s2s  Universidad
18 Zaragoza

Trabajo Fin de Grado

“Produccién de CHs mediante Hidrogenacion
de CO; usando Catalizadores basados en Ni
Soportados sobre Carbon Biomorfico”

“Methane Synthesis by CO, Hydrogenation
Using Ni based Catalysts Supported on
Biomorphic Carbon”

Author

Siti Rabiatul Adawiyah Binti Yussop

Director

Dr. Antonio Monzon Bescds

Escuela de Ingenieria y Arquitectura
2018/19







Methane Synthesis by CO. Hydrogenation Using Ni based Catalysts Supported on
Biomorphic Carbon

ACKNOWLEDGMENTS

This report means the end of years of work and the end of my degree, however this
would not have been possible without the help of many people, so here | would like to
thank people who involved in the completion of my project.

First and foremost, | would like to express my deepest gratitude to my research director,
Dr. Antonio Monzdn Bescos for the inspiration to begin this research. His advices, warm
encouragement, attention to all the aspects of works, as well as critique and assessment
have led this research to its successful and fruitful results.

My praises and acknowledgement also go to my research supervisor, Ms. Pilar Tarifa for
the encouragement to carry on during the hard times. | am immensely grateful for the
insights and knowledge she has shared on the subject matter. Thank you both for the
technical consultations and productive critics that led to the completion of this project.

Last but not least | would like to express my very profound of gratitude to my parents
and my family for providing me with continuous encouragement and unfailing support
throughout my years of study and through the process of researching and writing this
project. This accomplishment would not have been possible without them.






Methane Synthesis by CO. Hydrogenation Using Ni based Catalysts Supported on
Biomorphic Carbon

DECLARATION OF AUTHORSHIP AND ORIGINALITY

Escuela de
Ingenieria y Arquitectura
Universidad Zaragoza

(Este documento debe entregarse en la Secretaria de la EINA, dentro de! plazo
de deposito del TFG/TFM para su evaluacion).

D./D2.  Siti Rabiatul Adawiyah Binti Yussop ,en

aplicaciéon de lo dispuesto en el art. 14 {Derechos de autor) del Acuerdo de 11 de
septiembre de 2014, del Consejo de Gobierno, por el que se aprueba el

Reglamento de los TFG y TFM de Ila Universidad de Zaragoza,

Declaro que el presente Trabajo de Fin de (Grado/Master)
Grado (Titulo del Trabajo)

Produccién de CH4 mediante hidrogenacion de CO2 usando catalizadores basados
en Ni soportados sobre carbén biomorfico.

es de mi autoria y es original, no habiéndose utilizado fuente sin ser

citada debidamente.

Zaragoza, 16 de Septiembre de 2019

it

Fdo: Siti Rabiatul Adawiyah Binti Yussop






Methane Synthesis by CO. Hydrogenation Using Ni based Catalysts Supported on
Biomorphic Carbon

ABSTRACT

CO2 methanation reaction was investigated over Ni based catalysts modified with the
promoters of Mg and/or Ce supported on the biomorphic carbon. These catalysts have
been prepared by biomorphic mineralization technique which includes a stage of
thermal decomposition in a reductive atmosphere, of cellulose previously impregnated
with the metallic (nitrates) precursors. The study on the chemical composition,
structure, morphology and texture of the samples have been carried out by different
characterization technique such as N; physisorption, X-ray diffraction,
thermogravimetric analyses by air and transmission electron microscopy. Furthermore,
in order to optimize the reaction productivity and selectivity, at high space velocity of
60,000 h%, the effect of the main operational conditions (reaction temperature and feed
composition) has been studied. The catalyst stability test also was performed for 8h on
stream at 325 °C. An important fact based on the experimental results obtained was the
addition of promoter Ce has increased the BET surface area, microporosity of the
catalyst and dispersion of metallic Ni on the surface of carbonaceous support. As a
consequence, the performance (the CO; conversion, CHs selectivity and yield) during the
reaction was enhanced. Thus, Ni-MgCe/BC was determined to be the most active for
CO2 methanation at 350 °C with highest CO; conversion (up to 68.7%) together with
highest values of CH4 selectivity and yield of 93.5% and 64.2%, respectively.

RESUMEN (SPANISH)

Se ha investigado reaccion de metanacién de CO; sobre catalizadores de Ni modificados
Mg y/o Ce, con soportados en carbon biomorfico. Estos catalizadores se han preparado
usando una técnica de mineralizacidn biomérfica que incluye una etapa de
descomposicion térmica en una atmésfera reductora, de celulosa previamente
impregnada con los precursores (nitratos) metalicos. El estudio de la composicién
guimica, estructura, morfologia y textura de las muestras se ha llevado a cabo mediante
diferentes técnicas de caracterizacion como fisisorcion de N, difraccién de rayos X,
analisis termogravimétrico con aire y microscopia electrénica de transmision. Ademas,
para optimizar la productividad y selectividad de la reaccion, se ha estudiado el efecto
de las principales condiciones de operacion (temperatura de la reaccidon y composicidon
de la alimentacidn), en condiciones de elevada velocidad espacial (60.000 h1). Por otro
lado, la estabilidad del catalizador se ha medido a lo largo 8h a 325 °C. Un resultado
notable obtenido es que la adicién del promotor de Ce ha aumentado la superficie BET,
la microporosidad del catalizador y la dispersion de Ni sobre la superficie del soporte
carbonoso. Como consecuencia, se han mejorado las prestaciones (conversion de CO,,
selectividad a CHs y estabilidad) durante la reaccién. Se ha obtenido que el catalizador
Ni-MgCe/BC es el mas activo de CO; a 350 °C, alcanzando un 68,7% de conversion de
CO; y una selectividad de CHa del 93,5%, lo que da un rendimiento a CHa del 64,2%.
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1 INTRODUCTION

1.1 Renewable power generation

Traditionally fossil fuels have been use as the main resource in the production of
energy of developed and developing countries [1]. The generated power and heat is use
for transportation, industrial production and private homes in this modern generation
[2]. As a result, the global fossil fuel consumption rises tremendously for the past
decades. Nearly 15 billion metric tons of fossil fuels are consumed every year. United
States, China and India are the largest oil consumer in the world, owing to the fact that
about 54% of the world’s fossil fuels are consume by these three countries [3].

As the world’s fossil fuel consumption rises, so does the risk of global climate
change. One of the main factor behind the rise of concentration of CO; in the
atmosphere and global temperature is the emission of carbon from fossil fuels [4].
According to the U.S. Energy Information Administration (2016), the world energy-
related CO, emissions are estimated to increase from 32.3 billion metric tons in 2012 to
35.6 billion metric tons in 2020, and reach 43.2 billion metric tons by 2040 [5].

Therefore, ascribable to the negative effect of continued use of fossil fuels on
our planet and the depletion of these resources, the utilization of renewable energy
sources may necessitate.

The world agreed that a major strategy to mitigate climate change is by using the
renewable energy sources. In recent years, the development and utilization of the
renewable power generation has been grown rapidly worldwide. Wind power and solar
photovoltaics (PV) play an important role in the acceleration of the growth of the
renewable power generation as the potential of hydro, biomass or geothermal energy
are limited in many countries [6].

According to [7], total renewable energy generation capacity worldwide reached
2,351 GW at the end of 2018, which is around a third of total installed electricity
capacity, see Figure 1. The annual increase of 7.9% was bolstered by new addition from
solar and wind energy, which accounted for 84% of the growth. In the meantime, non-
renewable generation capacity has expanded by about 115 GW per year (on average)
since 2000, with no discernible trend upwards or downwards. International Renewable
Energy Agency has also reported that, the capacity of non-renewable generation has
decreased in Europe, North America and Oceania by about 85 GW since 2010, but has
increased in both Asia and the Middle East over the same period.



Methane Synthesis by CO. Hydrogenation Using Ni based Catalysts Supported on
Biomorphic Carbon

GW
0% 180

2001 2003 2005 2009 2011 2013 2015

017
e Non-renewables (GW)  mmmm Renewables (GW) —esssRenswables (96)

8% 160

a
F

140

Z
F

120

2]
#

=
#
g

=
#
E

Share of new electricity generating capacity

=
&
&

10

&

2007

P 0

Figure 1. Comparison of the growth in generation capacity of renewable and non-renewable
energy. (Source: [7]).

However, a major problem associated to these renewable sources is the mismatch
of the load demand and the power supply as the sources influenced by weather
conditions, the time of day, season and location. To overcome these difficulties, efficient
energy storage technologies are needed [2].

There are various energy storage technologies that come in many different forms.
The short-term storage of power is possible only in capacitors and electromagnetic coils.
Nevertheless, more economical way to store the power for a long-term is by converting
the electrical power to other form of energy with subsequent storage. It seems like the
transformation of electrical energy in times of excess power generation by sun or wind
into chemical compounds is the most suitable alternative for long-term storage.
Therefore, a technically realizable technology that can sort out the aforementioned
problem and has been demonstrated in various countries is the power-to-gas
technology [8].
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1.2 Power-to-gas technology

Power-to-gas technology is an option to convert surplus electricity in form of
hydrogen or methane. This technology is considered worthwhile because it is the most
cost-efficient long-term storage option for power. In addition, it also supports inter-
sectoral decarbonizing and the substitution of fossil energy carries [9].

Methane storage is particularly advantageous due to the large electricity storage
at a scale of over 10 GWh and also an existing large-scale infrastructure, which includes
pipeline networks, storage facilities and filling stations without additional cost [2,10].
Converting electricity to methane is mostly achieved by combining electrolysis and
methanation. Power-to-methane can be divided into three main processes, as shown in
the Figure 2.

Conversion Storage Utilization
Photovoltaic — | SNG storage | — Mobility
I ’ Electrolyzer R R RO i
Wind power \ le —» | Gas turbiﬁe
. — ‘ Gas pipeline | — SRR
Co, _ ‘ Methanation | — R > Industry

Figure 2. Power-to-methane process flow scheme. (Source: [8]).

The inexhaustible renewable energy resources (mainly wind and solar energy
resources) are used to power the electrolyser. This device is used for performing water
electrolysis which results in the decomposition of water into hydrogen and oxygen gas
[11]. In the second step of the power-to-methane process chain, H, reacted with CO; to
formed CH4. CO; used in this chain process can be attained from biomass plants, power
generation plants, industrial processes and ambient air; thus at the same time can
contribute to the decrease of greenhouse gas emission [12] The synthetic natural gas
(SNG) generated from the methanation process which is similar to natural gas can be
injected into the natural gas pipeline without restriction. The process of methanation of
CO; can be carried out chemically or biologically [13].

The main disadvantage of the power-to-methane concept is the low efficiency
owing to the long process chain. Apart from that, the efficiency will further decreases if
the heat produced in the process is not used. Nonetheless, power-to-methane promises
a long-term storage and is an acceptor of surplus renewable power as it authorizes the
possibility to interconnect the electricity market with the heat and fuel markets [8].
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1.3 Hydrogenation of CO;

Catalytic hydrogenation of carbon dioxide to methane, also called the Sabatier
reaction, is an important catalytic process of fundamental academic interest with
potential commercial application [14,15].

CO, +4H, — CH, + 2H,0 AHogg¢ = - 252.9 kJ mol” [Eq. 1]

The methanation of CO, is exothermic; thermodynamically, the reaction is
favoured at low temperature, high pressure and H,/CO; ratios higher than 4. Due to the
strong exothermic character of CO, methanation, high yield of CHs4 at atmospheric
pressure can be achieved at reaction temperature not exceeding 300 °C. This reaction is
thermodynamically favourable (AGaesk = -130.8 kl/mol); however, the reduction of the
fully oxidized CO, to methane is an eight-electron process with significant kinetic
limitations, which thus required high activity catalysts in order to obtain satisfactory
reaction rates and methane selectivity [16].

1.4 Catalysts

In the last decades, various metals have been investigated for the CO;
methanation. It has been proven that many metals of group VIIIB in the periodic table
can catalyse the CO, methanation and the metals such as Rh, Ru, Ni and Co were found
to be very active for this reaction [17]. However, supported nickel catalysts remain the
most widely studied materials due to their low cost and easily availability. Ni catalysts
are active only at high temperature, which is within 300 — 450 °C. At the temperature
below than 300 °C, interaction between Ni and CO can lead to the formation of mobile
nickel subcarbonyls; which is very toxic to the human organism and also at the same
time responsible for deactivation of the catalysts [18]. Hence, the performance of Ni
catalysts toward CO; methanation is depend on various parameters such as the effect
of the support, Ni loading, presence of a second metal and the preparation method of
the catalyst.

