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“There is no point in doing something in a
supercritical fluid just because it’s neat.

Using the fluids must have some real advantage”

Val Krukonis

First International Symposium on Supercritical Fluids, 1988
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Abstract

The aim of this PhD thesis is to study the stages to synthesize different supported metal
catalysts in supercritical medium. It is expected to obtain nanocomposites that can be
used to enhance the selectivity in reactions of biomass conversion to produce
compounds with high added value.

In Chapter 1, a brief introduction on supercritical fluids, their properties and main uses
in the synthesis of materials is presented; and some short notions about catalysis.

Then, after a literature review, it has been decided to start the work in Chapter 2 with
the production of cobalt-based catalysts due to its numerous applications and because
there was not any previous work in which supercritical technique would be used for its
synthesis. Cobaltocene (CoCp,) has been selected as organometallic precursor owing to
its relatively high solubility in sc-CO, and MCM-41 as support due to its sharp pore
distribution, large surface area and thermal stability. To choose the optimal parameters
of deposition process, the adsorption isotherm of CoCp, on MCM-41 has been
determined, where it can be observed that this system presents low adsorbate-adsorbent
interactions with an equilibrium adsorptive capacity around 65 mg/g according to the
predictions estimated by the fittings. After that, it can be concluded that deposition of
cobaltocene on MCM-41 by a simple exposure of the dissolution of precursor is not
enough to prepare these catalysts, being necessary to use the supercritical fluid reactive
deposition (SCFRD) to promote the precipitation of metallic particles on the surface of
support. This process has been optimized to find the combination of parameters that
maximize the adsorption. At the end of this work, it was concluded that it is preferable
to operate at 200 °C and 14 MPa during one hour with the precursor and support
distributed through the reactor to solve the problems caused by mass transfer
limitations. Besides, it has proved that it is possible to achieve high cobalt loadings by
means of consecutives depositions (up to 15 %wt in only 3 batches). Then, Co/MCM-41
samples were characterized by different techniques and compared to other ones
prepared by conventional synthesis methods, revealing that the catalysts prepared in sc-
CO; showed the best metal dispersion on the surface support (~10%) and small particles
diameter (between 1 to 9 nm), accessible even inside the pores by reactive molecules.
Finally, an activity test was carried out. Catalysts were tested in the gasification of
cellulose, increasing the selectivity for hydrogen production from 7% to 30% as a result
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of the promotion of tar, as it can be concluded with the fitting of the experimental data
by a three-reaction model.

To continue the work, it has been decided to check the versatility and robustness of the
supercritical process with a different precursor-support system, although very similar, in
Chapter 3. In this sense, nickel-based catalysts from nickelocene (NiCp;) on MCM-48,
other member of the family of MS41 silica mesoporous support, have been synthesized
by SCFRD. For this purpose, the adsorption isotherms at 70°C of NiCp, on MCM-48
have been extensively studied, revealing a completely different behavior. Experimental
data have been adjusted by various models, being Toth equation which provided the
best fit, and predicting a maximum value of adsorption of nickel around 130 mg/g at
70°C and 14 MPa. In order to have a better understanding of the process, its kinetics has
been modeled by pseudo-first and pseudo-second order, in which it can be observed that
this adsorption requires times higher than 10 hours. This fact it could be attributed to
some diffusional limitation. To corroborate this theory an intraparticle and film-
diffusion models have been used to analyze the experimental data and determine the
adsorption mechanism. Results resolved that the external mass transport is the rate-
controlling step for this system. With this information, it has been decided to use the
SCFRD with the same temperature and pressure established as optimal conditional in
Chapter 2. Ni/MCM-48 samples with metallic loadings between 2-5 %wt have been
synthesized. These catalysts have been also characterized, revealing the existence of
nickel oxides homogeneously distributed on the surface of support and BET areas
around 1000 m%/g. The employment of high pressure has not modified the original pore
structure, unlike catalysts prepared by direct synthesis where the TEM pictures showed
irregular surfaces and collapsed pores. Finally, the activity of catalysts were tested in
the selective conversion of glucose to sorbitol, reaching conversion of 6%, selectivity
higher than 90 % and yields around 5 % in 30 minutes, similar to catalysts synthesized
by wet impregnation and improving substantially data obtained by catalysts prepared by
direct synthesis.

As conclusion, both in the first case of study about cobalt where the adsorption was
practically non-existing, and in this last one about nickel in which the process is very
slow, the SCFRD has proven to be a viable technique.

On the other hand, in Chapter 4, a continuous process for the synthesis of catalysts
based on the supercritical fluid adsorption has been developed. With this aim, it was

necessary to select an appropriate metal-support system, and start its study from the
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beginning. First, the solubility of ruthenocene, RuCp,, has been determined at 60 °C and
different pressures by cloud point technique in a visual cell. Experimental data have
been fitted by Chrastil and Peng-Robinson with good agreement. Results are consistent
with data found in literature. Then, the adsorption of RuCp, on two supports with
different structure, one mesoporous (MCM-48) and other microporous (activated
carbon) has been studied. Both cases have shown good results where the metallic
loading in the support increased with the supercritical phase concentration,
characteristic of monolayer deposition. Experiments conducted at different pressures (9,
11, 14, 17 and 20 MPa) have been revealed how the process is favored at low pressures.
Following a similar analysis carried out in the previous chapter, experimental data have
been adjusted by different models, being the three-parameter equations such as Redlich-
Peterson or BET correlations which provide the best fit. The study seems to reveal that
there is a direct relationship between the controlling step of the process and its kinetics.
Although both mechanisms have complex mechanism with different stages involved, in
the adsorption on activated carbon the controlling step is mainly the external transport,
with a value of saturation limit of 80 mg/g after 10 hours, similar to nickel-based
catalysts. On the other hand, the adsorption on MCM-48 is largely governed by pore
diffusion, reaching loading up to 15 mg/g in shorter times, around 4 hours. Thanks to
this information, ruthenium-based catalysts have been satisfactorily synthesized by
supercritical fluid deposition in a continuous process, at 60 °C and 11 MPa. Different
values of CO, flows have been tested (15, 30 and 45 g/h) to avoid the problems owing
to transfer limitations and fitted by first order model with acceptable average errors.
Catalysts have been characterized and proved in the hydrolysis of cellobiose for glucose
production. Ru/MCM-48 with metallic loading of 4 %wt have shown the highest yield,
improving the process without catalysts from 18% to 48%, with selectivity around 90%.
Besides, experiments with different loadings have been carried out, revealing that a
higher amount of metal produce the collapse of pores and avoiding the contact with the

active centers.
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Aims

The main objective of this PhD thesis is the preparation of a family of supported metal
catalysts in supercritical CO, for selective and efficient conversion of biomass.
Supercritical Fluid Deposition (SCFD) process is used for the deposition of three
different metals, Co, Ni and Ru, on different supports, ordered mesoporous silica
(MS41) and microporous carbon (AC)

Specifically, this research will focus on the optimization of the process of synthesis, for

which several partial targets will be developed:

» Analysis of each stage of deposition process (solubility of the precursor,

adsorption isotherms and kinetics).

» Study of the operational conditions, such as pressure, temperature, exposure

time... and its effects on the process.

» Physico-chemical characterization of the nanocomposites (morphology, particle
size, metal distribution...) by means of different techniques, such as BET, XRD,
SEM, TEM...

» Evaluation of the activity and behavior of the catalysts in reactions associated

with the valorization of biomass.
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CHAPTER I. Introduction

I.1. Introduction

Chemistry is a branch of physical science that studies the composition, structure,
properties and change of matter, including in this definition to humans and their
interactions with the environment. Its applications cover a wide range of sectors, such as
petrochemistry, cosmetics, pharmaceutical or food industry among others, representing

an important economic activity [1].

In this sense, chemistry industry is partly responsible for the environmental problems
caused by lot of its processes, as for example the air pollution due to the emissions

produced by the combustion of fossil fuels or the burning of urban residues.

For this reason, Green Chemistry, also called sustainable chemistry, emerged in
response to this quandary [2, 3]. This new philosophy of research and engineering
encourages the design of goods and processes minimizing the use and generation of
hazardous substances, but maintaining the quality of the end product. Paul Anastas and
John C. Warner [4] coined this term in 1991 based on the concept proposed by Trevor
Kletz [5] in 1978, and developed 12 principles which help to explain what the ideology

means in practice.

In particular, laws 3 and 5 say that industrial processes should be designed to generate
substances little or no dangerous to human health and the environment, and wherever
practicable, the use of auxiliary agents (e.g. solvents) which are innocuous, or
otherwise, with a low toxicity. According to this dogma, in recent years numerous
researchers have been undertaken to replace the solvents employed in many industries

by other reaction media such as ionic liquids [6-10] or supercritical fluids [11-15].

In this thesis, supercritical carbon dioxide (sc-CO,) is used as solvent that satisfies the
principles of Green Chemistry; thus is a low toxic reactive whose critical parameters are
easily accessible and therefore can minimize the energy consumption. Moreover, it can
also be recycled by re-compress preventing its release into the atmosphere. The
combination of all these aspects, together with its good transport properties, as will be
discussed later in detail, makes the sc-CO, is an excellent resource to develop new

technologies.
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CHAPTER I. Introduction

1.2. Supercritical Fluids (SCFs)

A supercritical fluid (SCF) is defined as the state of a substance whose pressure and
temperature are higher than their critical values [16]. Although strictly, in order to
complete this definition is necessary to include other clause, and specify that this

pressure must be below than the pressure required to condense it into a solid [17].

Figure I-1. Transition from two phases (gas/liquid, left picture) to only one homogenous phase in

supercritical state (right picture) observed through a high-pressure view cell.

In this state, the phase boundary between liquid and gas is interrupted at the critical
point, which involves the formation of a single homogenous phase, as shown in the
figure I-1. Hence, it is possible for a substance to cross from a liquid state to the gas

state without any phase transition by passing through the SC region (Figure 1-2)
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Figure 1-2. P-T phase diagram of CO,. The critical point is shown as filled circle [18].
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Table I-1 includes the most commonly employed SCFs for syntheses and chemical
reactions, with their critical parameters and physical properties together with its

reference to find more detailed data.

Table I-1. Critical properties of some frequently used SCFs [18, 19].

SCF  Name Tc(°C)  Pc(bar) pc(kg/m®)
CO, Carbon dioxide 311 73.8 466
H,O Water 374.0 220.6 322
N,O Nitrous oxide 36.4 72.5 453
NH; Ammonia 132.4 113.2 235
CH,O Methanol 239.5 80.8 273
C,Hg Ethane 32.2 48.7 207
CsHg  Propane 96.7 425 220
CsHy, n-butane 152.0 38.0 228
CsHi, n-pentane 196.6 33.7 232
Ce¢Hs Benzene 289.5 49.2 300
SFs Sulfur hexafluoride 45,5 37.6 737
Xe Xenon 16.6 58.3 1099

Among them, sc-CO, has been primarily utilized in an industrial scale to replace toxic
organic solvents used in the food industry for applications such as extraction of caffeine

from coffee beans, hops and spices and tea leaves [20].

The main reason is that sc-CO, has a readily accessible at rather low temperatures,
avoiding the degradation of thermally labile compounds. Furthermore, it is abundant,
inexpensive and nonflammable. Finally, CO, is benign and nontoxic, considered as

environmentally friendly, that leaves no residue on the treated medium.

SCFs exhibit properties which in many ways are unique and differ substantially from its
corresponding liquid or gaseous state. The properties of SCFs are frequently described
as being intermediate between those of a gas and a liquid. Clear examples of this
behavior are the density and transport properties as viscosity, diffusivity and thermal
activity, as shown in Table 1-2 where are collected typical values of these properties for
liquid and gas at ambient conditions and for a SCF near the critical point. Although not
all properties follow this tendency, as compressibility or heat capacity, for example,

those are significantly higher in the “near-critical” region.
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Table I-2. Comparison of physical properties of gases, liquids and SCFs

Property Gas SCF Liquid
Density (kg/m®) 05-2.0 200 - 500 500 — 1500
Viscosity (mPa-s) 0.01-0.3 0.01-0.03 0.2-3.0
Diffusivity (m?/s) 10° 107 10°
Conductivity (W/m-K)  0.01-0.02 0.05-1 0.1-0.2

SCFs have high densities, even in some cases at very high pressures, exceed to those of
liquids. When working with a SCF, it is recommendable to refer to a plot of the
dependence of density on pressure and temperature, since the density changes sharply
with pressure in the compressible region, as it is shown in the figure 1-3. Many of the
properties of a SCF are governed primarily by its density bulk, such as its solvating
power. Solubility increases with increasing pressure and thus density. Modest changes
in either pressure or temperature, especially near to the critical point, can alter its

solvating power over a wide range.

The possibility of using SCFs as “tunable solvents” not only for extraction but also for
chemical reactions is one of the many interesting features related to their applications in
modern synthesis.
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Figure 1-3. Density-pressure diagram for carbon dioxide [21].

On the other hand, the transport properties of SCFs also are modified with small

variations in pressure and temperature. In the case of CO, its viscosity increases by
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nearly a factor of 5 as the pressure raises from 7.7 to 30 MPa at 308 K. Gas-like
viscosities of SCFs are substantially lower than those of conventional organic solvents.
This fact enables easier contact between phases and contributes to enhance the mass

transfer.

The binary diffusion coefficient (D) of the solute in the SCFs is another important
transport property to take into account. Generally, this coefficient D1, is much higher
than in liquids, reaching values similar to gas diffusivities. It may translate into
enhanced interphase mass transfer rates compared to conventional organic solvents.
Besides, higher D;, values also cause higher fluxes inside the pores of solid matrices
compared to organic solvents which may be advantageous in various applications such

as impregnation of porous materials or regeneration of solid adsorbents.
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CHAPTER I. Introduction

|.3. Synthesis of Materials in Supercritical Fluids

Nowadays, the preparation of materials with SCFs has been developed as a new
research area of interest, and particularly in the field of nanoparticles. Polymeric
materials, inorganic solids and organic compounds with uses as additives, drugs,
cosmetic pigments, biomaterials, optics, catalysts or adsorbents, have been prepared

with supercritical fluid technologies [22].

In the last decades, the research on particle production in sc-CO, has rapidly been
growing, developing several methods to produce micro- and nano-particles [23]. Among
them, one of the most precipitation proccess studied and used both an industrial scale
and lab scale is the rapid expansion of supercritical solutions, known as RESS. In this
method a pressurized solution of rapidly expanded through a nozzle, causing an
extremely fast nucleation of the solid solute in a micronized form. Rapid expansion of a
supercritical solution into a liquid solvent (RESOLV) is a modification of this
technique, in which expansion occurs on a liquid solvent instead of sc-CO, in order to

prevent the aggregation of the particles [24-28].

However, the SC fluid can also accomplish the function of anti-solvent, emerging new
synthesis routes, such as GAS or SAS (Gas or supercritical anti-solvent). In these
processes, a batch solution is expanded by mixing it with a supercritical solvent in a
high pressure vessel. Due to the dissolution of the compressed gas, the expanded solvent
exhibits a decrease of the solvent power and mixture becomes supersaturated,
precipitating in the form of nanoparticles [29-31]. In the same way, particles from gas-
saturated solutions or PGSS consists in dissolving a supercritical fluid into a solvent
followed by a rapid depressurization of this mixture through a nozzle causing the

formation of solid particles or liquid droplets, according to the system [32-35].

On the other hand, SC fluids can also act as reaction medium. In this group, the most
common technique is the hydrothermal (or solvothermal) synthesis. By this technique, it
is possible to synthesize nanoparticles by hydrolysis and dehydration reaction of metal
salt solution in sub-critical or supercritical water [36-38] or other solvent [39-41]. One
of the latest synthesis methods that have been developed is the SCF’s microemulsions,
where each droplet of water in sc-CO; works as a micro-reactor [42-45].
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In this way, thanks to the possibility offered by supercritical fluids technology in order
to control the size and shape of the products changing its operating conditions, all kinds
of materials have been synthesized, such as nanoparticles, powder coatings, fibers,
films, core-shell particles and supported nanocomposites.

Besides, this area has been recently combined to the chemistry of organometallic
complexes for the manufacture of different composites, metal and metal oxides [46]. In
the 90s, several pioneering studies [47-50] were conducted that thereafter led the
advancement and development of new processes, which can be summarized in the

following fields:

1) Use of organotransition metal complexes as homogeneous catalysts for reactions
in SCFs and biphasic systems [51-54].

2) SCF extraction of heavy metal from various matrices by formation of metallic
complexes [55-57].

3) Formation of inorganic powders with controlled size distribution by means of
decomposition of organometallic complexes in SCFs [58-62].

4) Impregnation of polymers with different metal complexes in SCFs, and the
subsequent transformation of the metal precursor within such matrices [63-68].

5) Incorporation of metallic nanoparticles into inorganic and carbonaceous porous
substrates by SCF deposition [69-71].

This PhD work is focused on this last point and may contributed to go in deep in the
incorporation of metallic nanoparticles into porous substrates by dissolution of

organometallic complexes in sc-COs,.
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1.4. Supercritical Fluid Deposition

In recent years the interest towards nanostructured materials has grown tremendously
[72-75] due to the advantages of nanoparticles associated with their small size and,
therefore, their large surface area, making them very interesting from the standpoint of
catalysts [76-80].

In this way, various research studies have been focused on enhancing the diffusion of
more voluminous reactive molecules towards the active centers, creating new materials
by depositing metal nanoparticles onto mesoporous materials, which have high surface

areas and uniform pores structure.

There are several techniques for depositing metals on substrates, as well as preparing
films and supported metal nanoparticles, including impregnation, co-precipitation, sol-
gel deposition, chemical vapor deposition or microemulsions using organic stabilizing
agents. Each one exhibits different advantages and disadvantages; but generally, the
main drawback of these methods of synthesis is the control of the particle dimensions,
including the size and distribution of particles, as well as the metal content into the
matrix of the support. Moreover, the elimination of the surfactant may lead to
agglomeration again due to the high temperatures employed and cause structural
changes into the catalyst with a significant reduction of the support surface area and

consequently, its catalytic activity.

But the main challenge for the development of nanostructured materials is the difficulty
of reproducibility, size control and stabilization of nanoscale particles due to their
tendency to react and agglomerate; since their properties are closely related to the

manufacture or synthesis process.

In that sense, the use of supercritical fluids represents an alternative and a promising
method of deposition of metal nanoparticles on the surface of solids and/or inside
porous substrates [81-87]. Supercritical fluid deposition (SCFD) is a very simple and
environmentally friendly procedure, which consists of the following stages.

Firstly, an organometallic precursor is dissolved by sc-CO, under optimal operation

conditions (high pressure and moderate temperature) to favor its solubility in the
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medium. Meanwhile, the resulting solution is exposing to the porous substrate with its
subsequent adsorption onto the matrix of the support. After this impregnation, the metal

complex can be converted to its metal form as shown in figure 1-4.

scCO2+A Heat or B
VLilaasaatY —> A A — C G
B A K, AA AAA CC cG'c
Substrate Substrate-A Substrate—C
nanocomposite nanocomposite

Figure 1-4. Schematic diagram for SCFD method [88]
(A - organometallic precursor; B — reducing agent; C — metal nanoparticles)

Finally, the system is slowly decompressed, avoiding solvent residues or pore collapse

associated with the agglomeration in aqueous catalysts preparation techniques.

The conversion of the adsorbed metal complex into metallic nanoparticles can be
carried out by means of different procedures: by heating in an inert or hydrogen
atmosphere as a catalyst prepared by conventional methods, or even before

depressurization in the supercritical fluid phase.

Supercritical fluid reactive deposition (SCFRD) is used to refer to this last case where
the reduction of the metal is included in the process of synthesis [89-91]. This technique
is based on promoting the precipitation of metallic nanoparticles and their consequently
deposition and growth over the porous, whereas the organic part of the precursor

remains dissolved in the sc-CO; and is released beside the gas.

For this, it can proceed in two ways: or injecting a reducing agent, such as hydrogen or
an alcohol into the solution, o by thermal treatment to lead the breaking down of the
precursor. Consequently, this one-pot process to prepare catalyst allows reducing

operational times in comparison to other techniques.

SCFRD takes advantages of the unusual physical properties of sc-CO,, different from
those of ordinary liquids and gases, and easily adjustable with small variations of
pressure and/or temperature. Thanks to this fact, density changes dramatically, being
able to dissolve a wide range of organic and organometallic compounds compared with

conventional liquids solvents. Furthermore, its low viscosity combined with its high
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diffusivities enhance mass-transfer characteristics. On the other hand, low surface
tension of sc-CO,, not only permits better penetration and wetting of pores than
conventional solvents, but also avoids the pore collapse and modification of the

structure how can occur on certain materials such as silica aerogel with liquid solvents.
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|.5. Metals in catalysis and their applications

Nowadays, the chemical industry converts raw materials or cheap chemicals, such as
oil, natural gas, water, metals or minerals, into more than 70,000 different products. For
this purpose, it is necessary to concern with pioneering valuable materials and
associated techniques, which are often essential to related fields such as
nanotechnology, fuel cells, bioengineering or catalysis. In particular, industrial catalysis
plays an important role in the chemical industry and research. Catalysts are able to not
only speed up reactions by providing an alternative pathway increasing the selective
towards some products, but also replace a polluting chemical reaction with a more
environmentally friendly alternative. Today, and in the future, catalysts are vital for the
chemical industry and the progress of the companies, which pay close attention to the
market development. The correct selection of the accurate catalyst can be the key to

industrial success, making cheaper and more effective processes.

Focusing on heterogeneous catalysis, this field is in constant development: setting up
innovative methods of synthesis and modern techniques of deposition of metals,
creating original supports or trying to find out what is the most adequate catalyst for

each reaction.

Noble metal based catalytic systems have been reported to exhibit high activities for
most of reactions, and they are commonly used in numerous industrial applications. The
main problem is that, in spite of acting as an inert in the reaction, with the passage of
time they are deactivated and lose activity due to poisoning, fouling, coking... This fact
implies the interruption of process operation for either replacement or regeneration of

catalysts, losing time and investment.

According this outlook, extensive development and use of catalysts based on non-noble
metals, such as Fe, Co or Ni, is considered to be preferred from the industrial

standpoint, mostly due to economic reasons.
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|.6. The importance of support

Just as with metals, the choice of a precise support is a key aspect in the design of a
catalyst.

The main role of a catalyst support is to affix the active centers, typically small metallic
particles or transition metal oxides, which take part in the reaction later. In order to
maximize their efficiency, it is crucial to easy the contact between the reactive

molecules with the surface atoms of the nanomaterial-based catalysts.

According this premise, there are great efforts to achieve stable supports with high
surface areas where to distribute metallic nanoparticles. This task implies having a solid
material capable not only to obtain catalytically active species homogeneously dispersed

over the internal surface of the pores, but also they are accessible for reagents.

From the industrial standpoint, in the case of costly materials such as noble metals,
small particles with a good distribution are economic necessities since they represent a

large surface-to-volume ratio and thus greater catalytic utilization of the metal.

For this reason, maintenance of this dispersion under severe processing conditions is
another function of the support, as the separation of the metallic nanoparticles inhibits

their agglomeration.

Clearly, the primary function of the support is physical in nature, and effective
dispersion is not dependent on any degree of metal-support interaction. However, it has
been demonstrated that the morphology, physical and chemical characteristics of the
supports have significant effects and that in certain cases the catalytic activities could
indeed be influenced by them. Therefore, the support may be inert or participate in the

catalytic reactions, for example due to its degree of acidity.

So taking these ideas into account, a large number of porous solid materials has been
used as catalyst supports, although typically the most common are various kinds of

carbon, alumina and silica.
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CHAPTER Il. Cobalt-based Catalysts

I1.1. Introduction

11.1.1. Cobalt-based Catalysts and their applications

Cobalt is one of the most deeply investigated transition metals for heterogeneous
catalytic applications. In the form of supported single element or alloys, cobalt is an

interesting active metal for the catalysis of several reactions.

Only in the petrochemical and plastic industries, where cobalt is used as both a hetero

and homogeneous catalyst, account for 2,700 tons of cobalt (metal) per year.

Extended use of cobalt as catalyst is given in refineries, in the hydro-treating and
desulphurisation of oil and gas to rid petroleum of sulfur impurities that interfere with

the refining of liquid fuels.

The second major use of several cobalt compounds is the production of terephthalate
acid (TPA) and di-methylterephthalate (DMT), used to manufacture resin for plastic
bottles and also to make new ultra strong plastics for different applications. Moreover,
the cobalt catalysts used in this field, known as cobalt soap, is also used in paints,
varnishes and inks as “drying agents” through the oxidation drying oils and to improve

the adhesion of steel to rubber in steel-belted radial tires.

The other large cobalt use is the hydroformylation where the end products are alcohols
and aldehydes for plastics and detergent manufacture. In this case, cobalt can be
introduced to the system as metal, oxide, hydroxide or as an inorganic salts, depend on

the species involved in the reaction.

On the other hand, abundant literature has reported how cobalt-based catalysts can be
applied in a wide variety of reactions with significant industrial interest. Recent studies
suggested that cobalt-based catalysts supported on a wide range of metal oxide, such as
zirconia, ceria, magnesia or alumina, provide similar activity to noble metal catalyst in
the C-H and C-C bond cleavage [1, 2], even at low temperature [3, 4], useful for steam
reforming process (SR) [1-8] for the generation of hydrogen-rich synthesis gas from
light carbohydrates. Llorca et al. [9] reported the reaction selectivity increased in the
order: Co>>Ni>Rh>Pt~Ru~Cu supported on y-Al,03 from ethanol at 673K. Besides, it
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has been demonstrated that cobalt reducibility, dispersion and interaction with support
have important effects on the catalysts performance, playing an important role in the
stability and selectivity. In order to improve its efficiency, promoted cobalt and several
alloys with other metals such as Ni [10-12], Ru [7], Fe [13, 14] or Cu [14] are also

under investigation.

