. 7. Evolution of coke and Co0 particles during the deactivation of Co/SBA-15 in the reforming 

of simulated bio-oil aqueous fraction. 

In order to elucidate which parameter/s have more influence on the activity loss, their 

influence over total conversion was evaluated by means of a t-Student statistical 

analysis. The parameters studied were: mean diameter of Co particles, coke C/H ratio, 

coke mass (g coke / g cat), catalyst BET area and pore volume. The obtained results 

for used Co/SBA-15 led to the conclusion that the progressive growth of carbon 
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nanofibers and its nature (C/H ratio) have more influence than sintering on the 

conversion drop observed during the steam reforming of a mixture of acetic acid, 

hydroxyacetone and phenol as model compounds from the biomass HTL aqueous 

fraction.  
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                                      5. Conclusions 

The current Doctoral Thesis has been focused in the development of cobalt-based 

catalyst supported on SBA-15 for hydrogen production by means of steam reforming 

of model compound present in the bio-oil aqueous fraction. Hereafter, the most 

relevant conclusions are summarized. 

 Ca addition to Co/SBA-15 resulted in the reduction of Co crystal size joined to a 

decrease in Co reducibility, as confirmed by H2-TPR and XPS analysis, leading 

to worse catalytic results in the acetic acid steam reforming. The addition of 

reducibility promoters to Co/CaSBA-15, turned out an enhancement of the 

catalytic performance. As a consequence of the high dispersion and good 

reducibility (comparable to that obtained for Co/SBA-15), Co-Ce/CaSBA-15 

sample reached the best catalytic performance achieving almost complete 

conversion (~ 99%) and high hydrogen yields (YH2 = 71.8%) in the acetic acid 

steam reforming.  

 The incorporation of a second metal like Cu, Ag, Ce or Cr to Co/SBA-15 sample 

resulted in bimetallic catalysts with very different properties and catalytic 

behavior in acetic acid steam reforming. The results showed how Cr addition to 

Co/SBA-15 strongly decreased Co crystallites size, induced by the presence of 

chromium oxides, improving metal dispersion with a slight decrease in the 

reduction temperature. This fact gave rise to the best catalytic performance on 
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acetic acid steam reforming achieving hydrogen selectivities around 72 mol %, 

next to those predicted in the thermodynamic equilibrium. 

 The performance of extruded Co-Cr/SBA-15 catalysts has been studied through 

acetic acid steam reforming. The characterization results showed that the 

agglomeration procedure had no remarkable influence over the textural properties 

or the reducibility of metallic active species, being these results close to those 

obtained for the powder sample. Besides, the external and internal diffusion tests 

allowed the selection of suitable flow rate and catalysts particle size in order to 

avoid concentration gradients. Under the selected conditions, CoCrS-30-1.5 (30 

wt.% bentonite and 1.5 mm effective diameter) showed a good performance for 

hydrogen production, reaching a hydrogen yield around 58% and similar results 

in terms of conversion when compared to the powder form. 

 The deactivation of Co/SBA-15 in the reforming of a mixture of acetic acid, 

hydroxyacetone and phenol as model compounds from the biomass HTL aqueous 

fraction was a consequence of coke formation, its composition (C/H ratio) and Co 

sintering. Oxidation of Co was not detected in the used catalysts and thus it was 

not considered in catalysts deactivation. Results evidenced two different stages to 

understand deactivation of Co/SBA-15. The first one, in which the conversion 

drop was more severe (up to 81 mol%), the deactivation is ascribed to the 

formation of defective carbon nanofibers over the catalyst surface as well as 

inside the SBA-15 pores leading to some isolated or encapsulated metallic Co 

particles. Conversely, during the second stage of deactivation, conversion 

remained almost constant and, the coke deposited became more ordered and 

aromatic, growing as filaments out of the support. From the statistical analysis 

t-Student, it was possible to conclude that the progressive growth of carbon 

nanofibers and its nature (C/H ratio) have more influence than sintering on the 

conversion drop.  
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Recommendations for future works 

Taking into account the results and conclusions included in the present Doctoral 

Thesis, the next recommendations are enounced for future works: 

 The development of a kinetic study for the acetic acid steam reforming 

reaction using Co-based catalysts. 

 The use of different binders such as sepiolite, kaolin or attapulgite during the 

agglomeration process. 

 The directly use the aqueous fraction of bio-oil obtained from thermochemical 

processes of biomass as feed to the reactor where the reforming tests are 

carried out. 

 The addition of oxygen into the reaction medium, leading to oxidative steam 

reforming as an improvement to the conventional process to avoid/decrease 

the coke formation. 
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Abstract  

In this work, we have faced the problem associated with the addition of Ca to 

Co/SBA-15, which gave rise to an increase in the dispersion of the particles at the 

expense of increasing its reduction temperature and thus, limiting its reducibility as 

demonstrated by XPS. This detrimental effect has been solved by the inclusion of 

reducibility promoters such as Cu, Ag and Ce. All these promoters led to an increase 

in the acetic acid conversion attributed to their beneficial effect in the catalyst 

reducibility. With the inclusion of Ce to Co/CaSBA-15, the high dispersion was 

maintained while the percentage of reduced Co species increased by ~90% compared 

to Co/CaSBA-15, leading to the best catalytic performance after 5 h TOS in the acetic 

acid steam reforming (S/C=2) at 600ºC (X ~ 99%, Y H2 = 71.8 %) using a 

WHSV=30.1 h-1. Furthermore, Co-Ce/CaSBA-15 showed a good stability with 

hydrogen yields close to thermodynamic value, despite we were working at low 

WHSV values. These results highlight the necessity of combining both dispersing 

additives and promoters of reducibility to enhance the catalytic performance. 

 

Keywords: bio-oil; steam reforming; hydrogen production; calcium; cobalt 
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Introduction 

Hydrogen is considered the energy carrier of the future since it can be converted into 

energy in an efficient way with the emission of only heat and water vapor [1]. Since 

hydrogen is not free form in nature, it is necessary to obtain it from raw materials using 

transformation processes. Nowadays most hydrogen is produced from fossil fuels, thus 

contributing to their future depletion and greenhouse gases emissions. This makes 

renewable hydrogen a promising alternative since different biomass feedstocks can be 

used for its production [2, 3]. In this line, the combination of biomass thermochemical 

conversion followed by steam reforming of the produced bio-oil is a promising 

alternative [4-6]. Bio-oil is a liquid product which has larger energy density than 

biomass, it is composed of different kind of oxygenated compounds such as acids, 

ketones, aldehydes and phenols among others [7]. This complex composition depends 

on the biomass used as feedstock together with its conversion route [8] which are 

responsible of many adverse properties of bio-oil, such as low heating value, 

corrosivity or immiscibility with other fuels that make it considered as a low-quality 

fuel [9-11]. By hydrogen production trough catalytic steam reforming, this bio-oil can 

increase its economical possibilities [12, 13]. Steam reforming technology is the most 

feasible method in producing hydrogen in large scale [14]. Besides, steam reforming 

of oxygenated compounds is an eco-friendly process since it is a carbon neutral process 

because the CO2 produced will be consumed by next biomass generations [15].  

Steam reforming process is endothermic and, thus, it is normally conduced at high 

temperatures in order to favor the global reaction [16]. According to literature, many 

papers can be found using bio-oil model compounds because of its complex 

composition [1, 5, 17-20]. In this context, carboxylic acids are the main component of 

bio-oil, such as acetic acid which is usually in high concentration, thus being frequently 

used as representative compound [18, 21-23]. In steam reforming reactions, other non 

desired reactions can also take place. The most important might be carbon deposition, 

which can deactivate the catalyst decreasing its activity towards hydrogen production 

[4, 17]. As a result, catalyst plays an important role in steam reforming reactions and 
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it will determine the hydrogen production efficiency from the feedstock selected [24-

28]. Noble metal based-catalysts had demonstrated high activity and hydrogen 

selectivity. Transition metals, being cheaper than noble metals, have also shown good 

performance in terms of activity and hydrogen selectivity [5, 29]. Among transition 

metals used for reforming purpose, Co has been less reported than Ni [30]. However, 

it also provides high activity at moderate temperatures increasing hydrogen production 

because the water-gas shift (WGS) reaction is favored at these temperatures [31]. Both 

metals tend to form coke deposits and sinter throughout the steam reforming process. 

This explains why the selection of the support material is a key factor in this kind of 

processes [32, 33]. SBA-15 silica has been reported as an adequate support to improve 

the dispersion of the metallic phase, since metal particles can diffuse through the 

channels of its mesoporous structure allowing greater interaction between the support 

and the active phase, hindering metal sintering [34-36]. 

The presence of Ca in the catalyst structure may lead to better catalytic performance, 

since this material is considered an efficient solid sorbent because of its promising 

chemical and thermodynamic properties. In this sense, Quan et al. [29] have recently 

reported the use of CaO as support but given its low surface area, the dispersion of 

transitional metals on active spots could be reduced. In the recent literature, very few 

number of reports have been found with the inclusion of Ca to the SBA-15 structure. 

In previous works, it was verified that Ca-loading to SBA-15 for Ni or Co-based 

catalysts improved the metal dispersion, added basicity to the catalyst and increased 

the metal-support interaction [37]. This effect was quite significant with 

Co/CaSBA-15 sample in ethanol steam reforming but H2 production was clearly 

limited probably due to the high reduction temperatures needed for the activation of 

this catalyst. On the other hand, it was verified that addition of certain promoters to 

SBA-15 based catalysts considerably dropped the reduction temperature [17, 38]. 

Other authors had also reported a decrease in the reduction temperature by the addition 

of different promoters to the initial catalyst [39, 40]. Thus, the aim of this work is to 

deeply analyse the effect of Ca addition to Co/SBA-15 to be used in acetic acid steam 
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reforming. Moreover, the enhancement of the activity of this catalyst by improving its 

reducibility was studied by adding Cu, Ag and Ce as catalyst promoters leading to 

Co-M/CaSBA-15 (M: Cu, Ag or Ce) never synthetized and neither used in reforming 

reactions before. This work proves the necessity of combining not only dispersing 

additives such as Ca, but also promoters of reducibility (Cu, Ag or Ce) to maintain the 

high dispersion of the active phase in Co/CaSBA-15, while improving the catalyst 

reducibility which may limit the catalytic performance in the acetic acid steam 

reforming. 
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Experimental 

SBA-15 used as the support was prepared according to the hydrothermal method 

described by Zhao et al. [41]. It was subsequently modified by Ca incorporation (10 

wt. %) following the wetness impregnation method using Ca(NO3)2·4H2O according 

to the procedure outlined in previous publications [35]. Co/SBA-15 and 

Co-M/CaSBA-15 catalysts (Co: 7 wt. %; M: 2 wt. % of Cu, Ag or Ce) were prepared 

by wetness co-impregnation using the corresponding nitrates over the SBA-15 or 

modified CaSBA-15, respectively, and subsequently calcined at 550 ºC for 5 h 

according to those results obtained by TGA. TGA also was used in order to determine 

the amount of coke formed at the end of the reaction experiment. These results were 

obtained over airflow on a TA instruments SDT 2960 thermobalance using a 5 ºC 

heating ramp up to 1000 ºC. Metallic content was determined by ICP-AES employing 

a Varian VISTA-PRO AX CCD-Simultaneous ICP-AES spectrophotometer. XRD 

technique was used in order to ensure the presence of the corresponding metallic 

oxides in the calcined samples and the presence of metallic phase in the reduced ones. 

Mean crystallites size was calculated using the Scherrer equation which raise a 

relationship between the measured width at half intensity over the main diffraction 

peak of the corresponding metal phase [42]. H2-TPR measurements were performed 

on a Micromeritics AUTOCHEM 2910 equipment. Samples were pretreated in Ar 

flow at 110 ºC for 30 minutes and then a reducing gas mixture (10 % H2/Ar) was added 

at 35 N mL/min with a 5 ºC heating ramp until 980 ºC. The chemical states of cobalt 

element (reduced at 700ºC following the same procedure as the activation process) 

were recorded on an XPS Physical Electronics PHI 5700 spectrometer using non-

monochromatic Al-Kα radiation (300 W, 15 kV and 1486.6 eV). Binding energy 

values were referenced to carbon C1s peak (284.8 eV). TEM micrographs were 

obtained on a JEOL JEM 2100 microscope (200 kV) with a resolution of 0.25 nm at 

National Centre for Electron Microscopy (CNME, Complutense University of 

Madrid). This equipment has also the possibility to acquire microanalysis results by 

energy dispersive X-ray spectroscopy (EDX). Samples need to be prepared in advance 
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being acetone suspended using an ultrasonic bath and then deposited on a carbon-

coated copper or nickel grid. N2 adsorption-desorption isotherms were measured on a 

Micromeritics Tristar 3000 analyser at 77 K. Surface areas were determined using the 

Brunauer-Emmett-Teller method (BET). Pore volume was derived from the desorption 

isotherm applying the Barret-Joyner-Halenda method (BJH). Prior to the analysis, 

samples were degasified under vacuum at 200 ºC during 4 h. Prepared catalysts were 

named as Co/SBA-15 and Co-M/CaSBA-15, where M correspond to each reducibility 

promoter (M: Cu, Ag or Ce). 

Steam reforming reactions were performed in a fixed bed reactor on a Microactivity-

Pro (PID Eng&Tech) unit at atmospheric pressure and isothermally at 600 ºC. 

Previously, samples were reduced at 700 ºC under pure H2 flow according to H2-TPR 

results. An acetic acid mixture (H2O/acetic acid molar ratio of 4, double than 

stoichiometric value as shown in Eq. 1) was pumped at a WHSV = 30.1 h-1, using N2 

as carrier and internal standard.  

C2H4O2 + 2 H2O → 2 CO2 + 4 H2  (Eq. 1) 

The outlet gas composition was measured by means of an Agilent 490 Micro-GC 

equipped with a thermal conductivity detector (TCD), a PoraPlot U column (10 m) and 

a Molecular Sieve 5A column (20 m) using He and Ar as carrier gas, respectively. 

Liquid outlet stream was recovered in a condenser trap at 4 ºC and subsequently 

analysed in a Varian CP-3900 chromatograph equipped with a CP WAX 52 CB (30 m 

× 0.25 mm, DF = 0.25) column and flame ionization detector (FID). Carbon deposition 

after each test was evaluated by TGA and Raman. TGA analysis were performed on 

the TA instruments SDT 2960 thermobalance as previously described, whereas, 

Raman spectra were acquired using a JASCO NRS-5000/7000 series Raman 

spectrometer.  

Catalytic results were evaluated by means of conversion, hydrogen yield, carbon co-

products selectivities and the amount of coke formed. Conversion, hydrogen yield and 

carbon co-products selectivities were estimated following equations: 
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X(%)=
 FHAcinlet- FHAcoutlet

 FHAcInlet

·100    (Eq. 2) 

YH2
(%)=

 FH2

 4·FHAcInlet

·100    (Eq. 3) 

Si (%)=
Fi

2· FHAcinlet
- FHAcoutlet

·100  (Eq. 4) 

FHAc is the molar flow rates of acetic acid at the inlet and the outlet streams, FH2 

corresponds to the H2 molar flowrate formed during the steam reforming reaction and 

Fi is related to the molar flowrate of carbon co-products in the gas stream.  

On the other hand, coke deposition during the reaction was evaluated following the 

Eq. 5: 

Coke (g
coke

·g
cat

·h
-1)=

mcoke (g) TGA

mcat(g)·TOS (h)
  (Eq. 5) 

Whereas mcoke is the amount of coke formed during the reaction determined by TGA, 

mcat is the amount of catalyst introduced into the fixed bed reactor. TOS is the acronym 

of time-on-stream (5 h in all the experiments performed in the present work). 
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Results and discussion 

          Effect of Ca addition to Co/SBA-15 

Catalysts characterization 

The N2 adsorption–desorption isotherms of Co/SBA-15 and Co/CaSBA-15 are 

displayed in Figure 1A. The conservation of the ordered mesoporous structure with 

hexagonal array typical of SBA-15 can be assumed after Co and Ca incorporation since 

both samples described a type IV isotherm with a H1-type hysteresis loop according 

to IUPAC classification. However, since the shape of Co/CaSBA-15 isotherm is 

slightly different to that of Co/SBA-15, some distortion of the porous structure may 

have already taken place although the overall ordered mesoporous structure was 

retained. This assumption is in agreement with the pore size distribution shown in 

Figure 1B.  

 

Figure 1. N2 physisorption analysis at 77K of Co/SBA-15 and Co/CaSBA-15 catalysts: (A) isotherms; 

(B) pore size distribution. 
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As it can be discerned, while Co/SBA-15 present a narrow pore size distribution 

around 8 nm, this distribution is wider for Co/CaSBA-15 at lower values. In addition, 

the position of the inflection of Co/CaSBA-15 isotherm is slightly shifted toward 

smaller P/P0 values when compared to Co/SBA-15 and the adsorbed N2 decreased 

since a narrower hysteresis loop was achieved. Other authors have reported the same 

behavior. Whereas Sun et al. [43] observed this feature with the addition of Ca to 

SBA-15, Tantirungrotechai et al. [44] reported similar results when Ca was loaded to 

MCM-41. Both research works ascribed this phenomenon to the incorporation of 

calcium to the mesoporous structure. Based on BET surface area and pore volume 

results, summarized in Table 1, both samples showed high values for these parameters, 

but they are lower than those of SBA-15, mainly in the sample Co/CaSBA-15 [37, 44].  

Table 1. Physicochemical properties of Co/SBA-15 and Co/CaSBA-15 catalysts. 