Despite the high activity of Ni catalysts, these kind of catalysts are prone to
deactivation by coke deposition and metal sintering at high temperature of reaction
[19]. An interesting solution to overcome this problem, that has been widely studied in
recent years, is the addition of metal promoters.

Addition of alkaline additives, especially MgO can effectively improve the surface
alkalinity by enhancing the capacity of CO, adsorption and accelerating the activation of
CO.. In addition, appropriate amount of MgO additive in supported Ni based catalysts
was beneficial to the performance of CO, methanation due to the increase in Ni species
dispersion and effective activation of CO, on the surface of MgO [20,21,22]. According
to [23], highly dispersed Ni nanoparticles can increase the low temperature activity for
CO; methanation by facilitating the dissociation of H;, generating abundant surface-
dissociated hydrogen for the removal of surface nickel carbonyls.
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Employing suitable metals and/or their oxides as promoters is a common strategy
in order to improve the activity and stability of the Ni-based catalysts. Extensive
utilization of Ce in the field of catalysis has gained much attention due to its high redox
properties [24]. Ceria has good Ce**/Ce3* reduction-oxidation potential, accompanied
by high oxygen storage capacity and the presence of oxygen vacancies [22,25,39].
Recently, studies have found that the addition of CeO; containing material to the Ni-
based catalyst could effectively promote the adsorption and the activation of CO; in the
methanation reaction [26]. Furthermore, incorporation of CeO. could boost the
interaction between support and metal active component and also control the growth
of Ni particles, so as a consequence it can greatly enhance the catalytic performance of
Ni-based catalysts [27].

1.5 Biomorphic carbonaceous support

The nature of the support has a significant influence on the morphology,
dispersion and reducibility of the active phase, and catalytic properties of the catalysts.
Over the past several years, attention has been given to carbonaceous materials, a
versatile and very environmentally friendly material. Some of this material
characteristics such as large specific surface area, high porosity, excellent electron
conductivity, presence of a large variety of surface functional groups and relative
chemical inertness makes them interesting to be used as catalysts or catalytic supports
[28,29]. An advantage of carbonaceous materials is that they can be prepared from
biomass wastes, particularly lignocellulosic wastes [30].

The process based in the decomposition of lignocellulosic materials using a
reducing or inert atmosphere at high temperature and high heating rates is called
biomorphic mineralization. This novel technique is a powerful tool that allows
converting structures formed by a biological process, e.g., wood and lignocellulosic
biomass to inorganic materials which can be useful in a wide range of applications [31].
Additionally, if the raw material (e.g. cellulose) are previously impregnated with a
solution of the metallic precursors, a catalyst is obtained in a single step [32]. Using this
technique, the catalyst formed by the metallic nanoparticles highly dispersed on the
biomorphic carbonaceous support (BC) can be obtained [33]. This method has proven
its versatility whereby different lignocellulose raw materials can be used to synthesize
catalyst of large variety of compositions and metal contents [34].
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1.6 Objective

The general objective of this final grade thesis has been the study of the catalytic
performance of Ni catalysts supported on cellulose derived carbon, modified with the
addition of Ce and/or Mg oxides.

In this work, a series of bimetallic catalysts: Ni-Mg and Ni-Ce; and a multi-metallic
catalyst: Ni-MgCe supported on cellulose derived carbon, also named as biomorphic
carbon, were prepared by the biomorphic mineralization technique, with nominal
Ni/Mg or Ce and Ni/Mg/Ce molar ratios of 1/1 and 1/0.5/0.5, respectively. The
synthesized catalysts were characterized by nitrogen adsorption isotherm, X-Ray
diffraction (XRD), thermogravimetric analyses in air (TGA-Air) and transmission electron
microscopy (TEM). CO, methanation was investigated in a fixed-bed continuos-flow
reactor, at atmospheric pressure, 325 °C, high space velocity of 60,000 h* and
stoichiometric H,/CO; molar ratio. In order to optimize the results of the CO;
methanation reaction and the catalysts stability, the effect of the main operational
conditions (e.g. reaction temperature and H,/CO; molar ratio) on the catalytic
performance of the catalysts were also investigated.
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2 EXPERIMENTAL

2.1 Synthesis of catalysts

The Ni-Me/BC catalysts, whereas Me: Mg and/or Ce, were prepared through
incipient wetness impregnation of organic material which is cellulose (Sigma-Aldrich)
with the aqueous solution of Ni(NO3)2.6H,0 (Alfa Aesar), Mg(NOs),.6H,0 (Sigma-Aldrich)
and Ce(NOs3),.6H,0 (Sigma-Aldrich). Firstly, the cellulose was dried in the stove at 100 °C
overnight. Then, an appropriate amounts of the metallic nitrates was dissolved in the
distilled water and was added dropwise in the dried cellulose. After impregnation, the
Ni-Me/BC was dried at 80 °C for 12h and the impregnated cellulose was thermally
decomposed at 600 °C in a reducing atmosphere (50% N, 50% H;) for 3h with the
heating rate of 50 °C/min. The catalyst was cooled in a N, stream overnight to passivate
the catalyst. Lastly, to complete the passivation of catalyst, 50 mL/min of CO; and 250
mL/min of N2 were injected in the furnace at room temperature for 1h. All the catalysts
were synthesized with a nominal content of 3.5 %wt of Ni. The detailed calculation for
the synthesis of each catalyst can be observed in Annex B.

2.2 Characterization of catalysts

In order to know the physical and chemical characteristics of the catalyst, various
characterization techniques were used. Specific areas and porosity of the catalysts were
obtained from nitrogen adsorption-desorption isotherms, meanwhile the structural
characteristics were analysed by X-ray Diffraction (XRD). The compositions of metal
components supported on the biomorphic carbon after the thermal decomposition of
cellulose were determined through the thermogravimetric analyses in air (TGA-Air).
Lastly, the morphology of synthesized catalyst was investigated using transmission
electron microscopy (TEM). The detailed description of each technique can be found in
the Annex C.

2.3 Catalytic activity

The methanation of CO; was carried out with 0.1 g of catalyst in an 8 mm diameter
of fixed-bed continuous-flow reactor. The reactions were performed at atmospheric
pressure with a constant flow rate of 700 mL/min, which corresponds to a space velocity
of 60,000 h'. The flow rate of each gas was controlled with a flow rate controller and
the reaction temperature was measured by a thermocouple placed in the catalyst bed.

Prior to the reaction, the catalyst was reduced in situ at 500 °C in Hz (200 mL/min)
and N2 (200 mL/min) for 10 minutes; the heating rate was 10 °C/min. The product gas
stream was analysed by parallel gas chromatography (MicroGC 490 of Agilent
Technologies). The conversion of CO2 and H,, selectivity of CHs and carbon yield to CH4
were calculated using the following equations:
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([COZ] in— [Coz]out)

CO, conversion (%) = X 100 [Eq. 2]
[COz]in
H, conversion (%) = ([”Z][Jw x 100 [Eq. 3]
21in
CH, selectivity (%) = el 100 [Eq. 4]
4 ([Coz]in_[coz]out)
: (0) — [CH4]out
Carbon yield to CH, (%) = ——== X 100 [Eq. 5]
[COZ]in

2.3.1 Conditions of operation

The methanation of CO, was performed under the same operational conditions for

each catalyst to study their catalytic activity. To investigate the effect of variation of
reaction temperature on the catalytic activity of the catalysts, the experiment was
carried out within a range of temperature 150 °C to 500 °C with the Hy/CO;
stoichiometric molar ratio. To study the catalyst stability, the test was carried out at 325
°C with the Hy/CO; molar ratio of 4 for 8h. To study the effect of variation feed
composition on the catalytic activity of the most active catalyst which is Ni-MgCe/BC,
the experiment was carried out with the operational conditions as shown in the Table 1

and Table 2.
Table 1. Variation of the concentration of CO; in the feed stream.
Exp. Temperature = Molar ratio Hain CO2in Na2in
(°C) H./CO: (mL/min) (mL/min) (mL/min)
1 325 2-55 400 200-173 100 - 227
2 325 2-55 350 175-64 175-286
3 325 2-55 300 150-54 250 - 346
4 325 2-55 250 125-45 325-405
5 300 2-55 400 200-73 100 - 227
6 350 2-55 400 200-73 100 - 227
Table 2. Variation of the concentration of H; in the feed stream.
Exp. Temperature = Molar ratio Hain CO2in N2in
(°C) H2/CO: (mL/min) (mL/min) (mL/min)
7 325 2-55 200 -550 100 50 -400
325 2-55 170 - 468 85 148 — 445
9 325 2-55 144 - 396 72 232 -484
10 300 2-55 200 -550 100 50 -400
11 350 2-55 200 - 550 100 50 - 400
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3 RESULTS AND DISCUSSION

In this section, the experimental results obtained from the characterization of the
catalysts and the study on methanation of CO; using 3 different Ni based catalysts
supported on biomorphic carbon will be discussed. The objective is to determine the
influence of various process variables such as the composition of the catalysts,
temperature of the reaction and the composition of the feed stream on the catalytic
activity, stability and selectivity of the desired methane.

3.1 Characterization of catalysts

3.1.1 N;adsorption-desorption isotherm

The textural effect on the addition of promoters Mg and Ce on the carbonaceous
support were studied by N, adsorption. Figure 3 shows the N, adsorption/desorption
isotherm of the Ni-Mg/BC, Ni-Ce/BC and Ni-MgCe/BC synthesized catalysts with a
nominal content of 3.5 wt% of Ni with respect to the initial amount of cellulose.
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Figure 3. N; adsorption/desorption isotherm obtained for Ni-Me/BC catalysts.

According to the IUPAC classification, the isotherm corresponds to the II-type with
a hysteresis loop of type H3 or H4. These lI-type of isotherm is the result of unrestricted
monolayer-multilayer adsorption. At the low relative pressure region, the micropore
filling which regarded as a primary physisorption process takes place. In this region,
more gradual curvature was seen which indicates there was a significant amount of
overlap of monolayer coverage and the onset of multilayer adsorption [35,36].
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Meanwhile, the filling of wide mesopores starts to occur at high relative pressure [37].
Behaviour of physisorption in mesopores is distinct from the adsorption phenomena
occurring in micropores. The monolayer adsorption and multilayer adsorption that can
lead to the pore condensation most probably can occur in mesopores. The thickness of
the adsorbed multilayer in mesopores generally increases with relative pressure [36]. In
the case of Ni-Mg/BC, the presence of thick adsorbed multilayer was spotted and after
the addition of Ce, the catalyst’s textural was modified. Formation of less thick adsorbed
multilayer can be seen clearly in the Ni-MgCe/BC catalyst. For the case of Ni-Ce/BC
catalyst, the thickness of the adsorbed multilayer barely increases with the relative
pressure.

The H3- and H4-types of hysteresis loops are typical of disordered materials with
distribution of pores size and ill-defined shapes as well as containing aggregates of plate-
like particles [35,36]. The more pronounced uptake at low P/P, as occurred in the
isotherm of Ni-Ce/BC catalyst associated with the filling of micropores. The formation of
broader hysteresis loops at higher relative pressure of the synthesized catalysts
indicates the presence of bigger pores.

In addition, Table 3 shows the values of the BET surface area, total pore volume,
micropore volume and average pore diameter of the synthesized catalysts. The BET
surface area of Ni-Mg/BC was found to be 228 m?/g with 21% of micropore volume. On
the other hand, the BET surface area for Ni-MgCe/BC and Ni-Ce/BC catalysts were 359
m2/g and 357 m?/g with the percentage micropore volume of 46% and 57%,
respectively.

Table 3. The textural properties of Ni-Me/BC catalysts.

Catalysts BET surface Pore volume Micropore A.verage pore
area (m?/g) (cm3/g) volume (cm3/g) = diameter (nm)
Ni-Mg/BC 228 0.556 0.116 28.3
Ni-MgCe/BC 359 0.389 0.177 33
Ni-Ce/BC 357 0.179 0.102 14

After the incorporation of Ce, the BET surface area were enhanced. This effect can
be attributed to the formation of small CeO, crystallites, which introduce some
geometric effect that cause the development of new mesoporous structure. The pore
size distribution for Ni-Mg/BC and Ni-MgCe/BC catalysts indicated a mesoporous
character (2 — 50 nm, IUPAC classification) meanwhile the Ni-Ce/BC catalyst shows the
character of microporous (< 2 nm). Clearly, the addition of the promoter Ce creates
more small pores and increase the microporosity of the catalysts. However, the other
consequence of the promoter Ce addition leads to the reduction of pore volume. The
differences among the pore volume and surface area behaviour were attributed to the
fact that metal particles contributed with some additional surface area but not with
additional pore volume [40].
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According to [38], the larger number of micropores presented on the surface of
catalyst means a larger number of CO; molecules can be trapped and it has to show the
better catalytic activity for CO2 methanation. Interestingly, the micropore volume and
the BET surface area in Ni-MgCe/BC catalyst was found to be the highest, thus this
catalyst seems to be the most promising catalyst for the catalytic performance for CO;
methanation.