But most research focuses on develop novel catalysts for Fischer-Tropsch synthesis
(FTS) [15-25]. This reaction is one of the most efficient routes to produce hydrocarbon
mixtures from syngas (CO, and H;) derived from coal, natural gas or biomass, used for
making chemicals and transportation fuels. Literature data reveal that cobalt-based
catalysts are advantageous to the practical application due to the relatively high
selectivity to long-chain paraffin, strong resistance toward deactivation, low activity for
the competitive water-gas shift reaction and lower price than other choices. It was found
that the FTS performance of catalysts is significantly governed by the type and structure
of the support and thereby influenced dispersion of metal sites (Co%) and degree of
reducibility, both of which are considered to be related to the nature of the support

employed. According to this fact, various strategies have been investigated last years.

It is known that the dispersion of active cobalt on the surface of support requires some
interaction between metal and support, since it can stabilize the catalyst against
aggregation of active cobalt and deactivation. In order to achieve a high density of
surface-active sites, different supports, such as titania, magnesia or zeolites, have been
studies, even silica supports with mesoporous structure (MCM-41 and SBA-15) [16, 24,
25] and novel carbon nano-structured materials (CNFs, MWCNTSs and CSc) [15, 22].

However, strong interaction with support also could decrease its reducibility creating
non-reducible cobalt species, such as CoAl,0, and CoTiO3. For this reason, some
noble metal promoters, such as Ru, Pt or Re [18, 21], have been employed not only to

enhance the reduction of cobalt oxide, but also inhibited carbon deposition during FTS.

Although these are the most increasing processes, there are other examples in which are

getting promising developments recent years.

Unsupported bulk metal particles and several cobalt-based catalysts have exhibited good

activity in ammonia synthesis [26, 27], improving their general catalyst properties,
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mainly their thermostability with the additions of some promoters like cerium or

barium.

Other field in which exists a growing interest is about how to eliminate the emission of
NOy from flue gases by selective catalytic reduction. Some studies [28, 29] have
reported how the activity in the abatement of this kind of compounds with cobalt-based
catalysts supported over zeolites, like MFI or FER, increased linearly with the metallic

loading, and discuss about the role of Bragnsted acid sites in presence of cobalt.

In this same sense, extensive efforts have been made to develop new cobalt-based oxide
combustion catalysts in order to reduce the concentration of volatile organic compounds
(VOCs) in the emission to the atmosphere mainly from industry, transports and
residential/service sector [30-32]. Up to now, cobalt oxides such as Co,03 and Co304
were reported to exhibit efficient catalytic performance for the oxidation of VOCs at
low temperatures, resulting in considerable environmental and economic benefits in

comparison to the traditional thermal oxidation.

11.1.2. Deposition of cobalt using sc-CO,

Up to our knowledge, there is only one published work about the SCFD of cobalt, that
by Hunde and Watkins [33]. They reported the deposition of Co and Ni films directly
onto a native oxide of Si wafers and onto TaN and TiN films supported on Si wafers,
without the need of a catalytic layer, by H, reduction of cobaltocene (CoCp,). For this
deposition, reduction temperature of cobaltocene was varied in the range 285-320 °C
and the pressure was modified between 22.0 MPa and 26.0 MPa. No significant
deposition was observed below 280 °C and the operational times of the two steps were

not varied.
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11.2. Materials

11.2.1. Organometallic Precursor: CoCp,

Cobalt (1) bis-(m5-ciclopentadienil), also known as cobaltocene (CoCp2) has been used
as cobalt precursor in the present work because, it is known to be highly soluble in
scCO2 [34], and it has been used in the Co deposition of high purity thin films directly
on silicon oxide [33].

CoCp2 was provided by Sigma Aldrich and used as received.

11.2.2. Support: MCM-41
MCM-41 (Mobil Composition of Matter N° 41) is the most popular mesoporous ordered

silica material developed by Mobil Oil Corporation, with a hierarchical structure from a

family of silicate and aluminosilicate solids.

This material consists of a regular arrangement of cylindrical mesoporores which form a
one-dimensional pore system. Its growing popularity is due to its sharp pore distribution
(with diameter between 2 and 6.5 nm), and hence to is large surface area (1200 — 1500
m?/g) and pore volume. Moreover, its pore diameter can be easily adjusted at the time of

its synthesis.

Spherical MCM-41 materials have been synthesized following the literature procedure
reported by Szegedi et al. [35].

In this process, 2 g of n-hexadecyltrimetilammonium-bromide (C1sTMABTr, Sigma
Aldrich) is dissolved in 42 ml of de-ionized water and mixed with 48 ml of absolute
ethanol. 13 ml of aqueous ammonia solution (29 w/w %) is added to this clear solution
and stirred for 15 min. Under uninterrupted stirring 4 ml of tetraethylorthosilicate
(TEQS, 98% GC, Sigma Aldrich) is added drop-wise in a couple of minutes. Finishing
the addition of TEOS the gel formation immediately begins. The resulting gel having
the molar composition of 1 TEOS:0.3 C1sTMABr:11 NH3:144 H,0:58 EtOH is stirred
for 2 h and aged for 20 h at 35 °C temperature.

The white precipitate is filtered and washed several times until neutral pH is reached.
Finally, the mixture is aged at 100 °C without stirring for a further 12-24 h. Template
removal is carried out by heating the samples up to 600 °C at a heating rate of 2 °C/min,

48



CHAPTER Il. Cobalt-based Catalysts

followed by isothermal treatment at the same temperature for 6 h. This preparation

method is represented in figure I1-1.

composite: inorganic mesoporous material
Iyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shown 2D hexagonal)

spherical .
micelle rod-shaped micelle

silica
precursor
(TEOS)

removal of
the surfactant

Figure 11-1. Schematic illustration of MCM-41 preparation

In conclusion, having considered the possible reactions in which our samples can be
tested and, once elected both precursor and support, the research work performed in

cobalt catalysts has been divided into four sections:

1. Determination of adsorption isotherms of CoCp, on MCM-41

2. Study of operational variables in the SCFRD synthesis of Co/MCM-41 catalysts
3. Characterization of the Co/MCM-41 catalysts

4. Catalytic activity tests of Co/MCM-41 in the gasification of cellulose
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11.3. Adsorption isotherms of CoCp,

Supercritical fluids have been used to impregnate some compounds into different
materials in order to improve or change its properties. There are several examples in the
literature, especially on polymeric and inorganic supports for pharmaceutical proposes
and metal coatings [36-39]. Even there exists an industrial scale plant for wood

treatment using organic fungicides based on this principle in Denmark since 2002 [40].

However, these kinds of studies are still scarce in the literature and there is a lack of
fundamental understanding of the adsorption process at supercritical conditions. In this
adsorption not only the concentration and temperature should be considered, but also

pressure and density play an important role in its kinetics and equilibrium.

Up to now, only a few organometallic compounds on porous supports have been studied
in sc-CO,. The adsorption equilibrium of [Pd(hfac),] on silica SBA-15 and the
influence of temperature, pressure and density in the process has been examined [41].
The adsorption isotherms of [Pt(CODMe;)] on different supports, such as carbon
aerogels, silica gel tablets or monolithic silica have been reported [42, 43]. And the
adsorption process of Ru(COD)tmhd, on carbon in sc-CO; has been also studied [44].

In this section the adsorption of a cobalt organometallic precursor of the family of
metallocenes (CoCp;) on the mesoporous support (MCM-41) in supercritical CO; is
studied.

In first place, the adsorption isotherms are determined using a batch configuration,
followed by its subsequent modeling in order to reach a better understanding of its
nature and thus, continue with the research on a larger scale. Due to the easy oxidation
of this precursor, its solubility in CO;, has been estimated from bibliographic data [34].

11.3.1. Experimental Set-up for Determination of Adsorption Isotherms

The determination of adsorption isotherms and Kinetics was carried out in a high

pressure reaction chamber. In figure 11-2, a scheme of this plant is reported.
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Figure 11-2. Flow sheet of the experimental device for adsorption isotherms and kinetics determination

This chamber (HP HD300) is built out of SS316-Ti, has an internal volume
approximately 25 ml, supporting 30 MPa and 150 °C as maximum operating conditions.
A picture of this chamber is presented in figure 11-3.

A magnetic driven agitator (12 VDC with transformer 230 VAC) is installed at the top
of the reaction chamber in order to ensure a homogenous medium. The temperature of
the vessel was controlled by means of an electrical jacket (230 VAC; 50/60 Hz)
connected to a digital display and a NiCr-Ni thermocouple with a £0.1 °C accuracy; and

pressure inside the chamber is measured by a pressure Gauge between 0.1-40 MPa.
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Figure 11-3. Stirred tank reactor

At the beginning, an amount of support and precursor are introduced into the chamber
in a small container through the bottom connection. This closure is mounted again
tighten rather softly the nut by wrench to avoid deform the seals set (PTFE, carbon
graphite and non ferrous materials). The CO; is pumped with a dosing pump Milton
Roy Dosapro, MILROYALD (up to 0.6 I/h and 24 MPa) and heated up to operational
conditions. The fluid, which contains the dissolved precursor, is constantly mixed with a
magnetic coupled stirrer during different times. Finally, at the end of each experiment,
the fluid is slowly depressurized in order to prevent the sweeping along particles and
recover the products for further analysis.

Experiments were carried out at constant temperature (T=70 °C) for 24 hours, varying
the amount of precursor at different CO, pressures. The choice of this working
temperature is based on bibliographic data [34] and previous results, which have

demonstrated that the adsorption process is favored by moderate temperatures.
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11.3.2. Results and discussion: Adsorption of CoCp, on MCM-41

At 70°C and 11MPa the estimated solubility of CoCp2 in SC-CO2 is 350 mg/L ,
according to the literature data [34]. This precursor has a high solubility in comparison
with another precursors of cobalt, such as Co(thd)s and in comparison with precursors
of other metals with the same ligands, as RuCp, and NiCp., that have also been used in
this PhD thesis.

Figure 11-4 shows the adsorption isotherm for CoCp, on MCM-41 at 70 °C and 11 MPa.

1

T T | B
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0 50 100 150 200 250 300 350 400
C (mg CoCp,/L CO,)

q{mg Co/g support)

Figure I1-4. Adsorption isotherms for CoCp, on MCM-41 at 70 °C and 11 MPa

As can be seen in the figure 11-4, the metallic loading in the solid q is practically non-
existent for a wide range of concentrations down to a point where the adsorptive
capacity increases exponentially. The shape of the isotherm is concave upward and
presents a vertical asymptote corresponding to the vapor pressure of the adsorbate (i.e.

condensation) [45].

This means that the second layer is more strongly adsorbed than the first one, an effect
related to the existence of attractive interactions between the adsorbed molecules. In
these cases, however, the adsorbent still has finite saturation capacity and the isotherm

could have a horizontal asymptote [46].

This behavior is characteristic when the adsorbate-adsorbent interaction is low or

conversely, there is a greater affinity for the fluid medium (isotherm of type I11), at least
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in the entire concentrations range investigated, from 0 to close to the saturation of fluid
phase. Although this type of isotherm is unusual, it can be found several examples in the
literature, such as bromine or iodine on silica gel, or water over some hydrophobic

rubbers, plastics, synthetic fibers or graphitized carbon [47].

On the other hand, competition between the solvent and the solute for the support
adsorbent sites may also be possible, especially for systems involving low solubility or
weak adsorbing solute species [48]. However, this phenomenon may be diminished at
supercritical conditions [49], since the transport coefficients are enhanced. Besides,
MCM-41 surface does not interact very strongly with CO, according to other authors
[50, 51].

Since the acquisition of adsorption data from a type 111 system is the most confused and
ambiguous at low concentrations, more isotherms will not be determined experimentally

and it will be proceeded to its modeling.

11.3.3. Adsorption Isotherms Modeling

Several authors have been tried to predict isotherms of type Il with anti-Langmuir
models [46, 52]. This means that it could be modeled by using a Langmuir model with
negative association equilibrium constant [46], but although this modification provides

good fits, its parameters lack physical sense.
Another option is the use of an exponential equation as the following expression:
q=A-B°¢ (Eq. 1)

where A and B are constants, and C is the concentration of organometallic precursor in
the fluid phase (mg/L). Worth mentioning that this model is only recommendable for
low concentrations, since at very high initial concentrations, it predicts depositions that

tend to infinity.

To solve all these drawbacks, the isotherms describing best this type of behavior are
generally referred to an S-shape isotherm and they are often best modeled using the
quadratic isotherm model, where the initial curvature is negative. The easiest equation

of this kind of models is known as sigmoid function:
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_ ds
q= [1+exp(—a-C—-b)] (Eq 2)

where Qs is the adsorptive capacity, a is related to saturation concentration, and b

depends on the minimum concentration which must be overcome to start adsorption.

On the other hand, among all these options, BET adsorption isotherm model [53] is the
most used alternative to study this kind of systems; whose equation is able to reproduce
any singularity in adsorption process, even different kinds of isotherms as a function of
the relationship between its parameters.

_ Qm'KBET Ce
U= o 1+ (Kppr—1)-(Co/ C)] (Eq.3)

where @, the equilibrium adsorption capacity (mg/g); Qm, the theoretical isotherm
monolayer capacity (mg/g); Kger is the BET adsorption isotherm constant (L/mg); and
Cnm, the adsorbate monolayer concentration (mg/L).

11.3.4. Fittings and discussion

To adjust the isotherm parameters and conclude which is the best model for describing

the equilibrium, it is necessary to calculate the mean squared error, defined in Eq. 4:

MSE =137 |qP — q¢|” (Eq. 4)

n 4

Figure 11-5 shows the adjustment provided by the models described aforementioned;
and the Table I1-1 summarizes the characteristic parameters and mean squared error of

each of them.
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Figure 11-5. Experimental data (m) and fit by Exponential (-4-), Sigmoid ( -O- ) and BET (- A -)
correlations for adsorption isotherms of CoCp, on MCM-41 at 70 °C and 11 MPa

Table I1-1. Fitted model parameters and average deviation for the adsorption equilibrium
of CoCp, on MCM-41 in sc-CO,: Exponential, Sigmoid and BET

Isotherm
MODEL 70°C and 11 MPa
Exponential
A 0.0017
B 1.028
MSE 1.68
Sigmoid
gs (mg/g) 64.89
a (L/mg) 0.048
b -16.786
MSE 1.41
BET
Kger (L/mg) 0.0083
Qm (mg/g) 109.93
Cp (mg/L) 414.60
MSE 2.08

First, note that all model fit neatly within the range of studied concentration, with an

average error < 2; however, predictions about the progression of the adsorption process

vary significantly from each other.

The exponential equation works nicely as empirical model with only two constants,

quickly and easily; nevertheless, no valid information is achieved from the analysis of

its parameters.
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On the other hand, BET isotherms provides similarly exponential curve, that is, a
multilayer adsorption; but in this case, attending to its characteristic parameters, it is
possible to draw several conclusions. BET adsorption isotherm constant (Kggr) is
slightly larger than the pre-exponential factor in the previous model, which results in
superior metallic loadings as it can be observed at high concentration in Figure 11-5.
This means that the affinity of the metallocene by itself and the crystal growth rate
predicted by this model is higher.

Also, according to the results shown in the Table II-1, it is possible to obtain
homogeneous monolayer depositions with loadings around 110 mg/g (theoretical
monolayer capacity); and that to achieve this goal, an initial precursor concentration
higher than 415 mg/L is needed.

Conversely, sigmoid function predicts a completely different behavior.

In the first place, this model assumes that there exists a maximum concentration at
which the substrate is saturated, and therefore, it cannot be obtained depositions higher
than 65 mg/g, well below even the prognosticated monolayer deposition by BET model.
Nonetheless, the adsorbate saturation concentration Cs, at which this loading is
achieved, is very close to that estimated by BET isotherm, around 420 mg/L.

All in all, we are dealing with an adsorbate-adsorbent system which is not favorable
under current conditions for supercritical fluid deposition process (SCFD). This is why
we propose including a reaction step (SCFRD) in order to promote the precipitation of
metal nanoparticles over the support surface after the rupture of the precursor in the

fluid phase.

This rupture can be promoted by a reducing agent or by thermal decomposition as it has
already been described in the Introduction of this PhD thesis. In our case, we have
chosen to cause a temperature rise above the decomposition temperature of the
precursor, precipitating the metal whereas the organic part remains dissolved into the
supercritical phase. The whole optimization process will be developed in the next

chapter.
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11.4. Supercritical Fluid Reactive Deposition of CoCp, on MCM-41

In the previous section, it has been concluded that for the deposition of cobalt from
CoCp, on MCM-41 is not enough simple exposure of a solution of the precursor over
the support, since the adsorption is not favorable. For this reason, it has raised the
alternative of the supercritical fluid reactive deposition (SCFRD).

In this chapter, different tests will be performed in order to optimize the process,
analyzing its operational variables and their consequential effects, such as pressure,

temperature, time and even its reactor configuration.

11.4.1. Catalyst Synthesis Batch Device

The deposition experiments were carried out in batch process in a high-pressure vessel
constructed out of stainless steel with an internal volume of 100 ml. Since conventional
salts used in aqueous impregnation are not soluble in sc-CO,, metal complexes such as

organometallic compounds or chelates complexes are used.

The experimental set-up, given in Fig. 11-6, operates up to 30 MPa pressure and 400 °C

as maximum allowable working conditions.
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Figure 11-6. Experimental device for the synthesis of catalysts by SFRD (batch process)

A dosing pump Milton Roy Dosapro (flow rate up to 6.2 I/h and 33 MPa maximum
pressure) was used to move the CO; into the reactor. To ensure the liquid state of the
CO;, for its pumping, the fluid is previously cooled in a bath with a mixture (50/50,
ethylene glycol/water) refrigerated with an immersion cooler JULABO model FT402
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and external Pt-100 sensor. Mass flow meter and a pressure Gauge are installed in the

output of the pump.

At the beginning of each experiment, support and organometallic precursor, 150 mg and
100 mg respectively, were placed into the vessel, separated by wire mesh to allow the
circulation of sc-CO, and avoid their direct contact (Fig. I1-7). The reactor is equipped
with two wall electrical resistances (250 W) located at the bottom to promote the
convective flow of sc-CO, and a K-Thermocouple connected to a controller PID BS-
2100 to measure and manage the temperature with a £0.1 °C accuracy. Pressure is also
recorded by means of a pressure transmitter ATSA TPR-14/STD, <1% accuracy and
range for up to 40 MPa, and displayed in a BS-2100. All this reaction section is located
inside an oven Memmert (Universal Oven Model UF110) to minimize the amount of

heat losses.

Reaction gas outlet
(1) J e

Particulate support

Metallic precursor
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Heating element
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Figure 11-7. Detail of the distribution of reactants (support and precursor) within deposition chamber

During the first step, precursor is dissolved by sc-CO, under optimal operation

conditions to favor its solubility. Meanwhile, precursor adsorption onto the support

from the medium takes place during the desired adsorption time. After this adsorption
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step, temperature is increased to 200 °C to break down the organometallic compound,
with its subsequent precipitation of the metallic nanoparticles during the desired
decomposition time. Afterwards, the system is isochorically cooled down to subcritical
conditions, and CO;, is released from the reactor over a period approximately 30 min,
which implies a slowly depressurization to atmospheric pressure to avoid drag metallic

nanoparticles which are adsorbed over the support surface.

As a safeguard against pollutant emissions of remaining precursor dissolved by the
fluid, a flash vessel is located in the output line and a pressure regulator Metal Work
model MR-BIT 1/8 with maximum allowable pressure of 1.3 MPa.

11.4.2. Optimization: concentration, temperature and pressure

This process of synthesis, SCFRD, consists of two consecutives steps: 1) precursor
dissolution and adsorption, and 2) precursor decomposition. Each of them has different
conditions of pressure and temperature, which must be chosen carefully, besides the

initial precursor concentration.

The first stage in which the precursor is dissolved in the supercritical medium and the
adsorption on the surface support is initiated, is performed in the same conditions as the
previous experiments to determine its isotherm. That is to say, at constant temperature
T, =70 °C and pressure P; = 11 MPa. Taking into account the shape of the adsorption
isotherm of CoCp, on MCM-41, it has been decided to work always with an initial mass
of precursor above the maximum amount that can be dissolved in CO,. According to
the experimental results, a maximum deposition loading in this stage of around 6.5 %wt
is expected attending the saturation value of sigmoid model used in its isotherm.

Nonetheless, in the second stage in which the precursor is broken down to facilitate the
precipitation of metallic nanoparticles, it is necessary to increase the temperature. This
temperature is chosen based on the precursor thermogravimetric analysis (TGA),
wherein the decomposition temperature (T4) of the compound is identified through its
mass loss, and verified by means of the FT-IR spectra of the precursor. The figure 11-8
shows the TGA profile of this cobalt precursor, CoCp..
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Figure 11-8.TGA profile for CoCp,

As can be seen from the figure 11-8, the T4 of CoCp, is found around 180 °C, so a
temperature of T, = 200 °C is chosen as the temperature for the second stage of the

process, about 20 °C above its Tq, as recommended in literature [54].

As a result of this temperature rise and batching at constant volume, the pressure
increases drastically. For safety reasons and experimental device limitations, the
pressure is relieved, having to choose a new pressure value for this second stage. The
pressure itself has not any role in the decomposition step, but due to the operation in a
constant volume cell, with a specific maximum operation pressure, it is necessary to

vent partially the fluid phase, and therefore, some of the dissolved precursor is released.

In order to select the suitable pressure, a series of experiments were performed by
changing the study variable between 9 and 20 MPa. As it is not yet possible to establish
an optimum operating time, it was decided to fix that each stage lasts 3 hours. This
implies that every batch involves about 8 hours of operation, including the conditioning

and decompression.

Table 11-2 summarizes these results, where it can be observed that this process presents
a maximum of cobalt loading, for a pressure P, = 14 MPa, hence this value has been
chosen as pressure for the second stage.

61



CHAPTER II1. Cobalt-based Catalysts

Table 11-2.Metallic loading (%wt) deposited by SCFRD (2 steps)
1% - 3h, 70 °C and 11 MPa; 2" - 3 h, 200 °C and at different pressures

Pressure (MPa) Co (Yowt)
9 2.61
11 2.52
14 2.90
17 2.55
20 2.08

According to these previous results, conditions for the 1% stage (CoCp; solubilization
and adsorption) have been fixed in T; = 70 °C and P; = 11 MPa; and the 2" stage
(thermal degradation of CoCp;) in T, =200 °C and P, = 14 MPa.

11.4.3. Kinetics of the process

In this section, the kinetics of the process will be discussed in order to reduce the

operational times for each of the stages involved, in order to increase its effectiveness.

For this purpose, a set of experiments with the conditions selected in the preceding
paragraph were carried out, varying the duration of its stage. In Table II-3 the values

obtained for metallic loading, alongside the timing for each stage in hours are presented.

Table 11-3. Effect of time on cobalt loading of the final material Co/MCM41

Sample | 1% step (min)® | 2" step (min)b | Co (Yewt)
1 60 0 0.07
2 120 0 0.05
3 180 0 0.08
4 180 60 1.20
5 180 120 1.39
6 180 180 2.64
I 0 60 2.90
8 0 120 3.30
9 0 180 3.24
a) Conditions: 70 °C and 11 MPa

b)  Conditions: 200 °C and 14 MPa
According to these results, several conclusions can be drawn. In first place, it is checked
again that no good results are obtained independently of exposure time by using only
the supercritical fluid deposition without the precursor breakdown (Co %wt < 0.1),
since the adsorption is very unfavorable and the solubilized precursor is vented together
with the CO;, during the depressurization of the vessel.
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Incorporating a second stage of reaction, higher metal depositions are achieved as a
function of operation time, as expected. However, by eliminating the first step of
precursor dissolution completely and, performing the breaking thereof directly, higher
loadings are attained in less time. Actually, the first stage cannot be really eliminated,
since dissolution takes places during the heating up of the system because it is a batch

process. This non stationary period lasts 20 minutes.

This divergence in results may be due to the way of operating. When the deposition
process is performed in two stages, a controlled decompression of the medium must be
performed after the temperature increase, thus losing solubilized precursor; whereas

when only the second stage is directly carried out, more precursor is available.

Then, henceforth it will operate directly with the conditions of the second stage (200 °C
and 14 MPa), considering therefore that the precursor dissolution is a quick process that
takes place during heating up period. The figure 11-9 shows the progression of the metal

loading versus time, conducting experiences at 14 MPa and 200 °C at different times.

R
2.0 % ................................................................................

1B

1

Metallic loading (Co %wt)

0 50 100 150 200 250
time {min)
Figure 11-9.Progression of metallic loading versus exposure time at 200 °C and 14 MPa
As can be seen, the metal loading increases in the support with time up to a maximum
concentration of 3.4 %wt of cobalt at 60-120 min. This means that during
approximately the first hour, the coating of the support takes place through the channels
and refilling the pores of the matrix in order to form a monolayer of cobalt over the

support surface. Beyond this time kinetics is limited by another factor.
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11.4.3.1. Kinetics Model

For a deeper understanding of what actually happens, a model that explains the physics

of the process is proposed.

SCFRD consists of two sequential steps; the first one is the dissolution of the precursor
in sc-CO,, whereas the second stage involves the precipitation of the metal over the

support and its adsorption.

Based on the aforementioned, this process has been explained as serial reaction kinetics:

sc—CO,
1) A«——B

T
2) B——D

Where A is the organometallic precursor in solid state, B is the precursor dissolved into

the sc-CO,, and D represents the metallic nanoparticles adsorbed over the support.

All kinetics are considered of first order. If the process takes place in a well-mixed
batch reactor without variation in volume, the following balances can be considered:

d;:A =r,—n~-k<C, (Edg. 5)
t
dC
dtB = -1,-=kC,—kCqy (Eq. 6)
dC
dtD =1, =k;Cg (Eq. 7)

Taking into account that the equilibrium is displaced to the species B in the first reaction
due to the solubility of the precursor in sc-CO5, and considering the initial concentration

of A is Cpo, integration of Equation 5 is as follows:

c, dC t
jc A :-kl-jo dt (Eq. 8)
Ch= CAo'eXp(_kl't) (Eq.9)
On the other hand, the dependence of the concentration Cg with time can be determined
by combining the mass balance (Eq. 6) and the above equation which indicates the

change in Ca with time (Eqg. 9):
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dCtB +K;Cyy =k, C o exp(—k; t) (Eq. 10)

CB = (l;l .c_:?(o )-[exp(— kl 't)_ eXp(_ k3 't)]+ CBo'eXp(_ ks 't) (ECI- 11)
37K

Finally, the concentration Cp can be obtained by means of the global balance:

Cao+Cqp+Cp=C,+C;+C, (Eq. 12)

k k.C
C_=C +C_+C_{1-4-3 -exp(—k-t)+ L A0y ¢ -exp(—k-t) (Eq. 13)
D~ A0 B0 "DO| (¢ _k 1 « k| BO 3
3 1 3 1

According to this model, being Cgy = Cpo = 0, the concentration of species A, ie the
precursor in solid state, decreases exponentially; while the species B has a maximum
because of, on one hand it is created by dissolving the precursor in sc-CO, and at the
same time it disappears by effect of temperature, precipitating the metal particles on the
substrate and forming the species D.