 

Figure 2 shows the TEM micrographs and XRD of calcined Co/SBA-15 and modified 

Co/CaSBA 15 catalysts. The well-ordered hexagonal array, characteristic of SBA-15, 

can be clearly observed, corroborating the N2-physisorption results. In Co/SBA-15 

micrograph, dark zones can be distinguished over the support, ascribed to irregular 

metal oxides particles formed over the support and inside the SBA-15 channels, as 

reported elsewhere [28]. The presence of cobalt oxides, specifically Co3O4 (JCPDS 

01-071-4921), was verified by XRD analysis. Cubic phase of Co3O4 showed the 

diffraction lines at 2θ = 31.4º, 37º, 45º, 55.9º, 59.7º, 65.6º, 77.8º corresponding to the 

  
Ca a  

(wt. %) 

Co a  

(wt. %) 

SBET 

(m2·g-1) 

Dpore
b 

(nm) 

Vpore
c 

(cm3·g-1) 

DCo0 
d 

(nm) 

SBA-15 - - 550 7.5 1.0 - 

CaSBA-15 8.3 - 338 7.3 0.8 - 

Co/SBA-15 - 6.4 503 7.2 0.8 9.5 

Co/CaSBA-15 7.8 6.6 285 6.8 0.5 7.3 

a Determined by ICP-AES in reduced samples 

b Measured at P/P0 = 0.97 

c BJH desorption average pore diameter 

d Determined from XRD of reduced catalysts by Scherrer equation from the (111) diffraction plane of Co0 

 1 
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planes (220), (311), (400), (422), (511), (440), and (533), respectively. On the contrary, 

these peaks cannot be observed in the modified Co/CaSBA-15, thus particles beyond 

the XRD detection limit (< 3nm) may have formed [37, 45]. The formation of a layer 

of a mixed Ca-Co-O phase, such as CaCo2O4 [46], cannot be discarded given the high 

dispersion of Co particles over the modified support. Moreover, in the TEM 

micrograph of calcined Co/CaSBA-15, Co oxide agglomerates cannot be appreciated. 

The absence of both XRD diffraction peaks and Co particles in TEM, indicates that 

the cobalt species are highly dispersed on the modified CaSBA 15 support. However, 

the presence of both Co and Ca was verified by EDX as well as by ICP-AES (see Table 

1).  

 

Figure 2. TEM micrographs and XRD patterns of calcined Co/SBA-15 and Co/CaSBA-15. 

As the metal particle size and the catalyst reducibility are known to be closely related 

to catalytic activity, the reducibility of the catalysts was investigated through H2-TPR 

experiment. The obtained profiles for Co/SBA-15 and modified Co/CaSBA-15 are 

displayed in Figure 3, and as it can be clearly seen, the reducibility of these samples is 

quite different. Regarding Co/SBA-15 profile, two main reduction stages can be 
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clearly differentiated. The first reduction stage presents a maximum around 248 ºC and 

a shoulder at 332 ºC. These peaks are attributed to the reduction of the larger supported 

Co3O4 particles in two steps: first, the reduction of Co3O4 to CoO and, subsequently, 

the reduction towards Co0. Conversely, the reduction stage at higher temperature, with 

maxima located at 494 °C, is ascribed to the presence of smaller Co-oxide particles 

strongly interacting with the support [47, 48].  

 

Figure 3. H2-TPR profiles of Co/SBA-15 and Co/CaSBA-15 

On the other hand, in the Co/CaSBA-15 profile, the presence of Ca shifted the 

reduction temperature towards higher values. This behavior is assigned to greater 

interaction of the active phase with the support [47, 48]. In fact, it has been described 

in literature that metal oxides with lower crystallite size tend to reduce at higher 

temperatures than bulk ones [49-52], thus, proving the XRD and TEM results of the 

calcined samples explained above. This effect was also reported in literature by other 

authors [53, 54], where a shift in the reduction temperatures towards higher values has 

been proposed as a consequence of smaller crystallite size. Co/CaSBA-15 profile 

displayed a broad peak between 610-950ºC with a clear maximum at 796ºC and a 
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shoulder around 710ºC. This reduction zone can be de convoluted in two different 

peaks corresponding to the two steps reduction of Co3O4 to CoO and subsequently 

reduced to Co0 [55]. In addition to decreasing Co particle size, Ca addition might form 

mixed oxides despite they could not be detected by XRD, such as CaCo2O4, making 

harder the catalyst reducibility contributing to the increase in the reduction 

temperature.   

After the activation process, to reduce the Co oxides, samples were again characterized 

by TEM and XRD analysis (Figure 4). Attending to Co/SBA-15, no diffraction peaks 

ascribed to the Co3O4 pattern could be distinguished in XRD profiles. Conversely, 

peaks corresponding to cubic Co0 (JCPDS 00-001-1259) arise showing the diffraction 

at 2θ = 44.4º, 51.3° and 75.4°, ascribed to (111), (200) and (220) planes, respectively. 

Co0 particles can be discerned over the support as round dark particles in TEM 

micrographs. Thus, it can be stated that Co oxides particles were reduced during the 

activation process.  

 

Figure 4. TEM micrographs and XRD patterns of reduced Co/SBA-15 and Co/CaSBA-15 at 700ºC. 
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TEM micrograph of Co/CaSBA-15 reveals the presence of metallic cobalt, unlike in 

the calcined sample. However, smaller particle size and greater homogeneity over the 

support is evident when compared to Co/SBA-15. Furthermore, as corroborating 

evidence, from the XRD pattern less wide diffraction peak of cubic Co0 at 2θ = 44.4° 

is achieved with Co/CaSBA15 leading to smaller particle size (see Table 1). Moreover, 

concerning this diffractogram, a change in the baseline can be appreciated at 46.6 ºC 

which may be attributed to the presence of monoclinic CaCo2O4 (JCPDS 00-051-

1760), that would contribute to the decrease in the catalyst reducibility. 

In summary, after the addition of calcium to the SBA-15 support, the overall ordered 

mesoporous structure of the initial material was maintained. When comparing the 

catalyst properties of Co/SBA-15 and Co/CaSBA-15, although the addition of Ca 

decreased the BET surface area, it leads to a decrease in the crystallite size of Co 

species over the support at the expense of the reduction temperature, which was shifted 

towards higher temperatures due to higher interaction between the active phase and 

the support or to the development of new Ca-Co compound.  

Catalytic tests 

The catalytic performance in terms of acetic acid conversion and hydrogen yield for 

Co/SBA-15 and Co/CaSBA-15 are displayed in Figure 5A and Figure 5B, 

respectively. Concerning conversion (Figure 5A), Co/SBA-15 reached total 

conversion after 5 h TOS while deactivation was observed for Co/CaSBA-15 since 

conversion becomes smaller with TOS. This phenomenon was also observed with the 

hydrogen yield obtained. Co/SBA-15 achieved a broadly constant hydrogen yield of 

67 %, while for Co/CaSBA 15, this value is around 54 % at 1 h TOS and decays until 

44 % at 5h TOS. Contrary to what might be expected given the smaller crystallite size 

in Co/CaSBA-15 [56-58], its poor Co reducibility as consequence of an increase of the 

reduction temperature led to worse catalytic results. Coking rate (calculated from 

TGA) increased from 34.8 mgcoke·gcat-1·h 1 for Co/SBA-15 until 95.2 

mgcoke·gcat
-1·h-1 for Co/CaSBA-15.  
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Therefore, even though catalyst properties of Co/CaSBA-15 were promising, the 

catalytic performance through acetic acid steam reforming at 600ºC is worse when 

compared with Co/SBA-15: lower conversion and hydrogen selectivity and higher 

coke deposition were reached. These results may be attributed to the high interaction 

of Co particles with the support, thus hindering the Co species reducibility.  

 

Figure 5. Catalytic performance of Co/SBA-15 and Co/CaSBA-15 trough acetic acid steam reforming 

(T= 600 ºC, WHSV=30.1 h-1). 

To shed light on the chemical state of the Co species within the catalysts after 

activation, XPS analyses were performed. Figure 6 shows the narrow scan spectra of 
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particles are strongly interacting with the support [62]. The deconvolution of the Co 

2p3/2 region confirmed the presence of Co0 and Co2+ species in both samples. As it can 

be observed, the band at 778 eV ascribed to Co0 species is predominant in Co/SBA-15 

sample, while the feature at 781 eV predominates in the Co/CaSBA-15 sample. The 

Co0/(Co0 + Co2+) ratio for the Co/SBA-15 sample reduced at 700 °C is 0.84, 

demonstrating that the surface Co is predominantly in a reduced state. Conversely, this 

value drops to 0.39 for the Co/CaSBA-15 sample, indicating the lower presence of Co0 

species. This confirms that Co reducibility is hindered by the presence of Ca in the 

support, thus decreasing the number of active sites during the acetic acid steam 

reforming, which resulted in worse catalytic performance.  

 

Figure 6. Co 2p XPS of reduced Co/SBA-15 and Co/CaSBA-15 catalysts. 

The above results are the basis for the addition of reducibility promoters, such as Cu, 

Ag and Ce to Co/CaSBA-15 in order to keep its better metallic dispersion and metal-

support interaction but increasing its reducibility to address the worse catalytic results 

achieved in acetic acid steam reforming.  
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          Effect of the incorporation of reducibility promoters to Co/CaSBA-15 

Catalysts characterization 

N2 adsorption-desorption isotherms performed at 77 K of Co-M/CaSBA-15 (Cu, Ag 

or Ce) catalyst are shown in Figure 7. As it can be appreciated, all the samples showed 

a type IV isotherm according to IUPAC classification, with a H1-type hysteresis loop, 

which reveals that the ordered mesoporous structure from initial CaSBA-15 material 

is preserved after the incorporation of all the promoters. Textural properties along with 

other physicochemical properties are summarized in Table 2, where Ca and Co and 

promoters loading measured by ICP-AES are displayed as well. From them, it is 

possible to check that the metal content was next to the theoretical value for Co (7%) 

and promoters (2%). On the other hand, Ca content was around 8 wt.% since we fixed 

10 wt.% in the modified support and it was reduced by the active phase and promoter 

incorporation following the wetness impregnation method. 

 

Figure 7. N2 physisorption isotherms of Co-M/CaSBA-15 (M: Cu, Ag or Ce) catalysts at 77K. 
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Table 2. Physicochemical properties of Co-M/CaSBA-15 (M: Cu, Ag, Ce) catalysts. 

 

Figure 8 presents the XRD patterns of calcined Co-M/CaSBA-15 catalysts in which 

the absence of diffraction peaks is observed for all samples except for 

Co-Cu/CaSBA-15. This fact is attributed to the presence of these species below the 

detection limit of crystallite size by XRD. Thereby, the high dispersion of Co over the 

support is remarkable in all prepared samples. Considering Co-Cu/CaSBA-15 sample, 

peaks at 2θ = 35 y 38º, assigned to (002) and (200) diffraction planes respectively of 

monoclinic CuO (JCPDS 07-089-2531) arise.  

 

Figure 8. XRD of calcined Co-M/CaSBA-15 (M: Cu, Ag or Ce) catalysts. 

 
Ca a  

(wt. %) 

Co a   

(wt. %) 

M a   

(wt. %) 

SBET 

(m2·g-1) 

Dpore
b 

(nm) 

Vpore 
c 

(cm3·g-1) 

DCo0 
d 

(nm) 

Co/CaSBA-15 7.8 6.6 - 285 6.8 0.5 7.3 

Co-Cu/CaSBA-15 8.2 6.5 1.9 260 7.1 0.5 12.9 

Co-Ag/CaSBA-15 7.8 7.0 1.9 281 7.0 0.5 9.0 

Co-Ce/CaSBA-15 8.0 6.7 1.8 278 7.6 0.5 5.9 

a Determined by ICP-AES (M: Cu, Ag or Ce) in reduced samples 

b Measured at P/P0 = 0.97 

c BJH desorption average pore diameter 

d Determined from XRD of reduced catalysts by Scherrer equation from the (111) diffraction plane of Co0 
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Despite these peaks can be seen in the XRD diffractograms, as observed by TEM 

(Figure S1) there should be a high metal oxide dispersion over the support since no 

particles can be seen by this technique. The high dispersion of Co can be attributed to 

the presence of Ca as demonstrated in the previous section. The presence of Co and 

Cu in this sample was proved by EDX. It is important to outline that the hexagonal 

structure of cylindrical pores typical from SBA-15 material was maintained, 

supporting in this way the results obtained in the N2 adsorption-desorption isotherms.  

H2-TPR analyses were performed and all the profiles are displayed in Figure 9. As 

explained before, the presence of Ca leads to an increase in the reduction temperature 

and thus most TPR profiles shifts to temperatures above 400ºC (high-temperature 

region, HT), assigned to a greater interaction of the active phase with the support [47, 

48]. As a reminder, Co/CaSBA-15 profile showed a clear maximum at 796ºC and a 

shoulder around 710ºC, corresponding to the two reduction steps of Co3O4 to CoO and 

subsequently reduced to Co0 [55]. These two peaks can be appreciated in all profiles, 

except for Co-Ag/CaSBA-15, which showed only one peak with maximum at 645ºC, 

related to the reduction of the Co oxides having strong interaction with Ag [63]. In the 

case of Co-Ce/CaSBA-15, while the HT zone is still present but slightly shifted 

towards lower temperatures, another peak arises at 305ºC, ascribed to the formation of 

Co3O4-CeO2 interface thus having intimate contact between both metal oxides [64]. 

Similarly, apart from the HT zone, Co-Cu/CaSBA-15 sample showed a reduction zone 

at lower temperatures (167-191 ºC) attributed to the simultaneous reduction of 

Cu-oxides and Co-oxides with less interaction with the support into metallic Cu and 

Co, respectively [65]. In summary, attending to TPR profiles, it is possible to see how 

all the used promoters improved, in terms of reduction temperature, the reducibility of 

Co/CaSBA-15 which showed the highest reduction temperature at 796ºC. By Cu and 

Ce addition, HT zones are significantly shifted to lower reduction temperatures by 

promoter addition, thereby increasing the LT zones area (low-temperature region, 

below 400 ºC). This effect is more pronounced for Co-Ce/CaSBA-15 as it can be 

observed in the H2-TPR results summarized in Table 3. Conversely, Co-Ag/SBA-15 
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showed most its area in the HT region but decreased the reduction temperature in 

250ºC. On the other hand, attending to the degree of reduction (calculated from the 

experimental H2 uptake related to the theoretical value) taking into account the 

theoretical and experimental consumption of H2 along the TPR analysis, 

Co-Ce/CaSBA 15 demonstrated the highest level of reduction, achieving an 

experimental uptake in terms of µmol H2·gcat
-1 very similar to the estimated theoretical 

value. 

 

Figure 9. H2-TPR profiles for Co-(Cu, Ag or Ce)/CaSBA-15 samples. 

Table 3. Summary of reduction features in LT and HT region contribution of TPR profiles, theoretical 

and experimental H2 consumption and degree of reduction for calcined Co-M/CaSBA-15 catalyst. 
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On the basis of the reduction degree estimated by TPR analysis, Figure 10 compares 

the XPS narrow scan spectra of the Co 2p region for Co/CaSBA-15 and 

Co-Ce/CaSBA-15 catalysts after being subjected to the activation process described in 

the Experimental Section. These catalysts were selected as the samples with the lowest 

and the highest reducibility, respectively. Two major features centred at binding 

energies around 780 and 796 eV can be observed, ascribed to Co 2p3/2 and Co 2p1/2 

regions, respectively. As mentioned before, the presence of metallic Co is attributed to 

the peak centred at 778 eV, while peaks centred at 781 eV are characteristic of Co2+ 

[52, 53]. When compared to Co/CaSBA-15 sample, the Co0/(Co0 + Co2+) ratio obtained 

for the activated Co-Ce/CaSBA-15 increases from 0.39 up to 0.76, value close to that 

obtained with Co/SBA-15 (see Figure 6). This result reveals that the Co present in the 

Co-Ce/CaSBA-15 catalyst surface is predominantly into a reduced state.  

 

Figure 1. Co 2p XPS of Co/CaSBA-15 and Co-Ce/CaSBA-15 samples reduced at 700 ºC. 

After the activation procedure, all the catalysts were also characterized by XRD. The 

obtained diffractograms are displayed in Figure 11. In addition to cubic Co0 (JCPDS 

00-001-1259), other peaks corresponding to cubic Cu0 (JCPDS 00-001-1241) at 2θ = 
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43.5º, 50.4º and 74º and cubic Ag0 (JCPDS 01-071-6549) at 2θ = 38.1º and 64.5º can 

be observed in the corresponding samples. In the case of the Co-Ce/CaSBA-15 sample, 

no diffraction peak corresponding to metallic Ce could be observed since Ce oxides 

need higher reduction temperatures, near to 1500ºC [66]. Additionally, no diffraction 

peak of CeO2 appears, maybe due to the formation of non-stoichiometric CeO2-, not 

possible to be observed by XRD, or to the detection limit of the XRD equipment. Mean 

crystallites size of each sample was calculated using the Scherrer equation and the 

obtained results are summarized in Table 2. In the case of the Co-Ce/CaSBA-15 

catalyst, the Co dispersion was even further improved when compared to Co/CaSBA-

15. This evidences that the inclusion of Ce to Co/CaSBA-15 as a reducibility promoter 

can keep the high metal dispersion over the support but increases the presence of Co 

species in a reduced state. 

 

Figure 11. XRD of reduced at 700 ºC Co-M/CaSBA-15 (M: Cu, Ag or Ce) catalysts. 

Catalytic tests 

The catalytic results for Co-M/CaSBA-15 samples after 5h TOS in acetic acid steam 

reforming are shown in Figure 12. In this sense, the conversion is represented in Figure 

12A. As it can be observed, all promoters lead to higher acetic acid conversion than 

Co/CaSBA-15 ascribed to the decrease in the reduction temperature leading to higher 
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number of Co metallic species. Therefore, catalyst reducibility is a good indicator of 

the activity in the steam reforming process. However, some deactivation was observed 

since the conversion becomes smaller with TOS. The highest conversion value was 

achieved with Co-Ce/CaSBA-15 sample, which shows the highest reducibility. 

Moreover, the stability of Co-Ce/CaSBA-15 catalyst was higher compared to the other 

promoted samples, which are supposed to be in an intermediate reduction state 

according to H2-TPR results. The presence of CeO2 in the catalyst formulation has 

been reported to have beneficial effects in catalyst stability since it promotes the coke 

gasification ant it is also active in WGS reaction due to its capacity to store, release 

and transport oxygen [67].  

 

Figure 12. Catalytic results for Co-M/CaSBA-15 (M: Cu, Ag or Ce) with TOS at 600ºC, WHSV=30.1h-1. 

On the other hand, Figure 12B summarizes the H2 yield with TOS, along with the value 

expected at equilibrium at the experimental conditions determined by Gibbs energy 

minimization. As observed when comparing the unpromoted sample with the other 
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hydrogen yield than the unpromoted sample. Despite the conversion increases when 

promoting Co/CaSBA-15 with Cu, the decrease in hydrogen yield could be ascribed 

to the participation of Cu in the decarboxylation reaction of acetic acid rather than the 

reforming reaction [68]. On the other hand, the most noticeable increase in H2 yield 

was found by using Ce as promoter, being even higher than that of the Co/SBA-15 

catalyst (Figure 5B). These results were in line with the lowest Co0 size as determined 

by XRD (see Table 2). Thus, there is a relationship between the particle size and the 

catalytic activity as reported before [17, 56, 69, 70] since smaller crystallite size helps 

to enhance the catalytic activity since more active sites are accessible. Moreover, 

Co-Cu/CaSBA-15 sample present the highest crystallite size as mentioned before. 