3.1.2 X-ray diffraction (XRD)

The XRD patterns of the different catalysts samples of Ni-Mg/BC, Ni-MgCe/BC
and Ni-Ce/BC were shown in the Figure 4. The XRD study on the catalyst samples was
carried out to determine the crystalline size and to identify the phase of crystalline
material presence on the surface layer of catalysts.
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Figure 4. XRD patterns for Ni-Mg/BC, Ni-MgCe/BC and Ni-Ce/BC catalysts.

In all the cases studied, the peaks obtained correspond only to metallic Ni. There
were no peaks associated to NiO. The sharp peak of Ni was detected at 2-Theta (20)
around 44.5° in the Ni-Mg/BC catalyst with average crystallite size of approximately 17
nm. In the Ni-MgCe/BC and Ni-Ce/BC catalysts, the identified peak of Ni was found to
be less intense, which indicates less content of Ni presence after the decomposition step
during the preparation. The average crystallite size of Ni particles in Ni-MgCe/BC and Ni-
Ce/BC catalysts were 8 nm and 10 nm, respectively. As expected, the addition of
promoter Ce decreased the average crystallite size of Ni particles.
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The XRD patterns show the typical reflection of CeO, at 2-Theta (26) values of
28.5°, 33.1°, 47.5°, 56.5° and 69.3° in both Ni-MgCe/BC and Ni-Ce/BC catalysts. More
intense peak of CeO; was seen in Ni-Ce/BC catalyst with average crystallite size of 9 nm
while in Ni-MgCe/BC catalyst is equal to 6 nm.

In addition, three diffraction peaks related to MgO were observed in Ni-Mg/BC
catalyst with average crystallite size of 8 nm while in Ni-MgCe/BC catalyst no crystal
peaks were detected. The particle size of MgO in Ni-MgCe/BC catalyst cannot be
estimated, due to the low concentration of these metal oxide that highly dispersed on
the catalyst surface and is not detectable by XRD analysis.

Characterization of spent samples was performed to elucidate the reasons why
the activity of Ni based catalysts changed during the stability test. The used samples
were removed from the experimental setup for characterization by XRD and TEM (see
section 3.1.4). The comparison of the XRD patterns of used Ni-Mg/BC, Ni-MgCe/BC and
Ni-Ce/BC catalysts with the fresh samples can be observed in the Figure 5.
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Figure 5. Comparison of XRD pattern for the fresh Ni-Me/BC catalysts and used catalysts in
methanation reaction.

Surprisingly, XRD patterns for all synthesized catalysts does not detect the
presence of NiO particles, which means no reduction of Ni metal occurs after the
methanation reaction. Besides, no noteworthy changes observed in the peaks of each
phase of the catalysts after the reaction of CO, with hydrogen at 325 °C for 8h. In spite
of that, there was a slight changed in the average crystallite size of the particles
calculated using Scherrer equation [39] as reported in the Table 4.
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Table 4. Estimated crystallite size calculated using Scherrer equation of Ni, MgO and CeO;
before and after reaction.

Fresh Catalyst Used Catalyst
Catalyst/ . .
dp (nm) Ni MgO CeO; Ni MgO CeO2
Ni-Mg/BC 17 9 - 19 11 -
Ni-MgCe/BC 8 - 6 9 - 6
Ni-Ce/BC 10 - 9 12 - 6

The results of Ni, MgO and CeO: crystal sizes after the reaction, measured by the
Scherrer equation, suggested that the increased in the crystallite sizes were due to the
sintering of particles [8]. The presence of both promoters Mg and Ce in the Ni-MgCe/BC
catalyst reduced the Ni sintering and probably can lengthen the catalyst lifetime. It is
also found that no sintering of CeO; particles has occurred. In the case of Ni-Ce/BC
catalyst, sintering of Ni particles was occurred and the crystallite size was increased from
10 nm to 12 nm. In contrast, the crystallite size of CeO, has decreased from 9 nm to 6
nm.

3.1.3 Thermogravimetric analyses in air (TGA-Air)

Thermogravimetric analyses in air (TGA-Air) is carried out to determine the
guantitative composition of metals presence in the supported biomorphic carbon
catalysts. Figure 6 shows the TGA-Air curves for the synthesized Ni-Me/BC catalysts.
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Figure 6. TGA-Air analyses for Ni-Me/BC catalysts.
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According to [41,42], the combustion of biomorphic carbon occurs between the
interval of temperature 470 °C and 650 °C. As shown in the Figure 6, TGA-Air curve for
Ni-Mg/BC catalyst shows a weight loss starting from approximately 345 °C up to 460 °C.
Meanwhile, for the Ni-MgCe/BC and Ni-Ce/BC catalysts the combustion peaks appear at
temperature of 250 °C and 230 °C respectively. The combustion of biomorphic carbon
in these three synthesized catalysts occurred at lower temperature than mentioned in
the [41,42] due to the catalytic effect of Ni during the combustion [43]. In addition,
between the temperature of 250 °C and 345 °C, noticeable weight increase in the TGA
curve of Ni-Mg/BC was spotted. This occurrence is probably attributed to the oxidation
of Ni to NiO. No significant weight increase detected in Ni-MgCe/BC and Ni-Ce/BC
catalysts due to the less metallic Ni presence in the supported biomorphic carbon
compared to in Ni-Mg/BC catalysts as shown in the Table 5.

Table 5. Percentage of Ni, Mg, Ce and BC present in the Ni-Me/BC catalysts.

Comcpat::iltﬁtnﬁ (%) Ni Mg Ce BC
Ni-Mg/BC 42% 18% - 40%
Ni-MgCe/BC 20% 4% 24% 52%
Ni-Ce/BC 19% - 46% 35%

According to XRD results, after the decomposition step during the preparation,
Ni, MgO and CeO; particles were found in the corresponding synthesized catalysts. After
the oxidation in TGA-Air analyses, the remaining materials found in Ni-Mg/BC were
ashes, NiO and MgO; ashes, NiO, MgO and CeO; for the case of Ni-MgCe/BC; and ashes,
NiO and CeO; for the case of Ni-Ce/BC. As expected, the weight percentages of Ni, Mg
and Ce were increased in the final catalysts compared to the initial amount on the raw
cellulose due to the loss of carbonaceous material in the thermal decomposition stage
during the synthesized of catalyst. Indeed, the thermal decomposition is the crucial
factor for controlling the final content and dispersion of the metal(s) on the surface of
catalyst [44].

3.1.4 Transmission electron microscopy (TEM)

The morphology of the synthesized catalysts was investigated using transmission
electron microscopy (TEM). Figure 7 shows the TEM images of the fresh and used Ni-
Me/BC catalysts. In addition, the distribution of the metal particles deposited on the
carbonaceous support and the average diameter of the particles can be observed in the
Figure 8 (Ni-Mg/BC catalyst), Figure 9 (Ni-MgCe/BC) and Figure 10 (Ni-Ce/BC).
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o

50 nm

———— 50 nm

Figure 7. Images obtained by TEM of the Ni-Mg/BC catalyst (a) fresh (b) used, Ni-MgCe/BC
catalyst (c) fresh (d) used and Ni-Ce/BC catalyst (e) fresh (f) used.
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Figure 8. Histogram of the particle size distribution for fresh and used Ni-Mg/BC catalyst.
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Figure 9. Histogram of the particle size distribution for fresh and used Ni-MgCe/BC catalyst.
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Figure 10. Histogram of the particle size distribution for fresh and used Ni-Ce/BC catalyst.

In the case of fresh Ni-Mg/BC (Figure 7a), Ni-MgCe/BC (Figure 7c) and Ni-Ce/BC
(Figure 7e), after the thermal decomposition at 600 °C, all three catalysts seem to have
a high dispersion of metals particles on the carbonaceous support, presenting narrow
distributions of 10.7 + 2.8 nm, 9.6 + 2.1 nm and 8.9 + 2.3 nm, respectively.

After the reaction of CO; with hydrogen for 8h, the particles were remained well
dispersed although larger particles were observed. The image of TEM for the Ni-Mg/BC
catalyst after the reaction (Figure 7b) shows the aggregation of particles has occurred.
In this case, small particles (ca. 4 nm) and also large particles larger than 30 nm were
found, see Figure 8. The average particle size is 18.8 + 6.1 nm.

In the Figure 9, for the case of Ni-MgCe/BC catalyst, a large fraction of Ni-
containing nanoparticles before the reaction (ca. 10 nm) has decreased to
approximately to 6 nm and some of them increased to 16 nm. However, the average
particle size maintained with narrow distribution of 9.9 £ 2.7 nm. As for Ni-Ce/BC
catalyst, no significant changes were observed and also even after the reaction, the
metal particles remain well dispersed with the average particle size of 8.6 + 2.2 nm.

The average particle size for the synthesized catalysts determined using TEM
technique was shown in the Table 6. Likewise, the estimated size of the particles
calculated using the Scherrer equation in XRD method (Table 4) seem to be in a
reasonable agreement with the TEMs' results. Hence, from the results obtained for the
characterization by XRD and TEM before and after the methanation reaction, the
thermal stability of the catalysts decreases in the following order: Ni-MgCe/BC > Ni-
Ce/BC > Ni-Mg/BC [45].
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Table 6. Average particle size calculated using TEM technique for the fresh and used Ni-

Me/BC catalysts.
Catalyst?r/‘:‘l)erage dp Fresh Used
Ni-Mg/BC 10.7 £ 2.8 188+ 6.1
Ni-MgCe/BC 96+£21 9.9+ 27
Ni-Ce/BC 894+23 8.61+2.2

3.2 Study on the catalytic activity

To study the catalytic activity of each catalyst, the analysis on the effect of reaction

temperature has been carried out. After the in situ reduction of catalyst for 10 minutes,
700 mL/min of mixed gases with the relation of H,:CO = 4:1 and the balance N, were
fed in the reactor for the catalytic evaluation. The steady-state activity data at different
temperature were measured for 30 minutes of reaction at each temperature, starting
from the highest temperature which is 500 °C and decreased until no more conversion

of CO, detected.

3.2.1 The effect of reaction temperature on the catalytic performance of synthesized Ni-

Mg/BC catalyst
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Figure 11. Catalytic performance vs. temperature of Ni-Mg/BC catalyst for CO, methanation.

Dashed lines represent equilibrium values.
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Figure 11 shows the catalytic performance evaluated over Ni-Mg/BC catalyst as
a function of temperature of reaction; the equilibrium values are also reported for
comparison. From 150 °C to 350 °C both conversion of CO, and H; rises with
temperature and then slightly diminished. Maximum conversion of CO; and Hy, as well
as selectivity to CHs was detected at the temperature of 350 °C. The high value of CHa
selectivity achieved below the temperature of 250 °C in fact was the consequences of
the small value of denominator in the [Eq. 4] which indicates less amount of CO; reacted
with H; to form desired CHa. The deactivation of this catalyst was occurred at 150 °C.

3.2.2 The effect of reaction temperature on the catalytic performance of synthesized Ni-

MgCe/BC catalyst
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Figure 12. Catalytic performance vs. temperature of Ni-MgCe/BC catalyst for CO,
methanation. Dashed lines represent equilibrium values.

Figure 12 shows the catalytic performance evaluated over Ni-MgCe/BC catalyst
as a function of temperature of reaction for CO; methanation. The selectivity of desired
CH4, also the conversion of CO; and H: increases from 200 °C to 350 °C and then
gradually decreases above this temperature in accordance to the thermodynamic limits.
Deactivation of both Ni-Mg/BC and Ni-Ce/BC catalysts were occurred at 150 °C, but in
contrast this catalyst was found to be inactive at the temperature of 200 °C.
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3.2.3 The effect of reaction temperature on the catalytic performance of synthesized Ni-

Ce/BC catalyst
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Figure 13. Catalytic performance vs. temperature of Ni-Ce/BC catalyst for CO, methanation.
Dashed lines represent equilibrium values.