The suggested model of two serial reactions is adjusted to experimental data. Figure 1l-
10 shows this fit.

B0 --oree o
3.5 * —————————————————— { ——————————————————————
N e D B
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ky=7.62:10" s

2.0 +1-
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Figure 11-10. Simulation curves for SCFRD as serial reaction kinetics: (m) Experimental values;
(Blue line =) Evolution of precursor in solid state; (Red line =) precursor dissolved in sc-CO,;

and (Green line ~) metallic nanoparticles adsorbed on the support

As can be seen from values of the kinetics constants (k), it can be drawn again that the
first step of dissolution is very fast compared to the adsorption stage and not limiting for

the process.
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Thereupon, basing on the results obtained in this section, it is established an optimal

operational time of one hour.

11.4.4. Sequential loadings

Up to now, we have only managed to reach a metallic loading around 3 %wt. For
catalytic purposes, it will be interesting to have higher metallic loadings. For this
reason, consecutive sequential loadings have been carried out in order to obtain a
catalyst (Co/MCM41) with higher amounts of Co [55].

Table 11-4 shows the amount of cobalt achieved after each batch, with a duration of 1

hour per batch.

Table 11-4.Metallic loading (Co %wt) after each successive batch

Sample | N. batches | Co (Y%wt)
1 1 3.24
2 2 4.40
3 3 6.00

Results indicate that it is possible to get a material Co/MCM41 with a metallic loading

of 6 %wt after only 3 batches.

11.4.5. Mass transfer limitations

Due to the configuration of the experimental device, the synthesis process is carried out
into the reactor without external stirring. To facilitate as far as possible the homogeneity
of the solution, the electrical resistances are located at the bottom of the vessel, as it is

shown in the figure 11-11, to favor the creation of convective currents.

Inside the high pressure reactor, the support and precursor are located inside two glass
vials separated by means of wire mesh. Precursor is located in the lower part and the

support occupies the upper vial. This kind of configuration has been called *“column”

type.
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Figure 11-11. “Column configuration”, precursor at the bottom and support at the top
Since the support is disposed as a fixed bed, it was decided to test whether all along the
vial the same deposition was obtained, or conversely there was some mass transfer
limitation. For this reason, the metal content from the same sample was analyzed at

three different heights, as it is indicated in figure 11-12.

—— Top sample
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Figure 11-12. Sampling at different heights
The results showed that there was a certain divergence, with a concentration gradient of
up to 20% if the initial amount of support was too high, so a new configuration in the
form of placing the reactants was contemplated in order to avoid the observed mass

transfer limitations.

67



CHAPTER II1. Cobalt-based Catalysts

To avoid bed length was too long, reagents were separated on lower amounts in several
vials and placed alternately as shown in the attached figure, maintaining the total mass
of both precursor and support. This new configuration is called “sandwich” and a

scheme of it is presented in Fig. 11-13.
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Figure 11-13. “Sandwich configuration”, precursor and support alternatively placed
The experiments of sequential loadings were repeated under the same conditions but
with this new “sandwich” configuration, to test its effect. The results are compared in

the table 11-5.

Table 11-5. Metallic loading (%wt) after each successive batch;

comparison between configurations: “column” and “sandwich” type

“Column’ configuration “Sandwich’ configuration
Sample | N. batches | Co (%owt) | Sample | N. batches | Co (Y%wt)
1 1 3.24 4 1 5.80
2 2 4.40 5 2 13.72
3 3 6.00 6 3 16.58
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Surprisingly, the improvement allows to obtaining nanocomposites with really higher
metallic loadings to 16 %wt, showing that this “sandwich” configuration improves mass

transfer in the system.

11.4.6. Conclusions

In short, in this chapter we have optimized the process of synthesis of Co/MCM41
catalysts by SCFRD, as summarized in the following table 11-6. Under these conditions
it has been achieved metallic loading around 6 %wt of Co in just one hour, and
successive batches of one hour have led to metal content of around 13.7 and 16.5 %wt

respectively.

Table 11-6. Optimal conditions for synthesis of cobalt nanocomposites by SCFRD

PARAMETER OPTIMIZATION
Operation Batch

1% stage of adsorption | Unnecessary
Configuration “Sandwich”
Temperature 200°C

Pressure 14 MPa

Time 1 hour

It is noteworthy that these working conditions of temperature (200 °C) and pressure (14
MPa) are quite softer than those recommended by Hunde et al. [33] for film formation
from CoCp, onto native oxide of silica wafers, which operated with temperatures above
285 °C and pressures up to 26 MPa.
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11.5. Characterization of cobalt-based catalyst

At the beginning of the experimental work, MCM-41 were treated with pure sc-CO,
under different operational conditions (T and P), and it was checked that the
mesoporous structure were not disturb in any case, and no apparent variations in the
value of the surface and volume parameters with respect to untreated raw material was

observed.

The content of cobalt in the final composite materials Co/MCM-41 was analyzed by
ICP and XRF analyzers. Those analytical techniques, and their equipments, together
with the rest of characterization techniques used in this PhD thesis are presented in the

appendix.

Textural properties such as BET area, and pore parameters, of MCM-41 and the final
composite materials, are collected in the Table 11-7. For comparison, a catalyst of
Co/MCM-41 has been prepared by wet impregnation using Co(NQO3), as precursor, and
it is identified by -WI.

Table 11-7. Metal loading and textural properties of support and Co-based catalysts.

Sample %Metal BET (m%g) d,(hm) Vp (cm’/g)
MCM-41 1300 4.6 0.80
*Co(L)MCM41-WI 6.4 1198 4.2 0.56
*Co(L)MCM41-SC 5.8 1134 3.9 0.29
*Co(H)MCM41-SC 16.5 420 1.8 0.36

* (L) refers to a low metallic loading and (H) a high loading, obtained by several consecutives batches

The data show that BET surfaces areas is slightly decreased for the catalysts with low
cobalt loading. However, when the cobalt content is increased up to 16.5 %wt, pores are
filled with the metal and both pore parameters and BET surface area are dramatically
decreased. According to the literature, such behavior could be attributed to modification
of the pore distribution of silica due to the presence of Co, by reducing the mesopore
volume even with low Co content and adding some microporosity with the highest Co

content and the segregated Co3 04 phase or other spinels [29].

In order to further identify the cobalt species in these catalysts, the TPR, XPS and XRD

of the samples are examined.
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The reducibility of the cobalt species are studied by TPR. Fig. I1-14 shows the TPR
profiles of the following catalysts: (a) Co(L)MCM41-WI, (b) Co(L)MCM41-SC and (c)
Co(H)MCM41-SC.

0 5(‘]0 10‘00 0 500 1000 o 500 1000
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 11-14. TPR profile: a) Co(L)MCM41-WI; b) Co(L)MCM41-SC; and c) Co(H)MCM41-SC
In TPR measurements of the catalysts prepared by WI, only one reduction region has
been observed at around 460°C (figure 11-14a). This peak is assigned to the reduction of
the cobalt oxide species Co** to metallic cobalt according to the following equation
[30]:

CoO +H; —» Co+H0 (6)

However, profile displayed in the samples prepared by SCFRD provides a completely
different and rather strange behavior. Throughout the analysis, the detector recorded
negative signals, which would imply hydrogen production. This fact could be due to
organic remnants from precursor adsorbed on the support, which decompose by thermal
effect releasing hydrogen, thus explaining the abrupt slope around 250 °C in figure. 1I-
14b and figure 11-14c.

Leaving aside this phenomenon, both profiles show a peak at high temperature above
700°C (more pronounced at higher concentrations), which is attributed to cobalt silicate
[56, 57]. In view of this, it has decided to reduce the samples prepared by WI at 500 °C,
and catalysts prepared by SCFRD at two different temperatures, 500 and 800 °C, to

evaluate its effect on the metallic nanoparticles, and consequently on its activity.

To complete the study addressing the problem from another perspective, the surface

composition of catalysts were studied by XPS, whose results are shown in Fig. 11-15.
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Figure 11-15. XPS spectra of a) Co(L)MCM41-SC and b) Co(H)MCM41-SC

The main peak appears at 781 eV (Co 2ps32), with and intense satellite peak at 786 eV.
Moreover another peak appears at 797 eV (Co 2pi). These binding energies

correspond to cobalt oxide species Co®" highly dispersed [58].

X-ray diffraction (XRD) analysis was employed to investigate the crystal phase. The
XRD patterns of supported cobalt catalysts after calcination (at 800°C for 3h) are shown
in Fig. 11-16. The broad line centered at around 26:22° is due to the silica support. The
XRD spectra of samples prepared by SCFRD give distinct diffraction peaks arise at
44.2° (111), 51.5° (200) and 75.8° (220), which can be all indexed to Co metal in face-
centered cubic structure (JCPDS 15-806). However, in the XRD pattern of the sample
synthetized by WI can be observed two different peaks at 41.6° (100) and 47.5° (101),
which reveal the coexistence of two different crystallization phases of cobalt, cubic and
hexagonal closed-packed (JCPDS 5-727) in the bulk.
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100
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Figure 11-16. XRD pattern of catalysts (a) Co(L)MCM41-WI,
(b) Co(L)MCM41-SC and (¢) Co(H)MCM41-SC

On the other hand, the morphology and nanoparticles distribution were observed on
electron microscopy. SEM images in Fig. 11-17 show spherical particles with an average
diameter of about 500 nm, where appear metallic nanoparticles homogenously dispersed

over the surface of the support with sizes less than 30 nm.

1.0k X160000 100nm WD 50mm

00000 10nm W E ! 00 100nm WD 6.4mn

Figure 11-17. SEM images of Co(H)MCM41-SC with metallic nanoparticles dispersed over the surface
of the support

73



CHAPTER II1. Cobalt-based Catalysts

In TEM pictures (Fig. 11-18), the intact pore structure can be identified and regular
channels in the support after working with pressure. Besides, it can be sensed certain
gradient of color from the inside of the support (with darker areas) towards the outside
(lighter areas), implying that the metal is not only deposited on the external surface but

also inside the pores.

| Figure 11-18. TEM pictures of Co(L)MCM41-SC: pore structure and channels
Increasing the metal loading, samples still maintain the ordered pore structure of the
support, but various cobalt nanoparticles appear located on the outer surface, assuming

that the channels are filled.

Figure 11-19. TEM pictures of Co(H)MCM41-SC: (A) Metallic nanoparticles,
(B) intact pore structure and channels of support, (C) BSE-Image

This premise is verified with MAPPING pictures (Fig. 11-20), where it is possible to

observe the homogeneous distribution of the metal into the support.

74



CHAPTER Il. Cobalt-based Catalysts

Electron Image 1 Co Kal Sikat

Figure 11-20. X-Ray TEM/EDX Mapping for Co(HYMCM41-SC:
(A) electron image, (B) Co ka and (C) Si ka

However, to check if all active species are accessible inside the pores and can be easily
reached by reactive molecules, hydrogen chemisorption was employed, showing the
results for catalysts prepared by WI and SCFRD calcined at two different temperatures
(500 and 800 °C) in the table 11-8:

Table 11-8. Metal dispersion results of Co-based catalysts by hydrogen chemisorptions.

% Metal Metallic surface Metallic surface  Crystallite Size
Catalyst - : 2 2

dispersion area (m°/gsampte) area (m°/gmetar) (nm)
Co(L)MCM41-WI 0.05 0.02 0.34 1974
Co(L)MCM41-SC-500 2.19 0.89 14.82 4550
Co(L)MCM41-SC-800 10.82 4.40 73.23 9.20
Co(H)MCM41-SC-500 3.22 3.61 21.76 30.98
Co(H)MCM41-SC-800 8.15 9.15 55.14 12.22

In view of these results, several conclusions can be drawn. First, although WI method
can deposit cobalt onto a mesoporous material such as MCM-41 even with highs loads,
it seems not to be accessible. Nevertheless, the samples prepared by SCFRD show
better metal dispersion and smaller particle diameters. This difference could be
explained thanks to the high diffusivity of precursor dissolved in sc-CO, compared to
the WI method, allowing it to enter with relative ease through the pores and channels of

support.

On the other hand, an increase in the metallic loading involves higher particles, and thus
lower effective areas, as would be expected. In regard to the reduction temperature,
these values show that it is necessary to use temperatures higher than 800 °C in order to
achieve a complete activation of the catalyst, just as it was observed in TPR
measurements formerly. According to these results, it is possible to obtain nanoparticles
with sizes about 10 nm and a good dispersion of the metal over the surface of the
support by means of SCFRD without their subsequently sintering produced by high

temperatures.
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11.6. Activity Test: Gasification of cellulose for hydrogen production

Energy shortage and environmental pollution are two main challenges we have to deal
with in the future. This situation has promoted numerous researches on the use of
biomass and agricultural waste in energy conversion processes [59-62]. The principal
benefit conferred by this technology is that bio-energy is an immense source of
renewable and sustainable energy (~220 billion dry tones/year [63]), contributing
approximately 12% of the global primary energy supply nowadays [64].

Following this trend, many techniques have been developed to produce hydrogen-rich
gas or syngas from biomass [65-68]. Generally, the conventional gasification is carried
out at 700-1000 °C and atmospheric pressure, where many by-products are generated,
such as NOy, SO,, fly ash and tar.

In particular, tar formation is one of the major issues to be solved. This is a complex
mixture of condensable hydrocarbons comprising single-ring to 5-ring aromatic
compounds plus other oxygen-containing hydrocarbons and complex polyromatic
hydrocarbons (PAHS) [69, 70].

For pure cellulose, the kinetics of the primary reaction have been extensively studied;
but by comparison, the secondary reaction of tar reforming are lees well understood
[71].

Several studies suggest the use of supercritical water as reaction medium [72-75] to
reduce the process temperature, since the formation of most of these compounds starts

at higher temperatures [76].

By contrast, other authors propose to use supported catalysts in order to achieve higher
conversion efficiency in conventional gasification process. Numerous metals, such as Ni
[77, 78], Ru [73, 74] or Pt [79], have been tested, showing in all cases a remarkable

improvement in hydrogen production.

In this sense, it is not intended to avoid the formation of these compounds (PAHS), but
rather they are recombined and degraded into smaller molecules, releasing H, during
the reaction [69, 80-82].
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11.6.1. Experimental device

The activity of catalysts was tested by means of the gasification-pyrolysis of cellulose to
produce hydrogen. These experiments were carried out in a TGA apparatus (TGA-DSC
1, METTLER TOLEDO) at different heating rates (10, 20 and 40 °C/min) up to 1000

°C. Fig. 11-21 shows the diagram of these experiments.

Figure 11-21. Scheme of the experimental setup for the activity test

The following operating conditions were chosen from previous studies in TGA analysis
[83, 84] in order to avoid the effects of heat and mass transfer limitations: sample
weight was kept at 10 mg (catalyst + cellulose) and a constant flow rate of 20 Nml/min
of helium (99.99%) was used as carrier gas to provide an inert atmosphere. The
experimental error of these measurements was calculated, obtaining an error for all
studied samples of +0.5% in weight loss measurements and +2 °C in temperature

measurement.

The gas products coming from the thermal analysis were analyzed in a mass
spectrometer (Thermostar-GSD 320/quadrupole mass analyzer; PFEIFFER VACUUM)
with an electron ionization voltage at 70 eV and provided mass spectra up to 300 a.m.u.
The interface was wrapped with heating wire to circumvent condensation of exhausting

gases.
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11.6.2. Thermogravimetric studies on cellulose pyrolysis

The mass loss curves and the differential thermogravimetric (TGA/DTG) profiles of the

cellulose (alone and catalyzed) as a function of temperature at a heating rate of 20

°C/min during the pyrolysis process are shown in Fig. 11-22, which reveal marked

differences between the pyrolysis behavior in presence of various catalysts. Table 11-9

summarizes the most relevant pyrolysis characteristics for cellulose gasification.
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1 Cellulose
-0,50 - Cellulose+MCM41
- 1 Cellulose+Co(L)MCM41-WI
£ 0,40 1 Cellulose+Co(L)MCM41-5C
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Figure 11-22. TGA/DTG profiles of pyrolysis process of cellulose at a heating rate of 20°C
*WI — catalysts prepared by wet impregnation; SC — by SCFRD
**(L) — low metallic loading ~5%; (H) — high metallic loading ~15%
Table 11-9. Pyrolysis characteristic parameter for cellulose gasification
Cellulose Cel+MCM41 Cel+WI Cel+SC(L) Cel+SC(H)
« lst 2nd lst 2nd lst 2nd o
1" peak peak peak peak peak peak peak 1" peak
Tpyr 2 (°C) 268 302 293 293 270
T " (°C) 268 302 372 293 391 293 397 270
T (°C) 380 372 600 391 583 397 555 380
Tp 4(C) 346 360 477 358 481 358 457 351
(dw/dt) may ©
2 0.58 0.46 0.07 0.45 0.04 0.44 0.03 0.57
(wt.%/min)
Residue yield
(WL.%) 6.3 4.4 55 6.1 4.5

T oyr - Temperature at which the pyrolysis started
® T, - Initial peak temperature

° Tps - Final peak temperature

T, - Peak temperature

¢ (dwi/dt) max - Maximum weight loss rate
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The decomposition of cellulose, in which 93% by weight was lost, took place between
268 and 380 °C, reaching its maximum value at 346 °C. It can be noticed the
pronounced DTG profile of the cellulose presenting a weight loss rate of 0.58 wt%/min.
During this stage, a complex set of reactions as denitration and deacetylation, scission
of C-O, C-C and C-H bonds might take place [85].

The use of MCM-41 in this reaction promotes the production of tar, as shown in Fig. 1l-
22. Cellulose starts to decompose at a higher temperature (302 °C), reducing its weight
loss rate from 360 °C. Therefore, a second peak appears in the DTG profile between 372
and 600 °C. This second peak is related to the oxidation of the char and tar formed

during the devolatilization stage [86] favored by the slight acidity of the support.

Cobalt-based catalysts, prepared both by WI and SCFRC with the same metal loading,
exhibit analogous TGA/DTG profiles to that of cellulose with bare MCM-41t, as can be
seen from Fig. 11-22. However, the temperature in which the second peak appears is
delayed until 391 and 397 °C respectively, as well as a reduction in mass loss in the
second peak. Apparently, this behavior could be attributed to a shielding effect caused
by the metallic particles on the surface, reducing the useful area of contact with the
support and thus, hindering the reaction of tar with the acid sites of the support. By
contrast, another authors [80] explain that metal accelerate the oxidation of char and tar

to volatiles.

This effect is multiplied when the metal loading is increased, obtaining similar TGA-
DTG profiles to the decomposition of cellulose alone with only one peak at 380 °C,
being necessary other kind of analysis, such as the identification and quantification of

the flue gases, to determine what really happens and propose a theory.

11.6.3. Gas products analysis

The pyrolysis behavior of biomass by means of TGA-MS has been studied by different
authors [83, 84, 87]. TGA-MS measurements reproduce the evolution and distribution
of the main gas products during the process. The present work was focused on the main
volatile products of cellulose degradation on the basis of both their relative intensities

and relevancy. H,, CH4, H,0O, CO and CO,, and assigned to the ion/mass intensities
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(m/z) 2, 16, 18, 30 and 44, respectively (according to the database of National Institute
of Standards and Technology, NIST) [88].

Mass spectrometry analyses for cellulose pyrolysis are shown in Fig. 11-23, and data

about H selectivity summarized in Table 11-10.
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Figure 11-23. TGA-MS spectra of combustion process of cellulose at a heating rate of 20°C
*H,, CO, CH,4, CO, and water have been represented in the graphics of the left column;
while in the right column, water has been removed for a better understanding of the process

Table 11-10. Selectivity of H,/CO ratio analyzed by mass spectrometry
*Catalysts synthesized by SCFRD were tested at 2 reduction temperatures: 500 °C and 800 °C

H,/CO
Cellulose 7.61
Cellulose + MCM41 19.59
Cel + Co(L)MCM41-WI 29.19

Cel + Co(L)MCM41-SC/500 29.62
Cel + Co(L)MCM41-SC/800 28.74
Cel + Co(H)MCM41-SC/500  25.04
Cel + Co(H)MCM41-SC/800  25.72

As aforementioned, the pyrolysis of cellulose occurred in a relatively narrow range of
temperature (300-400 °C) coincidental with the major emission peak for all products at
the devolatilization stage and in good agreement with its maximum DTG peak. The

main gas detected was in all cases H,0O, followed by CO and CO,.

The first peak at low temperatures (<150 °C) represented the drying process of the

samples, losing the moisture and very light volatiles compounds. Secondly, the main
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peak (between 300 and 400 °C) is related to the degradation of glycosyl units in
cellulose which produces four well-identified products (H.O, CH4, CO and CO;) and
leading to the formation of char residue. Xie et al. [89] stated that during this process
the complete decomposition of glycosidic structures proceeded. Furthermore, rapid
depolymerization of cellulose turned into the breakdown of the molecule, producing a
variety of low molecular weight products [90], reducing the selectivity of the reaction.
Then, CO and CO, were continuously evolved, increasing the production of CH,
around 500 °C. The evolution of these gases is associated to carbonate decomposition,
consequence of the loss of carbonyl and carboxyl groups previously formed by the
oxidation of hydroxyl groups [90]. Finally, most of the H, emission was observed at

high temperatures, over 700 °C, corresponding to char decomposition.

TGA-MS spectra of cellulose with MCM-41 reveal the same stages, but in this case the
most of the main volatiles products were detected as of 400 °C. The selectivity of
H,/CO ratio increases from 7.6 to 19.6% due to new reaction mechanisms promoted by

the slight acidity of the support.

The product distribution in the last stage at temperatures above 500 °C, suggested that
secondary reaction took place. These reactions could be attributed to tar cracking (1 and
2), being CO,, CH,4 and H, mainly formed [91]. This fact could explain the decrease in

the mass loss rate observed in TGA profiles as result of greater tar production.
ChHmOp + (2n - p) H2O0 < nCO; + (1/2m + 2n —p) H, Tar steam reforming (1)
CiHm < ChxHmy +H2 +CHs +C Thermal cracking  (2)

The incorporation of cobalt-based catalysts enhances the production of H,. At
temperatures lower than 400 °C, H, was produced as CH, and —CHg3 groups are

consumed, attributed to CH,4 steam reforming reaction (3) [92].
CHs +H20 & CO+3 Hy CH, steam reforming (3)

On the other hand, the production of H, was still increasing above 500 °C, reducing the
amount of CO. This fact could be explained thanks to the promotion of water-gas shift

reaction by cobalt nanoparticles.
CO+H;0 « CO; +H; Water-gas shift 4
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If the results obtained by different catalysts preparation methods are compared, several

conclusions can be drawn.

Both techniques achieve the same selectivity of H,/CO ratio, around 30%. However, the
major production of H, with the catalyst prepared by WI was obtained over 700 °C,
related to char decomposition. On the contrary, catalyst prepared by SFRD enabled
superior yields at lower temperatures, finding smaller peaks for CH4, CO and CO, over

500 °C and thereby reducing operational temperature.

As shown in the data of Table I11-10, the selectivity of H, decreased slightly from 30 to
25% with increasing the metal loading of the catalyst. These results are in agreement
with other authors [93], where it has been obtained an optimum value for this reaction
between 6-10 wt%. Comparing the profiles, it can be noticed the reactions proposed

previously were slowed, obtaining a figure similar to decomposition of cellulose alone.

Regarding the reduction temperature of catalysts, it has not been found significant
differences in either the evolution profiles of emitted gases or hydrogen selectivity to
justify the activation of the catalyst at 800 °C.

11.6.4. Kinetics Model

It has been proposed a three-reaction model in which cellulose breaks down into
gaseous products and intermediate decomposition compounds (charcoal and tar) via
three simultaneous reactions [94]. According to previous results obtained by Broido and
other researches [95], below approximately 280°C, the formation of char and permanent
gas is assumed to be favored, while above this temperature, it is the formation of tar
which is preferential due to the predominant depolymerization reactions associated to
the breakage of glycosidic bonds. Figure 11-24 describes the proposed mechanism,
where each path is completed adding the decomposition of each charcoal to volatiles

and with the vaporization of liquids phases [96].
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Figure 11-24. Reaction mechanism proposed

Kinetics is divided in two groups, real reaction kinetics for the solid materials, and mass
transfer kinetics for the liquid phase. There are two options for the former: a first order
reaction (5) and an autocatalytic reaction (6). The first one is the most extended option
in literature [97-100]; nevertheless, the second one is proposed because its response is
very similar to the behavior of the biomass observed in previous works and studies

[101]. Both kinetic equations consider an Arrhenius dependence with temperature.

Eq; .

= koi e RT - m?‘ (5)
Eq; .

1= ko, - e ®RT-m - (1 - a; - my)Pi (6)

The coefficient a; is the initialization factor which indicates the resistance of the
cellulose against the degradation and it is used to establish the initial value of the
reaction velocity. Usually, this parameter is fixed at 0.99 as typical value for this kind of
reactions [101]. The coefficient B; is the acceleration factor and represents how fast the
degradation is once it has started. The autocatalytic kinetic can explain the dramatic
changes in total mass at a narrow interval of temperatures better than a first order

kinetics.

Kinetics in liquid phase is based in the mass transfer to gas phase which is reproduced
by the partial mass transfer coefficient of the gas phase (7)

n=h-S-(G-G) ()
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As the operating pressure is the atmospheric, the equilibrium concentration is obtained

from the ideal gas equation and the vapor pressure obtained from the Antoine equation.