Therefore, the catalytic behavior is affected not only by crystallite size but also by the 

reducibility. It must be highlighted that Co-Ce/CaSBA-15 reached the highest H2 yield 

very close to the thermodynamic value estimated at the same reaction conditions. This 

effect is ascribed not only to the lowest Co particle size and the improvement in the 

reducibility achieved with this sample, but also due to the fact that the inclusion of Ce 

in the catalyst creates more oxygen vacancies, thus, facilitating the improvement of 

oxygen mobility [71] leading to the best catalytic performance. 

This result is promising when compared to other catalysts for acetic acid steam 

reforming described in literature. Hu et al. [18], studied the effect of Zr, Mg and K 

addition to Co/Al2O3 (Co = 30 wt.%), they led to the conclusion that Co-K/Al2O3 

promoted the hydrogen production by suppressing the formation of methane, reaching 

conversion values of acetic acid around 90 % at 400ºC using a S/C ratio of 1.2. Nabgan 

et al. [72] reported the use of Co/La2O3, in the acetic acid steam reforming with 

S/C=7.5 at different temperatures. They reached an acetic acid conversion values of 

84.2 % at 600 ºC with a hydrogen molar fraction around 0.5. The conversion increased 

up to 99.8 % at 700 ºC, while the hydrogen molar fraction remains almost constant. 

Mizuno et al. [73] used Co-Ni/MgAl2O4 catalysts with S/C=4 at 500 ºC achieving 

complete conversion but hydrogen selectivities around 62 %. Luo et al. [74] evaluate 

the influence of Co concentration (2-6 wt. %) over NixMgyO catalyst, they led to the 
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conclusion that in the acetic acid steam reforming at 600ºC, S/C=3, the best catalytic 

performance was achieved with 4 wt.% of Co obtaining 79.4 % of conversion with a 

hydrogen yield of 71 %. Concerning Ni-based catalysts, Hu et al. [75] reported that 

30Ni/Al2O3 in the steam reforming of acetic acid with S/C=3 at 400 ºC resulted in 70.9 

% of conversion with a hydrogen yield of 61.6 %. On the other hand, Nogueira et al. 

[76] published the catalytic performance of Ni-supported over MgO-modified Al2O3 

reaching 93% of conversion and 48 % of hydrogen selectivity at 600 ºC with a S/C 

ratio of 2. For their part, Davidson et al. [77] prepared Ni-based catalysts over CeO2 

for being tested in acetic acid steam reforming with S/C=3.5 at 500 ºC, resulting in 

96% of conversion and 34% of hydrogen yield. These values reported before, are lower 

than those achieved with Co-Ce/CaSBA-15 catalysts even though in several works 

higher S/C ratio was used leading to more favorable conditions for the acetic acid 

reforming reaction. Additionally, our group achieved similar results at the same 

operating conditions with Co-Cr/SBA-15 [38] when compared to Co-Ce/CaSBA-15 

performance. While it is true that with Co-Ce/CaSBA-15 gives similar results in terms 

of conversion and hydrogen yield (next to the thermodynamic equilibrium), with this 

sample, we avoid the presence of Cr in the catalyst formulation given its toxicity. 

Selectivities of carbon co-products in the gas stream at 5 h TOS are shown in Figure 

13. Regarding the obtained results, significant differences may be observed. CH4 

selectivity in promoted samples, compared to Co/CaSBA-15, is lower in all cases with 

the exception of Cu-promoted sample. This is an indicator of higher activity in the 

methane steam reforming [35]. Consequently, higher selectivities towards the other 

products (H2 and CO) were obtained according to Eq. 6.  

CH4 + H2O ↔ CO + 3H2   (Eq. 6) 
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Figure 13. Carbon co-products selectivities in the gas stream for Co-M/CaSBA-15 (M: Cu, Ag or Ce) at 

5h TOS, 600ºC, WHSV=30.1h-1. 

The increase of CO selectivity in the gas product distribution states that the CO, which 

is being formed during the methane steam reforming cannot be totally consumed by 

WGS reaction. The increase in CH4 selectivity with Co-Cu/CaSBA-15 could be 

ascribed to the participation of Cu in the decarboxylation reaction of acetic acid [68]. 

This reaction is based on the adsorption of acetic acid to form acetate (CH3COO*) 

and/or acyl species (CH3CO*) which decompose to methyl species releasing CO2 and 

CO, respectively [17]. Given that in this case the CO selectivity increases considerably 

with the Cu-promoted sample, the most likely option is the formation of acyl species, 

leading to an increase in CO selectivity through their decomposition. 

Characterization of used catalysts 

Carbon deposition is usually produced by secondary reactions along the acetic acid 

steam reforming, either from intermediates or from the main products, leading to 

catalysts deactivation limiting their industrial utilization [23]. The formation of large 

amount of coke deposits does not imply catalyst deactivation, since it also depends on 

its nature, the morphology and the location [76]. It should be noted that catalysts 

deactivation is not only related to carbon deposition, but also to active phase sintering 
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and/or oxidation. Accordingly, XRD patterns of used catalyst are illustrated in Figure 

14. In all the used samples, Co0 remains unaltered and no peaks attributed to Co-oxides 

can be distinguished enabling to conclude that metallic Co is the main state after 5 h 

TOS. Thus, reflection planes (111), (200) and (220) at 2θ = 44.4°, 51.3° and 75.4°, 

respectively attributed to cubic Co0 (JCPDS 00-001-1259) can be clearly discerned. 

Again, for Co-Cu/CaSBA-15 and Co-Ag/CaSBA-15, peaks corresponding to cubic 

Cu0 (JCPDS 00-001-1241) at 2θ = 43.5º and 50.4º and cubic Ag0 (JCPDS 01-071-

6549) at 2θ = 38.1º and 64.5º can be observed, respectively. The reflection peaks of 

graphitic carbon (JCPDS 00-041-1487) at 2θ = 26.5° and 42.6° is detected in all the 

samples, associated with (002) and (100) diffraction planes, respectively. This 

corroborates the formation of carbon deposits throughout the steam reforming 

reaction. Sintering was evaluated by means of crystallite sizes calculated using the 

Scherrer equation from the line broadening of the Co0 (111) diffraction. The results 

are shown in brackets below the corresponding XRD pattern in Figure 14. The 

calculated crystallite sizes after the steam reforming reaction where slightly higher in 

all the samples when compared to reduced catalysts. However, the order of Co 

crystallites size is maintained as: Cu > Ag > Co > Ce, as in the case of the activated 

samples (see Table 2). These results along with carbon deposition led to a decrease in 

the catalytic activity due to catalyst deactivation as mentioned above. 
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Figure 14. XRD patterns of used Co-M/CaSBA-15 (M: Cu, Ag or Ce) catalysts after 5 h TOS at 600ºC, 

1 atm (crystallites sizes calculated from the line broadening of the Co0 (111) diffraction, using the Scherrer 

equation are shown in brackets). 

In addition to sintering, as mentioned before, coke deposition has been described as 

one of the major causes of deactivation in reforming catalysts [78, 79], not only 

referred to the amount but also to its nature. Consequently, TGA measurements of used 

catalysts under air flowing atmosphere were performed in order to characterize the 

gasification/combustion of formed coke. In this sense, the derivative 

thermogravimetric curves of each catalyst are represented in Figure 15. Generally, all 

the curves present a maximum at temperatures above 400 ºC. Depends on the oxidation 

temperatures, the formation of carbon nanofilaments with different ordering degree 

take place [80] since amorphous coke oxidizes at temperatures below 400 ºC [81-83]. 

As the combustion temperature increases, more ordered carbon deposits have been 

formed, and thus, more difficult will be their removal [80, 84]. Overall, all curves 

showed one maximum between 445-489 ºC and in the case of Co-Ce/CaSBA-15 

another one arises around 548 ºC, suggesting the formation of carbon nanofilaments 

with different ordering degree. Only Co-Ag/CaSBA-15 showed a maximum at the 

lowest temperature, 445 ºC, which could be ascribed to the formation of some 

defective carbon deposits. Regarding coke rating displayed in Figure 15 in terms of 
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mgcoke·gcat
-1·h-1, Cu and Ag addition to Co/CaSBA-15 increase the amount of coke 

formed, suggesting that their addition promotes the formation of carbonaceous species 

over the catalyst surface. Instead, Ce the lowest carbon deposition was achieved for 

Co-Ce/CaSBA 15 catalyst, in line with the smaller Co0 crystallite size measured by the 

Scherrer equation (see Table 2 and Figure 14), since smaller Co crystallites will 

prevent the formation of carbonaceous deposits [70, 85, 86]. 

 

Figure 15. Derivative thermogravimetric analyses (airflow) of the used Co-M/CaSBA-15 catalysts. 

The spent catalysts after 5 h TOS were also characterized by TEM as shown in Figure 

16. As it can be observed, the initial structure of the SBA-15 support has been 

preserved even under reaction conditions. Besides, carbon nanofibers with different 

ordering degree can be distinguished in all samples, verifying the results obtained with 

DTG. 

200 400 600 800

39.3 mg
coke

·g
-1

cat
·h

-1

162.2 mg
coke

·g
-1

cat
·h

-1

195.9 mg
coke

·g
-1

cat
·h

-1

Co-Ce/CaSBA-15

Co-Ag/CaSBA-15

Co-Cu/CaSBA-15

Co/CaSBA-15

548ºC

482ºC

445ºC

489ºC

 

 

D
er

iv
. 
W

ei
g
h
t 

(a
.u

.)

Temperature (ºC)

488ºC

95.2 mg
coke

·g
-1

cat
·h

-1



 

 
7. Appendix                                                                                                                                                 . 

122 

 

 

Figure 16. TEM micrographs of used Co-M/Ca-SBA-15 at 5 h TOS, 600 ºC. 

Raman spectroscopy analysis was used to evaluate the nature of coke deposited during 

the steam reforming reaction, the spectra of spent catalysts are shown in Figure 17. 

The presence of two bands is noticeable in the range between 1100-1800 cm-1, ascribed 

to the G band (~ 1590 cm-1), characteristic of condensed, ordered or graphitic 

structures, and D band (~ 1340 cm-1) attributed to disordered aromatic structures 

associated with aliphatic bonds of carbon materials [87, 88]. In all the samples is 

possible to observe both bands exhibiting the heterogeneity of the carbon species, 

which are present in the formed coke. The ratio of peaks area between D and G band 

(ID/IG) can give information about the graphitization degree of the carbon structures 

[67, 88, 89]. The higher ID/IG ratio, the lower graphitization degree [90, 91]. Thus, the 

calculated results are displayed in Figure 17. From the results, the ID/IG ratio increases 

in the following order: Co-Cu/CaSBA-15 < Co/CaSBA-15 < Co-Ag/CaSBA-15 < 

Co-Ce/CaSBA-15. These results imply that in Co-Ce/CaSBA-15 prevail formation of 

a large number of disordered carbon when compared to Co-Cu/CaSBA-15 in which 

the carbon deposition (more ordered carbon species) occurs in larger extent over the 

Co0 surface [89]. The obtained results follow the same trend as H2 selectivity (see 

Figure 12B) suggesting the relation between both parameters. 
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Figure 17. Raman spectra of used Co-M/CaSBA-15 samples. 

Finally, in order to evaluate the stability of Co-Ce/CaSBA-15, a longer time-on-stream 

test was performed. The obtained results in terms of conversion and hydrogen 

selectivity are displayed in Figure 18. As it can be observed, conversion and hydrogen 

selectivity remain at acceptable values after 50 h, remaining the hydrogen selectivity 

next to the equilibrium value. These results evidence the high stability of this sample 

being thus, a promising catalysts for acetic acid steam reforming purposes. 

 

Figure 18. Catalytic results for Co-Ce/CaSBA-15 during the stability test with TOS at 600ºC, 

WHSV=30.1h-1. 
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Conclusions 

The influence of Ca incorporation to Co/SBA-15 was for first time evaluated in acetic 

acid steam reforming. The results showed how Ca addition results in the reduction of 

Co crystal size joined to a decrease in Co reducibility, as confirmed by H2-TPR and 

XPS analysis. Therefore, the influence of reducibility promoter addition (Cu, Ag and 

Ce) to Co/CaSBA-15 has been studied in the same reaction. The addition of any of 

these promoters resulted in the enhancement of the catalytic performance since 

reducibility was improved in terms of reduction temperature, increasing the acetic acid 

conversion and the hydrogen yield. Only Cu could not improve the hydrogen yield, 

which might be due to the role of Cu in the decarboxylation reaction of acetic acid 

rather than the reforming reaction. Despite Ag addition improved the catalytic 

performance, it promotes the formation of carbonaceous species. On the other hand, 

Ce addition improved even further the high Co dispersion achieved in the 

Co/CaSBA-15 sample. As a consequence of the high dispersion (crystallite size ~40 % 

lower than Co/SBA-15) and good reducibility (comparable to that obtained for 

Co/SBA-15), Co-Ce/CaSBA-15 sample reached the best catalytic performance 

(X ~ 99%, Y H2 = 71.8 %) after 5 h TOS in the acetic acid steam reforming increasing 

the hydrogen yield in a 62% compared to Co/CaSBA-15. Furthermore, 

Co-Ce/CaSBA-15 showed a good stability with hydrogen yields close to 

thermodynamic value, despite we were working at low WHSV values. Thus, these 

results prove the need for equilibrium between metal dispersion and reducibility to 

enhance the catalytic performance. 
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Abstract 

Hydrogen production derived from thermochemical processes of biomass is becoming 

an interesting alternative to conventional routes using fossil fuels. In this sense, steam 

reforming of the aqueous fraction of microalgae hydrothermal liquefaction (HTL) is a 

promising option to face renewable hydrogen production. Since HTL aqueous fraction 

is a complex mixture, acetic acid has been chosen as model compound. This work 

studies the modification of Co/SBA-15 catalyst incorporating a second metal leading 

to Co-M/SBA-15 (M: Cu, Ag, Ce and Cr). All catalysts were characterized by N2 

physisorption, ICP-AES, XRD, TEM, H2-TPR, H2-TPD and Raman spectroscopy. The 

characterization results evidenced that Cu and Ag incorporation decreased the cobalt 

oxides reduction temperatures, while Cr addition led to smaller Co0 crystallites better 

dispersed on the support. Catalytic tests done at 600 °C, showed that Co-Cr/SBA-15 

sample gave hydrogen selectivity values above 70 mol % with a significant reduction 

in coke deposition.  

 

Keywords: microalgae; acetic acid; steam reforming; hydrogen; cobalt; 

mesostructured materials 
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Introduction 

An increase in global pollution has resulted in a search for alternative energy resources 

that can be substituted in place of widely used fossil fuels [1]. It is known that energy 

provided from hydrogen does not result in pollutants emissions when it is used in fuel 

cell applications [2-4]. In addition, hydrogen is extensively used in chemical and 

petroleum industries [5,6]. Nowadays, a hydrogen based energy system must use 

renewable energy sources to be sustainable. In this sense, hydrogen production 

processes such as biomass gasification, and steam reforming (SR) of pyrolysis bio-oil 

have been widely described in the literature [7-10]. However, the use of microalgae 

hydrothermal liquefaction integrated with the steam reforming of the aqueous fraction 

is less known. Microalgae HTL requires temperatures between 250-350 °C and high 

pressures that can maintain the water coming from the microalgae crops in liquid state 

(40-250 bar). This process provides a great advantage when compared to the traditional 

biomass pyrolysis process, as it does not require a previous stage for biomass drying 

associated with high energy consumption [11-13]. Microalgae HTL products are a 

complex mixture of different compounds where carboxylic acid, ketones, phenols, 

aldehydes, fatty acids and nitrogen compounds [14] can be easily found with a high 

water content. Therefore, because of this they are not suitable to be use as fuel. 

However, this worthless aqueous fraction can be revalorized by hydrogen production 

through catalytic steam reforming [15,16] but the complex composition mentioned 

above usually force the use of model compounds [17-20]. Among them, acetic acid is 

a major component, which can account even for the 56 % of the water-soluble products 

[17]. The overall equation of the acetic acid steam reforming is: 

C2H4O2 + 2 H2O → 2 CO2+ 4 H2     

 

Nowadays, SR catalysts are a critical point of study where activity, hydrogen 

selectivity and deactivation are the main concerns of the scientific community. Many 

papers can be found using different active phases such as Ni, Co, Pt or Ru, with Ni 

being the most studied [21]. Hu et al. [22] studied the performance of different 
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transition metals supported over Al2O3 in acetic acid steam reforming. Their study led 

to the conclusion that Ni and Co were more active than the other metals tested (Fe and 

Cu). They attributed this behavior to the ability for cracking not only C-C bonds, but 

also C-H bonds. However, Co-based catalysts have been less reported despite the fact 

they also provide high activity at moderate temperatures and also increases hydrogen 

yield [23,24].  

Catalysts support selection is also an important point. For example, when Co was 

supported on Al2O3 or TiO2 high metal dispersion was reported but cobalt aluminates 

or titanates were formed avoiding the reduction of some Co species [25]. On the other 

hand, the interaction of Co with silica has been studied leading to the conclusion that 

this support does not affect to its reducibility but instead promote the sintering of cobalt 

particles in the calcination and reduction steps [26,27]. Apart from that, there are other 

advanced supports such as SBA-15, which is a mesostructured material with high 

surface area that may allow higher metal dispersion when compared with the 

amorphous silica. Furthermore, SBA-15 presents a uniform distribution of mesopores 

that hinders the formation of Co agglomerates preventing also catalysts deactivation 

due to metal sintering [28]. 

Co-based catalysts have shown deactivation through sintering and surface cobalt 

oxidation [21]. Pereira et al. [29] proposed the preparation of bimetallic catalysts to 

stabilize Co/SiO2 catalyst to safeguard the Co particles in a reduced state during the 

reforming. Combining diverse metals in the same carrier has been reported as an 

effective way to improve the catalyst performance by facilitating the metal reducibility 

[30]. As reducibility promoters noble metals, transition metals or CeO2 among others 

can be used. Wang et al. [31] reported that Cu addition to Ni/attapulgite catalyst 

decreased the temperature for the reduction of nickel species. In line with this, 

Eschemann et al. [32] proved the efficiency of silver as a reduction promoter in 

Co/TiO2 catalyst since Co-Ag bonds improve the reducibility of cobalt oxides [32,33]. 