The catalytic performance evaluated over Ni-Ce/BC catalyst at different
temperature of reaction was illustrated in the Figure 13. From 150 °C to 250 °C the
conversion of CO; and H; increases and gradually diminished after this temperature. The
maximum conversion of CO; and H; as well as the CH4 selectivity was achieved at 250 °C
which was distinct with what has occurred in Ni-Mg/BC and Ni-MgCe/BC catalysts.
Apparently, according to [46], the addition of promoter Ce on the Ni based catalyst
enhanced the catalytic performance of the catalyst by showing high conversion of CO;
at lower temperature. Hence, it is noteworthy that the high loading of Ce (46 wt%) in
this catalyst improve the nickel dispersion on the surface of carbonaceous support and
as a consequence improve the catalytic performance at lower temperature.

3.2.4 Comparison of catalytic performance of the synthesized Ni-Me/BC catalysts

Figure 14 shows comparison of the conversion of CO; and Ha, CHs selectivity and
yield for the synthesized catalysts as a function of reaction temperature in order to
determine which catalyst shows a better performance for the CO, methanation
reaction.
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Figure 14. Comparison of catalytic performance for CO, methanation of synthesized Ni-
Me/BC catalysts. Dashed lines represent equilibrium values.

The conversion of CO; achieved by these three catalysts within temperature 300
°Cto 500 °C shows no huge difference. Nevertheless, the highest CO, conversion (68.7%)
obtained was by Ni-MgCe/BC catalyst at 350 °C. As can be seen in the figure, the
selectivity of desired CHa attained by Ni-MgCe/BC was very close to the equilibrium
values compared to the others with the maximum value of 93.5% at 350 °C. In addition,
the maximum CHg yield (64.2%) achieved also by Ni-MgCe/BC at the temperature of 350
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°C. The overall catalytic performance for these three catalyst followed the general
ordering Ni-MgCe/BC > Ni-Ce/BC > Ni-Mg/BC, which can be seen clearly in the Figure 15.
As expected, the Ni-MgCe/BC catalyst exhibit the highest catalytic activity owing to the
largest surface area of BET and high micropore volume as characterized by N;
adsorption-desorption isotherm technique.
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Figure 15. Summary of catalytic performance of Ni-Me/BC catalysts.

3.3 Study on the catalyst stability

Additional catalytic test has been performed on Ni-Me/BC catalysts to study the
catalytic behaviour in terms of stability and activity at constant temperature of 325 °C
for 8h on stream. Prior to reaction, the synthesized catalyst was reduced in the reducing
atmosphere (50% H,, 50% N3) at 500 °C for 10 minutes. Then, constant flow of 700
mL/min of mixed gases was introduced in the reactor with stoichiometric ratio of H,/CO;
to start the stability test for the reaction.
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3.3.1 Comparison of catalyst stability of the synthesized Ni-Me/BC catalysts
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Figure 16. Stability test of catalysts in the reaction performed at 325 °C for 8h on stream.

Figure 16 shows the results of stability studies of catalysts in CO; methanation
reaction. As can be observed, no significant changes detected in the values of CO, and
Hz conversion, selectivity and yield of desired CH4, which indicates that all the catalysts
were very stable within 8h on stream. In spite of having the same values of CO; and H;
conversion, selectivity and yield of desired CH4 before and after 8h on stream, there was
a slight changes detected on the Ni-Mg/BC (about 4%), Ni-Ce/BC (about 1%) catalysts
and no changes has been detected on the values obtained by Ni-MgCe/BC. Such
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decreases occurred in the performance of the catalysts was due to the sintering of
particles on the surface of carbonaceous support. As predicted, the stability of catalysts
decreases in the following order: Ni-MgCe/BC > Ni-Ce/BC > Ni-Mg/BC, can be seen
clearly in the Figure 17.
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Figure 17. Summary of the stability of Ni-Me/BC catalysts for 8h on stream.

3.4 Study on the variation of molar ratio of H2:CO; on the catalytic performance
of Ni-MgCe/BC catalyst

In the catalytic activity and stability test that been performed previously proved
that Ni-MgCe/BC catalyst is the most active catalyst among the three catalysts. Hence,
this experiment was carried out to examine the performance of the catalyst at the
stoichiometric ratio below and above the equilibrium. It is also to determine the ideal
concentration of H, and CO; gas in the feed gas and the temperature of reaction. Before
the reaction, the catalyst was reduced at 500 °C for 10 minutes. After that, constant flow
of 700 mL/min of mixed gases was introduced in the reactor.
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34.1 Comparison of catalytic performance of the various concentration of inlet H2 gas
at constant temperature
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Figure 18. Catalytic performance of different concentration inlet of H; as a function of H,/CO;
molar ratio at constant 325 °C.

Figure 18 shows the catalytic performance of the different concentration of inlet
H, gas as a function of H2:CO2 molar ratio at constant temperature of 325 °C; the
equilibrium values also reported for comparison. No notable difference observed in the
result of CO, conversion for the various inlet concentration of H,. However, in the
selectivity and yield of desired CHs4, the performance of the catalyst with inlet H;
concentration of 400 mL/min was much closer to the equilibrium values. Interestingly,
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the catalyst performance with various inlet concentration of H, decreases in the
following order: 400 mL/min > 300 mL/min > 250 mL/min > 350 mL/min.

For the molar ratio of H,/CO, below the stoichiometric value, whereas the CO-
was in excess, the CO, conversion, CHs selectivity and yield were decreased. In contrast,
at molar ratio above the stoichiometric, by which the CO,; became the limiting reactant,
the aforementioned values were increased. It is worthy to be mentioned that
thermodynamically, the production of desired CH4 was favoured at higher molar ratio
of H,/CO,, as can be seen in the figure.

3.4.2 Comparison of catalytic performance of the various concentration of inlet CO; gas
at constant temperature
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Figure 19. Catalytic performance of different inlet concentration of CO. as a function of
H»/CO, molar ratio at constant 325 °C.

Figure 19 shows the catalytic performance of different inlet concentration of CO;
gas as a function of Hy/CO; molar ratio at constant temperature of 325 °C; the
equilibrium values also reported for comparison. Excellent catalytic performance of the
Ni-MgCe/BC catalyst can be seen in this figure with the 100 mL/min of CO; concentration
in the feed gas. It is worth noting that the selectivity of desired CHs4 obtained, with the
aforementioned CO; concentration in the feed gas shows crucial difference compared
to the rest, by which the thermodynamic equilibrium was achieved at molar ratio of 5
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and also at lower molar ratio of 2.5. Hence, the optimum catalytic performance achieved
by this catalyst was with 100 mL/min of CO, concentration in the feed gas followed by
85 mL/min and 72 mL/min.

Therefore, with the 400 mL/min concentration of H, and 100 mL/min
concentration of CO; in the feed gas, an excellent catalytic performance especially in the
selectivity of desired CH4 performed by Ni-MgCe/BC catalyst at constant temperature of
325 °C was obtained. Coincidentally, such concentration of gases in the feed gas was the
stoichiometric molar ratio of H,/CO, for the methanation of CO, and one of the
operational condition used for the stability and catalytic activity test.

3.4.3 Comparison of catalytic performance of the various temperature of reaction at
constant concentration of inlet Hx gas

By maintaining the concentration of H; gas in the feed gas, which is 400 mL/min,
the results of catalytic performance carried out over different temperature of reaction
as a function of molar ratio of H,/CO2 were shown in the Figure 20. The dashed lined
that represent the equilibrium values also reported for comparison.
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Figure 20. Catalytic performance of different temperature of reaction as a function of H,/CO,
molar ratio at constant 400 mL/min of inlet H.

At the molar ratio below the stoichiometric value, the CO2 conversion achieved
at 300 °C, 325 °C and 350 °C were approximately identical, however above the
stoichiometric value, highest CO; conversion obtained was at 325 °C. For the case of CHa
selectivity and yield, the highest experimental values obtained were also at the
temperature of 325 °C. Hence, to be conclude, better temperature of reaction for the
methanation reaction was at 325 °C followed by 350 °C and 300 °C.

3.44 Comparison of catalytic performance of the various temperature of reaction at
constant concentration of inlet CO> gas

Figure 21 shows the results of performance of the catalyst carried out with the
function of molar ratio of H,/CO at different temperature of reaction. The dashed lines
that represent the equilibrium values also reported for comparison. The concentration
of the H, gas was varied with the correspondent molar ratio and the concentration of
CO; gas in the feed gas was maintained at 100 mL/min.
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Figure 21. Catalytic performance of different temperature of reaction as a function of H,/CO;
molar ratio at constant 100 mL/min of inlet CO.,.

The results of experimental CO, conversion obtained was similar with the previous
experiment, noting that at higher molar ratio the catalyst was performed the best at the
temperature of 325 °C. The highest values of conversion of H,, selectivity and yield of
desired CHj also achieved at the temperature of 325 °C. Worth to be mentioned that at
the temperature of 325 °C, the CHs selectivity approached the equilibrium at the molar
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ratio of 5 and later on the temperature of 300 °C and 350 °C also approached the
equilibrium but at the highest molar ratio of 5.5.

In this experiment and the previous one (section 3.4.3), the Ni-MgCe/BC catalyst
works the best at the temperature of 325 °C. It is worth the note that the stability test
that has been carried out previously (section 3.3.1) was at the optimum operational
condition (i.e. temperature of reaction of 325 °C and with the stoichiometric molar ratio
of H2/CO3) for 8h on stream.
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4 CONCLUSIONS

Biomorphic mineralization technique is an easy and appropriate method for
preparing catalysts based on biomorphic carbon. The catalysts synthesis procedure
includes a stage of thermal decomposition in a reductive atmosphere of cellulose
previously impregnated with the metallic (nitrates) precursors.

The characterization results indicate that the addition of promoter Ce has increased
the BET surface area and microporosity of the catalysts. Besides, it also increased the
dispersion of Ni particles on the surface of the catalysts by decreasing the crystallite size
of the Ni. The weight percentage of Ni, MgO and CeO, were increased in the final
catalysts compared to the initial amount on the raw cellulose due to the loss of
carbonaceous material during the decomposition stage.

The characterization results show that the Ni-MgCe/BC catalyst has larger BET
surface area and high micropore volume. It is proven in the CO, methanation reaction,
that this catalyst was the most active and selective at temperature of 350 °C.

Ni-MgCe/BC catalyst also shows great performance in the stability test. After 8h on
stream at 325 °C, the CO; and H; conversion as well as CHs selectivity and yield remained
constant. The results of catalyst characterization after the reaction has proven that the
sintering of catalyst occurred in Ni-Mg/BC and Ni-Ce/BC; however, in Ni-MgCe/BC no
significant sintering of particles has been found.

Due to the great performance achieved by Ni-MgCe/BC in the catalytic activity and
stability test, the additional study on the effect of different feed composition and
reaction temperature as a function of H,/CO; molar ratio was carried out. The results
indicate that the optimal reaction temperature to produce CH4 was 325 °C where the
conversion and selectivity were maximum. On the other hand, the optimal ratio H,/CO;
was 4 confirming the results found in bibliography.

Finally, and as a future work, the wide-ranging set of kinetic data obtained in this

work, will allow the proposal and evaluation of rigorous kinetic models and the
calculation of the corresponding parameters.
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ANNEX A. CALIBRATION OF GAS CHROMATOGRAPHY

This section shows the results obtained from the gas chromatography analysis that
have been performed on each gases involved in this methanation reaction. The
calibration curve obtained (i.e. a curve that relates the areas of the peaks on the
chromatograms to the mixture composition) will be used to analyse the gases produced
during the methanation reaction. This calibration curve is obtained by introducing the
desired molar flow of each gas into the gas chromatography with known composition.
Hence, it is necessary to carried out the calibration analysis within the range of value
that will be used in the experiment.

The chromatography analysis is performed by injecting known composition of
mixture Hz, CO2, CH4 and inert gas (N2) into the gas chromatography. The mixture of
gases was then injected with different composition to obtain different area of peaks and
the area under these peaks can be used to quantify the partial pressure and mole
fraction of each gases. This analysis was performed on various samples and the
calibration curve of each gases was shown in the Figure A.1, A.2, A.3, A4 and A.5.
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ANNEX B. CALCULATIONS OF CATALYST SYNTHESIS

The calculation for the preparation of Ni based catalysts supported on biomorphic
carbon will be shown in this section. All the catalysts have similar Ni loading of 3.5 wt%
with different molar ratio of Ni:Mg and/or Ce. The molar ratio for Ni-Mg/BC, Ni-Ce/BC
and Ni-MgCe/BC were Ni:Mg = 1:1, Ni:Ce = 1:1 and Ni:Mg:Ce = 1:0.5:0.5 respectively. In
the following steps, the calculation for the preparation of Ni-Mg/BC catalyst can be seen.
The Ni-MgCe/BC and Ni-Ce/BC were also prepared with the same steps.