Cr =
J RT

(8)

In addition, the transfer area can be considered as a function of the mass in the solid, so

the final expression for the mass transfer kinetics is as follow:

rn=h-(C)" m?l" ©)

11.6.5. Results and discussion

Figures 11-25 to 11-29 show the experimental (dotted line) compared to the predicted
curve (solid line) and the evolution of different compounds obtained by the kinetic
model described previously for cellulose pyrolysis at a heating rate of 20 °C/min and a
constant ratio metal/cellulose of 0.05. In the experiment carried out with MCM-41, the
same relationship as if it had a load of 5 %wt was remained, so that all the experiences

were comparable.

It can be noticed that the proposed mechanism adequately reproduces the experimental
values, with an average absolute deviation around 7%. The calculated Kkinetic

parameters are presented in Table 11-11.
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Figure 11-25. Real TGA and predicted curve by the autocatalityc model toghether with the evolution of
the intermediate products for cellulose pyrolysis at a heating rate of 20 °C/min:
*W) water, XC) char, C) cellulose, TXC) tar, and XTXHC) char from tar
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Figure 11-26. Real TGA and predicted curve by the model proposed toghether with the evolution of the
intermediate products for cellulose pyrolysis at a heating rate of 20 °C/min with MCM41.:
*W) water, XC) char, C) cellulose, TXC) tar, and XTXHC) char from tar
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Figure 11-27. Real TGA and predicted curve by the model proposed toghether the evolution of the
intermediate products for cellulose combustion at a heating rate of 20 °C/min with Co(L)MCM41-WI
*W) water, XC) char, C) cellulose, TXC) tar, and XTXHC) char from tar
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Figure 11-28. Real TGA and predicted curve by the model proposed toghether the evolution of the
intermediate products for cellulose combustion at a heating rate of 20 °C/min with Co(L)MCM41-SC
*W) water, XC) char, C) cellulose, TXC) tar, and XTXHC) char from tar
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Figure 11-29. Real TGA and predicted curve by the model proposed toghether the evolution of the
intermediate products for cellulose combustion at a heating rate of 20 °C/min with Co(HYMCM41-SC
*W) water, XC) char, C) cellulose, TXC) tar, and XTXHC) char from tar

Table 11-11. Kinetics parameters for each reaction fitted by the model

R 1 Rz RS R5 RG
K E r K E R k E R K E k e R
Cellulose 2514 | 568 | 139 | 3101 | 7.19 | 1.90 | 297 | 722 | 0 | 1441 | 859 | 4599 | 918 | 0
fﬂe(':'k‘/lgie * 2514 | 588 | 1.39 | 3177 | 7.72 | 1.91 | 1337 | 524 | 1.36 | 14.61 | 8.14 | 38.42 | 10.66 | 1.40
Cellulose +

Co(L)/MCM41- | 2514 | 588 | 1.39 | 31.77 | 7.72 | 1.91 | 12.34 | 6.34 | 0.69 | 13.06 | 8.04 | 38.44 | 10.19 | 1.39
Wi

Cellulose +
Co(L)/MCM41- | 25.14 | 588 | 1.39 | 31.77 | 7.72 | 1.91 | 11.98 | 6.69 | 0.47 | 13.33 | 7.96 | 38.57 | 9.82 | 1.39
SC

Cellulose +
Co(H)/MCM41- | 25.14 | 569 | 1.39 | 3191 | 7.19 | 1.90 1.38 6.54 0 18.38 | 4.78 | 46.34 5.90 0
SC

k: Pre-exponential factor for the reaction [e*- min™]

e: Activation energy of the reaction: E./R [e® - K]

r: Acceleration factor [--]

*Reactions 4 and 7 are very slow (k < 10®) and do not influence the calculations

In the test with only cellulose, the thermal break starts at 270 °C with the fractionation
of the cellulose and continues until 400 °C, obtaining charcoal as residue beyond this
temperature. This behavior of cellulose thermal decomposition kinetics is summarized

in Table 11-11 and it agrees with previous works [102].

The use of an autocatalytic kinetics is justified by the very steep slope obtained in the
thermal decomposition of cellulose, as seen in TGA profiles. In case of using first order
kinetics, extremely high Pre-exponential factors are obtained. However, the
autocatalytic model provides more reasonable values. The physical explanation of the
employ of an autocatalytic kinetics is that solid polymers, such as cellulose, once they
start to decompose are more likely to be attacked by external agents, and therefore

increase their degradation rate as if were a chain reaction.
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Adding cobalt-based catalysts, all experiences showed almost the same kinetic behavior,
except in tar formation reaction (R3), supporting the conclusions drawn by TGA

profiles.

In contact with the catalyst, gases produced by the first reaction (R1) were recombined,
leading the formation of tar. According to the estimations obtained by the proposed
kinetics model, the activation energy of Rj3 decreases, the pre-exponential factor
increases considerably and also acquires autocatalytic nature. Furthermore, the reaction
Re, which corresponds to the formation of new char from tar, it also becomes to be
autocatalytic. Apparently, the gasification of cellulose in this way produces a larger
amount of tar, predominantly composed of polycyclic aromatic hydrocarbons (PAH),

which in turn increases the selectivity for hydrogen.

Increasing the metal loading, kinetic parameters are similar to that obtained in the initial
test where no catalyst is used. A new mechanism for reaction R3 is observed, losing its
autocatalytic character, which supports the results obtained in TGA profiles discussed

above.
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I1.7. Conclusions

In conclusion, in this chapter cobalt-based catalysts have been synthesized on MCM-41

from cobaltocene (CoCp,) as organometallic precursor by means of supercritical fluid

reactive deposition. For this, we have developed the following fundamental aspects:

v

It has been determined that the adsorption isotherm of CoCp, on MCM-41 is
concave upward (type IIl), characteristic of low adsorbate-adsorbent
interactions. The experimental data have been fitted by exponential, sigmoid and
BET model, with average error lower than 2%, and predicting a theoretical value

for the equilibrium adsorptive capacity around 65 mg/g.

Due to the unfavorable adsorption of this organometallic complex (CoCp;) on
this support (MCM-41), Supercritical Fluid Deposition must be followed by an
in situ decomposition reaction, leading to the named process supercritical Fluid

Reactive Deposition.

SCFRD has been optimized for the synthesis of Co/MCM-41 catalysts. This is a
one-pot process which consists of one stage of 60 min at 200 °C and 14 MPa. To
solve the problems caused by mass transfer limitations, a new configuration in
“sandwich” type has been proposed, in which precursor and support are placed

alternatively inside the reactor.

It has been proved that SCFRD is viable for the manufacture of catalysts with
high metallic loading trough consecutives depositions, achieving cobalt loads
higher than 15 %wt.

Co/MCM-41 catalysts have been characterized by different techniques and
compared to other samples prepared by conventional synthesis methods. The
results showed that catalysts prepared by SCRFD have better metal dispersion
over the surface and smaller particle diameters, accessible even inside the pores
by reactive molecules. Increasing the metal loading, catalysts showed cobalt
crystals located on the outer surface. The adsorbed cobalt species corresponds to
the Co304 spinel, being necessary temperatures up to 800 °C to reduce the

catalysts.
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v Catalysts have been tested in the gasification of cellulose for H, production.
These experiences have revealed that the cobalt catalysts prepared by SCFRD
increase the selectivity of the process from 7% to 30% as a result of the
promotion of tar production. Experimental data have been fitted by a three-
reaction model, with average absolute deviation around 7%, with the purpose of
study the evolution of the different compounds obtained in the cellulose
pyrolysis, and therefore, demonstrating the effect of the cobalt changing the

reaction mechanism to tar formation.
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CHAPTER II11. Nickel-based Catalysts

I11.1. Introduction

111.1.1. Nickel-based Catalysts and their applications

Nickel-based catalysts are widely employed and help to the competitiveness of a

number of major industries thanks to their high activity at room temperature.

Among which include man-made fibres and auto parts, where two major raw materials
used in nylon production, adipic acid and caprolactum, are obtained from cyclohexane

which is, in turn, produced from benzene using a nickel-based catalytic process [1].

Then also, much of the production of oils and fats derived from natural sources, such as
palm and vegetable oils, used in the manufacture of a wide range of food products,
including, inter alia, cooking oils, spreads, ready meals or bread, depends on nickel-
catalyst technology. Even fertilizer industry, which generates sales of more than Euro
14 billion, principally in arable farming, is based on nickel-based catalysts for the
ammonia production. But above all, nickel-based catalysts find their main application in
petroleum refining. In this industry, Raney nickel is widely employed for hydro-treating
(hydro-denitrogenation to reduce NOx and hydro-desulphurisation to reduce SOx), in

such a way that it is possible to obtain levels below the legally required.

Apart of these applications, different kinds of nickel-based catalysts supported over
porous aluminium and silica are preferred choice for hydro-cracking and hydro-
processing due to their ability to adsorb huge quantities of hydrogen thereby greatly
increasing the efficiency of the reactions. Additionally, nickel is less costly relative to

other competing materials of the platinum group.

But the field which the use of nickel-based catalysts is solidifying more and more is in
the production of syngas as alternative to the use of fossil fuels. For this purpose, there
are several technologies that could be applied, the same that have been extensively used

for the natural gas reforming.

One of these processes is the steam reforming of liquefied natural gas (mainly

composed of methane) [2-7], ethanol [8] or aqueous fraction of bio-oil [9, 10]. Nickel-

based catalysts have shown appropriate activity and selectivity towards hydrogen

production at a much lower cost than others noble metals, both in fixed-bed and
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fluidized-bed reactors. However, these catalysts suffer from significant deactivation
caused by carbon deposition and sintering due to the extremely operational conditions,
leading to loss of active surface. For these reasons, researches are trying to solve this
drawback confronting it from different perspectives: the use of promoters (Zn, Mg, Zr...

[5, 8]), acid supports (SiO, or Al,O3 [3, 5]) and regeneration treatments [4].

But the most promising process for syngas production is the CO; reforming of CH,4 or
dry reforming (DRM), and all the network reactions that can be included in this process

are also catalyzed by nickel.

Nickel-based catalysts are replacing noble metals, such as Ru, Rh and Pt, for DRM due
to their relative economic feasibility and availability. But, once more, their use is
limited due to their high tendency toward coking and subsequent deactivation. Side
reactions, including CH,4 cracking [11], the Boundary reaction and reverse water gas
shift reaction, lead to carbon deposition [12]. Furthermore, the endothermic nature of
the reaction means high temperatures need to be utilized resulting in a greater tendency
toward sintering of metal. In this sense, to prevent or reduce the coke formation and
improve the catalytic performance, it has been published numerous papers studying the
most important parameters: the nature of the support [13-15], the catalysts preparation
method [16, 17] and the presence of modifiers [18, 19].

On the other hand, currently, in the middle of growing concern about depletion of fossil
fuel reserves and pollution, a very attractive alternative for the continuously increasing
energy demands is the generation of hydrogen from renewable resources such as
biomass. The use of nickel-based catalysts in the biomass gasification process cannot
only increase the H, yield, but also decrease the size of the reactor as result of the
enhancement in the reaction rate. As in the previous cases, various catalyst supports,
metal additives and synthesis methods have been developed. Some of the most
commonly used include alumina, silica and magnesium oxide as supports, and Rh, Ru,

Co, Fe and Cu as promoters to improve their stability [20, 21].

Other example is the process of CO, methanation, developed by Sabatier and Senderens
the 1902s [22], has only become common on an industrial scale since the 1970s thanks

to the use of catalysts, mainly Rh, Ru or Pd. But recently, a number of nickel-based
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catalysts supported on different solids have been tested, showing high selectivity for

methane and relatively low price [23-26].

Besides, there are hundreds of paper and patents published [27-32] on the use of nickel
as catalyst for the hydrogenation of organic compounds, due to its ability to hydrogenate
virtually any type of functional group, among them being carbon-carbon double bond,

carbonyl (aldehydic and ketonic), nitro, azide, nitrile and oxime groups.

111.1.2. Deposition of nickel using sc-CO,

Up to our knoledge, there are few papers related to the deposition of Ni nanoparticles by
means of SCFD on porous supports. Peng et al. [33] have demonstrated the
hydrogenolysis of NiCp, can take place trough a self-catalyzed process at low
temperature (< 70 °C) in sc-CO, both onto carbon nanotubes and on flat surfaces.
Bozbag et al. [34] reported the synthesis by impregnating the activated carbon with
Ni(acac), in sc-CO; at 30 MPa and 60 °C followed by thermal chemical treatment using
H, at atmospheric pressure, achieving metallic loadings up to 6.5 %wt with an average
nanoparticle size around 12 nm. In this study, the adsorption isotherm of the system
Ni(acac),-AC was also studied. Similarly, using this same organometallic precursor
(Ni(acac),), Taylor et al. [35] have prepared nickel-based catalysts supported on carbon
nanotube/fiber and aluminosilicate using sc-MeOH for the hydrogen production in the
gasification of biomass in supercritical water, with metal loadings much higher (60-70
%wt). Finally, Hunde et al [36] have published the film formation from NiCp, onto Si,
TaN and TiN via chemical fluid deposition at temperatures between 175 and 200 °C and
pressures from 19 to 23 MPa. In this paper, the films were found to be essentially free
from ligand-derived contamination, using a high-pressure cold-wall reactor, and
therefore, restricting the deposition to the heated substrates only.
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I11.2. Materials

[11.2.1. Organometallic Precursor: NiCp,

Nickel (I1) bis-(n5-ciclopentadienil), known as nickelocene (NiCp2) has been selected
as precursor for the SCFD of nickel. By using the same ligands as in the case of cobalt-
based catalysts synthesis, some comparative results can be concluded related with kind
of metal. The solubility of NiCp, in sc-CO; is reported in literature [37], and according
to these values, solubility of NiCp, is up to 1.5 times lower of CoCp,. Nonetheless,
solubility of this precursor is higher than that of other organometallic compounds, such

as Ni(acac), or Ni(thd),, which are completely insoluble at low pressures [37].

Nickelocene was supplied by Sigma Aldrich, and used without further treatment;
nevertheless, due to its ease for oxidation, its management was conducted in a glovebox

under inert nitrogen atmosphere.

111.2.2. Support: MCM-48

MCM-48 is one of the most widely employed mesoporous support in the industry due to
its structural characteristics, resistance and slight acidity. For all these reasons, this
support has been selected to bring greater durability at nickel-based catalysts, which are

very susceptible to poisoning coke.

The cubic MCM-48, a member of M41S, has attracted much attention for its interwoven
and branched three-dimension mesoporous channel systems, which can be used as a
promising adsorbent in separation techniques, catalyst and even a template for the
synthesis of other nanostructures or molecular sieves. Similarly to MCM-41, this
material has a narrow pore size distribution, usually in the range 1.6 — 3.8 nm, which
has a slight mesoporosity index higher than its equivalent MCM-41; and large surface
area (~1200 m?/g). Besides temperature, also the importance of small amounts of
ethanol, formed by the hydrolysis of the silicate source TEOS, is pointed out as the
driving force for the transformations to occur by altering the surfactant packing
parameter within the micellar surfactant templates. A few researches described the
possibilities of obtaining different phases at room temperature [38], which demonstrate

the transition from an MCM-41 hexagonal structure into a cubic or lamellar phase by

102



CHAPTER II11. Nickel-based Catalysts

adding small quantities of alcohol to the reaction mixture, adopting the role of

cosurfactant.

Figure I11-1. Structures of mesoporous M41S materialas:
a) MCM-41 (2D hexagonal), b) MCM-48 (3D cubic), and ¢) MCM-50 (1D lamellar)

According to this information, to synthesize cubic MCM-48 materials, the same recipe
described previously for the synthesis of MCM-41 was employed, applying the
modification proposed by Liu et al. [38]. In this case, 18 ml of absolute ethanol is added
and mixed at the beginning of the preparation instead of 48 ml, thus the final molar
composition of the gel is 1 TEOS:0.3 C1sTMABTr:11 NH3:144 H,0:22 EtOH.

For all these reasons, the process of SCFRD has been used to prepare nickel catalysts
(Ni/MCM-48), and different aspects have been studied:

1. Determination of adsorption isotherms of NiCp, on MCM-48 and proposal of a
mechanism

2. Synthesis of Ni/MCM-48 catalysts by means of SCFRD method in batch

3. Characterization of the Ni/MCM-48 catalysts

4. Catalytic activity tests of the former Ni/MCM-48 catalysts in the hydrogenation
of glucose for sorbitol production
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[11.3. Adsorption Isotherms of NiCp,

111.3.1. Experimental adsorption isotherms

Adsorption isotherms were determined by means of the same procedure explained in
Chapter Il of this thesis for cobalt catalysts. Similarly to procedure described for CoCp
in section 1.3, various amounts of precursor NiCp, were introduced into the stirred
vessel, while the support mass was constant. In all the experiments, the adsorption
chamber was previously heated up to the desired temperature (T=70 °C), and the
liquefied CO, was pumped into the vessel up to the wanted pressure. Experimental data
for the adsorption isotherms for NiCp, on MCM-48 at 70 °C for pressures of 11, 14 and
17 MPa are represented in Fig. 111-2.
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Figure 111-2. Adsorption isotherms of NiCp, on MCM-48 at 70 °C and different pressures in sc-CO,

Results show that the metallic loading deposited over the support increases with the
concentration, whatever the pressure. The tree isotherms show a change in their
curvature at a NiCp, concentration of around 100 and 150 mg/L CO,. This behavior is

typical of an isotherm of type IV, whose shape is related to the existence of both micro-
and meso-pores.

Comparing the isotherms according to their variation with pressure, it can be observed

as the equilibrium adsorptive capacity (q) is practically the same at three pressures at

104



CHAPTER II11. Nickel-based Catalysts

low concentrations; whereas at high concentrations, increases slightly from 11 to 14

MPa, whereas from 14 to 17 MPa, g decreases; finding a maximum at 14 MPa.

This optimum pressure for the adsorption process is unique for each precursor-support
combination, and depends on the affinity between them and the fluid medium, as well as
intermolecular forces that govern them. An example with similar result is the adsorption
of hydroxybenzoic acid on PMA [39], which experiences at 12, 16 and 20 MPa found

an maximum at the intermediate pressure inside the range studied.

111.3.2. Adsorption isotherm Modeling

To design large-scale adsorption processes, it is necessary to understand in which way
the adsorption is influenced by different variables such as mass transfer effects [40-43]
and equilibrium consideration [44-47]. For this reason, the experimental data obtained
previously have been fitted with the most common adsorption isotherm models, i.e.

Langmuir or Freundlich models.

Langmuir

The Langmuir isotherm is the simplest and most useful isotherm for describing both
physical and chemical adsorption. In its formulation, this empirical model assumes
monolayer adsorption (the adsorbed layer is one molecule in thickness) in a finite
number of defined localized sites, without lateral interaction or steric hindrance and
transmigration. This isotherm is a two-parameter model, which is usually written as
Equation 1:

__kgsC

9= Tikc (Eq- 1)

where q is the adsorbed quantity (mg of metal/g of support); C the concentration of the
adsorbate in the bulk gas phase (Mgprecursor/L); and the two parameters to adjust, gs and k

are, respectively, the saturation limit and the Langmuir constant.

It is often very useful to add a degree of freedom to this model through and additional
linear term, very recommendable for adsorbents which contain non-selective sites, like

carbon. This new expression is presented as Equation 2:
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_ k'qicC
T 1+k'-C

+A1-C (Eq. 2)

where AC term takes into account the heterogeneity of the sorbent surface.

Freundlich

Another empirical model commonly used is the Freundlich isotherm. This is the earliest
known relationship describing the non-ideal and reversible adsorption. Moreover, this
model can be applied to multilayer adsorption, with non-uniform distribution and
affinities over heterogeneous surface. Freundlich isotherm describes the linearity of
adsorption capacity as a function of adsorbate concentration when adsorption data are

plotted on a log-log scale (Eq. 3):
q=Kp-C/n (Eq. 3)

where K and n are empirical constants.

Redlich-Peterson

The Redlich-Peterson model contains three parameters and it can be considered as a
hybrid isotherm featuring both Langmuir and Freundlich isotherms. It establishes a
linear dependence on concentration in the numerator and an exponential function in the
denominator to represent adsorption equilibrium over a wide concentration range. For
this, it can be applied either in homogeneous or heterogeneous systems due to its
versatility, as shown follows (Eq. 4):

__ KgpC

o 1+aR.Cg (Eq 4)

Krp, @r and g (being 0 <g < 1) are the three isotherm constants which characterize this

model.
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Multilayer physisorption isotherms

Brunauer-Emmett-Teller isotherm [48, 49], most known as BET, is a theoretical
equation employed for multilayer adsorption systems. It can be described as follows in
Equation 5:

Qs'Kpgr-Ce

1= (Cs—Ce)-[1+(Kpgr—1)-(Ce/Cs)] (Eq. 5)

where @, the equilibrium adsorption capacity (mg/g); Qs, the theoretical isotherm
saturation capacity (mg/g); Kger is the BET adsorption isotherm constant (L/mg); and
C,, thea dsorbate saturation concentration (mg/L), maybe several layers. As Kggr and

Ce/Cs are much greater than 1, this equation can be simplified as:

_ Qs
9= 12¢,./cs) (Eq. 6)

111.3.3. Fittings and discussion

To adjust the isotherm parameters and conclude which is the best model for describing
the equilibrium, it is necessary to calculate the mean squared error, defined as (Eq. 7):

MSE =1y |q® — ch.cal|2 (Eq. 7)

n l

Experimental data were fitted using the sorption models explained in the previous
section (Langmuir, Freundlich, Redlich-Peterson and BET). Adjusted parameters and
average error are given in the Table 111-1, followed by their graphical representation for

each model in Figures. 111-3 to I11-7.
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Table I11-1. Fitted model parameters and average deviation for the adsorption equilibrium
for NiCp, on MCM-48 in sc-CO,: Langmuir, Freundlich, Redlich-Peterson and BET

Isotherm 1 Isotherm 2 Isotherm 3
11 MPa 14 MPa 17 MPa

Langmuir

k (L/mg) 0.0048 0.0038 0.0056
gs (mg/g) 114,57 134.95 94.77
MSE 7.31 7.92 8.15

Modified Langmuir

k’ (L/mg) 0.0012 0.0002 0.0017
q's (Mg/q) 115.01 139.16 95.03
A (L/mg)) 0.130 0.237 0.089
MSE 3.65 1.45 7.89
|
Freundlich
Ke ((mg/g)/(mg/L)'") 0.36 0.32 0.24
n 1.08 1.04 1.04
MSE 3.81 1.59 8.39
]
Redlich-Peterson
Kge (Mg/g) 14.75 14.76 14.74
ag (L/mg)%) 30.05 30.04 30.05
g 0.13 0.11 0.16
MSE 4.02 2.03 8.37
| —
BET
Kger (L/mQ) 5.86 6.25 10.66
Q. (mg/g) 128.71 140.20 77.93
C, (mg/L) 2250 2437 2010
MSE 4.00 3.66 8.15
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Figure 111-3. Experimental data (symbols) and fit by Langmuir (lines) for adsorption isotherms of NiCp,
on MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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A 14 MPa, 560 kg/m3
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Figure 111-4. Experimental data (symbols) and fit by Modified Langmuir (lines) for adsorption isotherms
of NiCp, on MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.

100

90

80

70

60

50

40

g (mg Ni/g support)

30

20

A ‘ ; ‘
. 'i/ | | | | A14MPa, 560 kg/m3
a H ! . L
-------- F T B b 17 MIPa, 660 kg /m3
P : : : : ‘ ,
” H H | H | | H
ow” i w ; ; ; ‘. i
50 100 150 200 250 300 350

C (mg NiCp,/L CO,)

Figure I111-5. Experimental data (symbols) and fit by Freundlich (lines) for adsorption isotherms of
NiCp, on MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure 111-6. Experimental data (symbols) and fit by Redlich-Peterson (lines) for adsorption isotherms of
NiCp, on MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure I11-7. Experimental data (symbols) and fit by BET (lines) for adsorption isotherms of NiCp, on

MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.

Langmuir model provide the worst fitting, with an average error around 8%. Moreover,
the value of s obtained by this model (95 mg/g at 17 MPa) does not fit compared with
the experimental value of 62 mg/g.
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On the other hand, Modified Langmuir, Freundlich and Redlich-Peterson correlated
satisfactorily the experimental data at low concentration, with errors MSE between 1-3.
However, they are unable to reproduce the plateau occurring at higher concentrations.
Thus, it seems that this system differs significantly from ideal monolayer adsorption on

a plane surface.

According to the data summarized in the table I11-1, even BET model is not capable of
reproducing the shape of the isotherms throughout the range of concentrations and

pressures. For this reason, it has been proposed to use the Toth model.

This is an empirical equation gives correct limits at both low and high concentration,
which was developed to represent the adsorption of a monolayer, but with an energetic

heterogeneity of the adsorption sites.

kp-C

[14(kp-O)] /e (=69

q = q9m

where gn is the monolayer adsorption capacity (mg/g) and kr is the characteristic
parameter of this model (L/mg). When t = 1, this model equals the Langmuir one,
expressed for ideal surfaces. For this, this parameter is generally considered as a
characteristic of the system heterogeneity, caused by the solid, the solute or by a
combination of them. The results are given in the Table I11-2 and Figure 111-8.

Table I11-2. Fitted model parameters and average deviation for the
adsorption equilibrium for NiCp, on MCM-48 in sc-CO,: Toth

Isotherm 1 Isotherm 2 Isotherm 3
11 MPa 14 MPa 17 MPa
Toth
ky (L/mg) 0.0025 0.0020 0.0039
U (Mg/g) 100.15 130.00 64.98
T 4.09 15.00 23.99
MSE 2.99 1.45 3.06
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Figure 111-8. Experimental data (symbols) and fit by Toth (lines) for adsorption isotherms of NiCp, on
MCM-48 at 70 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.

As can be seen in the figure, this curve patter has a saturation limit when concentration
becomes high, and the adjusted values for qn, (65 mg/g) are closer to the experimental

values of the plateau (62 mg/g). Toth model is clearly the most appropriated to represent
the sorption equilibrium of NiCp, on MCM-48.

According to these results and taking into account the saturation values estimated by
Toth model, the optimum working pressure would be 14 MPa.

111.3.4. Adsorption Kinetics

The kinetics of adsorption is often complex because the mechanism depends on the
physical and chemical properties of the adsorbent as well as the mass transport process.
In this sense, a wide variety of kinetics model have been formulated [50-55].