Besides, Harun et al. [34] achieved better Ni0 dispersion over Al2O3 surface when Ag 

was included in the catalyst formulation. Similarly, it was described that CeO2, 
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presents a synergistic effect with cobalt oxides since more oxygen vacancies are 

formed leading to higher reducibility [35]. In addition to promoting the cobalt 

reducibility to avoid possible crystallites oxidation, it is necessary to obtain a small 

crystallite size in order to increase activity and reduce the coke formation according to 

its growth mechanism [36]. Accordingly, Cerdá Moreno et al. [37] found that lower 

Co particle size for ethanol steam reforming led to better catalytic activity. Recently, 

we have found that Ni-Cr/SBA-15 showed better catalytic behavior than Ni/SBA-15 

in the steam reforming of pyrolysis bio-oil aqueous fraction by decreasing Ni0 particles 

size [38]. Furthermore, Casanovas et al. [39,40] reported that the incorporation of Cr 

to Co/ZnO samples results in better catalytic performance when these catalysts were 

tested in ethanol steam reforming. 

So far, we have not been able to find any references using the promoters described 

above in Co/SBA-15 catalysts to be tested in acetic acid steam reforming. Therefore, 

the main goal of this study is the preparation of novel cobalt catalysts incorporating a 

second metal leading to Co M/SBA-15 (M: Cu, Ag, Ce and Cr) to achieve high 

hydrogen production rate through acetic acid steam reforming as model compound of 

microalgae HTL aqueous fraction. 
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Experimental 

          Catalysts synthesis 

Mesostructured SBA-15 material, synthesized using the hydrothermal method 

described elsewhere [84], was used as catalysts support. Pluronic 123 and TEOS were 

used as surfactant and silica precursor (Aldrich) respectively. 

Synthesis of Co-M/SBA-15 (M: Cu, Ag, Ce or Cr) catalysts was accomplished by the 

incipient wetness impregnation method described in previous work [85]. Metal loading 

was selected as 7 wt.% of Co and 2 wt.% of promoter [86]. In this way, mixed aqueous 

solutions of the corresponding nitrates were used for the co-impregnation: 

Co(NO3)2·6H2O (Acros Organics) and Cu(NO3)2·3H2O, Cr(NO3)3·9H2O, 

Ce(NO3)3·6H2O, AgNO3 (Aldrich). Subsequently, the prepared samples were calcined 

under air at 550 °C. 

          Catalysts characterization 

N2 adsorption/desorption at 77 K on a Micromeritics TRISTAR 3000 sorptometer was 

used for the measurement of textural properties. Prior to the analysis samples were 

outgassed under vacuum at 200 °C for 4h. To determine the chemical composition of 

the catalysts, ICP-AES technique was used. The equipment was a Varian VISTA-PRO 

AX CCD-Simultaneous ICP AES spectrophotometer. Samples were previously treated 

by acidic digestion. XRD measurements were recorded using a Philips X'pert PRO 

diffractometer using Cu Kα radiation. The Scherrer equation was used to estimate the 

metal crystallites mean diameter. Reducibility of the samples was studied by TPR 

analyses. A Micromeritics AUTOCHEM 2910 equipment was used. The experiment 

is carried out flowing 35 NmL/min of gas (10% H2/Ar) through the sample and 

increasing temperature up to 980 °C with a 5 °C/min heating ramp. Samples were 

previously outgassed under Ar flow at 110 °C for 30 min. Co dispersion of the catalysts 

was determined by hydrogen TPD in the same apparatus. For that, the samples were 

first reduced under 35 N mL/min of gas (10% H2/Ar), then cooled to 50 °C, and 

saturated with H2. After that, the physically absorbed H2 is removed by flushing Ar 
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and finally heated up to 700 °C at 5 °C/min in Ar flow (30 N mL/min). TEM 

micrographs were obtained on a JEOL JEM 2100 microscope (200 kV) with a 

resolution of 0.25 nm at National Centre for Electron Microscopy (CNME, 

Complutense University of Madrid). It also has the possibility to achieve microanalysis 

results by energy dispersive X-ray spectroscopy (EDX). Samples preparation involve 

their suspension in acetone and subsequently deposition on a carbon-coated copper or 

nickel grid.  

Carbon deposited during catalytic tests was measured by thermogravimetric analysis 

(TGA), TEM and Raman spectroscopy. TGA analysis were performed in airflow with 

a heating rate of 5 °C/min up to 1000 °C on a TA instruments SDT 2960 

thermobalance. Raman spectra were recorded using a JASCO NRS-5000/7000 series 

Raman spectrometer. 

          Catalytic tests 

Acetic acid steam reforming reactions were performed at 600 °C on a 

MICROACTIVITY-PRO unit (PID Eng. & Tech. S.L.) as described in previous works 

[7,38,85,87]. The reactor consists in a fixed-bed tubular reactor in stainless steel 316 

(i.d. = 9.2 mm, L = 300 mm). The reactor is located inside an electric oven of low 

thermal, where temperature in the catalytic bed was measured by means of a 

K-thermocouple. All the components inside the hot box were maintained at 200 °C to 

prevent condensation in the pipes and to preheat the reactants. A schematic diagram is 

displayed in Figure 1. 

The reactions were carried out isothermally at atmospheric pressure. Before tests, all 

catalysts were reduced under pure hydrogen (30 mL/min) up to 700 °C with a heating 

rate of 2 °C/min. Temperature was maintained for 30 minutes. Reaction feed was a 

mixture of acetic acid and water using a steam to carbon molar ratio of 2, using N2 as 

carrier and internal standard (GHSV = 11000 h 1). The composition of the outlet gas 

was measured online with an Agilent 490 Micro-GC equipped with a thermal 

conductivity detector (TCD), a PoraPlot U column (10 m) and a Molecular Sieve 5A 
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column (20 m) using He and Ar as carrier gas, respectively. Condensable vapors were 

trapped in the condenser at 4 °C and analysed in a Varian CP-3900 chromatograph 

equipped with a CP-WAX 52 CB (30 m × 0.25 mm, DF = 0.25) column and flame 

ionization detector (FID).  

 

Figure 1. Schematic diagram of the catalytic testing setup [38]. 
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Results and Discussion  

          Catalysts characterization 

Nitrogen physisorption profiles displayed in Figure 2 show type IV isotherms with a 

H1-type hysteresis loop according to the IUPAC classification, indicating the 

preservation of the initial mesostructure of SBA-15 used as the support of these 

samples. Textural properties calculated from these analyses are summarized in Table 

1 along with other physicochemical properties.  

 

Figure 2. N2 physisorption isotherms of calcined a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; 

d) Co-Ce/SBA 15; e) Co-Cr/SBA 15 catalysts at 77K. 

The metals loading is close to the nominal value used during the catalysts preparation. 

Metal addition to bare SBA-15 leads to a decrease in BET surface area with 

Co-Ag/SBA-15 being the sample with the smallest pore size, pore volume and surface 

area. This phenomenon has been described previously [42] and was ascribed to Ag 

structures growing in the mesopores of SBA-15. Similar textural properties were found 

in Co-(Cu, Ce or Cr)/SBA-15 samples.  
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Table 1. Physicochemical properties of Co-M/SBA-15 (M: Cu, Ag, Ce, Cr) catalysts. 

 

Figure 3 shows the XRD patterns of the calcined samples. Peaks corresponding to 

cubic Co3O4 appear in all samples (JCPDS 01-071-4921). Attending to Co-Cu/SBA-15 

sample, a small peak at 38.3° can be observed due to the formation of monoclinic CuO 

(JCPDS 01-089-2531). In case of Co-Ce/SBA 15, two small peaks over 28.5° and 

47.5° can be seen due to the presence of cubic CeO2 (JCPDS 01-089-8436). Ag and 

Cr oxides were not detected by XRD due to the overlap of the main diffraction peaks 

of cubic Ag2O (JCPDS 00-012-0793), rhombohedral Cr2O3 (JCPDS 00-002-1362) and 

cubic CoCr2O4 spinel (JCPDS 00-022-1084), with the Co3O4 pattern. The higher Co 

content compared to Ag and Cr also contributes to the non detection of Ag and Cr 

oxides by XRD as were observed in previous works [43,44]. XRD patterns 

corresponding to Co-(Cu, Ag or Ce)/SBA-15 present narrower Co3O4 peaks and 

slightly larger Co3O4 crystallites were obtained comparing when compared to 

Co/SBA-15 sample. 

Catalyst 
Coa 

(wt.%) 

Ma 

(wt.%) 

SBET  

(m2·g-1) 

Dpore
b 

(nm) 

Vpore
c 

(cm3·g-1) 

D
Co

0
d 

(nm) 

Dispersion 

(%)e 

SBA-15 - - 550 ± 3 7.5 ± 0.1 0.97 ± 0.02 - - 

Co/SBA-15 6.4 ± 0.1 - 503 ± 4 7.2 ± 0.1 0.83 ± 0.01 9.5 ± 0.5 7.5 ± 0.2 

Co-Cu/SBA-15 6.5 ± 0.1 2.0 ± 0.1 476 ± 4 7.2 ± 0.1 0.79 ± 0.03 9.7 ± 0.3 6.3 ± 0.1 

Co-Ag/SBA-15 6.4 ± 0.1 1.6 ± 0.1 419 ± 4 6.9 ± 0.1 0.71 ± 0.01 12.3 ± 0.4 3.9 ± 0.6 

Co-Ce/SBA-15 6.6 ± 0.1 1.7 ± 0.1 494 ± 1 7.4 ± 0.1 0.84 ± 0.01 9.6 ± 0.2 6.5 ± 0.1 

Co-Cr/SBA-15 6.8 ± 0.1 1.8 ± 0.1 469 ± 1 7.1 ± 0.1 0.81 ± 0.02 7.2 ± 0.1 9.9 ± 0.3 

a Determined by ICP-AES (M: Cu, Ag, Ce or Cr) in reduced samples 
b BJH desorption average pore diameter 
c Measured at P/P0 = 0.97 
d Determined from XRD of reduced catalysts by Scherrer equation from the (111) diffraction plane of Co0 
e Determined from H2-TPD results using formula from Li et al. [41] assuming H/Co = 1. 
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Figure 3. XRD of calcined a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co-Ce/SBA 15; e) 

Co-Cr/SBA 15 catalysts. Co3O4 crystallites sizes calculated from the (311) diffraction plane using 

Scherrer equation are displayed on the right. 

Figure 4 shows the TEM micrographs of calcined samples. Irregular metal oxides 

particles can be observed, some of them formed in the channels of SBA-15, while other 

particles were formed over the external surface as previously reported [43]. The 

presence of Co and promoters (Cu, Ag, Ce or Cr) were evaluated in the corresponding 

sample by EDX indicating an intimate contact between Co oxide and promoters. 

Co-Ag/SBA-15 catalyst has large metallic nanostructures through the SBA-15 

channels and Ag2O particles can be also observed over the support [45]. The 

incorporation of high Ag loadings (> 1wt. %) affects support structure and distribution 

of Ag2O particles over the catalyst because the probability of Ag-Ag bond formation 

increases [32,33]. On the other side, it is noticeable how Co Cr/SBA-15 sample clearly 

shows the highest dispersion over the support with very small metal oxide particles, 

which is in agreement with the lower metal diameter calculated from XRD (Table 1). 
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Figure 4. TEM micrographs of calcined samples (a: Co/SBA-15; b: Co-Cu/SBA-15; c: Co-Ag/SBA-15; 

d: Co-Ce/SBA 15; e: Co-Cr/SBA-15). 

Figure 5 displays the H2-TPR profiles of the calcined catalysts. In the case of 

Co/SBA-15 sample, the reduction profile shows two main reduction stages. The first 

one with maxima found at 248-267 °C and a shoulder around 332 °C. These peaks are 

attributed to the reduction of Co3O4 to CoO and subsequently to Co0. The reduction 

stage at high temperature, with a maximum placed at 494 °C, can be attributed to the 

presence of Co-oxide species with stronger interaction with the support [46]. Cu 

addition led to a clear decrease of the reduction temperature as observed in 

Co-Cu/SBA-15 profile. The reduction zone is located at temperatures between 

140-260 °C with two maxima at 150 and 194 °C. Whereas the lower temperature peak 

is ascribed to the simultaneous reduction of CuO and Co3O4 to Cu0 and CoO 

respectively, the other one is related to the reduction of CoO to Co0 [47]. This effect 

of Cu in lowering reduction temperature of metal oxides was observed in previous 
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works for Ni-based catalysts [43]. Co-Ag/SBA-15 catalyst showed two clearly 

different reduction areas, also at low temperature. While the zone over 267 °C is 

related to the Co oxides next to Ag, the other one around 166 °C is attributed to the 

reduction of segregated Ag2O particles to Ag0 [48]. On the other hand, Co Ce/SBA-15 

sample showed a reduction profile similar to Co/SBA-15 with the peak at 494 °C 

shifted to higher reduction temperature due to an emerging peak assigned to superficial 

cerium oxide [49]. Finally, in the reduction profile of Co-Cr/SBA-15 had a new peak 

around 182 °C, probably due to the reduction of Cr-oxides to Cr3+ which can be 

affected by the presence of Co3O4 [50] although it could not be detected by XRD. The 

peak attributed to Co3O4 reduction at 271 °C remained unaltered whereas the peak of 

CoO reduction shifts to higher temperatures due to the presence of Cr species [51] or 

to the confinement of Co oxides into SBA-15 channels because of their smaller size. 

Based on the literature, the most likely option is the formation of a cobalt chromate 

mixed oxide [52], although it could not be detected by XRD due to the overlap of the 

main diffraction lines of CoCr2O4 with those of Co3O4.  

 

Figure 5. H2-TPR profiles for a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co-Ce/SBA 15; 

e) Co-Cr/SBA 15 samples. Red. (%) data displayed on the right correspond to reducibility. 
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The XRD patterns of the samples after reduction at 700 °C under pure H2 flow are 

displayed in Figure 6. No peaks ascribed to Co3O4 pattern can be detected whereas 

cubic Co0 (JCPDS 00 001 1259) peaks corresponding to (111), (200) and (220) planes 

showing the reflection at 2θ = 44.4°, 51.3° and 75.4° can be observed in all samples 

after the reduction process.  

 

Figure 6. XRD of reduced a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co Ce/SBA 15; e) 

Co Cr/SBA 15 catalysts at 700 °C. 

Cubic Ag0 (JCPDS 00-043-1038) diffraction peaks arose in the Co-Ag/SBA-15 sample 

at 2θ = 38.1°, 64.5° and 77°, ascribed to (111), (200) and (220) reflection planes, 

respectively. In this case, some Co-oxides could remain in this sample explaining its 

low reducibility (see Figure 5) but they were not detected because there is an 

overlapping between Ag0 and Co3O4 patterns at 38.1 and 64.5°. In Co-Cr/SBA-15 

catalyst a peak placed at 2θ = 63.7° was assigned to rhombohedral Cr2O3 (JCPDS 

00-002-1362) probably coming from the release of CoO from the spinel CoCr2O4. No 

diffraction peaks of cubic Cu0 (JCPDS 00-001-1241) were distinguished in 

Co-Cu/SBA-15 sample due to the overlapping between Cu0 and Co0 diffraction peaks. 

Co-Ce/SBA-15 reduced sample showed only the diffraction peak of metallic Co. The 
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absence of CeO2 diffraction peaks prompted us to think about the formation of a non-

stoichiometric CeO2- that cannot be detected by XRD [53].  

Co0 crystallite sizes were calculated by the Scherrer equation from the diffraction plane 

(111). In general, whereas Co-Cu/SBA-15 and Co-Ce/SBA-15 samples present a 

crystallite size similar to Co/SBA-15, Co-Ag/SBA-15 had the largest crystallites (see 

Table 1) which differs from the literature as silver loading in Co-Ag/SBA-15 is higher 

than in references [31, 32]. In contrast, Co-Cr/SBA-15 presented the lowest Co 

crystallite size because making a parallelism with the paper of Amin et al. [54] 

Cr-oxides can suppress the extension growth of Cu oxides in that case, Co-oxides in 

our case.  

H2-TPD analysis was carried out in order to measure the dispersion of the metallic 

phase over the support. The results, summarized in Table 1, follow the opposite trend 

as Co0 crystallite sizes calculated from the Scherrer equation. Co-Cr/SBA-15 sample 

reached the highest active phase dispersion over the support. This effect can be clearly 

observed in Figure 7, where Co0 crystallite sizes are displayed against dispersion and 

it is clear that the only promoter that improves the base Co/SBA-15 catalyst is Cr. In 

addition, other authors have reported smaller crystallite size when Cr was incorporated 

to the catalyst formulation suggesting the capacity of Cr2O3 to act as a textural 

promoter preventing metallic sintering [55-57]. It should be noted that in a previous 

work we reported the same behavior with Ni-Cr/SBA-15 sample [38,43], in line with 

the results obtained by Xu et al. during the co-impregnation of Cr and Ni over char as 

support [58]. 
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Figure 7. Comparison between Co0 crystallites size and Dispersion over the SBA-15 material used as 

support for a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co Ce/SBA 15; e) Co Cr/SBA 15. 

          Catalytic tests  

AASR (acetic acid steam reforming) reactions were carried out after the reduction of 

the catalysts. All experiments were performed using an aqueous solution of acetic acid 

with a S/C molar ratio = 2 and a WHSV = 30.1 h-1 at atmospheric pressure and 600 °C 

using N2 as carrier gas. Conversion data are not shown because all catalysts reached 

complete conversion along 5 h of time-on-stream, which implies high activity for all 

the samples in acetic acid conversion at these reaction conditions. However, different 

product distributions were achieved indicating different activities in acetic acid steam 

reforming reaction, ascribed to the role of a second metal in secondary reactions. In 

this sense, hydrogen and carbon co-products distribution (dry basis) are displayed in 

Figure 8. The H2 content expected at equilibrium at the experimental conditions, 

predicted by means of the software GasEQ, based on the method of free Gibbs energy 

minimization, is also shown.  
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Figure 8. Products distribution in outlet gas stream produced in the acetic acid steam reforming over Co 

M/SBA-15 (M: Cu, Ag, Ce, Cr) catalysts at T=600 °C, P=1atm, time-on-stream=5 h. 

Regarding products distribution, all catalysts reached high hydrogen concentration, 

above 53%. As known, Co-based catalysts allow the breaking of C-C bonds (only 

methane is produced as hydrogen-containing product) but also of C-H bonds [22]. 