At first place, in order to calculate the amount of biomorphic carbon (i.e.
cellulose) support needed [Eq. 8] in the 10 g of total amount of catalyst with minimal Ni
loading 3.5 wt%, amount of metal precursor needed was calculated with respect to the
correspondent relation molar ratio, in this case amount of metallic Mg needed to load
in the 10 g of catalyst [Eq. 7].

3.5 wt% of Ni for 10 g of catalyst = 0.35 g [Eq. 6]
Mass of Mg neccesary = [Eq. 6] X P;" %Ig X llr:'no;ogf /;4\’? [Eq. 7]
Mass of cellulose necessary = 10 g — [Eq. 6] — [Eq. 7] [Eq. 8]

Next, for the desire 12 g of raw cellulose in the synthesis catalyst, the total
amount of the catalyst was calculated [Eq. 9]. With the known amount of metallic Nickel
needed to load in the catalyst [Eq. 10], the mass of metallic Nickel nitrate can be
determined [Eq. 11]. The amount of Magnesium nitrate also can be quantified with the
correspondent atomic relation [Eq. 13]. Lastly, the 12 g of cellulose need to be
impregnated with the metallic nitrates precursor, hence the double amount of distilled
water with respect to the amount of cellulose support need to be added to dissolve the
metallic nitrates. However, the presence of water in the metallic nitrates need to be
taken into account, as calculated in the [Eq. 14].

12 g of cellulose x10 g of catalyst

Total t talyst = Eq.9

otal amount of catalys ea 8] [Eq. 9]

3.5wt% of Ni = 3.5% X [Eq. 9] [Eg. 10]

Mass of Ni(NO;),-6H,0 necessary = fFq 107x PZ’ N,:I(?IO3)2'6HZO [Eq. 11]
_ P, Mg 1 mol of Mg

Mass of Mg = [Eq. 10] X i = TmolofNi [Eq. 12]

Mass of Mg(N03)2-6H20 necessary = [Eq.12] X Py Mg(NO3),-6H,0 (Eq. 13]

Pm Mg
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. _ 6 moles H,O X P, H,0 6 moles HyO X P, H,0
H,0 in the solute = |[Eq. 11] X P, NNy 610 l + l[Eq. 13] x o MgINOy 6120

[Eq. 14]
H,0 added = 24 mL — [Eq. 14] [Eqg. 15]

Table 7 shows the amount of support and metallic nitrates precursors need to
be added for the preparation of Ni-Mg/BC, Ni-MgCe/BC and Ni-Ce/BC catalysts.

Table 7: The amount of support and precursors added for the catalyst synthesis.

Ni-Mg/BC Ni-MgCe/BC Ni-Ce/BC
Cellulose (g) 12
Ni(NOs)2+6H20 (g) 2.189 2.271 2.359
Mg(NO3)2-6H20 (g) 1.930 1.001 -
Ce(NO3)2-6H20 (g) - 1.696 3.524
H,O added (mL) 22

ANNEX C. DESCRIPTION OF CHARACTERIZATION TECHNIQUE

C.1 Nz adsorption/desorption isotherm

To determine the textural properties of the prepared catalysts, the method of
adsorption/desorption of nitrogen at 77 K was used. The equipment used was a TriStar
3000 instrument (Micromeritics Instrument Corp.). Nitrogen adsorption has been used
for many years and generally accepted as the standard method in the analysis of
micropore and mesopore size. Nitrogen is usually use in the BET surface area analysis
due to its availability in high purity and its strong interaction with most solids [47].

The physisorption occurs when the nitrogen gas (adsorbate) is brought into
contact with the surface of a solid (adsorbent). The amount of gas adsorbed depends on
the exposed surface area but also on the temperature, gas pressure and strength of
interaction between the adsorbate and adsorbent [47]. In the case of porous
adsorbents, the surface can be divided into an external surface and an internal surface.
In general case, the external surface is defined as the surface outside the pores, while
the internal surface is the surface of all pore walls. However, in the presence of
microporosity, the external surface is defined as the non-microporous surface [36].

Specific surface areas of porous (expressed in m?/g) were measured from the
adsorption branches in the relative pressure range of 0.01 — 0.10 using the BET method
(Brunauer, Emmett, Teller). Under certain carefully controlled conditions, the BET
surface area of a non-porous, macroporous or a mesoporous solid can be regarded as
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the effective area available for the adsorption of adsorptive. In addition, it is customary
to apply the BET equation in the linear form as the following:

P

Po - L 4 & (i) [Eq. 16]

n(l—ﬁ) - nmC NnmC \Po

where n is the specific amount adsorbed at the relative pressure P/Po, nm is the specific
monolayer capacity and according to the BET theory, the parameter C is exponentially
related to the energy of monolayer adsorption.

The micropore volume estimation was made by means of the Dubinin-
Radushkevich method. Originally, the equation is based on the assumption of a change
in the potential energy between the adsorbate and adsorbed phases, and has a semi-
empirical origin. The adsorption macroscopic behaviour loading for a given pressure was
yielded by this equation [48].

In order to determine the pore-size distribution in a microporous material, the
method proposed by Horvath-Kawazoe (HK) method was used. In this method, the
mean free energy change of adsorption was calculated when an adsorbate molecule is
transferred from the bulk gaseous phase to the condensed phase in a slit pore, and from
that an analytic pore filling correlation can be obtained [49]. The HK method is known
as one of the simplest adsorption model with some quantitative accuracy on the
prediction of pore filling pressure.

C.2 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique commonly used to study the
structural properties of materials. This technique also used to measure crystallite size
and to calculate lattice strain, chemical composition and to determine phase diagrams
as well. The areas under the peak are related to the amount of each phase present in
the sample. The X-Ray diffraction patterns were recorded within the range of 5 - 90°
(26) with a Rigaku D/Max 2500 apparatus operated at 3.2 kW (40 kV, 80 mA) and with
a rotatory anode of Cu using Cu Ka radiation.

For the XRD analysis, fine powder samples that consist of randomly oriented
crystallites were placed on the sample holder. A beam of X-rays is then projected into
the sample and interact with electrons in atoms and elastically get scattered. The
monochromatic beam of X-rays that scattered at specific angles from each set of lattice
planes in a samples can interfere with each other and the waves that are in phase
interfere constructively [50]. The conditions of the constructive interference need to
satisfy Bragg’s Law [Eq. 17]. These diffracted X-rays are then detected, processed and
counted. Thus, the information regarding the electron distribution in materials can be
obtained from the generated x-ray diffraction pattern. In order to identify the crystalline
formed, the x-ray diffraction pattern need to be compared with the standard reference
patterns and measurements.
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nA = 2dsin 6 [Eq. 17]

where, A is the wavelength of the x-ray, 6 is the scattering angle and n is an integer
representing the order of the diffraction peak. In addition, the crystallite sizes of the
catalysts also can be determined using the Scherrer equation [51], as follows:

L =-X4 [Eq. 18]

" Bcos@

where L denotes the average particle size, K is a constant (K = 0.9), B is the full width
at half maximum (FWHM) of the peak, 1 is the wavelength of the X-ray radiation
(0.15406 nm) and @ is the angle between the beam and the normal on the reflection
plane.

C.3 Thermogravimetric analyses in air (TGA-AIr)

Thermogravimetric analyses in air (TGA-Air) was carried out to determine the
amount of Ni, MgO and CeO; deposited on the biomorphic carbon support after the
thermal decomposition step during the catalyst preparation. In addition, TGA also
represents a useful tool to obtain information regarding the thermal stability of the
carbonaceous component in the samples. TGA-Air technique was carried out with a
Mettler Toledo TGA/SDTA 851 analyser, using 50 mL/min.

This technique shows the evolution of the weight of the sample with temperature
in the presence of oxygen. The weight loss in the samples was due to the decomposition
of the carbonaceous material and the oxidation of metals in the catalysts. After the
decomposition step in TGA-Air, the remained materials consist of ashes, NiO, MgO
and/or CeO,. The percentage of ashes and the amount of Ni oxidized to NiO was
calculated by the difference of initial and final weight of the samples. The Ni, Mg and Ce
content was estimated by multiplying the NiO, MgO and CeQO; with the correspond
molecular weight of the metals and divided by the molecular weight of the metal oxide.
The stoichiometry of metals loaded on the carbonaceous support also need to be taken
into account.

C.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) micrograph images were recorded by a
FEI Tecnai T-20 microscope, operated at 200 kV. This technique was used to study the
morphology of the synthesized catalysts.

For the analysis of TEM, a high energy beam of electrons is stroked through a
very thin sample and parts of it are transmitted depending upon the thickness and
electron transparency of the sample. This transmitted portion is focused by the
objective lens into an image on phosphor screen or charge couple device (CCD) camera.
The image then passed down the column through the intermediate and projector lenses,
is magnified all the way. The darker areas of the image represent those area of the
sample that fewer electron are transmitted through while the lighter areas of the image
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represent those areas of the sample that more electrons were transmitted through [52].
In this studied case, the darker areas portray the dispersed metals meanwhile the lighter
areas illustrate the carbonaceous support in the catalyst.

In addition, other characteristic than can be obtained from the TEM images was
the particle size distribution and the average size of the particles. For that purpose, more
than 500 particles were measured, which confers an important statistical relevance. The
average diameter of the Ni contained particles was calculated using the following
expression [18]:

—— _ ¥(nyd?)
dp = Y(nrdi?) [Eq. 19]

where ch is the average diameter of Ni particles and n; is the number of particles with
d; diameter.

ANNEX D. RESUMEN EXTENDIDO EN ESPANOL

D.1 INTRODUCCION

D.1.1 Generacién de energia renovable

Tradicionalmente, se han utilizados los combustibles fdsiles como el principal
recurso en la produccién de energia tanto en los paises desarrollados como en los
desarrollos [1]. En la actualidad, la energia y el calor generados se utilizan para el
transporte, la produccién industrial y los hogares privados [2]. Como la consecuencia, el
consumo mundial de los combustibles fosiles aumenta enormemente en las ultimas
décadas. Los combustibles fdésiles se consumen casi 15 mil millones de toneladas
métricas cada afo. Estados Unidos, China e India se han propuesto como el mayor
consumidor de petrdleo del mundo, debido al hecho de que aproximadamente el 54%
de los combustibles fésiles del mundo han consumidos por estos tres paises [3].

Por otro lado, el riesgo del cambio climatico global ha aumentado debido al
aumenta del consumo mundial de combustibles fésiles. Uno de los factores detras del
aumento de la concentracién de CO; en la atmdsfera y la temperatura global es la
emisién de carbono que ha generada por la combustion de los combustibles fosiles [4].
Segun la Administraciéon de Informacién de Energia de Estados Unidos (2016), las
emisiones de CO; relacionadas con la energia mundial se estima aumentaran de 32,3 mil
millones de toneladas métricas en 2012 a 35,6 mil millones de toneladas métricas en
2020, y alcanzaran 43,2 mil millones de toneladas métricas en 2040 [5].

Por lo tanto, debido al efecto negativo del uso continuado de combustibles
fésiles en nuestro planeta y al agotamiento de estos recursos, la utilizaciéon de fuentes
de energia renovables puede ser necesaria.
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Una estrategia importante para mitigar el cambio climatico como ha estado de
acuerdo del mundo es la utilizacidon de las fuentes de energia renovables. En los ultimos
afos, el desarrollo y la utilizacién de la generacion de energia renovable ha crecido
rapidamente en todo el mundo. La energia edlica y la solar fotovoltaica (PV) juegan un
papel fundamental en la aceleracidn del crecimiento de la generacién de energia
renovable, ya que el potencial de la energia hidroeléctrica, de biomasa o geotérmica es
limitado en muchos paises [6].

Segun [7], la capacidad total de generacién de energia renovables en todo el
mundo ha alcanzado 2.351 GW a fines de 2018, que es alrededor de un tercio de la
capacidad total de eléctrica instalada, ver Figura 1. El aumento anual del 7,9% se vio
reforzado por la nueva incorporacion de energia solar y edlica, que ha representado el
84% del crecimiento. Mientras tanto, la capacidad de generaciéon no renovable se ha
expandido en aproximadamente 115 GW por aiio (en promedio) desde 2000, sin una
tendencia perceptible hacia arriba o abajo. La Agencia Internacional de Energia
renovable también ha informado que, la capacidad de generacién no renovable ha
disminuido en Europa, América del Norte y Oceania aproximadamente 85 GW desde
2010, pero ha aumentado tanto en Asia como en Medio Oriente durante el mismo

periodo.
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Figura 1. Comparacion del crecimiento en la capacidad de generacion de energia renovable y
no renovable. (Fuente: [7]).
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Sin embargo, un problema importante relacionada con estas fuentes renovables
es el desajuste de la demanda de carga y el suministro de energia, ya que las fuentes
dependen directamente por las condiciones climaticas, la hora del dia, la estacién y la
ubicacién. Para solucionar estas dificultades, se necesitan tecnologias eficientes de
almacenamiento de energia [2].