In the present study, pseudo-first order and pseudo-second order models have been
selected to study the adsorption rate behavior of precursors over the surface of the

supports, as these are the simplest models able to describe the process in a quite
plausible way.
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In these two models, all the adsorption steps such as external diffusion, pore diffusion
and surface adhesion are lumped together [56]. It is assumed that the difference between
the equilibrium concentration and the average solid phase concentration is the driving
force for the adsorption.

Pseudo-first order model

This model is based on the assumption that the adsorption rate is proportional to the
number of free adsorption sites. The rate expression associated to the process can then

be expressed as:

dq;
L=k (g5~ q1) (Eq.9)

where s and q; (mg/g) represent the amount of solute adsorbed at the equilibrium or
saturation limit and, at a given point of time respectively; and k; (h™) is first order rate
constant [50].

After integration of Eqg. 9 with the next boundary conditions: giy=0 and qi».=qs ; this
equation is then given by the expression:

q=qs-(1—e™r") (Eq. 10)

Pseudo-second order model

In the previous model, reversible interactions with the equilibrium are established
between the molecules of the solid and the surface of the support. In contrast, second
order kinetic model assumes that the rate-controlling step is most likely to involve
chemical interactions leading to binding of solute to the support by means of strong
covalent bonding [57, 58]. For this, pseudo-second order model is selected to check

whether chemisorption is the rate-controlling factor in this process [55].

This model is based on the assumption that the adsorption rate is linearly related to the
square of the number of unoccupied sites, and thus, the kinetic rate can be calculated as:
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dq;
=k (g5~ q0)° (Eq. 1)

where ks is the second order rate constant (g-mg™-h™).

Applying the same boundary conditions that in the pseudo-first order model,

integrating, Eq. 11 becomes:

qg'ks't
qi = (Eq. 12)

T 1+qgkgt
To obtain the parameters and estimate the accuracy of the fit of the kinetics models, an
error function based on the normalized standard deviation was calculated, as is reported

in the literature:

Aq(%) — \/Z[(Qexp_Qmodel)/Qexp] .100 (Eq 13)

N-1

where Aq is the normalized standard deviation; Qexp and Qmoder are the experimental and

estimated amounts of solute adsorbed; and N is the number of data points [59].

111.3.4.1. Adsorption kinetics of NiCp, on MCM-48

In order to determine a correct operational time, the kinetics of adsorption was studied,
modeling its behavior by means of a pseudo-first order and pseudo-second order
models, recently explained. Experimental metallic loading versus time and profiles
predicted by both models are represented in Fig. I11-9, together the kinetics parameters

and standard deviation, which are summarized in Table I11-3.

Pseudo-first order Pseudo-second order
100 g 100 -
I e e - T Te
80 f-------- AT 80 - . T A
_ / | | | _ , | | | |
B 60 - R ® 60 4 R S S R
E 9‘5 i ® »*
T 40 o] 2 A0 g
20 ‘e | 20 'e
3 ’ b
0 T T T T 1 0 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
time(h) time(h)

Figure 111-9. Adsorption of NiCp, on MCM-48 at 70 °C and 14 MPa:
Experimental data (e) and pseudo-first and second order fits (dotted line).
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Table 111-3. Kinetics parameters for adsorption of NiCp, on MCM-48: pseudo-first and second order.

Model Rate constant (k)  Saturation limit (q;) Std. deviation (Aq)
Pseudo-first order 0.274 89.52 2.3
Pseudo-second order 0.003 104.67 3.4

According to these results, both models provide good fittings with similar average
standard deviation lower than 4%. However, if a deeper analysis is carried out, it can be
concluded than pseudo-first order model represents with greater reliability the reality. If
values of saturation limit (gs) are compared, it is verified as this value estimated by
pseudo-first order model (~90 mg/g) is virtually the same as obtained in the
experiences; whereas in the case of the pseudo-second order model, this value is much
higher (~105 mg/g), which would mean that after 24 hours of experimentation,

equilibrium has not yet been reached and therefore, the kinetics is much slower.

Finally, attending to these conclusions, working time necessary to optimize the higher
metallic loading is around 10 hours. However, since in the field of catalysis there is no
need as high metallic loadings (~5%), and due to the limitations in equipment, it has
been decided to work with shorter times, in order to try to reach an acceptable metallic
loading in much less time, thus reducing operational costs; considering that times of 3
hours will be enough.

111.3.5. Adsorption Mechanism

For an appropriate interpretation of experimental data, it is essential to identify the
controlling step of the adsorption process. According to Fick’s second law of diffusion,

adsorption is considered to involve the following consecutive steps:

- The external resistance (or film diffusion) to mass transfer, which refers the
transport of the adsorbate molecules across the fluid towards the external surface
of the adsorbent.

- Particle diffusion (or intra-particle diffusion), where adsorbate molecules travel
within the pores.

- Adsorption of the solute on the interior surface of the adsorbent.
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Intraparticle diffusion model

As the above kinetics models were not able to identify the diffusion mechanism, results
were then analyzed by using the intra-particle diffusion model, based on the theory
developed by Weber and Morris [60, 61], and tested by McKay and Poots [62]. This is
an empirically found functional relationship, which predicts the rate-controlling step.

The adsorption capacity is expressed by linearization of the following equation:

g =k -t/2+C (Eq. 14)

where ki is the intraparticle diffusion rate constant which can be evaluated from the
slope of the straight line of gt versus t¥% and C represents the intercept, which value
gives an idea about the thickness of boundary layer [63-65], i.e., larger the intercept,

greater will be the boundary layer effect.

Although this model was initially designed for adsorption on solids in aqueous
solutions, the density of supercritical fluids are similar to the values of the liquids due to
the pressure that working; therefore, it also allows its use in this field [66, 67].

According to this model, the Weber-Morris plot should be a straight line and pass
through the origin if the rate limiting process is only due to the intraparticle diffusion.
Otherwise, when the plot does not pass through the origin, this is indicative of some
degree of boundary layer control, and therefore, some other mechanism along the
intraparticle diffusion is also involved. When multi-linearity is observed, then different
steps with different rate constants are implicated in the mechanism [68]. The slope of
the linear portion corresponding to each step indicates the rate of adsorption, being the
lowest one, the rate-controlling step.

Bovyd’s film-diffusion model

In order to complete the analysis, kinetics data have been treated by the expression
given by Boyd et al. [69, 70], which single-resistance model assumes the main
resistance to diffusion is in the boundary layer surrounding the adsorbent particle.
Hence, this model can also be used to determine the actual rate-controlling step, and is

expressed as:
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F=1-%sexp(-n’By) (Eq. 15)
where F is the fractional attainment of equilibrium at different times, given by:

F= % (Eq. 16)

where g and ge are the amount of metal adsorbed per gram of support (mg/g) at time t

(h) and equilibrium, respectively.
Substituting Eq. 15 in Eq. 16, and for F < 0.85, the function B; can be simplified to:

B, = —0.4977 — Ln(1— F) (Eq. 17)

The calculated B; values is plotted against time t (h) to predict the mechanistic steps
involve in the adsorption process, i.e., whether the adsorption takes place via particle
diffusion or film diffusion mechanism. If the plot is linear and passes through the origin,
then pore diffusion controls the rate of mass transfer; however, if the plot is nonlinear or
linear but does not pass through the origin, then it can be concluded that film-diffusion

or chemical reaction also plays major role on the adsorption rate [63, 71, 72].

[11.3.5.1. Adsorption mechanism of NiCp, on MCM-48

First, the Weber-Morris plot is shown below, revealing three different regions in the
adsorption process of NiCp, on MCM-48,
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Figure 111-10. Prediction of intraparticular diffusion model for adsorption of NiCp, on MCM-48 at 14
MPa and 70 °C
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First region | is related to external mass transport and direct adsorption over the external
support surface, i.e. the boundary layer diffusion. According to the values of kinetic
constant k;, the slope in this region is the lowest. This means that the diffusion from the
fluid phase to the surface of the support is the rate-controlling step. Moreover, as shown
in the Fig. 111-10, this stage seems to be the predominant for a very long time, largely

delaying the adsorption process, as was concluded after its kinetic analysis.

On its behalf, the second region |1, despite being much faster as can be seen in the value
of its slope, also prevails over a very long period of time (6-7 hours) until reaching a
metallic loading close to the equilibrium concentration. During this stage, the pore

diffusion controls the rate of mass transfer.

After achieving an upcoming concentration to saturation, the adsorption speed decreases
drastically (region I11), because the support is not able to collect more metal producing a

slow crystal growth.

Although high regression coefficient R? values are obtained, and therefore, this model
seems to fit correctly the experimental data, it is necessary to continue with the analysis.
For this reason, the proposed hypothesis about the mechanisms governing the process
could be corroborated through the study of another model, such as Boyd’s film-

diffusion model, which is represented in Fig. 111-11.
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Figure 111-11. Boyd plot for adsorption of NiCp, on MCM-48 at 14 MPa and 70 °C
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According to the high regression coefficient value R?, Boyd’s model fits very well the

experimental data.

Fig. 111-6 shows a straight line with an intercept value and slope value very high; this
fact suggests that the adsorption process of NiCp, on MCM-48 is limited by the
external mass transport. However, even though the intraparticle diffusion plays a major
role in the kinetics of the process; the low value of intercept, near to zero, hints at that
the mechanism is more complicated and therefore, the pore diffusion is also involved in
it.
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111.4. Supercritical Fluid Reactive Deposition of Ni on MCM-48

111.4.1. Procedure of synthesis

Ni/MCM-48 catalysts with metallic loading around 2 %wt have been prepared for
further characterization and comparison in reaction with other samples prepared by
conventional methods, thereby validating the synsthesis process. Nickel-based catalysts
were prepared by using the supercritical fluid reactive deposition (SCFRD). The
experimental device employed was the same as for the preparation of cobalt-based
catalysts (Chapter 11). The support (MCM-48) and nickel precursor (NiCp,) are located
inside the high pressure reactor, separated by means of wire mesh. In these experiments,
the two reactor configuration presented in the chapter of cobalt catalysts (Section 11.41),

“column” and “sandwich” (Fig. 111-12), have been tested.

1 1

- N | E—

Tk Particulate support <§

Particulate support

Metallic precursor

Metallic precursor <

AT
P T
LN L Ly
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Figure 111-12. Different configuration: “Column” and “sandwich”

Then, CO, is compressed to 14 MPa and heated up rapidly (in less than 20 minutes) up
to 200 °C; assuming that the precursor is dissolved during this short step of conditioning
process practically instantaneously. Afterwards, these conditions are maintained for one
hour in batch while the deposition takes place, whereupon, the system is slowly
decompressed and the composite materials are recovered from the reactor without any

residues.

The selected pressure (14 MPa) and temperature (200 °C) are similar to that cobalt
deposition. Precursor thermogravimetric analysis (TGA), in figure 111-13, confirms that

this temperature is high enough to ensure the breakdown of the NiCp..
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Figure 111-13. DSC heating profile of NiCp,

Finally, several consecutives loadings were also performed to assess whether this results
in greater concentration in metallic nanoparticles homogeneously dispersed on the
support matrix or on the contrary, this caused the crystal growth of the nanoparticles of

nickel.

111.4.2. SCFRD Results and Discussion.

The table 111-4 shows the results of analyzing the concentration of nickel metal in the

prepared samples.
Table I111-4. Nickel metallic loading (%wt) at 14 MPa, 200 °C and 1 hour

Sample® Methodology Nickel loading (%owt)
Ni/MCM-48 Columr11 Icooanc;‘ilrg];gratlon 281
Ni/MCM-48’ Column I%‘;gfi'r?g“ra“on 275
Ni/MCM-48"" Column I%‘;gfi'r?g“ra“on 2.60

. Sandwich configuration
Nia)/MCM-48 ;) : Ioadingg 2.44

. Sandwich configuration
Ni)/MCM-48 ;) 2 sequential Io?adings 3.70

. Sandwich configuration
Niq/MCM-48 . 3 sequential loadings 4.21

a) Samples have been named as follows, Niun/MCM-48,, indicating in the first bracket,
the number of consecutive loads, and in the second one, the sandwich configuration
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The first three experiments were carried out under the same conditions (14 MPa, 200 °C
and 1 hour) and configuration, a glass vial with the precursor below, and another one
above with the support. The nickel concentration in all of them turned out to be very
similar, with an average value of 2.7 %wt and a standard deviation lower than 0.1,
demonstrating the robustness of this process.

On the other hand, if these values are compared to the results obtained from the
adsorption kinetic study in the previous section, it can be observed that incorporating
the precursor decomposition step after the adsorption process, both kinetics and efficacy
are enhanced, just as with cobalt-based catalysts. In this case, an increased in nickel
concentration closed to 140% is obtained, from the maximum metallic loading obtained
only by adsorption of 1.14%wt, to a current value of 2.70 %wt in only one hour of

operation.

Experiments with the morphology of sandwich type, in which there are several vials of
precursor and support alternately inside the reactor, reveal no improvement taking into
account only their metallic loading. However, this work methodology does allow us to

obtain a greater amount of product in a single operation.

Lastly, the depositions conducted in sequential loadings have achieved increasing
concentrations of metal. But in this case, unlike what was observed by working with
Co/MCM-41, the rising in metallic loading decreases considerably from one batch to
the next. As shown in the data from Table I1-4, the increase in nickel concentration after
the second deposition is around 52%, compared with 14% which was obtained after the
third batch.

In conclusion, SCFRD method has proven to be a valuable and versatile process with a
reasonable repeatability, allowing be applied to other metal-support systems with
acceptable efficiencies, starting with operational conditions similar to other systems,

without requiring a very large study for its optimization.
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I11.5.Characterization of Ni/MCM-48 catalysts

For proper comparison, catalysts were prepared by the three aforementioned techniques

with a similar metallic loading, around 3%. The amount of Ni was analyzed by XRF.
Table 111-5 summarizes the content of Ni-dopped on MCM-48 samples, together with

other structural data of interest.

Table I11-5. Structural properties of nickel-based catalysts

Sample Ni (Wt.9%6) Sger (M?/Q) d, (hm) Vp (cm®/g)®
MCM48 1641 3.6 0.90
Ni/MCM48-WI 2.95 1545 2.9 0.56
Ni/MCM48-DS 2.79 800 1.2 0.42
Ni/MCM48-SC 2.75 977 1.4 0.45

a) Pore volume (assuming pores are filled with liquid adsorbate)

Data from Table 111-5 show how the deposition of nanoparticles over the surface of the
support decreases the volume of pore (form 0.9 to around 0.5 cm®/g), adding some
microporosity (dp<2nm) and therefore, a gradual decrease in the surface area is

observed.

On the other hand, the reducibility of the nickel species was studied by TPR profiles, as

it is shown the following figures.

1
0 500 1000 0 500 1000 0 500 1000

Temperature {2C) Temperature {2C) Temperature {2C)

Figure 111-14. TPR profiles: a) Ni/MCM48-WI; b) Ni/MCM48-DS; and c¢) Ni/MCM48-SC

TPR profile of catalysts prepared by WI shows 3 peaks. The first and the sharpest peak
is observed at around 250 °C (Fig. 111-14), which is assigned to the reduction of the

nickel oxide species Ni?* to metallic form [73].
NiO + H, — Ni + H,0 (1)

The presence of this reduction region reveals that deposited nickel shows a slight

interaction with the support, characteristic of physisorption, which can lead to a short
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useful life of the catalyst. Later, around 300 and 520 °C, two small humps appear.
Indicating the existence of some faint traces of hydroxisilicates [74, 75] linked to the

support surface.

Conversely, TPR profile for catalysts prepared by DS exhibits a wide reduction region
from 230 to 800 °C, with a maximum around 680 °C. This strange behavior is a sign of
the presence of small particles of nickel oxides, both Ni** and Ni**, stabilized over the
matrix of the support, effect that it only presents in low concentration. Finally, as can be
observed in TPR profile for SFRD samples, there are two main peaks. The first one
appears at 280 °C; whereas the second is found around 400 °C, with a very steep slope
with increasing temperature, even reaching negative values in the output signal from the
equipment. This fact reveals not only the existence of nickel oxides, which are reduced
at low temperatures; but also the deposition of traces of organometallic precursor, which
releases hydrogen after its decomposition. As conclusion, a temperature of 800 °C has
been chosen for the activation of catalysts and their subsequent activity test. Then,

reduction of the different nickel species has been proved by XRD.

XRD was also employed to characterize the nickel species present at the catalyst prior
to its reduction. However, there was no obviously characteristic diffraction peaks on the
NiO particles appeared in the XRD patterns of the nickel-based catalysts. According to
literature, when the Ni content is lower than 10%, it is unable to identify any species,
since the peaks are almost invisible [26], as shown the Fig 111-15. This fact is due to that
at low concentration, the metallic nanoparticles are much finer and with a more uniform

dispersion.
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20 25 30 35 40 45 50 55 60
2Tetha (deg)

Figure 111-15. XRD pattern of the catalyst Ni/MCM48
Nevertheless, if the analysis is repeated on a smaller range of angles, it is possible to
identify two peaks (Fig. 111-16). The main peak for checking the presence of nickel
appears at 44°, which is related to several species of nickel (Ni in cubic and hexagonal
crystallization phase, NiO and Ni,Os3). Also, another peak is observed at around 36°,
which could be associated to NiO, slight shifted. The presence of these two unique
peaks suggests that in fact the more likely it is that both species coexist in the bulk, and

therefore the nickel is in form of a mixed oxide (spinel Ni; g7502)

25 30 35 40 45 50 55 60
2Tethe (deg)

Figure 111-16. XRD pattern of the catalyst Ni/MCMA48 in the range 2Theta=30°-55°
Following with the characterization of the catalysts, an electron microscopy was used in
order to study the morphology of the nanocomposites, besides the distribution of metal.
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Figure 111-17 shows spherical particles of support with an average diameter of about 200

nm and metallic nanoparticles dispersed on the surface.

20 gl

Figure 111-17. TEM pictures of Ni/MCM48-SC: (A) BSE-Image: homogenous particles support with
nanoparticles on surface, (B) detail: intact pore structure and channels

As occurred with the deposition of cobalt, both pores and channels can be distinguished
in Fig. 111-17, which confirms that SCFRD, despite working at high pressure, does not

modify the original structure of the support under any circumstances.

This is the case for example of samples prepared by DS, as can be seen in the attached

figure, where the outline of the particle has scaled appearance (Fig. 111-18).

Figure 111-18. TEM pictures for Ni/MCM48-DS: detail of the irregular surface, broken by the deposition
process
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The distribution of the metal was observed by means of a MAPPING picture (Fig. IlI-
19).

Electron Image 1 Mi ka1 Si Ka1
Figure 111-19. X-Ray TEM/EDX Mapping for Ni/MCM48-SC:

(A) electron image, (B) Ni ka and (C) Si ko,
In these images, the homogenous distribution of the metal throughout the catalysts
prepared by SCFRD is observed, being perfectly distributed both surface and inside the
support, without detecting any gradient of concentration or uncoated areas; and

corroborating the conclusion drawn above after analysis of the XRD profile.
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111.6. Activity Test: Hydrogenation of Glucose for D-Sorbitol
production

Extensive literature deals with biomass conversion to chemicals with high added value
[76-81], revealing a new field of study in the choice and synthesis of innovative
catalysts in order to increase the selectivity of the reaction. This arises in response to the
problematic presented by the degradation of biomass, with complex reaction mechanism
and large number of undesirable byproducts [82].

Among the wide range of chemical intermediate, D-sorbitol is one of the most versatile
products, used in confections, cosmetics, toothpaste, care products, but particularly as
additive in the food industry [83-85].

The catalytic hydrogenation of cellulose into D-sorbitol has been extensively studied in
the literature [86-91]. The current industrial is performed with Raney-type nickel
catalyst, promoted by various transition metals [92, 93]. Nickel-based catalysts present
numerous advantages in this process, exhibiting high activity at low price. But most
important is that because of their high density, it is very easy to separate it from the
liquid phase in order to recycle it.

In recent years, low ruthenium loading catalysts have been tried to replace nickel-based
catalyst, despite being much more expensive, as showing less or no deactivation [94-
96]. However, for certain pharmacological and food applications where a free metal
waste product is required, ruthenium-based catalysts cannot be implemented either

because of their greater toxicity, or by the increase in separations costs incurred.

Therefore, in this chapter, the catalytic activity of the Ni/MCM48 composite materials
prepared by SCFRD is confirmed following the hydrogenation of glucose to sorbitol.

111.6.1. Experimental device

Catalytic hydrogenation of glucose experiments were carried out in a stainless-steel
high pressure reactor (Berghof BR-25) with an internal volume of 25 mL, magnetic

stirred and fitted up with a PID for temperature control. This set-up has nitrogen and
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hydrogen feeding lines, purge and vent line. Both gases, N, and H,, are supplied by

Carburos Metalicos (Spain).

= Liguid phase

Inist

2R00L 1400 g

PID

Figure 111-20. Hydrogenation reactor scheme and photograph

All activity tests for the hydrogenation of glucose were performed at 120 °C and 2.5
MPa H,-pressure, under constant stirring rate (1400 rpm) during the desired time. These
operating conditions were chosen as optimal for this reaction, based on preceding

studies carried out in our High Pressure Research Group [97].

Experiments start with the location of the catalyst in the reactor, previously reduced
under H, at conditions established by TRP analysis during 1 hour. Cellulose /Ni ratio in

all experiments was around 40, as suggested in the literature [97].

After flashing the reactor with N, for 10 minutes to remove any oxidizing atmosphere
within the reaction chamber, H, is fed whereas the reactor is heated up to 120 °C. Once
the set point is reached, a solution of glucose (7.5 g/L) is pumped by means of a HPLC
pump Jasco model PU-2080 Plus (flow rate range of 1 puL to 10 ml per minute and max.
pressure of 22 MPa). At the end of each experiment, the reaction is suddenly interrupted
by immersing the reactor in an ice bath. Finally, the sample is centrifugated and filtered
to recover the catalysts.

Liquid products are analyzed in a HPLC column (SUGAR SC-1011 from Shodex), at
80 °C and flow of 0.8 mL/min, with water Milli-Q as mobile phase. To identify the

different sugars, polyols and their derivatives, a Water IR detector was used.

Finally, D-Glucose conversion and D-Sorbitol selectivity and yield, were calculated
using Equations 18-20.
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(moles Glucose;—moles Glucosey)

0 = .
we = moles Glucose; 100 (Eq 18)
0 _ moles Sorbitolys )
hS = (moles Glucose;—moles Glucosey) 100 (Eq. 19)
%Y = moles Sorbitols .100 (Eq 20)

moles Glucose;

111.6.2. Results and discussion

Repeated activity test under the same conditions at different time, only changing the
catalyst employed, has been conducted. The results are shown in the Fig. 111-21, where

the conversion of cellulose is plotted versus time.
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Figure 111-21. Conversion of glucose versus time at 120 °C and 2.5 MPa (Cellulose/Ni ~ 40):
(X) Ni/MCM48-SC; (O) Ni/MCM48-WI; and (M) Ni/MCM48-DS

As can be seen, the catalysts prepared by DS presents the smallest activity, reaching a
conversion value around 3% after 90 min of reaction. This fact might result from the

plugging of the pores and rupture of the channels that was observed in its TEM pictures,
avoiding the contact between the reactive and active phase.

By contrast, both catalysts synthesized by WI and SC, show a similar behavior at low
time, achieving, for example, the same conversion of 5% in less than 30 minutes.
However, after 90 min of operation, both conversions are separated slightly, slowing the

reaction produced by the supercritical catalyst. Many authors have already referred to
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this behavior, caused by the catalyst deactivation due to intensive coke deposition, being

more pronounced the lower the size of the metallic particles [98, 99].

For better evaluation of the influence of this phenomenon in the reaction, the
experimental data were fitted to a first order kinetics (Eq. 21).

C;=Cy- ekt (Eq. 21)

where C; and C, represent the concentration at a given point of time and, the initial
concentration respectively (g/L); k is the kinetics constant (L/gc-min™), and w is the
mass of catalyst per unit volume (gcat/L).

Fig. 111-22 shows the fitting provided by a first order kinetics model; and the table 6
summarizes the kinetics data with their error, as well as also the conversion, selectivity
and yield of the reaction to a particular time of 30 minutes.
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Figure 111-22. Conversion of glucose versus time at 120 °C and 2.5 MPa (Cellulose/Ni ~ 40):

Experimental data: (X) Ni/MCM48-SC; (O) Ni/MCM48-WI; and (l) Ni/MCM48-DS
and the fit provided by first-order kinetics (dotted line)

Table 111-6. Conversion, average selectivity and yield of hydrogenation of glucose for D-Sorbitol
production at 120 °C, 2.5 MPa and 30 minutes, kinetics constant k and R?

Catalyst Conversion (%) Selectivity (%) Yield (%) K (L/ge-min™) R’
Ni/MCM48-SC 5.67 92.45 5.26 9.7-10° 0.99
Ni/MCM48-WI 5.96 96.04 5.96 7.4-10° 0.94
Ni/MCM48-DS 1.67 68.36 1.11 1.6 -10° 0.99

Kinetics constant data reinforce the conclusion drawn above over the catalyst prepared
by DS; where besides, if attention is paid to its low selectivity, this provides

unacceptable yields (~1%) which would entail substantial costs in separation operations.
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Nevertheless, the kinetics constant of the catalysts prepared by WI and SC have the
same order, with a very similar value (~10% min™). Moreover, not only seems that
catalysts synthesized by SC are equal to the Kinetics those prepared by conventional
method, but also attending to their yield in the process, provide significant values (5-

6%), comparable to the rest.

In conclusion, in this chapter it has been demonstrated that supercritical fluid reactive
deposition method (SCFRD) is entirely feasible for the synthesis of nickel-based

catalysts.

Catalysts prepared with metallic loading between 2-3% have been tested and compared
with other synthesized by conventional methods (WI and DS) in the hydrogenation of
glucose for D-Sorbitol production, not only to check their activity, but also to test their

selectivity.