Moreover, an effective catalyst must also be active in WGS reaction in order to 

eliminate CO from the metal surface during steam reforming. Over Co, methane 

reforming and WGS activity was presented and this clearly shown by products 

formation. Among them, CO2 formation is highest and followed by CO, CH4, thus 

WGS is more pronounced compared to other disproportionation and decomposition 

reactions. Cu, Ag and Ce addition to Co/SBA-15 decreases the hydrogen content in 

the gas outlet stream in line with higher co-carbon products percentages. In contrast, 

Co-Cr/SBA-15 reached the highest hydrogen concentration in the product stream. This 

behavior is related to the small Co crystallite size (see Table 1) leading to higher active 

sites surface area [59,60]. Therefore, Cr addition improved the catalytic performance 

by preventing Co agglomeration. In fact, Casanovas et al. [40] have published similar 

behavior adding Cr to Co/ZnO being more active and selective for ethanol steam 

reforming. On the other side, Co-Ag/SBA-15 achieved the lowest hydrogen 

concentration and therefore carbon containing products composition was higher, 

probably due to the pore blocking effect and the highest Co crystallite size. 
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Co-Cu/SBA-15 and Co-Ce/SBA-15 showed higher CO2/CO molar ratio compared to 

the other samples (3/2) suggesting that the activity for WGS reaction was increased 

[60]. If WGS reaction is favored, an increase in the hydrogen production is expected 

but the hydrogen content reached with these two catalysts was lower than with 

Co/SBA-15 (CO2/CO ratio = 1.7) thus, it is possible to assume that the presence of a 

second metal hinders reactants access to Co active centers, thereby avoiding their 

catalytic role breaking C-H bonds. Finally, Co-Cu/SBA-15, Co Ag/SBA-15 and 

Co-Ce/SBA-15 showed an increase of CH4 from 2% to almost 5% in comparison to 

the Co/SBA-15 sample. CH4 formation can be due to the decomposition of acetic acid 

or methanation [61]. Particularly, Co-Cu/SBA-15 and Co-Ce/SBA 15 produce more 

CH4 in line with the reduction of H2 and CO content which indicates that Cu and Ce 

promote the methanation reaction (3H2 + CO → CH4 + H2O) [62]. Instead, the increase 

of produced methane with Co-Ag/SBA-15 could be due to the decomposition of acetic 

acid since the CO content was kept constant while both CO2 and CH4 concentrations 

increase, which would be in accordance with the stoichiometry of the reaction 

CH3COOH → CH4 + CO2. However, other parallel and consecutive reactions varying 

the CO, CO2 and CH4 content can be taking place. 

Regarding the evolution of H2 selectivity, calculated as the ratio between hydrogen 

produced and 4 times the reacted acetic acid (stoichiometry), with reaction time 

showed in Figure 9, Co-Cu/SBA-15 and Co-Ag/SBA-15 samples exhibited a decrease 

at 2 h but after that, it remains almost constant. Regardless, the H2 selectivity of the 

rest of catalysts remains almost unaltered with time on stream. Therefore, no 

deactivation was detected for Co/SBA-15, Co-Ce/SBA-15 and Co-Cr/SBA-15 

samples. In addition, it can be assessed that Co-Cr/SBA-15 sample also achieved the 

highest H2 selectivity close to the thermodynamic value at the present reaction 

conditions. This result is promising compared to those obtained by Ni-based catalysts 

widely referenced in literature for acetic acid steam reforming reactions. In this sense, 

Thaicharoensutcharittham et al. [63] reported that Ni/Ce0.75Zr0.25O2 catalyst with a Ni 

loading of 5 wt.% reached hydrogen selectivity of 33.54 mol% with a S/C=1, and 64.39 
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mol% using a S/C=3. On the other hand, Wang et al. [64] achieved hydrogen 

selectivity between 54.5 and 70.9 mol% for reaction tests carried out at 550 °C and 

650 °C respectively, with S/C=3 using Ni/Attapulgite catalysts. In another work, 

Nogueira et al. [65] published the catalytic performance of Ni catalysts supported on 

(MgO)-modified γ-Al2O3 reaching, a H2 selectivity of 67.5 mol% at higher S/C ratio 

(S/C = 4). Additionally, our group tested at similar operation conditions (600 °C, 

GHSV: 11000 h-1) Ni-based catalysts in AASR with a S/C=4 [38]. In that work, we 

achieved up to 60 mol% of hydrogen content for both Ni/SBA-15 and Ni-Cr/SBA-15, 

which implied H2 selectivities between 56.6-59.9 mol%. These values are lower than 

those achieved with Co-M/SBA-15 catalysts in the present work, even though lower 

S/C ratio has been used that should lead to worse catalytic results. Despite differences 

in reaction conditions, mainly S/C molar ratio, these H2 selectivities values are lower 

than that achieved by Co-Cr/SBA-15 sample. Furthermore, we also observed the 

beneficial effect of adding Cr to catalysts in our recently published works [38,43], 

where we reached using Cr as promoter added to Ni/SBA-15 catalysts, better catalytic 

performance using different feedstock in steam reforming reaction. 

 

Figure 9. Hydrogen selectivity of gas stream produced in the acetic acid steam reforming over a) 

Co-Cr/SBA-15; b) Co/SBA-15; c) Co-Ce/SBA-15; d) Co-Ag/SBA-15; e) Co-Cu/SBA-15 catalysts at 

T=600 °C, P=1atm. 
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Coke formation during steam reforming has been reported as the main cause of SR 

catalysts deactivation [36]. It must be emphasized that catalyst deactivation is not only 

related to the amount of coke, but also to the nature of the coke formed, the morphology 

and the location over the catalyst structure [66]. In this sense, XRD patterns of used 

catalysts after 5 h (TOS) are shown in Figure 10. Peaks corresponding to cubic Co0 

(JCPDS 00-001-1259) at 2θ = 44.4°, 51.3° and 75.4° can be still distinguished. In 

contrast to reduced samples (Figure 5), reflection peaks corresponding to graphitic 

carbon (JCPDS 00-041-1487) at 2θ = 26.5°, 42.6°, 53.9° and 78.8° ascribed to (002), 

(100), (004) and (006) reflection planes, respectively, appear as a consequence of the 

coke deposition along the acetic acid steam reforming being more pronounced in 

Co-Ag/SBA-15 sample. Cobalt crystallites sizes of used catalysts (calculated from 

Scherrer equation) are shown on the right side of Figure 10. Comparing these results 

with those found in reduced samples (Table 1), it can be concluded that cobalt 

crystallites sizes were very similar, which indicates no significant sintering throughout 

the reforming reaction.  

 

Figure 10. XRD patterns of used a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co-Ce/SBA-

15; e) Co-Cr/SBA-15 catalysts. Co0 crystallites sizes calculated from the (111) diffraction plane using 

Scherrer equation are displayed on the right. 
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TGA can be used for the identification of the type of coke formed during the reaction 

since more ordered coke will need higher temperature to be oxidized [67]. It is 

normally reported that amorphous carbon is more reactive than graphitic in reactions 

with O2 [68] because it oxidizes at low temperatures whereas filamentous or graphitic 

carbon does at higher temperatures [69-71]. Figure 11 displays the derivative 

thermogravimetric (DTG) curves of the used catalysts along with the amount of coke 

formed during the reaction in terms of mgcoke·gcat
-1·h-1. There are significant differences 

in the total coke content, in the order Co-Ag/SBA-15 (282,6 mg) > Co-Ce/SBA-15 (90 

mg) > Co-Cu/SBA-15 (51,6 mg) > Co/SBA-15 (34,8 mg) > Co-Cr/SBA-15 (15,4 mg) 

which follows the reverse order of the hydrogen content in the outlet stream during 

AASR (see Figure 6).  

 

Figure 11. DTG curves of used a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; d) Co-Ce/SBA-15; 

e) Co-Cr/SBA-15 samples after 5 h time-on-stream. 

In general, all DTG profiles show a maximum around 500 °C and a shoulder around 

550 °C, indicating the formation of some kind of carbon nanofibers with different 

ordering degree [69,70]. Co-Ag/SBA-15 showed a maximum around 441 °C which 

can be related to the formation of some defective carbon deposits. Co-Ag/SBA-15 

obtained the worst catalytic results (high CH4 concentration and the lowest H2 
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concentration), in line with the highest carbon deposition. Besides, it is noteworthy 

that Co-Cr/SBA-15 reduced the coke production two times compared to Co/SBA-15. 

It is known that Cr2O3 has been used as an oxide catalyst with outstanding carbon 

deposition resistance properties [72,73]. In our case, the reduction in carbon deposition 

can be also ascribed to the role of chromium avoiding the formation of large Co 

crystallites as it could be observed by TEM and measured by the Scherrer equation, 

because smaller Co crystallites will prevent the initiation of carbon nucleation leading 

to coke formation [74]. On the other hand, Cr2O3 has catalytic activity in the WGS 

reaction, lowering the CO concentration into the gas phase surrounding the catalytic 

bed, thus favoring the formation of H2 and CO2 [75]. In this sense, the extent 

Boudouard reaction (2 CO(g) → CO2 (g) + C(s)), which is one of the main routes for 

coking, will be reduced.  

Used catalysts were also analysed by TEM as shown in Figure 12. In all cases, carbon 

nanofibers with different ordering degree can be observed. Besides, Co-Ag/SBA-15 

micrograph shows some zones of defective coke deposits, in concordance with DTG 

results.  

 

Figure 12. TEM micrographs of used a: Co/SBA-15; b: Co-Cu/SBA-15; c: Co-Ag/SBA-15; d: 

Co-Ce/SBA-15; e: Co-Cr/SBA-15 (5 h time-on-stream at 600 °C). 
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Finally, the Raman spectra of used catalysts in the range 1200-1700 cm-1 are presented 

in Figure 13. As it can be observed, two main bands appear in all cases, at 1330-1340 

(D-band) and 1586-1591 cm-1 (G-band). G-band is ascribed to the stretching mode of 

carbon sp2 bonds of condensed graphitic aromatic structures such as graphite layer 

[76], whereas D-band is related to the carbon atoms vibration of disordered aromatic 

structures such as amorphous or defective filamentous carbon [70,77-79].  

 

Figure 13. Raman spectra of used a) Co/SBA-15; b) Co-Cu/SBA-15; c) Co-Ag/SBA-15; 

d) Co-Ce/SBA-15; e) Co-Cr/SBA-15 catalysts. 

The presence of both bands exhibits the heterogeneity of carbon species constituting 

the coke formed during the AASR reaction. It has been reported that the intensity of 

the D band relative to the G band can be used as a qualitative measure of the formation 

of different kinds of carbon with different degree of graphitization or disorder in the 

carbon structure [78-80]. Smaller ID/IG values indicate higher crystallinity due to 

higher contribution of the graphitic carbon structures formed [81,82] but it also implies 

more layers constituting the deposited carbon [83]. In these sense, the estimated values 

are summarized also in Figure 13. As can be seen, the ID/IG ratio decreases in the 

following order: Co-Cr/SBA-15 (ID/IG = 0.80) > Co/SBA-15 (ID/IG = 0.65) > 

Co-Ce/SBA-15 (ID/IG = 0.61) > Co-Ag/SBA-15 (ID/IG = 0.53) > Co-Cu/SBA-15 

(ID/IG = 0.48). These results indicate that carbon deposition over the Co-Cu/SBA-15 

1300 1400 1500 1600 1700

I
D

/I
G

= 0.80

I
D

/I
G

= 0.61

I
D

/I
G

= 0.53

I
D

/I
G

= 0.48

e)

d)

c)

b)

G

 

 

In
te

n
si

ty
 (

a.
u
.)

Raman shift (cm
-1
)

D

a) I
D

/I
G

= 0.65



 

 
7. Appendix                                                                                                                                                 . 

160 

 

sample occurs in larger extent on the Co surface when compared with the other 

samples, leading to the growth of well-ordered carbon, which may be responsible of 

catalyst deactivation since it acts as a shell covering the active Co sites layer by layer 

[80]. It must be highlighted that the H2 selectivity represented in Figure 9, decreases 

in the same order as ID/IG ratio. Therefore, the H2 selectivity is directly related to the 

kind of carbon deposited on the catalyst.  

AASR test done at long time-on-stream displayed in Figure 14 showed that 

Co-Cr/SBA-15 achieved good stability after 50 h time-on-stream. Conversion values 

were near 95% at the end of the reaction, while almost constant hydrogen selectivity 

(~72 mol%) was obtained. These results evidence that Co-Cr/SBA-15 sample is a 

promising option for acetic acid steam reforming, since hydrogen selectivity remains 

close to the equilibrium value for a long period and, in addition, this value is greater 

than those obtained with the Ni-based catalysts described in literature. 

 

Figure 14. Acetic acid conversion (■) and hydrogen selectivity (●) during stability test of Co-Cr/SBA-15 

catalyst at T=600 °C, P=1atm. 
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Conclusions 

The incorporation of a second metal like Cu, Ag, Ce or Cr to Co/SBA-15 sample 

catalyst resulted in bimetallic catalysts with very different properties and catalytic 

behavior in acetic acid steam reforming. Co-Ag/SBA-15 presented some pore blocking 

of SBA-15 structure due to the presence of isolated silver oxide particles. Cu and Ag 

addition to Co/SBA-15 led to a significantly decrease in the reduction temperature as 

shown in H2-TPR profiles. Cu addition to Co/SBA-15 favors Co oxides reducibility 

keeping almost unaltered Co0 crystallites size. In contrast, Co-Ag/SBA-15 showed also 

lower reduction temperatures but larger Co0 crystallites than Co/SBA-15. However, 

Ce addition does not affect significantly neither reducibility nor Co0 crystallite size. 

Finally, Cr addition to Co/SBA-15 strongly decreases Co crystallites size, induced by 

the presence of chromium oxides, improving metal dispersion with a slight decrease 

in the reduction temperature.  

Regarding acetic acid steam reforming, Co-Cu/SBA-15 and Co-Ag/SBA-15 gave 

lower hydrogen selectivity than unmodified Co/SBA-15 catalyst. However, Cr 

addition improved the catalytic behavior reaching the highest hydrogen selectivity next 

to the thermodynamic equilibrium. After the steam reforming tests, cobalt crystallites 

sizes in the used catalysts were very similar to those in fresh samples, indicating that 

coke deposition and not sintering is the cause of catalysts deactivation. Besides, the 

amount of coke formed on Co-Cr/SBA-15 was much lower than on the rest of the 

catalysts after 5 h of time on stream. Another difference resided in the nature of coke 

deposited because disordered aromatic structures such as amorphous or defective 

filamentous carbon were formed in a higher extent on Co-Cr/SBA-15 (ID/IG = 0.80) 

while the contribution of condensed graphitic aromatic structures increased in Co 

Cu/SBA-15 (ID/IG = 0.48). 

Thus, Cr addition to Co/SBA-15 resulted in the best catalytic performance on acetic 

acid steam reforming, but Cr toxicity opens the way to the search for other metals 

providing similar catalytic properties. 
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Abstract 

Hydrogen produced from renewable resources is becoming interesting as an alternative 

to conventional fossil fuels. Co-based catalysts have been reported for their active role 

in steam reforming of acetic acid as the main model compound of bio-oil aqueous 

fraction. In the present work, a series of Co-Cr/SBA-15 extrudates were prepared by 

varying the binder (bentonite) content and particle size in order to get catalyst particles 

suitable to be used in a steam reformer at industrial scale. Catalysts were characterized 

by N2-physisorption, ICP-AES, TEM, SEM, XRD and H2-TPR. The physicochemical 

characterization results showed that no remarkable changes occur after the extruding 

process of the powdered sample, except for the particle size and mechanical strength. 

Acetic acid steam reforming tests were done at 600 ºC and WHSV = 30.1 h-1 varying 

the feed flow rate and the catalysts particle size in order to study the influence of 

internal and external diffusion limitations. Extruded particles with an effective 

diameter of 1.5 mm and 30 wt.% of bentonite get similar conversion and hydrogen 

selectivity than powder sample. Besides, the agglomerated catalysts are also stable up 

to 12 h of TOS. 

 

Keywords: extrudates, binder, acetic acid, renewable hydrogen, chromium, cobalt 

catalysts 
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Introduction 

High emission rate of greenhouse gases as well as solid particles and NOx derived from 

the use of fossil fuels, contribute to global pollution. Additionally, they are a limited 

resource. Between many alternatives, hydrogen nowadays is becoming an interesting 

energy carrier because only water is produced when it is used in energy applications 

[1, 2]. At industrial scale, it is actually produced from hydrocarbons, which are neither 

sustainable nor renewable. However, hydrogen can be obtained from fossil fuels, water 

and biomass using different methods [3-8]. Hydrogen production from biomass-

derived products, such as bio-oils, oxygenated hydrocarbons (bio-oil aqueous fraction, 

bioalcohols, etc.), alkanes and bio-alcohols, is a remarkable alternative. 

Fast biomass pyrolysis is becoming a quite interesting chance because the bio oil 

produced is considered a potential source of hydrogen [9]. This bio-oil can be 

segregated into two different fractions: an organic one to be used for biofuels 

production and a low value aqueous fraction. Bio-oil aqueous fraction can increase its 

value by hydrogen production through catalytic steam reforming. The overall equation 

of this process is as follows: 

CnHmOk + (2n-k) H2O→n CO2 + (2n+m/2-k) H2  Eq. 1 

Bio-oil aqueous fraction usually present different and complex compositions, 

depending on the raw material used as biomass source for the bio-oil production 

(lignocellulosic waste or microalgae biomass) [10-14]. Regardless the raw material, in 

general terms, it is easy to find carboxylic acids, furans, ketones, phenols, etc. Due to 

the complex composition of bio-oil aqueous fraction, many research groups focus their 

studies on the steam reforming of bio-oil model compounds [10, 11, 15-17]. Among 

the main compounds found in bio-oil aqueous fraction, acetic acid used to be in high 

concentration (around 20 wt. %) when bio-oil is produced from biomass fast pyrolysis 

[10, 11]. Moreover, compared with other hydrogen sources such as methanol and 

ethanol, acetic acid is non-flammable and much safer to store and transport [18].  
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In steam reforming processes, the catalyst plays a crucial role where deactivation due 

to coke deposition or sintering, together with maximizing hydrogen selectivity are the 

main aspects to be investigated. Noble metal-based catalysts are usually reported as 

active [1, 18] but they involve high cost. In addition, transition metals such as Ni or 

Co show good performance for use in catalytic steam reforming and they are cheaper 

than noble metals [1]. While Ni has been widely reported as active phase for steam 

reforming, Co has caused less attention despite it provides high catalytic activity at 

lower temperatures where water-gas shift reaction is favored, increasing hydrogen 

production [19].  