Hasta ahora, existen diversas tecnologias de almacenamiento de energia que
vienen en muchas formas. El almacenamiento de este tipo de energia a corto plazo solo
es posible con el uso de condensadores y bobinas electromagnéticas. No obstante, una
forma mas econdmica de almacenar la energia a largo plazo es mediante la conversiéon
de la energia eléctrica a otra forma de energia con el almacenamiento posterior. La
transformacién de la energia eléctrica en tiempos de generacion de energia excesiva por
el sol o el viento en compuestos quimicos se parece como una alternativa mas adecuada
para el almacenamiento a largo plazo. Por lo tanto, una tecnologia técnicamente
realizable que puede resolver el problema mencionado y que se ha demostrado en
varios paises es el “Power to Gas” [8].

D.1.2 Tecnologia “Power to Gas”

La tecnologia “Power to Gas” parte de la conversién del exceso de energia
eléctrica producida en forma de hidrégeno o metano. Esta tecnologia se considera util
porque es la opcidn de almacenamiento a largo plazo mas rentable para la energia. Por
otro lado, esta tecnologia también se apoyd la descarbonizacién intersectorial y la
sustitucion de los recursos energéticos fdsiles [9].

El almacenamiento de metano es particularmente ventajoso debido al gran
almacenamiento de electricidad a una escala mdas de 10 GWh y también la existencia de
una infraestructura de gran escala, que incluye redes de tuberias, instalaciones de
almacenamiento y estaciones de servicio sin coste adicional [2,10]. La conversién de
electricidad a metano se lleva a cabo principalmente mediante la combinacién de
electrédlisis y metanacién. “Power-to-methane” se puede dividir en tres procesos
principales, como se muestra en la Figura 2.
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Figura 2: Esquema de flujo del proceso de “Power-to-methane”. (Fuente: [8]).
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Los inagotables recursos de energia renovable (principalmente recursos de
energia edlica y solar) se utilizan para alimentar el electrolizador. Este dispositivo se
utiliza para realizar la electrélisis del agua, lo que resulta en la descomposicion del agua
en hidrégeno y oxigeno [11]. En segundo paso de la cadena del proceso “power-to-
methane”, el H; se reacciona con CO; para formar CHa. El CO; utilizado en este proceso
en cadena se puede obtener de plantas de biomasa, plantas de generacién de energia,
procesos industriales y aire ambiente; asi, al mismo tiempo puede contribuir a la
disminucion de la emision de gases de efecto invernadero [12]. El gas natural sintético
(SNG) generado por el proceso de metanacion que es similar al gas natural puede
inyectarse directamente en la tuberia de gas natural sin restricciéon. El proceso de
metanacion de CO; puede llevarse a cabo quimicamente o biolégicamente [13].

La principal desventaja del concepto de “power-to-methane” es la baja eficiencia
debido a la larga cadena de procesos. Aparte de eso, la eficiencia disminuird aun mas si
no se utiliza el calor producido en el proceso. No obstante, el “power-to-methane”
promete un almacenamiento a largo plazo y un aceptor de excedente energia
procedente de recursos renovables, ya que autoriza la posibilidad de interconectar el
mercado de electricidad con lo de calor y combustible [8].

D.1.3 Hidrogenacion de CO2

La hidrogenacion catalitica de didxido de carbono a metano, también se conoce
como la reaccién Sabatier, es un proceso catalitico importante de interés académico
fundamental con potencial aplicacién comercial [14,15].

CO, +4H, — CH, + 2H,0 AHogg¢ = - 252.9 kJ mol™* [Eq. 20]

La metanacién de CO; es fuertemente exotérmica; segin la termodindmica, la
reaccion esta favorecida a baja temperatura, alta presion y relaciones H,/CO; superiores
a 4. Debido al fuerte caracter exotérmico de la metanacidn de CO;, se puede lograr un
alto rendimiento de CH4 a presién atmosférica y a una temperatura de reaccién no
superiores de 300 °C. Esta reaccién es termodindmicamente favorable (AGagsk = -130.8
kJ/mol); sin embargo, la reduccién del CO, completamente oxidado a metano es un
proceso de ocho electrones con limitaciones significativas, que requiere catalizadores
de alta actividad para obtener velocidades de reaccidn y selectividad al metano
adecuadas [16].

D.1.4 Catalizadores

En las ultimas décadas, varios metales han sido investigados para la metanacion
de CO;. Se ha demostrado que muchos metales del grupo VIIIB en la tabla periddica
pueden catalizar la metanacion de CO; y se encontré que los metales como Rh, Ru, Niy
Co son muy activos para esta reaccion [17]. Sin embargo, los catalizadores de niquel
soportados siguen siendo los materiales mas ampliamente estudiados debido a su bajo
coste y facil disponibilidad. Los catalizadores de Ni presentan gran actividad solo a altas
temperaturas 300 —450 °C. A las temperaturas inferiores de 300 °C, la interaccidn entre
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Ni y CO puede conducir a la formacién de subcarbonilos de niquel méviles; que es muy
tdxico para los organismos humanos y al mismo tiempo responsable en la desactivaciéon
de los catalizadores [18]. Por lo tanto, la conversidn y rendimiento de los catalizadores
de Ni que se vaya a obtener en la metanacion de CO, depende de varios parametros,
como el efecto del soporte, la carga de Ni, la presencia del segundo metal y el método
de preparacion del catalizador.

A pesar de alta actividad de los catalizadores de Ni, este tipo de catalizadores son
propensos a la desactivacion por deposicidon de coque y sinterizacidon de los metales a
altas temperaturas de reaccion [19]. Una solucién interesante para superar este
problema, que ha sido ampliamente estudiado en los ultimos afos, es la adicion de
promotores de metales.

La adicién de aditivos alcalinos, especialmente MgO, puede mejorar
efectivamente la alcalinidad de la superficie por aumentando la capacidad de adsorcién
de CO; y acelerando la activacion de CO,. Ademas, la cantidad apropiada de aditivo de
MgO en catalizadores basados en Ni soportados fue beneficiosa para el rendimiento de
la metanacion de CO; debido al incremento en la dispersién de especies de Niy la
activacion efectivamente de CO; sobre la superficie del MgO [20,21,22]. Segun [23], las
nanoparticulas de Ni que altamente dispersas pueden aumentar la actividad a baja
temperatura para la metanacién de CO; al facilitar la disociacion de H;, generando
abundante el hidrégeno disociado en superficie para la eliminacidn de los carbonilos de
niquel formados.

El empleo de metales adecuados y/o sus dxidos como promotores es una
estrategia comun para mejorar la actividad y estabilidad de los catalizadores basados en
Ni. La extensa utilizacidon de Ce en el campo de la catélisis ha llamado mucho la atencién
debido a sus altas propiedades de redox [24]. Ceria tiene un buen potencial de
reduccidn-oxidacion de Ce*/Ce3*, acompafiada de wuna alta capacidad de
almacenamiento de oxigeno y la presencia de vacantes de oxigeno [22,25,39].
Recientemente, los estudios han encontrado que la adicion de material que contiene
CeO; al catalizador basados en Ni podria promover efectivamente la adsorcién y la
activacion de CO; en la reacciéon de metanacién [26]. Ademas, la incorporacion de CeO;
podria aumentar la interaccidon entre el soporte y el componente activo de metal y
también controlar el crecimiento de particulas de Ni, entonces como la consecuencia,
se puede mejorar la prestacion catalitica de los catalizadores basados en Ni [27].

D.1.5 El soporte carbonoso biomérfico

La naturaleza del soporte tiene una influencia significativa sobre la morfologia,
dispersion y reducibilidad de la fase activa y las propiedades cataliticas de los
catalizadores. En los ultimos afios, se ha prestado atencidon a los materiales carbonosos,
un material versatil y muy respetuoso con el medio ambiente. Algunas de las
caracteristicas de este material como una gran superficie especifica, alta porosidad,
excelente conductividad electrdonica, presencia de una gran variedad de grupos
funcionales de superficie y la relativa inercia los hacen interesantes para ser utilizados
como catalizadores o soportes cataliticos [28,29]. Una ventaja de los materiales
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carbonosos es que pueden prepararse a partir de desechos de biomasa, particularmente
desechos lignoceluldsicos [30].

El proceso basado en la descomposicién de materiales lignocelulésicos utilizando
una atmodsfera reductora o inerte a altas temperaturas y altas velocidades de
calentamiento se denomina mineralizacién biomdrfica. Esta novedosa técnica es una
herramienta poderosa que permite convertir estructuras formadas por un proceso
bioldgico, por ejemplo, madera y biomasa lignoceluldsica en materiales inorganicos que
pueden ser Utiles en una amplia gama de aplicaciones [31]. Ademas, si la materia prima
(e.g. celulosa) se impregna previamente con una solucién de precursores metalicos, se
puede obtener el catalizador en un solo paso [32]. A través de esta técnica, se puede
obtener el catalizador formado por las nanoparticulas metalicas altamente dispersas
sobre el soporte carbonoso biomdrfico (BC) [33]. Este método ha demostrado su
versatilidad mediante la cual se pueden utilizar diferentes materias primas de
lighocelulosa para sintetizar catalizadores de gran variedad de composiciones y
contenidos metalicos [34].

D.1.6 Objetivos

El objetivo general de esta tesis de fin de grado ha sido el estudio del rendimiento
catalitico de catalizadores de Ni soportados sobre carbono derivado de celulosa,
modificado con la adicidn de éxidos de Ce y/o Mg.

En este trabajo, una serie de catalizadores bimetalicos: Ni-Mg y Ni-Ce; y un
catalizador multi-metalico: Ni-MgCe soportado sobre carbono derivado de celulosa,
también denominado carbono biomorfico, se han preparado mediante la técnica de
mineralizacion biomérfica, con relaciones molares nominales de Ni/Mg o Ce y Ni/Mg/Ce
de 1/1y 1/0,5/0,5, respectivamente. Los catalizadores sintetizados se han caracterizado
por la isoterma de adsorcidon de nitrégeno, difraccion de rayos X (XRD), analisis
termogravimétrico en aire (TGA-Aire) y microscopia electrénica de transmisién (TEM).
La metanacién de CO; se ha investigado en un reactor de flujo continuo de lecho fijo, a
presidn atmosférica, a temperatura de 325 °C, con elevada velocidad espacial de 60.000
h?' y a relacion molar estequiométrica de H»/CO,. Para optimizar los resultados
obtenidos en la reaccion de metanaciéon de CO,, asi como la estabilidad de los
catalizadores se ha estudiado el efecto de las principales condiciones de operacién (e.g.
temperatura de reaccion y relacion molar de H,/CO;) sobre la prestacion catalitica de
los catalizadores.
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D.2 RESULTADOS Y DISCUSION

En esta seccion, se discuten los resultados experimentales obtenidos de la
caracterizacion de los catalizadores y el estudio de la metanacién de CO; utilizando tres
catalizadores diferentes basados en Ni soportados sobre carbono biomérfico. El objetivo
es determinar la influencia de diversas variables del proceso, como la composicién de
los catalizadores, la temperatura de la reaccién y la composicién de la alimentacion
sobre la actividad catalitica, la estabilidad y la selectividad del metano deseado.

D.2.1 Caracterizacion de los catalizadores

D.2.1.1 Isoterma de adsorcidon-desorcidon de N3

El efecto de la textura en la adicién de Mg y Ce sobre el soporte carbonoso se
estudido mediante adsorcion de N,. La Figura 3 muestra la isoterma de
adsorcion/desorcion de N, de los catalizadores sintetizados: Ni-Mg/BC, Ni-Ce/BC y Ni-
MgCe/BC con un contenido nominal de 3,5% en peso de Ni respecto a la cantidad inicial
de celulosa.
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Figura 3. Isoterma de adsorcién/desorcion de N, obtenida para los catalizadores Ni-Me/BC.