Results have shown that catalysts have led to the formation of D-Sorbitol, reaching a
glucose conversion around 5% and higher selectivities at 90% in 30 minutes, improving

substantially data obtained by DS catalysts and comparable to those of the WI catalysts.
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[11.7. Conclusions

In conclusion, in this chapter Ni/MCM-48 catalysts have been synthesized by SCFRD
using nickelocene (NiCp2) as organometallic precursor. During the course of its

development, the following partial results have been obtained:

v" It has been determined that the adsorption isotherm of NiCp, on MCM-48 is of
type 1V, related to the existence of both micro- and meso-pores. Experimental
data have been adjusted by different models, being Toth equation which
provided the best fit, and predicting a maximum value of adsorption of nickel
around 130 mg/g at 14 MPa.

v The adsorption kinetics of NiCp, on MCM-48 has been fitted to pseudo-first and
pseudo-second order with similar results and average standard deviations lower
than 4%, estimating time required greater than10 hours for the adsorption. This
process is so slow because the external mass transport is the rate-controlling
step, as intraparticle diffusion and film-diffusion models suggest.

v" Ni/MCM-48 catalysts with metallic loading between 2-5 %wt have been
synthesized by SCRFD. In this case, the same conditions of temperature (200
°C) and pressure (14 MPa) for the preparation of cobalt-based catalysts have

been used, demonstrating the versatility and robustness of the process.

v Nickel catalysts have been characterized by different techniques and compared
to other ones prepared by WI and DS methods. The samples showed BET areas
around 1000 m%g with a slight decrease in the pore volume. TPR profiles
revealed very different behaviors according to the synthesis method employed,
suggesting the existence of nickel oxides. Microscopy images for samples
prepared by SCFRD showed a homogeneous distribution of the metal
throughout the support without modifying the original pore structure, unlike

catalysts prepared by DS.

v The activity of the catalysts prepared by SCFRD has been tested in the selective
conversion of glucose to sorbitol, reaching a conversion of 6 %, selectivity
higher than 90 % and yields around 5 % in 30 minutes, similar to catalysts
synthesized by WI and improving substantially data obtained by catalysts
prepared by DS. Experimental data have been satisfactorily fitted to a first order

kinetics, obtained a value for the kinetics constant of 9.7-10° min™.
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IV.1. Introduction

IV.1.1. Ruthenium-based Catalysts and their applications

Ruthenium is a rare transition metal belonging to the platinum group. Thanks to this
proximity, it can be used as a versatile catalyst but at a much lower price, especially in
applications in organic and pharmaceutical chemistry. Ruthenium catalysts can be a
very powerful tool in synthetic chemistry for selective catalysis of such oxidative
transformations as asymmetric epoxidation of alkenes, generation of dioxygen species,

dihydroxylation of olefins or oxidative dehydrogenation of alcohols.

In particular from the industrial standpoint, ruthenium catalysts are widely employed in
metathesis reaction, with Grubbs’ catalysts being the most well-known in the field of
olefin metathesis. This reaction is one of the most important tools for constructing
carbon-carbon double bonds in organic synthesis, materials science and biochemistry. In
this case, ruthenium-based catalysts are highly applicable due to their excellent
tolerance of a variety of functional groups, and stability in air and a variety of solvents
[1-5].

Similarly, in fine chemistry and pharmacy, useful families of hydrogen-transfer
catalysts have been developed based on ruthenium. This alternative, which consists in
the addition of hydrogen to a molecule from a source other than gaseous H; in presence
of a catalyst, is being increasingly used in the area of organic synthesis industry, in part
because of the inconvenience and expense of using gaseous H, These catalysts,
ruthenium complexes, are mainly employed for reduction of ketones, aldehydes and
imines to alcohols and amines, respectively [6-8].

On the other hand, ruthenium-based catalysts are generally accepted to be superior to
iron or other transition metals. For this reason, many studies are trying to replace them
in reactions which require relatively high temperature and pressure to achieve certain
productivity. One example is the synthesis of ammonia from hydrogen and nitrogen,
where different ruthenium-based catalysts supported have been tested, over BaTiO; [9]

and carbon [10], with promising results.
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Even in the field of the energy carrier, where a great deal of research efforts has been
devoted to find suitable hydrogen storage materials ensuring the safe and economical
way, ruthenium-based catalysts are earning a spot. Akbayrak et al [11, 12] have reported
how ruthenium supported over silica or nanotitania is one of the most active catalyst for

the hydrogen generation from ammonia-borane under mild conditions.

But overall, most of research about ruthenium-based catalysts is focused on
hydrogenation reactions [13-20]. For example, in the hydrogenation of benzene to
cyclohexane, the IFP process in industry uses nickel-based catalysts at temperature
above 200°C under 50 bar, but these forcing conditions will lead to poor life-time
performance and promote side reactions such as isomerization and hydrocracking,
decreasing the selectivity of cyclohexane decline. In view of these arguments, numerous
researchers are trying to replace these kinds of catalysts for other ruthenium-based alloy
catalysts [13, 14].

In the same way, in glucose hydrogenation where D-sorbitol is produced using nickel-
based catalysts e.g. Raney Nickel, novel ruthenium-based catalysts have been developed
due to their resistance to chemical attack, showing no leaching [15, 16]. Increasingly,
multiple hydrogenation reactions are being catalyzed by new types of ruthenium-based
catalysts, even at severe operation conditions such as the transformation of CO, to
formic acid under 20-40 MPa and at 353-423 K [17].

1V.1.2. Deposition of ruthenium using sc-CO,

There are a few articles studying the deposition of ruthenium on different supports using
supercritical technology. Yen et al. [21] have reported the synthesis of Ru/MCM-41
nanocomposites using Ru(cod)(thmd), as precursor at 150 °C, 10 MPa of CO, and 10
MPa of H;. In this manner, they have achieved a good distribution of the metallic
nanoparticles with an average size of 3.4 nm. Similarly, Kim et al. [22] have
synthesized Ru nanodots on Si substrates and HfO; films. In this case, Ru3(CO); is
dissolved into the sc-CO, for 1 hour at 90 °C and 23 MPa. Then the solution is pumped
into a deposition chamber where H, gas was supplied. On the other hand, ruthenium-
based catalysts have been also prepared on activated carbon [23-25] by means of sc-

CO;, with the use of a co-solvent (methanol and ethanol). The effects of the temperature,
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pressure, and amount of co-solvent is discussed, obtaining at the optimum condition Ru
loading of 2 %wt at 45 °C and 10 MPa. Besides, the catalysts have been tested; in
particular, catalysts of Ru/AC prepared by Xu et al. [24] have exhibited a reaction rate

1.5 times higher than commercial catalysts for the hydrogenation of glucose.
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IV.2. Materials

IV.2.1. Organometallic Precursor: RuCp,

As in the case of cobalt and nickel, bis-(n5-ciclopentadienil)ruthenium or ruthenocene
has been chosen as the organometallic precursor for the synthesis of ruthenium

catalysts. RuCp, was supplied by Sigma Aldrich and used without further treatment.

1V.2.2. Supports: MCM-48 and activated carbon (AC)

In this case, two different supports have been used for comparison: MCM-48

(previously employed with the nickel catalysts) and activated carbon.

This last support, activated carbon (AC), is a form of carbon processed to have small
low-volume pores, obtaining a strong character of microporosity (diameter of pore < 2
nm) in contrast to the M41S supports employed up to the moment in this PhD thesis.
Their properties and reactivity are easily modified with different surface functional
groups, making this support into the ideal candidate for many industrial and chemical
applications, such as medical uses, gas purification, fuel storage, sound absorption or

environmental processes inter alia.

In this case, AC was supplied by Sigma Aldrich, reference number 53663, activated
charcoal Norit® (SX ultra), steam activated and acid washed, powders with an average
diameter between 0.15 and 0.25 mm (R1). Elemental analysis was carried out by XRF,
where were detected basically Si (~0.7 %wt), Fe (~0.3 %wt), S (~0.2 %wt), and traces
of K, Na, Ti and Mg.

Briefly, taking into account the above (alternative reactions, precursor and supports), the

discussion about the ruthenium catalysts will be developed as follows:

Determination of solubility of RuCp; in sc-CO,
Study and modeling of the adsorption isotherms of RuCp, on MCM-48 and AC
Development of SCFD of RuCp; in continuous process

Characterization of the prepared Ru-based catalysts prepared

a  w DN e

Activity test of the Ru-based catalyst in the hydrolysis of cellobiose
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[V.3. Solubility of RuCp, in CO,

From an industrial point of view, the production of metal nanoparticles using sc-CO;
could be very useful for numerous applications as it has been previously described in
the Introduction of this thesis, but nowadays we are still far from being able to design a

large-scale process.

To understand what really happens in the process and to reach a deeper knowledge of it,
it is necessary to study the fundamentals and thermodynamics of the process. Aspects
such as the solubility of the precursor in sc-CO, phase, and the adsorption kinetics on

the substrate must be studied since they are not included among the literature data.

So far, in the development of this PhD thesis, unstable organometallic precursors, such
as CoCp;, or NiCp2, have been employed and the measurement of their solubilities in
sc-CO, was not performed experimentally. Their fast degradation and complex
formation make not possible these experiments. In these cases, solubility values have

been taken from the literature using the few available values [26, 27].

On the other hand, RuCp, is a compound enough stable to be used without major
precaution in combination with normal grade supercritical CO,, because the atomic

number, Z, of its metal center is much higher.

I\V/.3.1. Experimental set-up for solubility measurements

The solubility of the organometallic precursor RuCp, in sc-CO, was determined in a
high pressure visual cell at the Chemical and Biological Engineering Dept. in Kog

University, Sariyer, Istanbul, under the supervision of Prof. Dr. Can Erkey.

The solubility was determined by means of the cloud point method. This procedure is
based on the visual observation through a sapphire window of a change in the behavior
of a solution with a well-known concentration, in this case, the suddenly precipitation of

the precursor dissolved in the supercritical fluid when the pressure is decreasing.
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A visual observation in a constant volume high pressure view cell equipped with two
sapphire windows of 3.2 cm diameter at each side, poly(ether ether ketone) O-rings and
rupture disk. The experimental setup that was used for the measurements is depicted in
Figures IV-1 and 1V-2.

COOLER / HEATER || SYRINGE PUMP

MAGNETIC STIRRER

Figure 1V-1. Diagram of the device for the solubility experiments

Figure 1V-2. High pressure visual cell with sapphire windows and O-rings
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A syringe pump (Teledyne ISCO model 260D) was used for the transfer of CO; into the
high pressure vessel. The accuracy of the syringe pump pressure transducer was +0.1
MPa. Another pressure transducer (Omega PX4100) and a thermocouple (Omega
GTMQSS-062G-6) were employed to record the temperature and pressure inside the
vessel with a 0.1 °C and +0.1 MPa accuracy, respectively. The temperature of the
vessel was controlled by circulating water through the machined internal channels of the
vessel using a circulating heater (Cole-Parmer model 12108-15). The temperature of the
syringe pump was controlled at 25 °C with a circulating heater (Cole-Parmer model
12108-15) by circulating water through the jacket around the cylinder housing of the

pump. A magnetic stirrer was used to mix the contents of the vessel.

Initially, a certain amount of precursor is weighed and placed inside the vessel. After it
is sealed, connected to the syringe pump and flushed with CO, at atmospheric pressure
in order to remove the air inside the vessel. While keeping the inlet valve of the vessel
closed, the syringe pump is started and the desired pressure is attained in the line
between the syringe pump and the vessel. The inlet valve of the vessel is then opened
and liquid CO;, is charged into the vessel until the set pressure is attained in the vessel.
Subsequently, the inlet valve is closed and a single phase mixture is obtained in the
vessel which has a clear, homogenous appearance. During the addition of CO,, the
volume change in the pump cylinder is recorded. The mass of CO, that is transferred
into the vessel is determined using the density of CO, at the pump conditions and the
volume change of CO; in the pump cylinder. Consequently, the composition of the
binary mixture is calculated from masses of precursor and CO, added to the vessel.
Following the addition of the CO, at room temperature, the temperature of the vessel is
brought to the experimental conditions using the circulating heater. During the charging
of CO,, the mixture in the vessel is continuously mixed with the stir bar to provide the

homogeneity.

After a homogenous, single-phase mixture of precursor and CO is obtained inside the
high pressure vessel, the outlet valve is slightly opened and adjusted to achieve a slow
rate of depressurization (~0.007 MPa/s) at constant temperature. During the
depressurization, the single phase mixture in the vessel was continuously observed from
the sapphire windows. As the pressure is lowered at which dissolved solids are no
longer completely soluble, the behavior of the mixture changes precipitating the
precursor around the stirrer, as shown in figure 1V-3.
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Figure 1V-3. Detail of the cloud point through the sapphire window, with the first precipitated precursor,
RuCp, in sc-CO,

It is important to note that the composition of the outlet stream and the mixture inside
the vessel do not change during depressurization as long as the mixture is homogenous
and single-phase. Therefore, it is also possible to make successive measurements at the
same conditions as long as the outlet flow is immediately stopped right after the

detection of the changes to check the value.

The measurements were repeated for various compositions which were obtained by

charging the vessel with different amounts of precursor.

1V.3.2. Results and discussion

Figure I11-4 shows the experimental values of RuCp; solubility in sc-CO, at 60 °C. For
each experiment, the measurement was carried out at least three times to verify the
value and minimize the statistical error derived from the accuracy of instruments and
statistical error (<5%). The density of pure CO , was calculated from Wagner equation
of state [28], with an estimated uncertainty range from 0.03 to 0.05% in density. The

minimum absolute error in solubility is estimated to be + 10" mol/mol.
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Figure 1V-4. Experimental data: Molar solubility of RuCp, in sc-CO, at 60 °C
As it is shown in Fig. V-4, solubility increases with pressure due to an increase in CO,
density, and therefore in solvation power. Values are in agreement with that reported in

previous literature [26] measured by a dynamic-gravimetric method.

On the other hand, the solubility of different ruthenium organometallic precursors can
be compared considering the influence of its complex structure, several conclusions can
be drawn. The figure 1\VV-5 shows the solubility of RuCp, together two other complexes

extracted from recent literature [29].
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Figure 1V-5. Solubility in sc-CO, at 60 °C of (Black) RuCp. [this work], (Red) Ru(thd),(cod) [29],
and (Blue) Ru(acac) [29]
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In general, solubility increases with a higher number of ligands per molecule and,
accordingly, with the increasing oxidation state of the metal. This is usually related to

the better shielding of the positive charge of the metal centre by the bulkier ligands [30].

As can be seen in figure 1V-5, this theory is verified for acac complex, which presents
the lowest solubility in all the studied pressure range; but if the other two compounds
(Cp2 and (thd),(cod)) are analyzed, it can be observed a crossover phenomenon at
density around 450 kg/m?®. This implies that, when working in the vicinity of the critical
region (at low pressures), in terms of solubility, it is better to use RuCp, as precursor;
whereas away from the critical point (in the region of higher pressures), it is preferable

the use of trivalent complexes such as Ru(thd),(cod).

Finally, since the purpose of this PhD thesis is to develop a continuous deposition
process, we must choose a precursor whose time of solubilization is low, since this will
determine the residence time in the saturation bed. The dissolution rate of RuCp;
observed through the visual cell was lower than 1 hour, in comparison to 3 h for
Ru(thd).(cod) reported in the literature [29].

1V.3.3. Modeling of solubility data of RuCp, in CO,

In this section, experimental data of RuCp, solubility in sc-CO, at 60 °C are fitted to
predict the solubility behavior of this organometallic precursor in sc-CO,. Usually,
classical thermodynamic models can be categorized into three types: equations of state
(EoS), models based on the excess Gibbs free energy or activity coefficient (such as
UNIFAC or NRTL), and empirical methods [31-34].

Although the solubility of many compounds are good correlated by means of EoS, even
in supercritical media [35, 36]; in this case, the use of organometallic complexes-scCO,
system presents several difficulties; its complexity, non-ideality and non-linearity hinder

to predict its behavior.

First, solubility is influenced by the intermolecular forces between the molecules in the
solution [31]. On one hand, metals and cyclopentadienyl anions connected by n-bonds,
which is not a “real” bond; and on the other hand, the electrons of the Cp are

coordinated to the metal center because of its nature as carbanion. Metallocenes have
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partial negative charges on the electronegative Cp’s and a large partial positive charge

on its electropositive metal atom, allowing for the electron-deficient parts act as a Lewis

S

M
: &

N4

Figure 1V.6. Ciclopentadinyl and bis(n’-ciclopentadienyl)metal: charge distribution

acid and the metallic center atom as Lewis base.

In the same way, sc-CO has a large quadrupole moment which plays an important role
in its solvating power [37], leading the clustering of solvent molecules around the solute
[38].

Besides, various limitations remain in the ability of EoS to predict systems with metal-
based complexes due to three main causes: the lack of critical properties data and
sublimation pressure for relatively non-volatile solids, the extreme asymmetric sizes and
energies of the components in SC solutions, and the highly condensable solutions that

lead to solvent clustering around the solute.

Hence, for all these reasons, before trying to fit the experimental data by means of
thermodynamic models based on EoS, such as Peng-Robinson or Soave-Redlich-
Kwong, it is necessary the employment of others alternative and easier models for this
kind of systems, such as empirical methods, in order to evaluate the discrepancies that

may exist between the model and reality.

IV.3.1. Empirical methods

According to these reasons, several groups have developed empirical equations for
phase equilibrium calculations of mixtures of solid substances in sc-CO,. Mendez-
Santiago and Teja [39, 40], for example, applied a semiempirical equation including
three parameters for each binary system, which has been extended by other authors to

model the behavior of similar systems [29]. But the most extended alternative
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correlation to predict the solubilities of numerous compounds even in sc-CO, was
proposed by Chrastil [41].

In this method, the solubility data are correlated as a function of sc-CO, density with
the assumption that the molecules of a solute associates with a certain number of

molecules of gas with the formation of a solvate complex, in equilibrium with the gas
(Eq. 1):

InS:k-Inpco2+C (Eq. 1)

where S is the solubility of precursor expressed as kg solute-m™ of sc-CO,; and the SC
fluid density, pcoz in kg-m’®; k is a constant for the solute-solvent system which denotes

the grade of solvation of the solute in the fluid; and C is a constant dependent on the

temperature and related to the volatility of the solute.

The Chrastil equation parameters were calculated by minimizing the difference between
experimental and calculated solubility, according to the objective function presented in
the next equation (Eg. 2):

100 @p  |STP-s8%

%AARD = — T ey — (Eq. 2)

1

The good agreement between estimated values by Chrastil equation with experimental

data is shown in Fig. IV-7, together its parameters summarized in Table IV-1.
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Figure 1V-7. Solubility of RuCp, in sc-CO, as a function of density: e experimental values at 60 °C; o
experimental data from literature [26]; dotted line calculated with Chrastil equation. The error bars
correspond with the accuracy of the data points presented in Table IV-1.

Table IV-1. Chrastil equation parameters and absolute error

Data Temp. (°C) k C %AARD
Experimental 60 3.46 -21.95 7.75
Literature [26] 60 3.43 -22.19 1192

In both curves the same trend in the solubility can be observed, finding a slight
difference between the absolute values owing to the different techniques employed for

measurements.

1VV.3.3.2. Equations of state (EoS)

Among the different models based on EoS, Peng-Robinson cubic equation of state (PR-
EoS) together with Van der Waals-1 mixing rules has been used to correlate the
solubility of RuCp, in CO,, as it has shown good results in a quick and efficient way

previously, even with supercritical fluids [42-45].

At equilibrium, the fugacity of RuCp, (component i) in the solid phase is equal to the
fugacity in the SC phase:

~

fisolid — fiSCF (Eq 3)
In the solid phase, the fugacity is given by the following expression:
frot = x (P)sw (i), exp [%f Vsdp] (Eq. 4)

where x; is the mole fraction of RuCp, in the solid phase, (Pi)s is the sublimation

pressure of the pure solid, (¢;)_, is the fugacity coefficient in the solid phase at

sublimation, Vs is the molar volume, R the gas constant and, T the temperature. The

term in brackets is called the Poynting factor (PF).

On the other hand, the fugacity in the SC phase:

f5F = yiP(d1) g p (Eq. 5)
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where y; is the mole fraction of RuCp, in the SC phase, (gBl-)SCF is the fugacity

coefficient in the SC phase and, P the pressure.

Replacing both terms in Eq. 1, the Equation 6 is obtained:
)’iP(CBi)COZ = x;(P)spi (i), exp [%f VsdP] (Eq. 6)

Since the solid can be taken to be pure, X; is unity, so Eq. 6 can be rearranged as:

o (#i)p,(PDspIPF
' (‘Y’i)cozp

(Eq.7)

In most cases, (qBi)sbl can be assumed to be unity since the sublimation pressure of this

kind of compounds is very low; however, for the calculation of (q.'?l-)SCF it is necessary

to apply to PR-EoS.

RT a(T)
V-b  V(V+b)+b(V-b) (Eq' 8)

where a and b are the Van der Waals energy and volume parameters respectively.

Theses constants in the mixture have been computed using the classical mixing rules:

a=;2;Xxa; (Eq.9)

a; = Ja;a;(1 = ky;) (Eq. 10)
b =YY xix;jb;; (Eg. 11)
by =22 (1 - 1) (Eq. 12)

where

a; = 0.45724a(Ty, w;)

(Eq. 13)

R2TZ
Pci

a = [1+ (0.37464 + 1.54226w — 0.26992w?)(1 — T*5)2]  (Eq. 14)

w=-1.0-— lOg(Prsat)Trzoj (Eq 15)
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RT ¢

b; = 0.07780 (Eg. 16)

Ccl

For the application of this equation, it is mandatory to know the critical properties of the
substances (critical pressure P and critical temperature T.) and the acentric factor w.
For CO,, these properties are reported in data bases [46]. However, for RuCp,, this
information in not available owing to this kind of organometallic compounds undergo
thermal degradation at temperatures below T¢; and on the other hand, it cannot be
estimated by group contribution methods, i.e. Joback, because of their special electronic

configuration, as already indicated above.

As solution, it has been proposed to use the critical properties of ferrocene (FeCp,), due
to its great similarity since it belongs to the same kind of compounds (metallocenes),

which were recently measured by means of a pulse-heating method [47].

In addition, to facilitate the calculation, a single-parameter mixing rule (ki) has been
used to describe the interaction between components. This parameter has been
calculated correlating the experimental solubility data minimizing the following

expression:

2
Yical~Viex
f(T,P, T, P ki) =% [(yli—ex,,p) (Eq. 17)
The critical properties and obtained interaction parameter are presented in Table IV-2,
and the PR-E0S prediction is compared with experimental data in Figure 1V-8, with an

average deviation of 4.4%
Table I\VV-2. PR-E0S parameters

Parameter Value
Critical temperature (T./°C) 512
Critical pressure (P, / MPa) 3.61
Acentric factor (®) 0.369
Interaction parameter (Ki;) 0.14
%AARD 4.35

156



w
[F)]
|

w
o
]

=
Q
|

Solubility {mol frac 10°%)

[l
[}
|
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

)
o
!

[y
[}
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

CHAPTER 1V. Ruthenium-based Catalysts

350
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P {MPa)

Figure 1V-8. Experimental data and fitting provided by PR-E0S

It can be seen that the deviations between experimental data and estimated with PR-E0S

are lower than with Chrastil equation, being able to predict the behavior of the mixture.
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[V.4. Adsorption isotherms of RuCp,

In the literature, there are two precedents in the study of the adsorption of ruthenium
organometallic precursors in supercritical medium. Zhang et al. [48] have reported the
adsorption of Ru(cod)(tmhd), on carbon aerogel. All the isotherms were best
represented by the modified Langmuir model, founding that maximum concentration
corresponded to monolayer coverage of all the accessible surface. On the other hand,
silica aerogel has been loaded with Ru(acac)s at different pressures and temperatures by
Caputo et al. [49]. This study revealed that its kinetic of adsorption is relatively fast,
being able to fit its behavior with a simple linear relation. From our part, the adsorption
process of RuCp, on two different kinds of supports in supercritical CO, will be studied
in detail in this section. For this purpose, a microporous material (activated carbon, AC)
and, a mesoporous ordered silica (MCM-48) have been selected as supports, since they
have interesting properties in catalysis. A different behavior in adsorption is expected

due to their different chemical nature and surface and textural properties.

First, adsorption isotherms are determined experimentally and fitted with models with
the aim of understanding the physics behind the process and choosing the most
favorable operational conditions. Secondly, kinetics of adsorption has been determined

to estimate the optimum operating time and identify the limiting step.

IV.4.1. Results and discussion: Adsorption of RuCp,

Adsorption isotherms have been determined at constant temperature (T=60 °C) using
the same facility and the procedure described in Chapter Il for cobalt. In all the
experiments a fixed amount of precursor have been used (10 mg), while varying the

amount of precursor up to its solubility limit at different pressures (from 9 to 20 MPa).

In this case, the selected temperature is 10 °C lower than that used for cobaltocene and
nickelocene (60 °C instead of 70 °C), looking for a slightly increase of CO, density to
favor RuCp, dissolution, since its solubility is poorer compared to the rest of

organometallic precursor employed in this thesis.
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The adsorption isotherm data of RuCp, on AC (Fig. I1V-9) indicates that the metallic
loading in the solid phase increases with the concentration of precursor in the

supercritical phase, as expected in an isotherm of type I (monolayer).
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Figure 1V-9. Effect of pressure on adsorption isotherms of RuCp, on activated carbon in SC-CO, at
60°C.

As is shown in figure 9, the isotherm at 9 MPa was conducted only up to a
concentration of 200 mg/L, basically because the solubility limit of the precursor is
reached (4 mol/mol), obtaining a maximum load of 22 mg/g. It can be observed as the
equilibrium adsorptive capacity (q) decreases with increasing CO, density from 11 MPa
to 17 MPa at temperature and initial concentration constant. This fact indicates that a
higher density (or higher pressure), the interaction forces between the solute and the
CO; molecules increase, owing to a rising of its solvation power, compared to the
bonding forces between the solute and support surface. These results are consistent with

previous data from the literature [50].

However, the last isotherm at 20 MPa exhibits a different tendency, having increased its
adsorptive capacity with increasing pressure. This crossover phenomenon is not new,
and generally occurs at relatively high pressures [51]. There are several examples in the
literature, such as the adsorption of toluene [52], CH,4 [53, 54], N, and Ar [54] on
activated carbon.
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On the other hand, the adsorption isotherms of RuCp, on MCM-48 are presented in
Figure 1V-10.