In our previous work [20], Co-based catalysts were synthetized in order to use them 

for catalytic glycerol steam reforming. Results showed how Co/SBA-15 catalysts 

suffer a severe conversion drop along the time. The catalyst stability can be improved 

using promoters such as Ce, La or Zr. In these cases, we obtained higher stability and 

glycerol conversion comparing to Co/SBA-15. Casanovas et al. [21], achieved better 

catalytic performance towards ethanol steam reforming using Cr as promoter in Co-

based catalysts. Zhang et al. [22] achieved lower acetic acid conversion values and 

worse hydrogen yields using Co/La2O3 and Co/Al2O3 catalysts diluted with quartz than 

those obtained with Ni-based catalysts in a temperature range between 500-700 ºC. In 

the same way, Hu et al. [23] studied different transition metal catalysts over Al2O3 

reaching better activity and stability with Ni and Co catalysts in comparison to Fe and 

Cu-based ones for acetic acid steam reforming being the Ni catalysts the sample with 

the lowest coke deposition and metal sintering ensuring its stability. We have recently 

carried out a screening of promoters in Co-based catalysts [24], and the addition of Cr 

leaded to the highest enhancement of catalytic activity in terms of hydrogen production 

(around 59% v/v), total conversion and it also achieved the lowest concentration of 

gaseous carbon products and coke deposition. In other work, Nabgan et al. [25] 

obtained through acetic acid steam reforming using Co supported on La2O3 catalysts a 

conversion of 84.2% at 600 ºC even having a higher value of space velocity. Therefore, 

we can conclude that comparing our previous results using Co-Cr/SBA-15 [24], with 
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those described in the literature at similar experimental conditions for acetic acid steam 

reforming [26] are promising. 

The inconvenience in the vast majority of the catalysts used in steam reforming is that 

they are usually prepared as fine powders which are inadequate to be used in fixed bed 

reactors at industrial scale because of the high pressure drop caused by the catalyst. In 

general, this is solved by using pelletized materials such as granules, spheres and 

extrudates in order to avoid pressure drop and to acquire high mechanical strength 

[27-29], which are manufactured with the inclusion of binders [30, 31]. Extrusion is 

the most important shaping technique applied in the manufacturing of fixed-bed 

catalysts [32]. Compared with other techniques such as coating or impregnation 

methods, extrusion easy produced agglomerated samples with high loading of active 

components since the use of solid core materials is avoided [33, 34]. Extrudates are 

commonly manufactured with the addition of an inorganic binder such as bentonite, 

attapulgite, kaolin or sepiolite to enhance the strength, and an organic additive like 

methylcellulose or hydroxyethyl cellulose to enhance the viscosity of the paste during 

the extrusion [27, 31]. Nevertheless, no reports about the preparation of agglomerated 

Co-based catalysts for acetic acid steam reforming have been reported. Therefore, the 

aim of this work is the synthesis of new extruded Cr-doped Co based catalyst for its 

use in acetic acid steam reforming (AcASR). Bentonite and methylcellulose have been 

used as the binder and the organic additive respectively. This allow us to select a 

catalyst with suitable mechanical and catalytic properties to be used in a pilot plant 

steam reformer.  

 

 

 

 

 



 

 
7. Appendix                                                                                                                                                 . 

178 

 

Experimental 

          Catalysts preparation 

Synthesis of SBA-15 was done following the hydrothermal method described 

elsewhere [35]. The incorporation of active phase and promoter was done following 

the incipient wetness impregnation using the corresponding nitrates solution to achieve 

7 wt.% of active phase and 2 wt.% of promoter in the final catalyst. Afterwards 

samples were calcined at 550 ºC in air static conditions for 5 h (1.8 °C/min heating 

rate).  

Extruded materials were prepared following the methodology reported by Pariente et 

al. [31]. Briefly, the procedure is as follows: powder catalyst (70-80 wt.%) was blended 

with sodium bentonite (30-20 wt.%) as inorganic binder and synthetic methylcellulose 

polymer (10 wt.% over the mixture) to improve the viscosity of the paste during the 

extrusion [30]. All components were mixed up with deionized water to get a 

homogeneous paste. Afterwards, the paste was placed in a damp atmosphere, which 

provides plasticity and cohesive properties to be easily extrudable [31]. After that, the 

paste was extruded through a circular die using homemade extruders. Pellets were 

obtained by cutting the extruded material in cylinders with different lengths and 

diameters. Particle size has been defined with an effective diameter, determined using 

Eq. 2. 

Deff= 
Vp

Sp 
 Eq. 2 

where, VP is volume, and SP is the surface of the extruded materials.  

Finally, these pellets were dried at 110 °C for 3 h with a heating rate of 0.1 °C/min and 

then calcined at 650 ºC (0.5 °C/min) for 2 h to guarantee the removal of the organic 

additive. Samples were named as CoCrS-X-Y, where X corresponds to the amount of 

bentonite in terms of wt.% while Y refers to the effective diameter in mm. 
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          Catalytic tests 

Acetic acid steam reforming reactions were performed on a MICROACTIVITY-PRO 

unit (PID Eng & Tech. S.L.) as described in previous works [20, 36]. The equipment 

lodges a tubular fixed bed reactor made of stainless steel (i.d. = 9.2 mm, L = 300mm) 

placed in an electric oven [37]. Catalyst powder has a bulk density of 0.45 g/cm3, 

while extruded pellets have density values between 0.19 and 0.22 g/cm3. These pellets 

are placed inside the reactor leading to a bed density of 0.14 and 0.20 g/cm3 (2.1 and 

1.3 mm respectively). Reactions were carried out isothermally at 600 ºC and 

atmospheric pressure. All catalysts were previously reduced under pure hydrogen 

stream (30 mL/min) at 600 °C for 6.5 h with a heating rate of 2 °C/min. A mixture of 

acetic acid and water was fed to the reactor at WHSV = 30.1 h-1 defined as the ratio 

between the inlet flowrate and the mass of the catalyst, with N2 as carrier gas and 

internal standard in the micro-GC (60-100 mL·min-1). Condensable vapors were 

trapped in a condenser at 4 °C and analysed in a Varian CP-3900 chromatograph 

equipped with a CP-WAX 52 CB (30 m × 0.25 mm, DF = 0.25) column and flame 

ionization detector (FID). The composition of the gas effluent was measured online 

with an Agilent 490 Micro-GC equipped with a PoraPlot U column (10 m), a molecular 

sieve 5A column (20 m) and a thermal conductivity detector (TCD). Carbon deposited 

during catalytic tests was evaluated by thermogravimetric analyses (TGA), Raman 

spectroscopy and elemental analysis. TGA measurements were performed in air flow 

(100 Ncm3/min) on a TA Instruments SDT 2960 thermobalance, with a heating rate of 

5 °C/min up to 900 °C. Raman spectra were recorded using a JASCO NRS-5000/7000 

series Raman spectrometer. The elemental C and H analysis was performed with an 

elemental analyser type Flash 2000 (Thermo Fisher Scientific), equipped with a 

thermal conductivity detector (TCD), using sulphanilic acid as standard. 
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          Catalysts characterization 

The textural properties of prepared materials were measured by N2 

adsorption/desorption at 77 K on a Micromeritics TRISTAR 3000 sorptometer. 

Samples were previously outgassed under vacuum at 200 °C for 4 h.  

ICP-AES technique was used to determine the chemical composition of the catalysts, 

using a Varian VISTA-PRO AX CCD-Simultaneous ICP-AES spectrophotometer. 

Previously, solid samples were dissolved by acidic digestion.  

XRD measurements were recorded using a Philips X'pert Pro diffractometer using Cu 

Kα radiation to determine the crystalline phase.  

Reducibility of the samples was studied by means of TPR experiments. These analyses 

were performed on a Micromeritics AUTOCHEM 2910 equipment by passing a 10% 

H2/Ar flow (35 N mL/min) through the sample (100 mg) and increasing temperature 

up to 980 °C at a heating rate of 5 °C/min. Samples were previously outgassed under 

Ar flow at 110 °C for 30 min. 

TEM micrographs were obtained on a Philips TECNAI 20 microscope (200 kV) with 

a resolution of 0.28 nm. The apparatus has also the possibility to perform elemental 

microanalysis by EDX. Samples were prepared by suspending the material in acetone 

by ultrasonication and subsequent deposition on a carbon-coated copper grid. 

In order to analyse the surface morphology of extruded samples, scanning electron 

microscopy (SEM) was performed on a Phillips XL30 Environmental Scanning 

Electron Microscope equipped with a tungsten filament and an accelerating voltage of 

15 kV.   

Mechanical strength of extruded pellets was determined on a Chatillon DFS II 

(compression mechanical test stand series). The crushing pressure was defined as the 

maximum force measured prior to fracture divided by the cross-sectional area of the 

pellet [38]. 
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Results and discussion 

          Catalysts characterization 

ICP-AES results are summarized in Table 1 along with other physicochemical 

properties of the prepared catalysts. As it can be seen, cobalt and chromium content in 

powder Co-Cr/SBA-15 catalyst is near to the nominal values. Attending to the 

extruded catalysts, metal content is lower due to the bentonite dilution, so, that the 

higher the bentonite loading, the lower Co and Cr content, according to the dilution 

degree.  

Table 1. Physicochemical properties of powder Co-Cr/SBA-15 and extruded CoCr-X-Y 

catalysts. 

Figure 1 shows the nitrogen adsorption-desorption at 77K of all samples. Powder 

catalyst draws a type IV isotherm (according to the I.U.P.A.C. classification) with a 

H1-type hysteresis loop typical for SBA-15 material. The hysteresis loop is due to the 

process of mesopores filling and it is governed by the capillary condensation 

phenomenon and by the percolative properties of the solid. Regarding the extruded 

materials, all of them also show a type IV isotherm, which indicates the preservation 

of the initial mesostructure of SBA-15 support. Textural properties summarized in 

Table 1 indicate that BET surface area values decrease with the bentonite loading. On 

the other side, average pore diameter of extruded catalysts, are similar to the powder 

CoCrS sample. Besides, the pore size distribution (not shown) remain narrow and 

centered around 5.5-5.8 nm indicating again that SBA-15 structure is preserved after 

agglomeration.   

Sample Co (wt.%)a Cr (wt.%)a SBET (m2/g) Vp
b (cm3/g) Dp

c (nm) DCo3O4
c (nm) 

CoCrS 6.4 1.7 490 0.7 5.5 7.1 

CoCrS-20-2.1 5.3 1.4 355 0.5 5.8 8.1 

CoCrS-25-2.1 4.9 1.3 335 0.5 5.8 8.0 

CoCrS-30-2.1 4.5 1.2 322 0.5 5.5 8.1 
a Determined by ICP-AES in calcined samples  

b Pore Volume measured at P/P0 = 0.97  

c BJH desorption average pore diameter 
d Determined from XRD of calcined catalysts by Scherrer equation from the (311) diffraction plane of Co3O4
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Figure 1. Nitrogen adsorption-desorption at 77K of calcined powder CoCrS and extruded materials. 

In Figure 2, the SEM images of the surface of two agglomerated catalysts are shown. 

As it can be appreciated, as the bentonite content is higher, the particle surface seems 

to be more uniform without surface defects in case of 30 wt. % of bentonite used, since 

when the bentonite content increases, the catalyst paste acquires more plasticity [31, 

39]. Bentonite is known to have high content of lamellar montmorillonite [40] flowing 

better than SBA-15 particles, thus, the extrusion is more uniform at higher bentonite 

content. This fact is in agreement with other authors [41], who observed that the higher 

the content of binder with zeolites, the smaller were the surface defects on the 

agglomerated catalyst. 

 

Figure 2. SEM images of calcined a: CoCrS-20-2.1; b: CoCrS-30-2.1. 

0.2 0.4 0.6 0.8

CoCrS-20-2.1

CoCrS-25-2.1

CoCrS-30-2.1

 

 

N
2
 a

d
so

rb
ed

 v
o

lu
m

e 
(a

.u
.)

Relative pressure (P/P
0
)

CoCrS



 

 
                                                                                                                                                       Article 3. 

183 

 

Figure 3 shows the X-ray patterns of calcined samples. Powder CoCrS shows a wide 

peak between 20-30º attributed to the amorphous silica forming the walls of the 

support pores. Attending to cobalt presence, peaks of Co3O4 phase (JCPDS 43-1003) 

can be observed at different positions: 31.2, 36.5, 44.5, 55.3, 58.9, 64.6, 71.6 and 77.2º, 

which can be assigned to the (220), (311), (400), (422), (511), (440), (442) and (533) 

diffraction planes respectively, according to the XRD pattern of Co3O4 cubic 

crystalline. No peaks corresponding to chromium species were detected due to the low 

concentration of this metal in the samples. In extruded materials, the Co3O4 diffraction 

can be observed as in the powder catalyst, but new peaks appear at 2θ = 26.6, 28.0, 

34.6 and 60.7º. Theses peaks are attributed to the presence of bentonite in the 

agglomerated samples [42].  

 

Figure 3. Comparison of XRD patterns of CoCrS samples and bentonite. 

Metal distribution in calcined CoCrS can be observed in Figure 4. The well-ordered 

hexagonal array of cylindrical channels is in accordance with the N2-physisorption 

isotherm. Dark zones observed on the mesoporous structure of SBA-15 correspond to 

cobalt and chromium oxides nanoparticles as could be proved in EDX analysis. Large 

particles seem to be placed over the external surface while other smaller particles with 

an irregular shape that seems to be adapted to the support pores shape.  
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Figure 4. TEM images of the calcined powder CoCrS. 

The H2-TPR profile obtained for Co-Cr/SBA15 (see Figure 5) displays two main 

zones, one at low temperatures (< 350ºC) and the other at higher temperatures 

(> 350ºC).  

 

Figure 5. H2-TPR profiles of the calcined powder CoCrS and extruded materials. 

In the first zone, two peaks with maximum located at 205 and 270 ºC can be observed. 

Since Cr-oxides have lower reduction temperatures than Co-oxides [43], the 

contribution of Cr-oxides to the first reduction zone should be higher. In this sense, the 

maximum at 205 ºC is ascribed to the reduction of Cr-oxides species whose reduction 

can be affected by the presence of Co3O4 in the sample [43]. On the other hand, the 
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peak at 270 ºC is attributed to the reduction of Co3O4 to CoO. Finally, the peak at high 

temperature, with maxima at 517 ºC, corresponds to the reduction of CoO to Co0 

affected to the presence of Cr species [44]. 

Attending to the extruded materials, the peak around 205 ºC disappears and the peak 

at 270 ºC slightly shifts to higher temperature probably due to the higher calcination 

temperatures used for the extruded materials during the agglomeration process (100 ºC 

above CoCrS). On the other side, the high temperature peak moves to lower values 

indicating less interaction with the support [45] since higher calcination temperatures 

lead to a slightly sinterization of the Co particles (see Table 1) making the surface 

interaction between metal phase and the support smaller. Therefore, the agglomeration 

process did not exhibit remarkable changes in the H2-TPR profiles with the exception 

of the maxima at higher temperatures. 

          Catalytic tests 

AcASR reactions were carried out at atmospheric pressure and isothermally at 600 ºC 

after activation of the samples by H2 reduction. Experiments were performed using an 

acetic acid solution at WHSV = 30.1 h-1. N2 was used as carrier gas and as internal 

standard in the micro-GC in order to determine all the gas products concentration. It is 

noteworthy that with higher particle diameter, the porosity of the catalyst bed will be 

higher as determined in Section 3.2, therefore the flow velocity will be smaller [46, 

47]. 

Thus, firstly, experiments were performed in order to avoid external diffusion effects 

by varying the feed flowrate while keeping WHSV constant according to Akpan et al. 

[48]. In this mean, catalytic results using catalyst particles with 2.1 mm of effective 

diameter and 20 wt.% of bentonite as binder in terms of hydrogen content in the outlet 

gas stream and acetic acid conversion are displayed in Figure 6. Experiments were 

done modifying the mass of catalysts, the N2 flow and the feed flow rate from 0.3-0.5 g, 

60-100 mL/min and 0.075-0.125 mL/min, respectively (see Table 2). As it can be seen, 

the faster the flow, the higher the conversion value is obtained up to a feed flowrate of 
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0.1125 mL/min. If the flow rate is increased, no changes are observed in either the 

hydrogen content or the conversion indicating the absence of external mass transfer 

effect at these conditions [48]. The acetic acid conversion becomes higher because the 

increase of the feed flow rate, increases the turbulence and Reynolds number inside 

the reactor and therefore the mass transfer coefficient is improved. As a result, the AcA 

concentration external gradient disappears by increasing feed flow rate [49]. In 

conclusion, the reaction conditions selected were those corresponding to the 

experiment number 3: 0.45 gcat; 0.1125 mL/min of acetic acid solution and 90 mL/min 

of N2. At that point, the concentration of reactants over the catalyst surface should be 

the same as that of the gas phase and therefore there are no diffusional limitations. 

Table 2. Experimental conditions for external diffusion effects tests. 

 

 

Figure 6. Hydrogen content in the outlet gas stream and acetic acid conversion at different reaction 

conditions as named in Table 2 (atmospheric pressure, 600 ºC, S/C = 2, WHSV = 30.1 h-1). 
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30 wt.%) but the same geometry were prepared and tested under the selected 

conditions. In Figure 7, the conversion is represented on the right axis and the 

mechanical strength is referred to the left axis. As it can be observed, the mechanical 

strength becomes higher (with a linear behavior) when the bentonite content was 

increased, although the conversion follows an opposite behavior. However, despite the 

conversion drop, the hydrogen content was maintained between 57-59 mol % in all 

samples. 

After the SR reactions, it could be observed that the amount of fines was rather reduced 

when the bentonite content was higher. Bentonite content was not increased since 

Pariente et al. [31] increased it up to 35 wt.% and they did not observe any 

improvement in the mechanical strength of the extruded materials. Since the acetic 

acid conversion drop was only 4 mol % in the sample with 30 wt.% of bentonite and 

the mechanical strength was the highest one (in line with almost no fines formed during 

the AcASR reaction), this value of the bentonite content was selected to evaluate the 

internal diffusion resistance. 