Segln la clasificacidn IUPAC, la isoterma corresponde al tipo Il con un ciclo de
histéresis de tipo H3 o H4. Estas isotermas de tipo Il son el resultado de la adsorcion sin
restricciones de monocapa y multicapa. En la region de baja presidn relativa, donde
tiene lugar el llenado de microporos, que se considera como un proceso primario de
fisisorcion, se ha observado una curvatura mas gradual que indica que hubo una
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cantidad significativa de superposiciéon de la cobertura monocapa y el inicio de la
adsorcién multicapa [35,36]. Mientras tanto, el llenado de mesoporos anchos comienza
a ocurrir a alta presion relativa [37]. El comportamiento de la fisisorcion en los
mesoporos es distinto de los fenédmenos de adsorcién que ocurren en los microporos.
La adsorcion monocapay la adsorcion multicapa que pueden conducir a la condensacién
de poros muy probablemente puede ocurrir en los mesoporos. El grosor de la multicapa
adsorbida en los mesoporos generalmente aumenta con la presién relativa [36]. En el
caso de Ni-Mg/BC, se observad la presencia de multicapa adsorbida gruesa y después de
la adicion de Ce, se ha modificado la textura del catalizador. La formacion de adsorcion
multicapa menos gruesa se puede ver claramente en el catalizador de Ni-MgCe/BC. Para
el caso de Ni-Ce/BC, el espesor de la multicapa adsorbida apenas aumenta con la presion
relativa.

En la Tabla 3 se muestra los valores del area de superficie BET, el volumen total
de poro, el volumen de microporos y el didmetro promedio de poro de los catalizadores
sintetizados. Se descubrié que el drea de superficie BET de Ni-Mg/BC era de 228 m?/g
con un 21% de volumen de microporos. Por otro lado, el drea de superficie BET para los
catalizadores de Ni-MgCe/BC y Ni-Ce/BC fue de 359 m?/g y 357 m?/g con un porcentaje
de volumen de microporos del 46% y 57%, respectivamente.

Tabla 3. Las propiedades de textura de los catalizadores Ni-Me/BC.

Catalizadores Superfizcie BET Volumensde Vr::zlzzrc:r(:)e przl:1r:::;c:ie
(m?/g) poro (cm*/g) (cm?/g) poro (nm)
Ni-Mg/BC 228 0.556 0.116 28.3
Ni-MgCe/BC 359 0.389 0.177 3.3
Ni-Ce/BC 357 0.179 0.102 1.4

Tras la incorporacién de Ce, se ha mejorado el area de superficie BET. Este efecto
puede atribuirse a la formaciéon de pequefios cristalitos de CeO;, que introducen algin
efecto geométrico que provoca el desarrollo de una nueva estructura mesoporosa. La
distribucién del tamafio de poro para los catalizadores Ni-Mg/BC y Ni-MgCe/BC se indica
un caracter mesoporoso (2-50 nm, segun clasificacion IUPAC) mientras que el
catalizador Ni-Ce/BC se muestra el caracter microporoso (<2 nm). Claramente, la adicion
del promotor Ce crea poros mas pequefios y aumenta la microporosidad de los
catalizadores. Sin embargo, la otra consecuencia de la adicion del promotor Ce conduce
a la reduccion del volumen de poros. Las diferencias entre el volumen de poros vy el
comportamiento del area de superficie se atribuyeron al hecho de que las particulas
metalicas contribuyeron con un area de superficie adicional pero no con un volumen de
poro adicional [40].
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D.2.1.2 Difraccién de rayos X (XRD)

Los patrones XRD de las diferentes muestras de catalizadores de Ni-Mg/BC, Ni-
MgCe/BC y Ni-Ce/BC se muestran en la Figura 4. El estudio de XRD en las muestras de
catalizador se ha realizado para determinar el tamafio cristalino e identificar la presencia
de la fase de material cristalino sobre la capa superficial de catalizadores.
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Figura 4. Los patrones XRD de catalizadores de Ni-Mg/BC, Ni-MgCe/BC y Ni-Ce/BC.

En todos los casos estudiados, los picos obtenidos corresponden solo a Ni
metalico. No hubo picos asociados a NiO. El pico agudo de Ni se detectd a 2-Theta (26)
alrededor de 44.5° en el catalizador de Ni-Mg/BC con un tamafio promedio de cristalito
de aproximadamente 17 nm. En los catalizadores Ni-MgCe/BC y Ni-Ce/BC, se encontrd
gue el pico identificado de Ni era menos intenso, lo que indica menos contenido de la
presencia de Ni después del paso de descomposicion durante la preparacién. El tamariio
promedio de cristalito de las particulas de Ni en los catalizadores Ni-MgCe/BC y Ni-Ce/BC
fue de 8 nm y 10 nm, respectivamente. Como se esperaba, la adicién del promotor Ce
disminuyé el tamafio promedio de cristalito de las particulas de Ni.

Los patrones XRD muestran la reflexion tipica de CeO; a valores de 2-Theta (26)
de 28.5°,33.1°, 47.5°, 56.5° y 69.3° en catalizadores Ni-MgCe/BC y Ni-Ce/BC. Se observd
un pico mas intenso de CeO; en el catalizador Ni-Ce/BC con un tamafio de cristalito
promedio de 9 nm mientras que en lo del catalizador Ni-MgCe/BC es igual a 6 nm.

Ademas, se observaron tres picos de difraccién relacionados con MgO en el
catalizador de Ni-Mg/BC con un tamafio de cristalito promedio de 8 nm, mientras que
en el catalizador de Ni-MgCe/BC no se detectaron picos de cristal. El tamafio de particula
de MgO en el catalizador de Ni-MgCe/BC no se puede estimar, debido a baja
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concentracion de estos éxidos metalicos que se dispersd altamente sobre la superficie
del catalizador y no es detectable por analisis XRD.

La caracterizacién de las muestras gastadas se realizé para dilucidar las razones
por las cuales la actividad de los catalizadores basados en Ni cambié durante la prueba
de estabilidad. Las muestras utilizadas se eliminaron de la configuracién experimental
para poder caracterizar por XRD y TEM (ver seccién D.2.1.4). La comparacion de los
patrones XRD de los catalizadores Ni-Mg/BC, Ni-MgCe/BC y Ni-Ce/BC usados con las
muestras frescas se puede observar en la Figura 5.
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Figura 5. Comparacion del patron XRD para los catalizadores frescos de Ni-Me/BC y los
catalizadores usados en la metanacion reaccion.

Sorprendentemente, los patrones de XRD para todos los catalizadores
sintetizados no detectan la presencia de particulas de NiO, lo que significa que no ocurre
la reduccion de Ni metal después de la reaccién de metanacion. Ademas, no se
observaron cambios notables en los picos de cada fase de los catalizadores después de
la reaccidon de CO; con hidréogeno a 325 °C a lo largo de 8h. A pesar de eso, hubo un
ligero cambio en el tamano promedio de cristalito de las particulas calculadas por la
ecuacion de Scherrer [39] como se informa en la Tabla 4.
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Tabla 4. Estimacion del tamano cristalito de Ni, MgO y CeO; calculados por la ecuacion de
Scherrer antes y después de la reaccion.

Catalizador fresco Catalizador usado
Catalizadores/ Ni MgO CeO; Ni MgO CeO:
dp (nm)
Ni-Mg/BC 17 9 - 19 11 -
Ni-MgCe/BC 8 - 6 9 - 6
Ni-Ce/BC 10 - 9 12 - 6

Los resultados de los tamaios de cristal de Ni, MgO y CeO, después de la
reaccién, medidos por la ecuacidon de Scherrer, sugirieron que el aumento en los
tamafios de cristalito se debid a la sinterizacién de las particulas [8]. La presencia de
ambos promotores Mgy Ce en el catalizador Ni-MgCe/BC redujo la sinterizacion de Niy
probablemente puede alargar la vida Util del catalizador. También se encuentra que no
se ha producido la sinterizacion de CeO.. En el caso del catalizador Ni-Ce/BC, se produjo
la sinterizacién de Niy aumentd el tamafio del cristalito de 10 nm a 12 nm. En contraste,
el tamafio de cristalito de CeO2 ha disminuido de 9 nm a 6 nm.

D.2.1.3 El analisis termogravimétrico en aire (TGA-Aire)

Los analisis termogravimétrico en el aire (TGA-Aire) se llevan a cabo para
determinar la composicidon cuantitativa de los metales presencia en los catalizadores
soportados por carbdn biomoérficos. La Figura 6 se muestra las curvas TGA-Aire para los
catalizadores de Ni-Me/BC sintetizados.
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Figura 6. Andlisis de TGA-Aire de los catalizadores Ni-Me/BC.
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Segln [41,42], la combustion de carbon biomodrfico se produce en el intervalo de
temperatura de 470 °C y 650 °C. Como se muestra en la Figura 6, la curva TGA-Aire para
el catalizador Ni-Mg/BC muestra una pérdida de peso que comienza desde
aproximadamente 345 °C hasta 460 °C. Mientras tanto, para los catalizadores Ni-
MgCe/BC y Ni-Ce/BC, los picos de combustion aparecen a una temperatura de 250 °Cy
230 °C, respectivamente. La combustion de carbdn biomodrfico en estos tres
catalizadores sintetizados se ha producido a una temperatura inferior a la mencionada
en [41,42] debido al efecto catalitico del Ni durante la combustion [43]. Adema3s, entre
la temperatura de 250 °Cy 345 °C, se observé un notable aumento de peso en la curva
TGA de Ni-Mg/BC. Esta situacidn probablemente se atribuye a la oxidacién de Ni a NiO.
No se detectdé un aumento de peso significativo en los catalizadores de Ni-MgCe/BC y
Ni-Ce/BC debido a la menor presencia de Ni metalico en el soporte de carbén biomérfico
en comparacion con los catalizadores de Ni-Mg/BC como se muestra en la Tabla 5.

Tabla 5. Porcentaje de Ni, Mg, Ce y BC presentes en los catalizadores Ni-Me/BC.

Catalizadores/

Composiciones (%) Ni Me Ce BC
Ni-Mg/BC 42% 18% - 40%
Ni-MgCe/BC 20% 4% 24% 52%
Ni-Ce/BC 19% - 46% 35%

Segun los resultados de XRD, después de la etapa de descomposicion durante la
preparacién, se encontraron particulas de Ni, MgO y CeO; en los catalizadores
sintetizados correspondientes. Después de la oxidacién en los analisis TGA-Aire, los
materiales restantes encontrados en Ni-Mg/BC fueron cenizas, NiO y MgO; cenizas, NiO,
MgO y CeO; en el caso de Ni-MgCe/BC; y cenizas, NiO y CeO; en el caso de Ni-Ce/BC.
Como se esperaba, los porcentajes en peso de Ni, Mg y Ce aumentaron en los
catalizadores finales en comparacion con la cantidad inicial en la celulosa bruta debido
a la pérdida de material carbonoso en la etapa de descomposiciéon térmica durante la
sintesis del catalizador. De hecho, la descomposicidn térmica es el factor crucial para
controlar el contenido final y la dispersién de los metales sobre la superficie del
catalizador [44].

D.2.1.4 Microscopia electrénica de transmision (TEM)
La morfologia de los catalizadores sintetizados se investigd utilizando

microscopia electrénica de transmisién (TEM). La Figura 7 muestra las imagenes TEM de
los catalizadores Ni-Me/BC nuevos y usados.
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Figura 7. Imdgenes obtenidas por TEM del catalizador de Ni-Mg/BC (a) fresco (b) usado,
catalizador de Ni-MgCe/BC (c) fresco (d) usado y catalizador de Ni-Ce/BC (e) fresco (f)
usado.
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Nuevos catalizadores de Ni-Mg/BC (Figura 7a), Ni-MgCe/BC (Figura 7c) y Ni-
Ce/BC (Figura 7e), tras la descomposicion térmica a 600 °C, parecen tener una alta
dispersion de particulas de metales sobre el soporte carbonosos, presentando
distribuciones estrechas de 10.7 £ 2.8 nm, 9.6 £ 2.1 nmy 8.9 £ 2.3 nm, respectivamente.

Después de la reaccién de CO; con hidrégeno a lo largo de 8h, las particulas se
mantuvieron bien dispersas, aunque se observaron particulas mds grandes. La imagen
de TEM para el catalizador de Ni-Mg/BC después de la reaccion (Figura 7b) muestra que
se ha producido agregacion de las particulas. El tamafio medio de particula es 18.8 + 6.1
nm.

El tamafo promedio de particula para los catalizadores sintetizados
determinados por la técnica TEM se muestra en la Tabla 6. Asimismo, el tamafio
estimado de las particulas calculadas por la ecuacién de Scherrer en el método XRD
(Tabla 4) parece estar en un acuerdo razonable con los resultados de TEM. Por lo tanto,
a partir de los resultados obtenidos para la caracterizacién por XRD y TEM antes y
después de la reaccion de metanacion, la estabilidad térmica de los catalizadores
disminuye en el siguiente orden: Ni-MgCe/BC > Ni-Ce/BC > Ni-Mg/BC [ 45].