16 7 o o o o o o :
1 S .................. R B
"
12 4 " ;» ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
T 5 A 4
5 10 gy gy R E. _____________________________________________
o H
s :
a U |
B R St S R T SRR
nﬁ: 1
4 - -
E e d e
X
G o R REEEEEEEEE [ RREEEEEEEEE [ !
A ’ ! W11 MPa, 360 kg/m3
2 froeeemeonees X -------- b b b i~ A 14 MPa, 560 kg/m3
| | , , ! %17 MPa, 660 kg/m3
0 B i i i i i i i
0 50 100 150 200 250 300 350

C (mgRuCp,/L CO;)
Figure 1V-10. Effect of pressure on adsorption isotherms of RuCp2 on MCM-48 in SC-CO, at 60°C.

As in the previous case, the adsorption capacity of MCM-48 versus concentration curve
clearly shows an isotherm of type I. Similar conclusions than that obtained for
deposition on AC can be drawn; that is, the metallic loading increases with the
concentration of precursor, and decreasing with increasing pressure, and therefore the

density of the supercritical phase.

However, it is remarkable the great difference on the maximum metallic loading of
these two supports. Whereas it is possible to achieve maximum metallic loadings up to
80 mg/g on AC, when using MCM-48 as support, only depositions around 15 mg/g
were reached. This divergence in the results could be due to the treatment that has been
performed to the charcoal to activate it, which, in addition to incorporate numerous
functional groups, also could caused significant changes in its porosity both in pore size

and pore arrangement [55].
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1V.4.2. Adsorption Isotherm Modeling: Fittings and discussion

Experimental data were fitted using the sorption models explained in Chapter IlI

(Langmuir, Freundlich, Redlich-Peterson and BET).

RuCp, on AC

The experimental isotherms at 11, 14, 17 and 20 MPa were fitted with the five sorption
models. Adjusted parameters and mean square error (MSE) for each model are
summarized in the Table 1VV-3, where several conclusions can be drawn together with

the analysis from the figures 1V-11 to IV-15.

Table IV-3. Fitted model parameters and average deviation for the adsorption equilibrium
of RuCp, on AC in sc-CO,: Langmuir, Freundlich, Redlich-Peterson and BET

Langmuir

k (L/mg) 0.0057 0.0053 0.0056 0.0053
d.(mg/g) 103.55 87.46 52.12 74.03
MSE 4.95 5.72 2.22 4.43

Modified Langmuir

k’ (L/mg) 0.0045 0.0042 0.0032 0.0034

q's (mg/g) 65.07 44.44 20.56 42.60

A (L/mg)) 0.107 0.102 0.094 0.092
MSE 1.41 1.52 1.94 1.33

JEEE

Freundlich

Ke ((mg/g)/(mg/L)*™) 0.97 0.78 0.58 0.47

n 1.34 1.34 1.37 1.22
MSE 1.45 2.01 1.23 1.37

Redlich-Peterson

Kge (Mg/Q) 39.26 34,00 32.59 27.42

ar (LImg)%) 38.18 4412 55.38 57.77

g 0.26 0.25 0.27 0.18

MSE 1.50 1.95 1.23 1.37
e

BET

Kger (L/mQ) 7.93 6.14 8.10 453

Q, (mg/g) 87.22 71.65 48.85 65.49

C. (mg/L) 1618 1481 1798 1269

MSE 1.45 1.84 1.23 1.24
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Figure 1V-11. Experimental data (symbols) and fit by Langmuir (lines) for adsorption isotherms of
RuCp, on AC at 60 °C and: (¢) 9 MPa; (m) 11 MPa; (A) 14 MPa; (X) 17 MPa; (O) 20 MPa.
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Figure 1V-12. Experimental data (symbols) and fit by Modified Langmuir (lines) for adsorption
isotherms of RuCp, on AC at 60 °C and: (¢) 9 MPa; (m) 11 MPa; (A) 14 MPa; (X) 17 MPa; (O) 20 MPa.
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Figure 1V-13. Experimental data (symbols) and fit by Freundlich (lines) for adsorption isotherms of
RuCp, on AC at 60 °C and: (¢) 9 MPa; (m) 11 MPa; (A) 14 MPa; (X) 17 MPa; (O) 20 MPa.
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Figure 1V-14. Experimental data (symbols) and fit by Redlich-Peterson (lines) for adsorption isotherms
of RuCp, on AC at 60 °C and: (#) 9 MPa; (m) 11 MPa; (A) 14 MPa; (X) 17 MPa; (O) 20 MPa.
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Figure 1V-15. Experimental data (symbols) and fit by BET (lines) for adsorption isotherms of RuCp, on
AC at 60 °C and: (#) 9 MPa; (m) 11 MPa; (A) 14 MPa; (X) 17 MPa; (O) 20 MPa.

First, considering the values of the average error, it is possible to conclude that all
models provided similar fits (MSE<6), although obviously the three-parameter models

(modified Langmuir, Redlich-Peterson and BET isotherms) give the lowest deviations.

For the Langmuir and modified Langmuir models, the values of k are much smaller,
around one order of magnitude, than other values reported in supercritical CO,, such as
the adsorption of ethylacetate and furfural on AC [50], hydroxybenzoic acid on PMMA
[56], or Pt(COD)Me, onto organic aerogels [57]; but similar to that found for the
adsorption of Ru(COD)(tmhd), on AC [48], or Pd(hfac), onto SBA-15 [58]. In this
case, the product of k-gs gets very small in both models, indicating a weak adsorption of
this precursor, RuCp,, over the surface of the AC support.

Comparing the fits, Langmuir model gives close values to the experimental data at low
concentration, but it is unable to reproduce the plateau occurring at higher
concentrations; thereby, it can be conclude that this system under supercritical

conditions differs significantly from ideal monolayer adsorption on a plane surface.

Likewise, Freundlich model correlated satisfactorily the experimental data considering

that this is a model of only two parameters, with deviations similar to Redlich-Peterson.
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However, this model does not consider the competitive adsorption of CO, for

adsorption sites, which was recently reported by Wu et al. [59].

Taking this consideration into account, three-parameter models, such as Redlich-
Peterson and BET correlations, have been used to improve slightly the fit of the
experimental data. Both models provide the best fit over the whole range of
experimental concentrations, with average deviation about 1%. Therefore, these two
correlations are clearly the most appropriated models to represent the sorption

equilibrium for this system.

Finally, noteworthy as in all cases, the value of the saturation limit capacity (Qs)
provided by BET model is slightly lower than estimated by Langmuir correlation (qs),

being this last one more closer to the experimental data.

RuCp, on MCM-48

Once finished the discussion about the deposition on AC, the parameters of the fitting of
the experimental data for the adsorption on MCM-48 can be found in table IV-4, and the

graphical representations for each model in figures 1VV-16 to 1VV-20.
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Table IV-4. Fitted model parameters and average deviation for the adsorption equilibrium
of RuCp, on MCM-48 in sc-CO,: Langmuir, Freundlich, Redlich-Peterson and BET

Isotherm 1 Isotherm 2 Isotherm 3
11 MPa 14 MPa 17 MPa
Langmuir
k (L/mg) 0.0188 0.0055 0.0042
3(mg/a) 16.05 15.00 10.34
MSE 0.24 1.19 0.33

Modified Langmuir

k’ (L/mg) 0.0502 0.0032 0.0059
q's (Mg/q) 9.11 8.17 7.20
A (L/mg)) 0.019 0.022 0.004
MSE 0.78 0.43 0.31
o |
Freundlich
Ke ((mg/g)/(mg/L)*™ 2.21 0.43 0.22
n 3.07 1.80 1.74
MSE 0.56 0.98 0.28
7 |
Redlich-Peterson
Krp (MQ/Q) 61.89 14.85 7.48
ar (L/mg)™) 27.78 30.00 33.66
9 0.67 0.48 0.43
MSE 0.56 1.13 0.28
7 |
BET
Kger (L/mg) 33.63 15.24 14.35
Q. (mg/g) 15.43 12.01 7.26
C, (mg/L) 2464 2270 2226
MSE 0.64 1.01 0.31
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Figure 1V-16. Experimental data (symbols) and fit by Langmuir (lines) for adsorption isotherms of

RuCp, on MCM-48 at 60 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure 1V-17. Experimental data (symbols) and fit by Modified Langmuir (lines) for adsorption
isotherms of RuCp, on MCM-48 at 60 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure 1V-18. Experimental data (symbols) and fit by Freundlich (lines) for adsorption isotherms of
RuCp, on MCM-48 at 60 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure 1V-19. Experimental data (symbols) and fit by Redlich-Peterson (lines) for adsorption isotherms
of RuCp, on MCM-48 at 60 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.
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Figure 1V-20. Experimental data (symbols) and fit by BET (lines) for adsorption isotherms of RuCp, on

MCM-48 at 60 °C and: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.

Although the provided adjustments show average deviations equal to or less than 1 in all
cases, not all of them are able to describe the process reliably.

Langmuir model represents the adsorption curve accurately, further providing values for

the parameter qs very close to those achieved experimentally, demonstrating to be
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capable of predicting the metallic loading which could be obtained at equilibrium.
Moreover, it is rechecked as the product of k-qs is very low, just like in the previous

case, denoting a poor affinity of the metal on the support.
All other models provide virtually the same setting, with no significant differences.

Most of them do not have a good fit in the whole concentration range, showing certain
deviations at low concentrations, as is particularly noticeable in the isotherm at 14 MPa

correlated with Freundlich or Redlich-Peterson models.

Meanwhile, BET model returns to satisfactorily response by returning an adjustment
where the Qs values listed in the Table IV-4 are also in good agreement with the

experimental ones and closer to those provided by Langmuir correlation.

In conclusion, taking into account the results shown in this section, henceforth all
experiences will be developed at a pressure of 11 MPa to go on with the study of the

process and establish the optimal working conditions.

[V.4.3. Adsorption Kinetics of RuCp,

Figure 1V-21 shows the experimental data of the adsorption rate of RuCp, on AC,
where metallic loading versus time at 60 °C and 11 MPa is presented, together with the
corresponding profiles predicted by means of pseudo-first and second order models
(explained in Chapter I1). Table V-5 summarizes the values for the kinetics constants

and characteristic parameters, with its associated calculated error by Equation 18.

AC[(%) — \/Z[(Qexp_‘Imodel)/Qexp] .100 (Eq 18)

N-1
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Figure 1V-21. Adsorption of RuCp, on AC at 60 °C and 11 MPa:
Experimental data (e) and pseudo-first and second order fits (dotted line).

Table 1V-5. Kinetics parameters for adsorption of RuCp, on AC: pseudo-first and second order.

Model Rate constant (k) Saturation limit (qs) Std. deviation (Agq)
Pseudo-first order 0.278 83.20 7.8
Pseudo-second order 0.004 85.85 15.5

From Figure 1V-21, it can be seen that pseudo-first order model appears to fit the
process better than pseudo-second order model throughout the entire range of time, in
the same way than other studies reported in literature [60], with standard deviation less
than 8%.

Moreover, the values of saturation limit (qs) calculated from pseudo-first order model
are little bit more consistent with the experimental data than those estimated by means
of pseudo-second order model, providing a good agreement between the measures and
predicted values. This fact can be explained because pseudo-first order model is
applicable under low surface coverage, and hence describes the early stages of
adsorption [60]; whereas pseudo-second order model better suits the adsorption process

involving chemical interactions [61].

Similarly, the same analysis about the adsorption of RuCp, on MCM-48 has been
performed. Experimental data of adsorption kinetics and the fittings provided by both
models are shown in Figure I1VV-22, and Table V-6 presents the kinetics parameters and

calculated errors.
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Figure 1V-22. Adsorption of RuCp, on MCM-48 at 60 °C and 11 MPa:
Experimental data (e) and pseudo-first and second order fits (dotted line).

Table IV-6. Kinetics parameters for adsorption of RuCp, on MCM-48: pseudo-first and second order.

Model Rate constant (k) Saturation limit (gs) Std. deviation (Aq)
Pseudo-first order 0.844 13.25 1.03
Pseudo-second order 0.090 14.34 4.28

Results suggested from Fig. 1VV-22 that, pseudo-first order model is again the best fitting
for the experimental data, as in the previous case, with an average standard deviation
even lower, around 1%. The repetition of this result could corroborate the theory
discussed above about the application of pseudo-first order model in the early stages of
adsorption or low surface coverage, since the metallic loading obtained on MCM-48 is

much lower.

Comparing both supports, several conclusions can be drawn. First, the saturation
capacity (qs) or affinity for the metal on AC is much greater than on MCM-48, as
already noted in the previous section. However, correlations indicate that although
adsorption on MCM-48 only reaches a maximum of 1.5%, its kinetics is much faster
than on AC, as indicated by the values of constants ks and ks, being less time required to
reach the equilibrium. Therefore, according to the conclusions obtained in this section,
it can be establish between 4 and 5 hours as the maximum working time, thus
optimizing the operation with equilibrium between maximizing the metallic loading and

reducing the operating costs.
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1V.4.4. Mechanism of adsorption of RuCp,

Finally, experimental data was analyzed in order to identify the controlling step of the
adsorption process by means of intraparticle diffusion and film-diffusion models
previously detailed in Chapter I11.

Adsorption mechanism for RuCp, on AC

As can be seen in Fig. 1V-23, the Weber-Morris plot for the adsorption of RuCp, on AC
suggests that there could be different stages involved in the process, founding three
clearly distinct regions.
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Figure 1V-23. Prediction of intraparticle diffusion model, Weber-Morris plot for adsorption of RuCp, on

AC at 11 MPa and 60 °C

The initial part, region I, is attributed to the instantaneous adsorption and the transport
of the adsorbate through the bulk of the fluid to the external surface of the adsorbent,
correlated to the boundary layer diffusion. The second one, region Il, describes the
gradual adsorption stage, where intraparticle diffusion is the rate limiting. Finally, the
third portion, region Ill, is assumed as the final equilibrium stage at which the

intraparticle diffusion starts to slow down due to saturation of actives sites.

This plot shows that intraparticle diffusion is not the only rate limiting mechanism,
since according to the values of kinetic constant k;, the slope corresponding to the bulk
diffusion is the least. This implies that the diffusion from the bulk phase to the exterior
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surface of the support, which starts at the onset of the process, is the slowest and
therefore the rate-controlling step [62]. It can be noticed that this stage lasts the first

hour of the process, increasing after the adsorption rate once overcome.

Notably, as in this case the setting for the region 111 obtained by this model gives a very
low correlation coefficient R?, to some extent due to the difference between the values

of the experimental data.

To further verify the above observations, Boyd’s plot of B; versus t is shown in Fig. IV-
24.
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Figure 1V-24. Boyd plot for adsorption of RuCp, on AC at 11 MPa and 60 °C

This model shows a good fit for short times, as seen in the regression coefficient value

R?, very close to unity.

Boyd’s plot shows a straight line, but it does not pass through the origin. The presence
of intercept value together a relatively high value for the slope, indicates that the
external mass transport governs the rate-controlling process. Nevertheless, as the
intercept approaches zero, pore diffusion plays a relevant role in the overall adsorption

mechanism [63].

It may be conclude that the adsorption of RuCp, on AC is rather a complex mechanism

where the intraparticle diffusion in not the only rate-controlling step.
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Adsorption mechanism for RuCp, on MCM-48

In the adsorption of RuCp, on MCM-48, Weber-Morris plot shows three different
regions, as can be seen from Fig. IV-25 together with the correlation and coefficient R.
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Figure 1V-25. Prediction of intraparticle diffusion model, Weber-Morris plot for adsorption of RuCp, on
AC atll MPaand 60 °C

Regression coefficient R? values lie in the range of 0.82-0.99, indicating that the
interparticle model fits the experimental data correctly. However, even though R? values
seem to reproduce quite well the results, rigorous evaluation is required in order to

choose the more reliable diffusion mechanism.

Referring to Fig. IV-25, it can be observed different regions, which indicate that the
adsorption rate is initially faster and then slows down when the time increases.

The first stage, region I, is completed within the first 15 minutes, unlike in the previous
case on AC. This first shaper portion is related to the boundary layer diffusion (film
diffusion). This phenomenon has been noted by other authors [62] with similar results at
high pressures, where the film thickness decreases with the rise in pressure, and thereby
the rate of film diffusion will increase.

Later, linear portion, region I, reaches up to 3 hours. During this time, the rate of mass
transfer is sole controlled by the pore diffusion up to q values very close to equilibrium.
After this stage, region Ill, the adsorption rate drops sharply due to the saturation of the

active centers, as mentioned above, until equilibrium is reached.
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It can be noticed that, region Il does not pass through the origin which indicates a
boundary layer effect; but this value is very low, which suggests that the role of the film
diffusion is insignificant and pore diffusion is the main dominating factor in controlling
the rate of the adsorption [64].

A conclusion regarding mass transfer mechanism can be reached from the analysis of

data by Boyd’s model, given in the Fig. 1V-26.
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Figure 1V-26. Boyd plot for adsorption of RuCp, on MCM-48 at 11 MPa and 60 °C

Based on the high R? value that is very close to unity, it can be concluded that Boyd’s

model fits well the experimental data.

In this case, a straight line with a very slope value is obtained. This fact indicates that
the adsorption of RuCp, on MCM-48 is mainly governed by the pore diffusion, being
this the rate limiting step, as the intercept is close to zero. This conclusion is in

accordance with the previous results obtained from the intraparticle diffusion model.

Finally, if the results obtained from the different models and proposed mechanisms for
both supports are compared, several conclusions can be obtained: In the first place, both
supports exhibit a complex adsorption mechanism, comprising several stages in series,
according to Fick’s second law. However, in the case of AC, it is seen as the controlling
step of the process is mainly the external transport or film diffusion, being this the
predominant effect during the first hour of operation. On the other hand, the adsorption
on MCM-48 is largely governed by pore diffusion, since the external transport initial

stage is very fast and of short length.
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[V.5. Continuous Supercritical Deposition of RuCp,

In this section, the supercritical fluid deposition method (SCFD) will be developed for
synthesis of ruthenium-based catalysts. The novelty that arises is the achievement of
this technique by continuous process. To reach this objective, the synthesis plant was
modified as described subsequently; and then a series of experiments was performed at

different times and flow rates, analyzing its effect on the deposition process.

IV.5.1. Continuous Set-up for Catalyst Synthesis

One of the aims of this PhD thesis is to attempt to transfer the SFRD process from a
batch operation to a continuous procedure. For this purpose, several modifications have
been performed in the batch experimental set-up, described in a previous paragraph, in

order to achieve a continuous operation.

To facilitate the control of the process, the CO, is continuosly pumped by means of a
HPLC pump Jasco model PU-2080 Plus, with a flow rate range of 1 uL to 10 ml per
minute and maximum pressure of 22 MPa. The suction line of the pump is cooled down

in order to guarantee the liquid state of the CO,.

Moreover, to maintain a constant flow throughout the experiments, a mass flow meter
controller from Bronkhorst Coriolis sensor calibrated to CO, combined with a

controller model mini Cori-Flow (hominal range of 10 to 1000 g/h) was set up.

Furthermore, a back pressure valve RHPS, with maximum allowable operating pressure

<40 MPa, is employed downstream of the reactor to keep the desired pressure.

Finally, for security aims, a relief valve Swagelok SS-4R3A was installed to protect the
system from potentially damaging overpressures, with a pressure rating up to 41 MPa at

room temperature.

In this new configuration, the high pressure vessel used in the batch operation has been
replaced by two tube sections placed in horizontal position inside the oven, as shown in

figures. 1V-27 and 1VV-28. The first of them contains the organometallic precursor mixed
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with glass spheres to help its dissolution into the CO, flow. Afterwards, the solution

goes through the second tube in which the support is located.
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Figure 1V-27. Experimental device for the synthesis of catalysts by SFRD (operation flow)
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Figure 1V-28. Detail of the new configuration for continuous process: two tube section

Depositions were conducted under conditions of pressure and temperature established

following the previous isotherms analysis, P = 11 MPa and 60 °C.

The initial flow of CO, was 45 g/h, which was estimated to be enough to dissolve the
precursor along the bed, and be saturated prior to contact with the support. This premise

was based on observations made in the experiments carried out in the visual cell.

1V.5.2. Results and discussion

Figure 1\VV-29 shows the results obtained at different times for the adsorption of RuCp,
on MCM-48.
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Figure 1V-29. Evolution of metal loading (Ru %wt) versus time of exposure for the adsorption of RuCp,
on MCM-48 at 60 °C, 11 MPa and 45 gCO,/h

Results show as Ru loading increases with time of operation. As can be seen, it is
possible to reach loadings exceeding its maximum saturation capacity (~15 mg/g) in
less than 2 hours. This means that the effectiveness of the adsorption process is
improved because of the following potential factors: first, the precursor concentration in
the fluid medium is maintained constant at any moment, unlike in the batch process; and
on the other hand, the support is much better distributed within the reactor thanks to the

filling of glass spheres, improving the stage of mass transport and diffusion.

In this case, the CO, is completely saturated in the first vessel, which is filled with
excess of precursor, putting it in contact with the support in the second vessel with a
concentration equal to the initial. The amount of undissolved precursor can be recovered

after operation, thus saving on costs.

As to the deposition on activated carbon, as shown in Fig. 1V-30, it is sensed that a
maximum concentration lower than the one reached at equilibrium is obtained,

irrespective of length of exposition over 2-3 hours.
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Figure 1V-30. Evolution metal loading (Ru %wt) versus time of exposure for the adsorption of RuCp, on
AC at 60 °C, 11 MPa and 45 gCO,/h

This fact could be related to the transport limitations found after studying its adsorption
mechanism in the previous section, where it has been concluded that for this metal-
support system, RuCp,/AC, the diffusion from the bulk phase to the exterior surface of
the support is the rate-controlling step.

To solve this matter, it has been proposed to work with lower CO, flows (30 and 15
g/h), in this way it is expected to increase the contact time between the fluid phase and
the support matrix to facilitate the adsorption process. The results are shown in the
figure 1VV-31.
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Figure 1V-31. Evolution of metal loading versus time of exposure for the adsorption of RuCp, on AC
at different CO, flows: (¢) 45 g/h; (4) 30 g/h; (m) 15 g/h
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As can be seen, by reducing the flow of CO,, the desired effects is achieved, leaving
more time for fluid to penetrate intro the pores, obtaining metallic loadings up to 8 %wt
in 4 hours with a flow of 30 g/h. The smallest flow (15 g/h) also shows a lower loading,
although actually, this fact is explained as the total dissolved amount of precursor is also
lower. For this reason, to choose the optimal flow for this process, not only the metal
loading will be taken into account, but also the CO, consumption, minimizing its costs

and increasing the effectiveness.

1VV.5.3. Kinetics of the continuous process

Firstly, the data was fitted to first-order kinetics, by the following equation:
qi=qs- (1—e™) (19)

where @i and gs are the adsorptive capacity (mg/g) at a given point of time and at

saturation limit respectively; k is the first order rate constant; and t is the time in hours.

The kinetics parameters were estimated by using the error function based on the

normalized standard deviation:

Aq(%) — \/Z[(Qexp_Qmodel)/Qexp] 100 (20)

N-1

Figure 1V-32 show the fitting provided for the adsorption of RuCp, on MCM-48 and

AC. Table IVV-7 summarizes the kinetics parameters.
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Figure 1V-32. Fittings (dotted line) for the adsorption process in continuous of RuCp, on MCM-48 and
AC: Experimental data: at different CO, flows: (¢) 45 g/h; (4) 30 g/h; (m) 15 g/h
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Table IV-7. Kinetics parameter and standard deviation provided by first-order kinetics fitting

s (mg/

Adsorption on MCM-48

k(h*

Error %

45 g/h 28.0 0.41 6.93

Adsorption on AC
45 g/h 50.3 0.89 1.95
30g/h 184.7 0.10 13.06
15g/h 124.8 0.28 7.60

Model provides acceptable fitting, comparable to that of other authors. Experiments
carried out with the greatest flows (45 g/h) have higher kinetic constants, seemingly
reaching its maximum adsorption capacity shortly. However, this load seems to be
limited. Deposition of metal nanoparticles with high flows covers the surface of the
support quickly; but by contrast, this reduces its specific area by plugging the pores and

thus avoiding successive loads.

On the other hand, experiments carried out with a flow of 30 g/h are those that have the
higher metal loading at short times; as despite having a slightly lower value for its
kinetic constants compared to the experiences with flow of 15 g/h, these two lines cross

over after 8 hours of operation according to the prediction estimated by the fittings.

Finally, the process can be analyzed in terms of kinetics behavior and the consumption
of CO; which entails achieving that metal load versus time:
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Figure 1V-33. Final metallic loading and evolution of this with the consumption of CO, versus time
Red line: 15 g/h; Green line: 30 g/h; and Blue line 45 g/h
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From Figure 1V-33, it can be obtained the optimum operating conditions to achieve a
metal loading around 5 %wt, working with a CO, flow of 30 g/h in less than 2 hours.
The graph shows how from that point, spending CO; is very high compared to the

deposited metal.

Therefore, as a conclusion of this section, it has been proved that SCFD technique is

feasible to be implemented in continuous process.
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IV.6. Characterization of ruthenium-based catalysts

In this case, the study will be focused on the main differences associated to the use of
two different supports; one of them, mesoporous (MCM-48), and the other one,

microporous (AC).

The amount of Ru deposited over both supports (MCM-48 and AC) was determined by
XRF. With the aim to precise comparison, it has attempted to synthesized catalysts with
similar metal loadings, around 4 %wt. Additionally, another sample was prepared with
double metal content to analyze its effect on the homogeneity of the synthesis method;
and in turn, for its subsequent activity test. Table 1V-8 gives the BET area and pore

volume for each sample.

Table 1'V-8. Structural properties and metallic loading of ruthenium-based catalysts prepared

Sample Ru (Wt.%) Sger (M?/Q) d, (hm) Vp (cm’/g)
MCM48 1641 3.6 0.90
AC 794 3.0 1.01
Ru/MCM48-WI 4.0 1450 3.2 0.50
Ru/MCM48-SC 4.7 748 1.6 0.58
Ru(L)AC-SC® 4.3 739 2.2 0.77
Ru(H)AC-sC® 7.9 524 2.3 0.61

(@) Low metallic content; (b) High metallic content

Just as in the previous cases, both pore volume and pore size decrease with the amount
of metal impregnated. It is noteworthy as in the case of AC due to its irregularity of its

structure, this difference becomes less plausible.