 

Figure 7. Mechanical properties and conversions for extruded material varying the bentonite content 

(atmospheric pressure, 600 ºC, S/C = 2, WHSV = 30.1 h-1). 

To determine the resistance to the mass transfer inside the pores of the catalyst 

particles, several AcASR reactions were done using extruded catalysts with different 

sizes ranging from Deff =1.3 to 2.1 mm. The catalytic results of these tests are shown 
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in Figure 8a. Coke measured by TGA formation in terms of gcoke·gcat-1·h-1 are shown 

in Figure 8b. Results show that larger pellet sizes leas to lower acetic acid conversion. 

By decreasing the particle size to an effective diameter of 1.5 mm, the conversion 

increased up to 96 % from a conversion close to 79 % reached by the sample with an 

effective diameter of 2.1 mm (CoCrS-30-2.1). Hydrogen, on the other side, did not 

exhibit remarkable changes but CoCrS-30-1.5 sample reached the highest value 

(59.1%). This effect can be explained since a decrease in effective particle diameter 

minimize the influence of internal mass transfer related to the resistance found by 

reactant molecules to reach active sites placed inside the catalyst particle pores [49].  

 

Figure 8. Catalytic results in terms of hydrogen content and conversion (a) and coke deposition (b) for 

extruded materials with different effective diameters (atmospheric pressure, 600 ºC, S/C = 2, 

WHSV = 30.1 h-1). 

It can also be observed that as the effective diameter decreases, the amount of 

deposited coke also increases. This fact is attributed to higher conversion and to a non-

uniform coke distribution over the pellet because coke presents preferential deposition 

in the external surface of the particle as reported Forzatti et al. [50]. 

Once selected the conditions in which diffusional limitations do not affect to AcASR 

reactions (90.11 mL/min of total flow and 1.5 mm of effective diameter), and thus the 

kinetic control has been achieved, a new sample was prepared with the selected 

effective diameter using less amount of bentonite (25 wt.%) to be tested under 

conditions number 3 (see Table 2). As shown in Figure 9, the final product distribution 
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in addition to acetic acid conversion did not exhibited remarkable changes compared 

to the sample with CoCrS-30-1.5. Coke formation rate was comparable in both cases 

0.0394 and 0.0391 gcoke·gcat-1·h-1, because the surface area was similar and as said 

before, in agglomerated samples coke tend to be deposited over the exterior part of the 

pellet [50]. Furthermore, in Figure 9, the catalytic results with powder sample obtained 

in a previous work [24] are also displayed. Comparing the results obtained with the 

extruded catalysts with those obtained with the powdered sample, it is noteworthy that 

whereas the hydrogen content in the outlet stream was similar (the same behavior is 

observed with the co-carbon product distribution), lower conversion was observed 

ascribed to the dilution with bentonite done in the agglomerated catalysts. 

Furthermore, the mechanical strength of the agglomerated catalysts was measured. The 

obtained results were 928 kPa and 636 kPa for CoCrS-30-1.5 and CoCrS-25-1.5 

catalysts respectively. Based on these results, the main conclusion is that increasing 

the bentonite content enhances the mechanical strength without reduction in the 

catalytic activity. 

 

Figure 9. Comparison of extruded materials (Deff=1.5 mm) with the powder sample: (a) conversion; (b) 

gas product distribution (atmospheric pressure, 600 ºC, S/C = 2, WHSV = 30.1 h-1). 

Finally, the selected extruded material was tested under the same conditions up to 12 h 

TOS. The conversion results for this experiment are displayed in Figure 10a. As can 

be observed, at least during the first 6 hours of the reaction, a decrease in the 
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conversion takes place up to a value close to 95%, from which it remains almost 

constant throughout the experiment. In order to explain the conversion drop, the 

formed coke was characterized using different techniques. 

Taking into account the derivative thermogram (DTG) shown in Figure 10 b of the 

spent catalyst, a maximum around 508ºC can be observed. This maximum is attributed 

to some kind of defective carbon nanofibers because it is oxidized below 550 ºC while 

filamentous or graphitic carbon does at higher temperature [51, 52]. The formation of 

this type of carbon deposits results in the decrease of the catalytic activity by the 

deactivation of the catalyst. 

 

Figure 10. (a) Evolution of conversion with time-on-stream during the acetic acid steam reforming using 

the CoCrS-30-1.5 catalyst (atmospheric pressure, 600 ºC, S/C = 2, WHSV = 30.1 h-1). (b) DTG profile of 

used catalysts. 

Raman spectroscopy is known to be a suitable technique for characterizing the 

structure of carbonaceous materials. In this sense, the Raman spectra obtained after 

12 h TOS is represented in Figure 11. Regarding the spectra in the range 

1100-1800 cm-1, two bands centered at 1350 and 1590 cm-1 can be distinguished 

ascribed to D-band and G-band, respectively. While G-band is attributed to the 

stretching mode of carbon sp2 bonds of condensed graphitic aromatic structures, 

D-band is related to the carbon atoms vibration of disordered aromatic structures such 
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as amorphous or defective filamentous [52-54]. In the current spectra, G-band is more 

intense than D-band indicating the predomination of more ordered aromatic structures. 

This assumption is in agreement with elemental analysis results, since lower C/H molar 

ratio indicates that the coke is more aliphatic while the higher C/H indicates that the 

coke is more aromatic. After 12h TOS, the C and H content was 24.75% and 0.32% 

respectively, which implies a C/H ratio of 6.5 stating that the coke formed is more 

aromatic than aliphatic. These results together with those obtained by DTG, allow us 

to confirm that a part of the formed coke presents a disordered structure. This defective 

carbon has a deactivating effect that has led to a slightly decrease in conversion at short 

times on stream, since tip-growth of filaments ceases when carbon is formed at a rate 

higher than bulk diffusion and surface migration, causing an excess of carbon to 

deposit as encapsulating carbon, which ultimately deactivates the catalyst [15, 55]. 

  

Figure 11. Raman spectra of used CoCrS-30-1.5 sample after 12 h TOS. 

All these results allow as to conclude that the agglomeration procedure was successful 

using 30 wt.% of bentonite with an effective diameter of 1.5 mm since promising 

results were achieved. 
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Conclusions 

The performance of extruded Co-Cr/SBA-15 catalysts has been studied through acetic 

acid steam reforming. The influence of internal and external diffusion effects has been 

tested over different bentonite/catalyst ratio and particle sizes. The results showed that 

the agglomeration procedure has no remarkable influence over the textural properties 

or the reducibility of metallic active species, being these results close to those obtained 

for the powder sample. The external and internal diffusion tests allowed to select flow 

rate and catalysts particle size needed to avoid concentration gradients. Under these 

experimental conditions, CoCrS-30-1.5 (30 wt.% bentonite and 1.5 mm effective 

diameter) showed a good performance for hydrogen production, reaching similar 

results in terms of hydrogen content and conversion compared to the powder form. 

Therefore, a successful agglomeration process has been developed, opening a door 

towards the preparation of new catalysts for steam reforming suitable for their use at 

industrial scale. 
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Abstract 

This paper studies Co/SBA-15 catalyst deactivation during the steam reforming of 

model compounds from the aqueous fraction of bio-oil coming from biomass HTL. 

We observed how deactivation took place in two clearly differentiated stages. In the 

first one (TOS <20 h), where conversion decreased strongly, Co sintering deduced 

from XRD and, pore blockage by coke deposition were observed. At this first stage, 

coke seemed to be filamentous and some encapsulated Co particles could be 

appreciated by TEM. The encapsulating coke reduced the number of accessible centers 

to catalyze the reforming reaction. In the second stage (TOS >20 h), filamentous coke 

was also observed but more condensed and therefore more aromatic, as verified by 

higher C/H ratio determined by elemental analysis. In this stage, despite the amount of 

coke deposited was growing, no drop on specific surface area was observed. Besides, 

since no peaks corresponding to cobalt oxides were detected in the XRD patterns, 

catalyst deactivation cannot be attributed to metallic active sites oxidation. The t-

Student statistical analysis showed that Co/SBA-15 catalyst deactivation is mainly 

affected by the amount of coke deposited and its C/H ratio. 

 

Keywords: deactivation, coke deposition, cobalt, SBA-15, steam reforming, aqueous 

fraction, biomass HTL. 

 

 

 

 

 

 

 

 



 

 

 

 

Introduction 

Biomass-to-energy conversion processes could be good candidates to produce 

renewable energy [1] as an alternative to conventional fossil fuels, which have a great 

contribution in global climate change. In these sense, biomass hydrothermal 

liquefaction (HTL) [2-5], can be used to produce clean fuels. Due to its composition, 

biomass stores energy through chemical bonds mainly between hydrogen, oxygen and 

carbon molecules [6]. By breaking down these chemical bonds through 

thermochemical processes, such as HTL, it is possible to release vast amount of energy 

in order to produce bio-fuels [7]. HTL is very suitable in the thermochemical 

conversion of wet biomass like municipal solid waste, microalgae or animal by-

products where bio-oil along with synthesis gas and a solid residue are obtained [2, 7]. 

This process provides a great advantage when compared to the traditional biomass 

pyrolysis process, since it does not require a previous step for biomass drying 

associated with high energy consumption [8-10]. The solid residue and gas phase 

produced during HTL process, can be also reused reducing the overall cost and 

contributing to the reduction of NOx and SO2 emissions [11]. The bio-oil can be 

segregated into two different phases: an organic phase and an aqueous phase [12]. The 

organic phase composed of non-polar compounds can be upgraded by hydro-treating 

to obtain fuels. The aqueous phase has low value and it contains mainly water but also 

several oxygenated organic compounds such as acetic acid, phenol and 

hydroxyacetone [1, 13]. This worthless aqueous phase, can be revalorized by 

producing hydrogen by a catalytic reforming process [14]. Given that the aqueous 

fraction is a mixture of oxygenated compounds, the overall reaction that takes place 

can be summarized as: 

CnHmOk+(2n-k) H2 ↔ n CO2 + (2n+m/2-k) H2 

The viability of this process is related to the development of active and stable catalysts, 

with high selectivity towards hydrogen production. One problem associated with the 

reforming catalysts is the deactivation, which may be caused by sintering or oxidation 



 

 

 

of the active phase, although coke formation is typically the main cause. Steam 

reforming catalysts are usually based on noble or transition metals. While noble metals 

are active but involve high cost [15], cheaper transition metals such as Co, has 

demonstrated good results in steam reforming processes [14, 16-19]. This behavior has 

been ascribed to Co ability for cracking not only C-C bonds, but also C-H bonds in 

comparison with other transition metals [20]. Moreover, Co is also active in water-gas-

shift reaction, which may increase hydrogen production rate and lower CO 

concentration among the products (CO + H2O ↔ CO2 + H2) [21].  

In addition, metal dispersion over the support has been described in literature to have 

an important role in enhancing the reforming reaction in terms of conversion, hydrogen 

selectivity and resistance to coke formation [22, 23]. In this regard, ordered 

mesoporous silica SBA-15 materials as supports have raised considerable interest 

among other supports since the distribution of mesopores is uniform preventing the 

formation of metal agglomerates leading to catalyst sintering [24, 25]. This structure 

provides high dispersion of the active phase and facilitates the mass transport through 

the pores comparing to other non-ordered supports [26].  

As mentioned before, the reforming of oxygenated compounds provides high 

hydrogen yield, but consecutive competitive reactions can take place leading to the 

formation of undesirable by-products such as coke deposits [27, 28]. The attenuation 

of these reactions depends on the composition and physicochemical properties of the 

catalysts as well as the reaction conditions [29]. Coke formation can take place through 

the Boudouard reaction (2CO (g) ↔ CO2 (g) + C), methane decomposition (CH4 ↔ C 

+ 2H2) or polymerization (hydrocarbons → polymers → coke) [30, 31]. Sehested [32] 

reported for hydrocarbon reforming reactions the formation of different kinds of 

carbon deposits, amorphous or filamentous, with disparate roles in catalyst 

deactivation. The main cause reported of deactivation due to coke formation is the 

formation of encapsulating coke, which blocks metal active sites [33-35]. The 

condensation of oxygenated reaction intermediates, after being adsorbed on metal 

sites, plays an important role in the formation of encapsulating coke, while more 



 

 

 

 

ordered coke structures are mainly formed by methane decomposition and Boudouard 

reaction [36]. Further, according to Barbarias et al. [37] aromatic compounds have 

high capability for condensing and forming a coke structures on the catalyst surface, 

which is responsible for fast catalyst deactivation. When filamentous coke is formed, 

it covers the catalyst but the access of reactants to metal active sites may not be 

hindered [33]. Apart from that, deactivation can be also due to active phase sintering 

and/or its oxidation, decreasing in such a way the number of active centers [38-41]. 

Valle et al. [42], notice that during the steam reforming of raw bio-oil obtained from 

pine sawdust using Ni/La2O3-αAl2O3, the increase in temperature in the 550–700 °C 

range attenuates the formation of encapsulating coke, whereas in the 550–650 °C range 

the formation of filamentous coke was favored, which does not block the metal sites. 

Similarly, Ochoa et al. [43] found out that the presence of phenols and alcohols in the 

raw bio-oil plays an important role in coke formation, while the influence of the 

content of acids, ketones and aldehydes within coke deposition is lower. For their part, 

Remiro et al. [44] reported three different deactivation reasons in the steam reforming 

of bio-oil using a Rh/ZDC catalyst: structural changes, coke deposition and Rh 

sintering. These causes, according to their characterization results were a consequence 

in the physicochemical and morphological properties of the catalysts. 

Thus, this work contributes to understand the relationship between Co/SBA-15 

deactivation, coke deposition and Co sintering during the steam reforming of simulated 

bio-oil aqueous fraction got from biomass HTL and mainly composed by acetic acid, 

phenol and hydroxyacetone. Although this catalyst was used before in acetic acid 

steam reforming, the evolution of carbon deposits over the support and/or metal 

particles in the simulated bio-oil aqueous fraction, has never been described. For this 

purpose, N2-physisorption, thermogravimetric analysis, X-ray diffraction, elemental 

analysis and transmission electron microscopy techniques were used to characterize 

the catalysts used under reforming conditions at different time-on-stream. 

 



 

 

 

Experimental 

          Catalysts synthesis and properties 

Co-based catalyst (nominal content: 7 wt.% Co) supported over SBA-15, was prepared 

by the incipient wetness impregnation method described elsewhere [14, 45]. The 

support was synthetized following the hydrothermal method described by Zhao et al. 

[46] obtaining a BET surface area of 550 m2/g and total pore volume of 0.97 cm3/g. 

After the impregnation and calcination processes, these values were 503 m2/g and 0.83 

cm3/g, respectively [14]. Prior to reforming reactions, the catalyst was in situ reduced 

at 700ºC by flowing pure hydrogen (30 mL/min) with a heating ramp of 2 °C/min. 

Once the desired temperature was reached, it was kept for 30 minutes. Under these 

conditions, cobalt oxide species are expected to be completely reduced according to 

the temperature-programmed reduction (TPR) analysis (Figure S1), measured in a 

Micromeritics AUTOCHEM 2910. This apparatus was also used to determine the 

metal dispersion over the support (7.5 % [14]) by H2 temperature-programmed 

desorption (H2 TPD) assuming H/Co = 1 in accordance with Li et al. [47]. Cobalt 

content in the reduced catalyst (6.4 wt.% [14]) was determined by ICP-AES technique, 

treating previously the sample by acidic digestion. The equipment was a Varian 

VISTA-PRO AX CCD-Simultaneous ICP-AES spectrophotometer.  

          Catalytic experiments 

The activity of the catalyst at different time-on-stream was evaluated in a fixed-bed 

reactor using a Microactivity PRO unit (PID Eng. and Tech. S.L.) following the same 

procedure reported in a previous work [48]. The reactor is made in stainless steel 316 

(i.d. = 9.2 mm, L = 300 mm) and it is placed into an electric oven. The temperature is 

measured in the catalytic bed by means of a K-type thermocouple. In order to prevent 

condensation of reactants in the pipes and to act as a preheater of the mixture, all the 

components inside the equipment are maintained at 200 °C during the test. The 

experiments were performed under operation conditions where diffusion limitations 

were absent, in which deactivation by coke was observed: 300 mg of catalyst, 600 °C; 



 

 

 

 

atmospheric pressure; WHSV 30.2 h-1; eight different time-on-streams (TOS) between 

1-50h. 

The model compounds mixture similar to biomass HTL aqueous fraction was 

composed by 1.57, 8.25 and 17.5 mol% of phenol, hydroxyacetone and acetic acid, 

respectively, in water, which gives a steam-to-carbon ratio of 1.1. The mixture was fed 

to the reactor at WHSV = 30.2 h-1, defined as the ratio between the inlet flowrate and 

the mass of catalyst. N2 was used as carrier gas and internal standard in a Micro-GC 

which is online connected to the reactor system to measure the gas product 

composition. The Agilent 490 Micro-GC is equipped with a TCD, a Molecular Sieve 

5A column (20 m) and a PoraPlot U column (10 m) using Ar and He as carrier gas, 

respectively. Condensable products flowing from the reactor were collected in a 

condenser at 4 °C and periodically analysed in a Varian CP-3900 chromatograph 

equipped with a CP-WAX 52 CB (30 m × 0.25 mm, DF = 0.25) column and flame 

ionization detector (FID). 

The catalytic behavior was expressed by means of total conversion and gaseous 

products distribution. Total conversion (X) is calculated as  

X = ∑(Fi,0 – Fi)/ ∑Fi,0 (eq. 1) 

where Fi,0 and Fi are the molar flowrates of the reactant i (acetic acid, hydroxyacetone 

and phenol) at the inlet and outlet of the reactor, respectively. 

Gaseous products distribution (Ci) is calculated as the ratio between the molar flowrate 

of each product (Fi) and the molar flowrate of all the reaction products (excluding 

water and reactants):  

Ci = Fi/ (∑Fi) (eq. 2) 

 

 

 



 

 

 

          Characterization of used catalysts. 

The catalysts porous structure was evaluated by means of N2 adsorption-desorption at 

77K on a Micromeritics TRISTAR 3000 sorptometer. Samples were previously 

outgassed under vacuum at 200 °C for 4 h. 

The morphology of used samples, was evaluated by means of transmission electron 

microscopy (TEM) analysis. Samples were previously prepared via dispersion in 

acetone using an ultrasonic bath and subsequently deposited on a carbon-coated copper 

grid. The micrographs were acquired in a JEOL JEM 2100 microscope (200 kV) with 

a resolution of 0.25 nm at the National Centre for Electron Microscopy (CNME, 

Complutense University of Madrid). The apparatus is equipped with microanalysis 

system by energy dispersive spectroscopy (EDS). X-ray diffraction analysis (XRD) 

were performed on a Philips X’pert PRO diffractometer using Cu Kα radiation in order 

to estimate the crystalline state of the Co particles and coke crystallinity after 

reforming experiments. The Scherrer equation was used to estimate the metal 

crystallites mean diameter. 