Tabla 6. El tamano promedio de particula calculado por la técnica TEM para los catalizadores
Ni-Me/BC nuevos y usados.

Catalizadores/dp

promedio (nm) Nuevo Usado
Ni-Mg/BC 10.7 £ 2.8 188t 6.1
Ni-MgCe/BC 9.61+2.1 99427
Ni-Ce/BC 89+23 8.61+2.2

C.2.2 Estudio sobre la actividad catalitica

Para estudiar la actividad catalitica de cada catalizador, se realizo el analisis del
efecto de la temperatura de reaccién. Después de una reduccion in situ del catalizador
de 10 minutos, se alimentaron en el reactor 700 mL/min de gases mezclados con
relaciéon de H,:CO, = 4:1y el resto N para la evaluacion catalitica. Los datos de actividad
en estado estacionario a diferentes temperaturas se midieron durante 30 minutos de
reaccion para cada temperatura, comenzando desde la temperatura mas alta que es 500
°Cy se disminuyd hasta que no se detectd mas conversion de CO;.

D.2.2.1 Comparacién del rendimiento catalitico de los catalizadores Ni-Me/BC
sintetizados

La Figura 8 muestra la comparacion de la conversion de CO;, selectividad y
rendimiento de CH4 para los catalizadores sintetizados en funcién de la temperatura de
reaccion para determinar qué catalizador tiene un mejor rendimiento para la
metanacién de COa.
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Figura 8. Comparacion del rendimiento catalitico para la metanacion de CO; de catalizadores
Ni-Me/BC. Las lineas discontinuas representan los valores de equilibrios.

La conversion de CO; lograda por estos tres catalizadores dentro del rango de
300 °C a 500 °C no muestra una gran diferencia. Sin embargo, la mayor conversion de
CO3 (68,7%) obtenida fue por catalizador de Ni-MgCe/BC a 350 °C. Como se puede ver
en lafigura, la selectividad del CH4 deseado alcanzado por Ni-MgCe/BC estaba muy cerca
a los valores de equilibrio en comparacion con los demas con el valor maximo de 93,5%
a 350 °C. Ademas, el rendimiento maximo de CH4 (64,2%) fue alcanzado también por Ni-
MgCe/BC a la temperatura de 350 °C. El rendimiento catalitico general para estos tres
catalizadores siguio el orden general Ni-MgCe/BC > Ni-Ce/BC > Ni-Mg/BC, que se puede
ver claramente en la Figura 9. Como se esperaba, el catalizador Ni-MgCe/BC exhibe la
actividad catalitica mas alta debido a la mayor 4rea de superficie de BET y al alto
volumen de microporos caracterizado por la técnica de isoterma de adsorcion-desorcion
de Na.
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Figura 9. El resumen del rendimiento catalitico de los catalizadores Ni-Me/BC.

D.2.3 Estudio sobre la estabilidad de catalizador

Se ha realizado una prueba catalitica adicional sobre los catalizadores Ni-Me/BC
para estudiar el comportamiento catalitico en términos de estabilidad y actividad a una
temperatura constante de 325 °C continuamente durante 8h. Antes de la reaccion, el
catalizador sintetizado se redujo en atmdsfera reductora (50% Haz, 50% N3) a 500 °C por
10 minutos. Luego, se introdujo un flujo constante de 700 mL/min de gases mezclados
en el reactor con una relacidn estequiométrica de H,/CO, para comenzar la prueba de
estabilidad.
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D.2.3.1 Comparacion de estabilidad de los catalizadores Ni-Me/BC sintetizados
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Figura 10. El resumen de estabilidad de catalizadores Ni-Me/BC por 8h en la corriente.

La Figura 10 muestra el resumen de los estudios de estabilidad de catalizadores
en la metanacion de CO;. Como se puede observar, no se detectaron cambios
significativos en los valores de conversion de CO,, selectividad y rendimiento del CH4
deseado, lo que indica que todos los catalizadores fueron muy estables por las 8 horas
en la corriente. A pesar de tener los mismos valores de conversién de CO; y Hy,
selectividad y rendimiento del CH4 deseado, antes y después de 8h en la corriente, se
detectaron ligeros cambios en los catalizadores de Ni-Mg/BC (aproximadamente 4%),
Ni-Ce/BC (aproximadamente 1%) y no se detectaron cambios en los valores obtenidos
por el Ni-MgCe/BC. Dichas disminuciones ocurridas en el rendimiento de los
catalizadores se debieron a la sinterizacidén de particulas sobre la superficie del soporte
carbonosos. Como se predijo, la estabilidad de los catalizadores disminuye en el
siguiente orden: Ni-MgCe/BC > Ni-Ce/BC > Ni-Mg/BC.

D.2.4 Estudio en la variacidn de la relacién molar de H:CO, sobre el rendimiento
catalitico del catalizador Ni-MgCe/BC

En la prueba de actividad catalitica y estabilidad que se realizdé previamente se
demostrd que el catalizador Ni-MgCe/BC es el mas activo entre los tres catalizadores.
Por lo tanto, este experimento se llevd a cabo para examinar el rendimiento del
catalizador en la relacién estequiométrica por debajo y por encima del equilibrio.
También es para determinar la concentracién ideal de gas H, y CO; en la alimentacién y
la temperatura de reaccion.
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D.2.4.1 Comparacién del rendimiento catalitico de las diversas concentraciones de Hz a
temperatura constante
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Figura 11. Rendimiento catalitico de diferentes concentraciones de H; en funcién de la
relacién molar H,/CO; a 325 °C.

La Figura 11 se muestran el rendimiento catalitico de las diferentes
concentraciones de H; a la entrada en funcion de la relacion molar H2:CO2 a una
temperatura constante de 325 °C; los valores de equilibrio también se informaron para
comparacion. No se observaron diferencias notables en el resultado de la conversion de
CO; para las diversas concentraciones de entrada de H,. Sin embargo, en la selectividad
y rendimiento del CH4 deseado, el rendimiento del catalizador con una concentracién
de H; de entrada de 400 mL/min fue mucho mas cercano a los valores de equilibrio.
Curiosamente, el rendimiento del catalizador con varias concentraciones de entrada de
H> disminuye en el siguiente orden: 400 mL/min > 300 mL/min > 250 mL/min > 350
mL/min.
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D.2.4.2 Comparacién del rendimiento catalitico de las diversas concentraciones de CO; a
temperatura constante
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Figura 12. Rendimiento catalitico de diferentes concentraciones de CO; en funcion de la
relacién molar H,/CO; a 325 °C.

La Figura 12 muestra el rendimiento catalitico de diferentes concentraciones de
CO; a la entrada en funcidn de la relacion molar H2/CO; a una temperatura constante
de 325 °C; los valores de equilibrio también se informaron para comparacién. En esta
figura se puede observar un excelente rendimiento catalitico del catalizador Ni-
MgCe/BC con la concentracion de 100 mL/min de CO; en la alimentacion. Vale la pena
seflalar que la selectividad del CHs deseado con la concentracion de CO; en la
alimentaciéon como se menciona muestra una diferencia crucial en comparacién con el
resto, por lo que el equilibrio termodinamico se logré en una relacion molar de 5 y
también en una relacién molar mas baja de 2,5. Por lo tanto, el rendimiento catalitico
optimo alcanzado por este catalizador fue con 100 mL/min de concentracién de CO; en
la alimentacidn seguido de 85 mL/miny 72 mL/min.

D.2.4.3 Comparacién del rendimiento catalitico de las diversas temperaturas de la
reaccién a concentracién constante de H;

Al mantener la concentracion de gas H, en la alimentacién, que es de 400
mL/min, en la Figura 13 se muestran los resultados del rendimiento catalitico realizado
a diferentes temperaturas de reaccién en funcién de la relacion molar de H,/CO.. Las
lineas discontinuas que representan los valores de equilibrio también reportados para
comparacion.
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Figura 13. Rendimiento catalitico de diferentes temperaturas de la reaccion en funcion de la
relacion molar H/CO; a 400 mL/min de H..

A la relacién molar por debajo del valor estequiométrico, la conversiéon de CO;
lograda a 300 °C, 325 °C y 350 °C fue aproximadamente la misma, sin embargo, por
encima del valor estequiométrico, la mayor conversién de CO; obtenida fue de 325 °C.
Para el caso de selectividad y rendimiento de CHg, los valores experimentales mas altos
obtenidos también estaban a la temperatura de 325 °C. Por lo tanto, la mejor
temperatura de reaccién para la reacciéon de metanacion fue de 325 °C seguido de 350
°Cy 300 °C.

D.2.4.4 Comparacion del rendimiento catalitico de las diversas temperaturas de la
reaccion a concentracion constante de CO;

La Figura 14 se muestra los resultados del rendimiento del catalizador llevado a
cabo con la funcién de la relacion molar de H,/CO; a diferentes temperaturas de
reaccidn. Las lineas discontinuas que representan los valores de equilibrio también
informaron para comparacion. La concentracion del gas Hz se varié con la relacidon molar
correspondiente y la concentracién de gas CO; en el gas de alimentacidn se mantuvo a
100 mL/min.
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Figura 14. Rendimiento catalitico de diferentes temperaturas de la reaccion en funcion de la
relacion molar H,/CO; a 100 mL/min de CO..

Los resultados de la conversion experimental de CO; obtenida fueron similares
con el experimento anterior, sefialando que, a una relacidn molar mas alta, el
catalizador se realizd6 mejor a la temperatura de 325 °C. Los valores mas altos de
conversidn de Hy, selectividad y rendimiento del CH4 deseado también se lograron a la
temperatura de 325 °C. Vale la pena mencionar que a la temperatura de 325 °C, la
selectividad de CH4 se acercé al equilibrio en la relacién molar de 5 y mas tarde en la
temperatura de 300 °Cy 350 °C también se acercé al equilibrio, pero en la relacién molar
mas alta de 5,5.

En este experimento y en el anterior (seccidn D.2.4.3), el catalizador Ni-MgCe/BC
funciona mejor a la temperatura de 325 °C. Vale la pena sefialar que la prueba de
estabilidad se ha llevado a cabo (seccién D.2.3.1) en las mejores condiciones de
operacion durante 8h en la corriente (i.e. a temperatura de reaccion 325 °Cy con la
relacion molar estequiométrica de H2/CO2).
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D.3 CONCLUSIONES

La técnica de mineralizacién biomdrfica es un método facil y apropiado para
preparar catalizadores basados en carbdn biomoérfico. El procedimiento de sintesis de
catalizadores incluye una etapa de descomposicién térmica en una atmdésfera reductora
de celulosa previamente impregnada con los precursores de nitratos metalicos.

Los resultados de caracterizacion indican que la adicién del promotor Ce ha
aumentado el area de superficie BET y la microporosidad de los catalizadores. Ademas,
también aumentd la dispersion de particulas de Ni sobre la superficie de los
catalizadores al disminuir el tamafio de cristalito del Ni. El porcentaje en peso de Ni,
MgO y CeO; se incrementd en los catalizadores finales en comparacién con la cantidad
inicial en la celulosa cruda debido a la pérdida de material carbonoso durante la etapa
de descomposicion.

Los resultados de la caracterizacion muestran que el catalizador Ni-MgCe/BC tiene
un drea de superficie BET mas grande y un alto volumen de microporos. Estd
demostrado en la reaccién de metanacién de CO,, que este catalizador fue el mas activo
y selectivo a una temperatura de 350 °C.

El catalizador Ni-MgCe/BC también muestra un gran rendimiento en la prueba de
estabilidad. Después de 8h en la corriente a 325 °C, la conversidon de CO; y Ha, asi como
la selectividad y el rendimiento de CH4 permanecieron constantes. Los resultados de la
caracterizacion del catalizador después de la reaccién han demostrado que la
sinterizacion del catalizador se produjo en Ni-Mg/BC y Ni-Ce/BC; sin embargo, en Ni-
MgCe/BC no se ha encontrado una sinterizacion significativa de particulas.

Debido al gran rendimiento alcanzado por Ni-MgCe/BC en la prueba de actividad
catalitica y estabilidad, se realizé el estudio adicional sobre el efecto de diferentes
composiciones de alimentacion y temperatura de reaccién en funcion de la relacién
molar H/CO,. Los resultados indican que la temperatura de reaccidén dptima para
producir CHs fue 325 °C, donde la conversién y la selectividad fueron méximas. Por otro
lado, la relacién dptima H,/CO: fue 4, confirmando los resultados encontrados en la
bibliografia.

Finalmente, y como trabajo futuro, el amplio conjunto de datos cinéticos

obtenidos en este trabajo, permitird la propuesta y evaluacién de modelos cinéticos
rigurosos y el calculo de los pardmetros correspondientes.
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