In order to evaluate the coke amount and nature, different analyses were performed by 

the following techniques: (i) Thermogravimetric analysis (TGA), with the aim of 

quantifying the amount of coke formed, under airflow with a heating rate of 5 °C/min 

up to 1000 °C on a TA instruments SDT 2960 thermobalance; (ii) Elemental C and H 

analysis, to determine the coke nature, using an elemental analyser type Flash 2000 

provided by Thermo Fisher Scientific equipped with a thermal conductivity detector 

(TCD) using sulphanilic acid as standard; and (iii) Transmission electron microscopy 

in order to observe coke deposits after each catalytic run using same microscope 

described above at the CNME (Complutense University of Madrid). 

 

 

 



 

 

 

 

Results 

Synthetic bio-oil aqueous fraction steam reforming was performed using Co/SBA-15 

catalysts. Figure 1 displays the catalytic behavior with time-on-stream. As observed, 

at low TOS conversion decay is more pronounced and it is smoothed until almost no 

loss of conversion is observed between 20 and 50 h. In the conversion profile, two 

main stages can be distinguished. In the first one before 20 h of time on stream, the 

deactivation effect is more severe decreasing the conversion value up to 80 mol%. In 

this period, CO decreases while CO2 increases suggesting that Boudouard reaction is 

favored. However, the fact that H2 content in the gas stream remains almost constant 

suggests that water-gas-shift reaction can be also taking place.  

 

Figure 1. Conversion (X) and reaction products distribution (Ci) with TOS (T=600 ºC, P=1 atm, 

WHSV=30.2 h-1). 

In the next stage, at higher time-on-stream, the conversion remains almost constant. 

This behavior indicates that the main deactivation is produced during the first 20 h of 

reaction. On the other hand, the concentration of ethylene from 20 to 50 h TOS 

increases. As it is reported, ethylene promotes coke formation [49] for its capability of 

cracking and polymerization towards aromatics [29, 50]. Therefore, it is possible to 
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assume that in the first stage, most ethylene is being reformed according to 

C2H4 + 2H2O → 2CO + 4H2 and/or leading to encapsulating coke, while in the second 

stage the ethylene conversion routes are unfavored. Conversely, from these results, 

methane cannot be correlated to possible catalyst deactivation since its concentration 

seems roughly constant with time-on-stream [51]. 

The XRD diffractograms of activated and spent Co/SBA-15 catalysts at different time-

on-stream are displayed in Figure 2. In all samples, cubic phase of Co0 (JCPDS 

00-001-1259) can be observed, both in the activated and the used catalysts after the 

reforming reaction. Peaks show the reflection at 2θ = 44.4° and 51.3°, ascribed to (111) 

and (200) planes respectively. No peaks attributed to CoO and Co3O4 can be observed, 

indicating that Co0 has not been oxidized during the reaction, probably due to the 

reduction capacity of H2 in the products stream. The presence of coke in the used 

samples has been proved according to the reflection peaks at 2θ = 26.5°, 42.6° and 

53.9°, associated with the (002), (100) and (004) planes, features of graphitic carbon 

(JCPDS 00-041-1487). The main carbon diffraction peak, which increase with TOS is 

placed at 2θ = 26.5°. The Co0 particle sizes have been calculated for the activated and 

the spent catalysts using the Scherrer equation [52] and these data are displayed on the 

right side of Figure 2. The results show the evolution of particle size with TOS towards 

slightly higher values, indicating some sintering of Co0 crystallites at the reaction 

temperature (600 ºC), mainly between 0 and 20 h of TOS. However, sintering is a 

complex mechanism that depends not only on temperature, but also on the 

characteristics of the catalysts and reaction conditions [41]. Metal sintering also plays 

an important role in deactivation in terms of the generation of carbon deposits since 

large metal particles favor the growth of carbon nanofibers [53, 54]. Thus, sintering 

must be considered as one possible cause for deactivation of Co/SBA-15 during bio-

oil aqueous fraction reforming, while Co oxidation can be discarded at least from XRD 

results. 



 

 

 

 

 

Figure 2. XRD diffraction spectra of activated and spent Co/SBA-15 for different TOS. 

In order to determine the amount of coke deposited and its nature, TGA and elemental 

analysis techniques were performed over the used samples. The obtained results are 

shown in Table 1 and Figure S2. In reference to coke formation, an upward trend with 

TOS can be clearly observed, most coke being formed between 0-20 h. After this point, 

coke is gradually formed with an increase of 0.26 gcoke/gcat between 20-50 h versus 

0.73 gcoke/gcat formed in the first stage (0-20 h). Since most coke is formed during the 

first stage, it is possible to assume that coke selectivity is higher compared to the 

second stage. This assumption is in line with the above described given that in this 

period Boudouard reaction is favored leading to coke formation while decreasing the 

CO content. Attending to DTG profiles (Figure S2), two zones can be distinguished in 

all the profiles. The maximum oxidation temperature in zone at higher temperatures, 

shifts from ~540 ºC at TOS = 1 h to ~570 ºC for TOS higher than 12 h. Based on the 

literature, the fact that the maximum combustion temperature of the formed carbon 

increases over time-on-stream is related to more condensed and ordered carbon 

deposits, and thus, more difficult to be oxidized [55, 56]. In the low temperature zone, 

the lowest oxidation temperature achieved was ~460 ºC for 1 h TOS indicating the 

formation of some kind of defective carbon nanofibers [14] since amorphous coke 
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oxidizes at much lower temperatures (around 300-400 ºC) [38, 57, 58]. As carbon 

deposits are formed they evolve towards more condensed coke, increasing the ordering 

degree leading to more graphitic structures [33]. In view of these results, elemental 

analysis of the used samples was performed, and the values are summarized in Table 1.  

Table 1. Values of coke deposition, TDTG,max and C/H ratio on used catalysts 

 

Higher carbon-to-hydrogen ratio (C/H) are associated to more aromatic or condensed 

structures [29, 59]. As the reaction time increases, the C/H ratio increases until an 

asymptotic value is reached at 12 h time-on-stream. This implies that the coke formed 

at short TOS is more aliphatic and/or defective than the coke found at long TOS. As 

the reaction time increases this defective coke may condense leading to more ordered 

structures. These results corroborate the TGA results explained above. 

In order to analyze how this coke formation affects the textural properties of the 

Co/SBA-15 catalysts and elucidate its location, Table 2 summarizes the results of 

surface area (calculated according to Brunauer-Emmett-Teller, BET) and pore volume, 

obtained from the corresponding N2-physisorption isotherms. Both, fresh and used 

catalysts presented a type IV isotherm according to the IUPAC classification with a 

H1 hysteresis loop, indicating the preservation of the mesostructure of SBA-15 

material after active phase incorporation and the reforming reaction. Both total pore 

volume and BET surface area become smaller as time-on-stream increases. This could 

TOS (h) coke (wt.%) gcoke/gcat TDTG,max (ºC) C/H 

1 7.46 0.08 540-550 4.34 

2 11.33 0.13 545-555 6.14 

5 15.46 0.18 540-550 8.22 

12 23.43 0.31 560-570 10.01 

20 42.35 0.73 560-570 10.49 

25 42.71 0.75 560-570 10.47 

30 47.35 0.85 560-570 10.52 

50 49.53 0.98 560-570 10.51 

 1 



 

 

 

 

be explained by increased deposition of coke which may lead to a decrease in the 

physical properties [29]. This behavior was also reported by Jampa et al. [60] using 

Cu-based catalysts supported over mesoporous materials in the autothermal steam 

reforming of methanol.  

Table 2. Textural properties of used Co/SBA-15 catalysts at different TOS. 

Furthermore, the sorption capacity for nitrogen obtained by N2-physisorption as a 

function of carbon content can give an idea of the location of coke deposits. In this 

sense, from the results of Tables 1 and 2, accessible void volume, S (cm3 N2/cm3 

catalyst) and coke volume, C (cm3 coke/cm3 catalyst) were calculated [61, 62]. As it 

will be shown later, these experimental data can be expressed as follows with a linear 

trend: 

S = V0 - k·C (eq. 3) 

where V0 is referred to initial void volume (0.38 cm3 N2/cm3 catalyst). According to 

the k-coefficient value obtained, different possibilities of coke distribution can take 

place, depending on the location of the coke formed on the catalyst during the reaction 

[61]. These different possibilities are schematically shown in Figure 3, in agreement 

with Bibby et al. [62]. In the initial state (fresh SBA-15) no coke is shown and the 

sorption capacity is S=V0.  

  

TOS (h) BET (m2/g) Vpore
* (cm3/g) 

0 503 0.8 

1 484 0.8 

2 353 0.6 

5 304 0.5 

12 284 0.4 

20 188 0.3 

25 187 0.3 

30 184 0.3 

50 183 0.3 

*Measured at P/P0 = 0.97 

 1 



 

 

 

 

Figure 3. Possible coke distributions in Co/SBA-15 (based on [62]) 

Figure 3A shows how coke is filling the SBA 15 pores and the volume of coke 

corresponds exactly with the loss in sorption capacity (k=1). If some coke is formed 

also in the external surface (Figure 3B) the total volume of coke is higher than the loss 

in sorption capacity and, thus, k<1. When the internal coke is deposited isolating part 

of the SBA-15 pores, a small volume of coke can have a huge effect in the sorption 

capacity (Figure 3C, k>1). In the coke distribution shown in Figure 3D, the external 

coke blocks most the pores on both sides, thus, greatly reducing the sorption capacity 

with low coke volume (k>1). In the last case, represented in Figure 3E, coke formation 

predominates outside the structure of SBA-15. In this case, unlike the previous one, 

coke blocks some pores but allows access to them through the other end. Therefore, 

there is no effect on adsorption capacity and k = 0.  

The calculated parameters for each reaction time (S and C) are represented in Figure 4. 

The calculated data, show two clearly differentiated zones: one for short reaction 

times, which lead to a k-value of 1.6, while in the other, for reaction times longer than 

20 h the k-value is next to zero. These results evidence the presence of two different 

coke formation mechanisms. The first one, attributed to lower time-on-stream in which 

most sorption capacity is lost. Coke could be formed inside and/or outside the SBA-15 
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pores, being mostly formed over the external surface. Thus, that the most likely option 

is a combination of both cases, having a small volume of coke that isolates some pores 

and another volume that covers the external part of the support as it will be later shown 

by TEM. Moreover, external filamentous coke is less effective at blocking access to 

the active phase unless it completely covers the pore openings [62]. For TOS above 

20 h (second stage), the final BET surface area did not change significantly despite the 

coke formation is increasing (see Tables 1 and 2). Therefore, according to E case, 

filamentous coke is being formed in the external part of the catalyst without inducing 

pore blocking. 

 

Figure 4. Sorption capacity for N2 vs. coke content on Co/SBA-15 catalysts at different TOS. 

Figure 5 shows TEM images of the catalysts after the reforming reaction at different 

TOS. In general, coke nanofilaments can be observed in all cases. As the reaction time 

increases, a growth in the thickness of the coke filaments walls is observed (averaged 

values from 30 measurements shown within Figure 5), which is associated to more 

condensed coke. This fact is corroborated by the results obtained from elemental 

analysis since higher C/H ratio were obtained with TOS. On the other hand, the 

presence of encapsulated cobalt particles (verified by EDS) is observed in the first 
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stage (between 0-20 h). This kind of coke has been described as the main cause of 

activity loss since metallic particles are blocked reducing its catalytic activity [63]. 

According to literature, whereas the formation of filamentous coke can be formed from 

CO by the Boudouard reaction and from the methane decomposition, the encapsulating 

coke can be mainly formed by the condensation of oxygenates present in the product 

distribution [30, 63-65]. Therefore, the conversion drop observed in this first stage 

could be ascribed to the loss of reactants access to some Co0 particles covered by coke. 

In the second stage, it is still possible to observe the cobalt particles that were 

encapsulated during the first stage. Moreover, more condensed carbon nanofibers also 

can be distinguished compared to short reaction times, reaching wall thickness around 

12 nm within 20 h TOS. In Figure 5, on the right side, histograms with Co particle size 

distribution from the count of the least 30 units are shown. Despite the trend in particle 

size is the same as from XRD, differences between the average size values obtained 

by both techniques may be due to some Co crystallites aggregated into the same 

particle. 



 

 

 

 

 

Figure 5. TEM images and Co particle size histograms of used Co/SBA-15 after: (A) 1 h; (B) 2 h; (C) 5 h; 

(D) 12 h; (E) 20 h; (F) 50h of time on stream. 
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As described above, there are several possible reasons for the loss of activity of the 

Co/SBA-15 catalyst in the reforming reaction of aqueous fraction. In this sense, the 

main parameters from the characterization results are represented in Figure 6 versus 

time-on-stream together with conversion. 

 

Figure 6. Changes in reaction parameters over TOS (A) DCo; (B) C/H ratio; (C) SBET; (D) Conversion, X; 

(E) gcoke/gcat; (F) Vp. 

In order to elucidate which parameter/s have the main influence on the activity loss, 

their influence over total conversion was evaluated by means of a t-Student statistical 

analysis. In this regard, the dependent variable (Y) was the total conversion while DCo 

(mean crystallites size), C/H ratio, SBET, gcoke/gcat and Vp were independent variables 

(X). The Student's t-value characterizes the relative significance of the parameter in a 

particular correlation [66]. The p-values were used as a tool to check the significance 

of each interaction among the variables with conversion. The smaller the p-value, the 

more significant is the corresponding coefficient term (if the p-value is lower than 

0.05, it can be considered as statistically significant) [67]. The obtained results are 

listed with 95% confidence in Table 3. 
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Table 3. Multi-linear regression results at 95% confidence 

 

As mentioned above, the parameters with p-value higher than 0.05 are not considered 

significant in the conversion drop and, thus, are discarded. Concerning this research, 

pore volume and BET surface area presented higher values and, therefore, they should 

have minor effect on the deactivation of the Co/SBA-15 catalyst. Hereafter, the t-

Student statistical analysis was re-performed taking into account just the amount of 

coke produced (gcoke/gcat), the diameter of Co crystallites (nm) and the C/H ratio. The 

corresponding calculations resulted in p-values of 0.045, 0.164 and 0.014 as well as t-

stat values of -2.65, -1.63, -3.67 respectively. This suggests that the slight sintering 

effect of Co0 particles neither has major significance in the conversion drop until 50 h 

TOS. 

Figure 7 shows how conversion becomes smaller when the coke deposition increases 

up to 0.98 gcoke/gcat and when C/H ratio tends to zero. In other words, when the amount 

of coke is high and it is more aliphatic and less ordered, resembling amorphous coke. 

In this way, we can conclude that deactivation of the Co/SBA-15 catalyst in the HTL 

aqueous fraction reforming is mainly a consequence of the amount of coke formed 

during the reaction, as well as its nature, although as it has been found, sintering could 

also have an effect on the conversion drop. Therefore, more ordered coke deposits will 

lead to less deactivation even though the formation rate could be high. 

 t Stat p-value 

gcoke/gcat -3.23 0.048 

SBET (m2/g) 2.56 0.083 

Vp (cm3) -3.05 0.056 

DCo (nm) -3.86 0.031 

C/H ratio -5.75 0.010 
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Figure 7. Effect of coke deposition and C/H ratio on bio-oil aqueous fraction reforming. 

In overview, Figure 8 displays the catalyst evolution during the reforming of bio-oil 

aqueous fraction. As delimited above, two different stages take place with TOS. In 

stage 1 (TOS < 20 h) the formation of defective filamentous coke takes place over the 

catalysts (0.73 gcoke/gcat) decreasing the BET surface area pore volume since carbon is 

formed not only in the external surface (blocking pores) but also inside the pores, 

leading to isolation of active centers. There are also encapsulating carbon deposits that 

hinder the catalytic role of some Co0 particles, related to the condensation of 

oxygenated compounds present in the reaction medium as by-products. Slight sintering 

takes place but it seems to have minor effect on catalyst deactivation. Additionally, no 

oxidation could be detected of the active phase during the reaction. Stage 2 can be 

considered as a period in which conversion is in steady state. In that period, above 20 h 

TOS, the filamentous carbon structures tend to condensate leading to more aromatic 

carbon deposits but the coke filaments grow out of the support without blocking new 

pores. This results in no remarkable changes in conversion, BET surface area and C/H 

ratio, while the amount of coke increases in 0.25 gcoke/gcat.  
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Figure 8. Evolution of coke and Co0 particles during the deactivation of Co/SBA-15 in the reforming of 

bio-oil aqueous fraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Conclusions 

The deactivation of Co/SBA-15 in the reforming of a mixture of model compounds 

representing the aqueous fraction from biomass HTL is a consequence of coke 

formation, its composition (C/H ratio) and Co sintering. The oxidation of Co was 

discarded as a cause of deactivation since no cobalt oxides were found by XRD within 

50 h of reaction. Results evidenced two different stages to understand deactivation of 

Co/SBA-15. The first one, at short TOS (< 20 h), is ascribed to the formation of 

defective carbon nanofibers over the catalyst surface as well as inside the SBA-15 

pores. This fact led to a significant drop in conversion and BET surface area since coke 

was covering not only the pore mouths but also was deposited inside them leading to 

isolated metallic Co particles. During this step, some Co particles were also 

encapsulated within coke nanofibers, hindering the catalytic role of these active 

centers. These facts are responsible of a conversion drop up to 81 mol % at 20 h time-

on-stream. During the second stage of deactivation, between 20-50 h TOS, coke 

deposited became more ordered and aromatic as deduced by its higher C/H ratio. Coke 

deposits grow as filaments out of the support, as inferred from almost constant BET 

surface values and therefore not blocking the SBA-15 pores. In both stages, Co0 

crystallite size calculated form XRD of used samples indicated a slight sintering with 

minor influence on Co/SBA-15 deactivation.  

The combination of different techniques for coke characterization with a t-Student 

analysis, let us to conclude that the progressive growth of carbon nanofibers and its 

nature (C/H ratio) have more influence than sintering on the conversion drop observed 

during the steam reforming of a mixture of acetic acid, hydroxyacetone and phenol as 

model compounds from the biomass HTL aqueous fraction.  
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