XRD analysis was employed to identify the species and crystal phase of ruthenium

nanoparticles.
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Commercial
catalyst

RuAC-SC

35 40 45 50 55
2Tetha (deg)

Figure 1V-34. XRD pattern of Ruthenium catalysts: Commercial Ru/AC (Ru5 %wt on activated carbon,
reduced, 50 % water wet paste (Escat™ 4401)) and Ru(H)/AC-SC

The analysis of the catalyst by XRD gave the results as shown in Fig. 1V-34, in which
multiple peaks were present at 20 = 37 to 47° , with a maximum around 44°. This peak
was analyzed by peak separation method in order to identify different peaks. The main
peak corresponding to 44° belongs to the plane (101). Like this, there are two other
peaks at 38° and 42°, related to the planes (100) and (002) respectively. All this leads us
to believe in the presence of ruthenium crystallized in hexagonal close packing structure
(JCPDS 06-0663). On the other hand, peaks at 41° and 47° are associated with cubic
ruthenium. Therefore, the XRD spectrum shows a similar appearance in both samples

(commercial and SC) with two different ruthenium crystallizations.

Besides, the morphology of this nanocomposites and the distribution of metal were
studied by means of scanning electron micrographs (Fig. IVV-35 and 1V-36).

et
SED U

Figure 1V-35. SEM images of Ru/MCMA48-SC prepared in continuous
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Analysis of the SEM pictures for samples on MCM-48 (Fig. 1V-35) reveal, spherical
particles with an average diameter between 300 and 500 nm, where it can be observed
metallic nanoparticles dispersed over the surface. The appearance of these particles
suggests a multilayer adsorption, leading the growth of metallic nanocrystals located on

outer surface

- 3 = b 2 M 3 4
Ru1h1 Ru3h1
MAG: 1000 x _HV:12.0kV WD: 32.0 mm MAG: 1000 x  HV:12.0 kV WD:32.0 mm

Figure 1V-36. SEM images of Ru(H)/AC-SC prepared in continuous

Otherwise, images for catalysts prepared on AC (Fig. 1V-36) show the rough and
uneven surfaces of carbon particles, with a wide size distribution, as it is checked in the
Dynamic Light Scattering (DLS) report (Fig. 1\VV-37).

7 Particle Size Distribution
&]
— =]
g
E 4
= ]
[m]
= 2
1
%.Dl 0.1 1 10 100 1000 2000
Particle Size {um)

Figure 1V-37. Particle size distribution curve of AC

X-Ray SEM/EDX Mapping was used in order to verify the distribution and

homogeneity of ruthenium nanoparticles on both supports.
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RuMCM(2) 1
MAG: 300 x HV:20.0kV WD

Figure 1V-38. X-Ray SEM/EDX Mapping for Ru/MCM48-SC:
Electron image, Blue color Si ka, Green color O ka, and Red color Ru Aa
Figure 1VV-38 reveals that ruthenium has been deposited on the substrate surface, filling
its pores with a very good distribution; likewise it was achieved on this kind of
mesoporous micelle-templated silicas (MS41 family) with the other two metals studied
in this PhD thesis.

Ru 2h (no Au) 1 - ] ) Ru 3h {no Au) 2
MAG: 1000 x  HV: 20.0 k¥ WD: 32.0 mm MAG: 1000 x  HV: 20.0 kW WD: 32.0 mm
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WD: 32.0 mm _—

Figure 1V-39. X-Ray SEM/EDX Mapping for Ru(H)/AC-SC prepared in continuous
(A) Ru ~ 4%wit, (B) Ru ~ 7 %wt — Blue color C ka and Red color Ru Aa
On the other hand, as shown in figure 1V-39, metal completely covers the entire carbon
surface with homogeneous distribution. Increasing the concentration of metal in the
catalyst, it still maintains a uniform distribution, without finding concentration

gradients.

This proves that this technique of metal deposition is perfectly feasible for all types of

support, both mesopore and microporous.
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IV.7. Activity Test: Hydrolysis of Cellobiose for Glucose
production

As already mentioned throughout the course of this PhD thesis, there is a new trend that
tries to replace petroleum-based products with other renewable raw materials. Among
all the options that are being considered, many researches are focusing their attention on
vegetal biomass as an abundant source of carbon material that can be used as feedstock

for the production of chemicals and/or fuels.

One of the most promising ways is the use of cellulose [65-67], which is the most
abundant fraction in biomass wastes. Cellobiose can represent a model compound in the
cellulose hydrolysis since it is formed by two glucose units. In particular, glucose can be
achieved from the hydrolysis of cellobiose, but other numerous intermediates and
subproducts can also be obtained according to the pathway proposed in the literature
[68], and presented in figure 1\VV-40.

\ Glumnsyl  Glyooaldehyde

Glucoeyl Fr;r"'r'w

.-"'"FFF--

Fruzose

5 - HMF
Clyceraldehyde
Diridrmosyacetore
: O
.'l
Pynuvaldehyde

Figure 1V-40. Reaction pathway for cellobiose [68]
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So far, the most widespread treatments to hydrolyze the cellobiose consist on the

enzymatic hydrolysis [69, 70], or on the homogeneous acid-catalyzed process [71-73].

The first one, the enzymatic hydrolysis, is a very selective process, which also is
performed at mild conditions, usually temperatures between 40 and 50 °C, and under
slightly acidic (pH ~ 5). Nevertheless, this method presents some drawbacks. As since it
is a biological process, the reaction rate is very low (conversion 60% in 5 days [74]),
requiring large volumes of reaction; and besides, the enzymes are active only over a

very narrow range of operating conditions (very sensitive process) [75].

On the other hand, homogeneous acid hydrolysis is much faster, but as it is carried out
at higher temperatures, degradation of some products occurs, thereby decreasing the
selectivity of the process. Moreover, there exists a very high risk of corrosion problems

in the equipment, which implies a greater initial cost (special resistant materials).

However, recently some researchers have suggested a new method to hydrolyze
cellulose rapidly by means of the hydrothermal process, which employs near-critical or
supercritical water as a reaction medium [76-79]. In this case, it is not necessary to pre-
dry the raw material, independently of this moisture [80], making it in a very versatile
process for food purposes, derivation of useful compounds for chemical synthesis, or

energy resource [81].

In order to enhance the selectivity of the reaction, supported acid catalysts can be added,
because they avoid corrosion problems caused by homogeneous catalysts, and in
addition, they are easily separable [82].

Previous studies have already demonstrated that ruthenium-based catalysts improve the
selective conversion of cellobiose to hexitols [83]; for this reason, in this chapter, the
activity of Ru/MCM48 and Ru/AC composite materials is confirmed following the
hydrolysis of cellobiose in hot compressed water and compared to commercial catalysts.

IV.7.1. Experimental Device

Reactions were carried out in an AlSI 304 stainless steel batch reactor, with a volume

equal to 150 mL presented in figure 1VV-41 together with the rest of the elements.

189



CHAPTER 1V. Ruthenium-based Catalysts

Figure 1V-41.Experimental device: reactor, controller, cooler and sampler

At the beginning, 140 mL of a solution of cellobiose with an initial concentration of 10
g/L is introduced into the vessel, together the catalyst (ratio Ru/cellobiose = 0.15). After
that, the reactor is closed, and heated up to 180 °C by means of an electrical band heater
(275 W) connected to a PID controller (OSAKA, OK31) in 10 min. Because of this
warming up, an increase in pressure is produced. This autogeneous pressure is
measured, for security reasons, with a gauge (0 — 2.5 MPa). Then, when the operational
temperature is reached, the reaction starts (this point is considered time = 0). During the
operation (40 min in order to prevent the degradation of products), the solution is
continuously stirred by using a magnetic stirrer at a constant speed of 200 rpm. At the
end, the valve is opened, and the sample is cooled down through a coil placed around

the side tube with fresh water to facilitate the sampling.

These operational conditions, specific for the cellobiose hydrolysis, were chosen as

optimal according to previous studies inside our research group.

Samples are then filtered and analyzed in High Performance Liquid Chromatography
(HPLC), by using a Sugar Shodex SH-1011 in aqueous solution of sulfuric acid (0.01

N) as mobile phase with a flow rate of 0.8 mL/min at 50 °C.

The conversion of cellobiose, and the yield of the products were calculated as follows:

(moles Cellobiose;—moles Cellobiosey)

0 = .
HC = moles Cellobiose; 100 (21)
0 — moles Glucosef )
%S (moles Cellobiosej—moles Cellobiosef) 100 (22)
%Y _ moles Glucosef . 100 (23)

moles Cellobiose;
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I\V-7.2. Results and discussion

It is worth noting that, in contrast to previous studies, non-calcined catalysts were
employed since in this reaction it is not necessary that the ruthenium is present in its
metallic state

Figure 1V-42 shows the effect of the addition of ruthenium-based catalysts in the

hydrolysis reaction of cellobiose at 180 °C, 40 min, and ratio Ru/cellobiose = 0.15.

100 —p-----smsseensseensneens s

H Conversion H Selectivity Yield

90
80
70
60
50
40 +--
30 -
20 -
10 +-

0

Blank Ru/MCM48-WI Ru/MCM48-5C  Ru(L)/AC-SC Ru(H)/AC-sSC

Figure 1V-42. Conversion, selectivity to glucose and yield on different Ru-based catalysts

influence of the support, synthesis technique and metallic loading

As shown in the figure 1VV-42, in all cases, the yield to glucose was improved. In order
to check if the reaction is promoted either by the ruthenium or by the acidic character of
the support, an experiment under the same conditions with an analogous amount of
MCM-48 and AC, but without ruthenium was employed. The results in both
experiences were similar to the blank (51 % conversion and 35 % selectivity); thus the

active metal is the responsible of improving the performance of the reaction.

Comparing Ru-based catalysts supported on MCM-48 prepared by WI and SC, it can be
observed as both provides similar yields, 46% and 48% respectively. However, it is
noteworthy that although this yield is almost the same, the catalyst prepared by WI
significantly improves both conversion (74 %) and selectivity (62 %); whereas the
catalyst prepared by SC, slightly increases the conversion (56 %), but practically triples
the value of selectivity (87 %).
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This fact is remarkable, since the conversion could be increased with a longer operation,

being the catalysts synthesized by SC the better option for this process.

On the other hand, if attention is paid to the results comparing the Ru catalysts with
different supports, MCM-48 and AC, several conclusions can be drawn. Both catalysts
prepared by SC provide a similar conversion; however, both selectivity and yield
obtained by the Ru catalysts supported on AC are lower, and therefore, a higher amount

of byproducts are generated when AC is used as support.

According to literature, it has been demonstrated that the strength of the acid sites is
crucial for effective hydrolysis of cellulose [84, 85]. To verify this theory and give
explanation to this behavior, an ammonia TPD and titration were performed to
determine the acidity of the supports. Figure 1VV-43 shows the TPD curve of MCM-48.
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Figure 1V-43. TPD measurement of MCM-48 suppor (heating rate 15 °C/min)

Analysis revealed that MCM-48 has both weak and strong acid sites (0.056 mmolnns/g
and 0.695 mmolnus/g respectively), which in addition, due to its highly ordered
structure are easily accesible. On the other hand, titration curve showed that AC had

certain basic character.

Finally, the catalyst with higher metallic loading (~8%) provides the lowest yield

(22%), very close to that obtained uncatalyzed. In this case, two phenomena act againts.

First, the conversion increases while the selectivity decreases, demonstrating that
glucose continues to react in other byproducts, as showed in Fig. 1\VV-40; and secondly,
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several authors have been proved that approximately monolayer coverage of metal on
the inner surface of the support provides the best results, because the sample preserves
its mesoporosity and ordered structure. The higher the metal load, the greater are the
diffusion limitations, and therefore, the worse the contact with the active centers [86].

In conclusion, in this section, Ru-catalysts prepared by SC have been tested in the
hydrolysis of cellobiose. The samples have shown a good catalytic activity, increasing
the selectivity in producing glucose, with comparable yield to conventional catalysts. In
this particular case, the Ru-catalyst prepared by SC in continuous on MCM-48 with a
metallic loading of 4 %wt has proven to be the best option, achieving yields up to 48%.
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IV.8. Conclusions

In summary, in this chapter we have synthesized different ruthenium-based catalysts on
MCM-48 and AC using ruthenocene (RuCp,) as organometallic precursor by means of
supercritical fluid deposition process in continuous. For its development, the following

issues have been studied:

v" Firstly, the solubility of RuCp, has been determined at 60 °C and different
pressures by cloud point technique in a visual cell. Experimental data have been

fitted by Chrastil and Peng-Robinson with good agreement.

v The adsorption isotherms of RuCp, on MCM-48 and AC have been obtained. In
both cases the metallic loading in the support increased with the supercritical
phase concentration, type |, characteristic of monolayer deposition. It has been
observed as the process is favored at low pressures. Experimental data have been
fitted by different models, being the three-parameter equations such as Redlich-

Peterson or BET correlations which provide the best fittings.

v Adsorption kinetics of RuCp, on AC is better fitted by a pseudo-first order
model, achieving a value of saturation limit of 80 mg/g after 10 hours. In
contrast, the adsorption on MCM-48 only reaches a maximum of 15 mg/g, but in
less than 4 hours, having a faster kinetics. The analysis of their adsorption
mechanism revealed that both systems have complex mechanisms with different
stages involved in the process. However, in the case of adsorption on AC, it is
seen that the controlling step is mainly the external transport, whereas on MCM-
48 is largely governed by pore diffusion.

v Ruthenium catalysts have been satisfactorily synthesized by means of SCFD in a
continuous process, at 60 °C and 11 MPa. Experimental data have been fitted by
a first order model with acceptable average errors. The deposition on MCM-48
was carried out with a CO, flow of 45 g/h; while in the study on AC, 3 different
flows were tested to obtain the optimum value to improve the process and avoid
the problems owing to transfer limitations. Taking into account both kinetics and
efficiency of the process, it has been determines that the best CO, flow to

operate is 30 g/h.
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v" Ruthenium-based catalysts have been characterized using different techniques.
The samples prepared in both supports showed a decrease in their BET areas
after the incorporation of metal, being this effect much smaller in the case of
adsorption on AC due to its irregular structure. SEM and TEM pictures revealed
homogeneous metallic distributions, filing the pores and maintaining the original

structure of the support even with increasing concentrations.

v" The activity of the prepared catalysts has been tested in the selective hydrolysis
of cellobiose for glucose production. Ru/MCM-48 catalysts with 4 %wt
prepared by SC have shown the highest yield, improving the process without
catalysts from 18% to 48%, with selectivity around 90%. Experiments with
different loadings have revealed that, the higher the amount of metal, the worse

contact with the active centers.
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Conclusions

Taking into account the objectives set at the beginning of this PhD thesis, during the

course of it, they have been fully complied, as indicated below:

>

Co/MCM-41 and Ni/MCM-48 catalysts have been synthesized by means of
supercritical fluid reactive deposition (SCFRD), with metallic loadings up to 15
%wt and 5 %wt respectively.

Ru/MCM-48 and Ru/AC catalysts have been prepared using supercritical fluid

deposition (SCFD) in continuous process with metal loadings of 4 and 8 %wt.

The solubility of RuCp, in sc-CO; has been determined at 60 °C and different
pressures, and fitted with good agreement by empirical (Chrastil) and EoS

(Peng-Robinson) methods.

The adsorption isotherms of all systems adsorbent-adsorbate presented in this
PhD thesis have been determined, showing different behaviors, and modeled
with multiple correlations (Langmuir, Freundlich, Redlich-Peterson, Toth and
BET). Moreover, the adsorption kinetics and mechanisms have been studied in

order to propose a correct operational time and identify the rate-controlling step.

SCFRD process has been optimized for deposition of cobalt and nickel from
their respectively metallocenes, in a batch system, operating at 200 °C and 14
MPa for 1 hour, placing the precursor and support alternatively to avoid transfer

limitations into the reactor.

SCFD process in continuous has been developed for the deposition of ruthenium
on MCM-48 and AC, at 60 °C and 11 MPa with different CO, flows (15, 30 and
45 g/h).

Catalysts have been characterized in terms of metallic loading, morphology,
structure, metal distribution and metal size by different techniques, such as XRF,
BET, TPR, SEM or TEM among others.
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>

In the case of study of cobalt, the isotherm showed that the adsorption of CoCp,
on MCM-41 was practically non-existing. But this technique of SCFRD has
proven to be a viable process for its synthesis. It has been achieved a product
with a metal loading around 6 %wt after just one hour of operation. This fact
presents a considerable advantage compared to conventional synthesis methods,
which require exposure times of up to one or two days. Moreover, metal
dispersion achieved by this technique has been far superior to other methods,

around 10% with particles between 1 to 9 nm.

» The versatility of this process has been tested by means of the preparation of

nickel-based catalysts. However, in this case the difficulty to be overcome was
the adsorption mechanism was mainly governed by external mass transport,
requiring very long times to reach the equilibrium (10 hours). The results have
shown that this synthesis technique (SCFRD) also allows the manufacture of
catalysts for this kind of systems, obtaining metallic loading between 2-5 %wt
with nickel particles homogeneously distributed on the surface and BET areas

close to 1000 m?/g.

By using SCFRD can achieve high metal loadings through consecutives batches,
as it has been tested in the synthesis of cobalt (6, 14 and 17 %wt) and nickel (2,
4 and 5 %wt) catalysts.

» Another important factor that should be noted is that, despite using high

pressure, this technique does not modify the ordered structure of the supports as
has been proven in microscopy pictures, unlike other methods such as direct

synthesis that caused the pores collapse.

Ruthenium-based catalysts have been satisfactorily prepared by means a
continuous method based on the SCFD on two different supports (MCM-48 and
AC). The analysis of their adsorption mechanism revealed that both systems
have complex mechanism with different stages involved. In the case of
adsorption on AC, the external transport is the controlling step; whereas on
MCM-48 the pore diffusion is which governs the process. However, this
difference is not a problem for the synthesis method, since the diffusion

limitations can be resolved using lower CO, flows. This represents a huge
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advantage compared to batch process from an economic point of view, which

shows its potential commercial and industrial viability.

» Co/MCM-41 catalysts have been tested in the gasification of cellulose, obtaining
a H, selectivity around 30% as a result of the promotion of tar production, as it

has been demonstrated by the fit provided by a proposed three-reaction model.

» Ni/MCM-48 catalysts have been proved in the selective conversion of glucose to
sorbitol, reaching conversions around 6 %, with selectivity up to 90 % and yield

of 5 %, similar to conventional catalysts.

» The activity of ruthenium-based catalysts have been tested in the hydrolysis of
cellobiose for glucose production, achieving the best yield with the Ru/MCM-48
catalysts prepared by SC, and improving the process without catalysts from 18%

to 48%, with selectivity around 90%.
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FUTURE WORK

Future Work

As future work, the synthesis of bimetallic catalysts by means of supercritical

technology is proposed.

The main characteristic that a good catalyst must have is a long useful life; that is,

maintain its activity in the course of time and multiple uses.

In this sense, nickel-based catalysts are often easily deactivated due to poisoning by
coke. One of the possible solutions that arises is the use of another metal to confer

certain stability, protecting nickel particles against carbonaceous deposits.

Therefore, the synthesis of nickel-ruthenium bimetallic catalysts using supercritical

fluids is proposed; with its consequent stability test in cycles reactions.
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Characterization Techniques

In this section, characterization techniques employed during the development of this
thesis are described. As well as the analytical conditions under which the different
equipments have been operated to determine the structural and physicochemical

properties of the synthesized catalysts and organometallic precursors.

In the following table, characterization techniques are summarized and briefly explained

the objective with each of them.

Technique Information

: : : Textural properties, surface area
Nitrogen adsorption / desorption ;
and porosity

Temperature Programmed Reduction

Reducibility of the species
(TPR)

: : Structural properties and
X-Ray Diffraction (XRD) : o
cristallinity

X-Ray Photoelectron Spectroscopy (XPS)  Surface species and oxidation state

Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES)

Concentration of metal

Semi-quantitative elemental
X-Ray Fluorescence (XRF) o
composition

Fourier Transform Infrared Spectroscopy = Chemical structure and functional

(FTIR) groups

Scanning Electron Microscopy Morphology, size and external
(SEM / EDX) particles

Transmission Electron Microscopy Morphology of the pores and metal
(TEM / MAPPING) distribution

Thermogravimetric Analysis (TGA) Decomposition temperature
Temperature-Programmed Desorption L

(TPD) of ammonia Acidity

Hydrogen Chemisorption (HC) Dispersion of the active phase
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Nitrogen adsorption / desorption

The two additional factors in the adsorption phenomena, imperative for catalysis
applications, are the surface area and porosity or texture of the solid, which are
intimately connected to the process of synthesis. The adsorption / desorption gases

measurements can provide information about them through the adsorption isotherms.

There are 6 different types of isotherms it can be found in literature [Fig. 1], from | to V
belonging to the original classification of Brunauer, Deming and Teller, and type VI,
added later by the International Union of Pure and Applied Chemistry (IUPAC).
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Figure 1. Classification of adsorption isotherms defined by IUPAC depending on the pore size and

surface character of the material
In this same way, the pore sizes were classified into three groups according to their
diameter to explain the nature of solids and their isotherms:
- Microporous: 0-2 nm
- Mesoporous: 2-50 nm

- Macroporous: >50 nm

Type | isotherm are given by microporous solids having relatively small external
surfaces, such as activated carbons, molecular sieve zeolites and certains porous oxides,
the limiting uptake being governed by the accessible micropore volume rather than by

the internal surface area.
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Type Il isotherm represents the unrestricted monolayer/multilayer adsorption of

adsorbate on the surface of non-porous or macroporous materials.

Type 111 isotherm is not common; however there are a number of systems, such as
nitrogen on polyethylene, which give isotherms with gradual curvature. In such cases,
the adsorbent-adsorbate interaction is weak as compared with the adsorbate-adsorbate

interactions.

Types IV and V isotherms show a hysteresis loop associated to capillary condensation

taking place in mesopores.

Type VI isotherm shows stepwise multilayer adsorption on a uniform non-porous
surface. The step-height now represents the monolayer capacity for each adsorbed layer

and, in the simple case, remains nearly constant for two or three adsorbed layers.

BET surface area and pore size distribution were determined using a Quantasorb
Sorption System (Quantachrome Instruments) by the isotherms of adsorption and
desorption of N, at -196 °C on 200 mg of sample previously degassed at 350 °C under
high vacuum atmosphere for 8 h. Total specific areas were determined by the multipoint
ET method at P/P(<0.3, and total specific pore volume were evaluated from N, uptake

at relative pressure to near saturation (P/P¢=0.99).

The pore size distribution curves were calculated from the desorption branches of the

isotherm using Barret-Joyner-Halenda method (BHJ).

Temperature Programmed Reduction (TPR)

Temperature Programmed Reduction (TPR) is a technique widespread for chemical
characterization of solids.

TPR basically consists in the reduction of a solid in contact with a gaseous stream,
usually H, as a reducing gas diluted with other inert gas (nitrogen or argon), during a
controlled heating of the system. The composition of the gaseous mixtures is measured

at the exit of the reactor, in one or more peaks. Each of these represents a reduction
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process involving a chemical species in particular, and its position depends on their

chemical nature.

During the development of this thesis, TPR technique was used to analyze the
reducibility of metal species and their oxidation states, and thus to identify them.

TPR profiles were determined using a Micrometrics TPR/TPD 2900 analyzer, where
catalyst precursor is first outgassed and heated in an N2/H; flow (>99.999% purity, 95/5
volumetric ratio) at 10 °C/min to 900 °C. Finally, the effluent gas is directed through a
liquid N trap and H, consumption is determined by TCD.

X-Ray Diffraction (XRD)

This technique provides information about structural properties, orientation and size of
the crystals present in the sample. Since each crystal compound has certain
characteristic parameters, such as interplanar distances, then, this data is enough to
unequivocally identify the species present by comparison of the diffractograms obtained
with the standards provided by the database system.

In the case of microporous supports, XRD was used to verify the degree of crystallinity.
This was estimated from the ratio of the sum of intensities corresponding to the peaks of
the main planes (111),(330),(150),(202)and (350).

Precursors and prepared solids were ground in an agate mortar to homogenize the
particle size and placed in the sample holder. A diffractometer XRD Phillips PW 1710
was employed, using Cu K-alpha radiation (wave length A = 1.54056}), in the angle
range 20 from 5° to 85° and step size of 0.02°.

X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) can help us to identify the surface species,
especially to determine its oxidation state, considering that this is essentially a technique

for analyzing the solid surface, only reaching a depth of 30 A.
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The XPS measurements were performed with multitechnique system (SPECS) fitted
with a dual anode (Mg/Al) non-monochromatic X-ray source and hemispherical
PHOIBOS 150 analyzer operating in the fixed analyzer transmission mode (FAT). The
spectra were obtained with pass energy of 30 eV and AlKa radiation (hv = 1486.6 ¢V)
at 200 W and 12 kV.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The chemical analysis to determine the metal concentrations were obtained by means of

the Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).

A Perkin Elmer Optima 2100 DV ICP-OES spectrometer was used to get the metallic
loading, previously calibrated with standard solutions prepared in the laboratory.

For the measurement, all samples followed the same procedure.

0,1 g of solid is weighed in a platinum capsule completely dry. Then, deionized water
is added to wet the sample, and right after, 2 ml of H,SO,4 and 10 ml of HF are added
for their digestion. After this, the samples are placed in a heating mantle where the
water evaporates and a thicker white vapor due to sulfuric acid is subsequently
observed. At that time, the capsule is removed from the heater, allowed to cool and
poured into a 250ml Erlenmeyer flask, making up to the mark with ultrapure distilled
water. Finally, this solution is measured in the ICP-OES spectroscopy and compared to

the standard calibration curve.

X-Ray Fluorescence (XRF)

X-Ray Fluorescence (XRF) has been used as semi-quantitative determination of
elemental composition of materials, although always results have been contrasted with
other technique such as ICP-OES.

This technique has been chosen to obtain approximate values quickly and easily.
Analyzed samples are not destroyed or changed by exposure to X-Ray, and 2 mm thick

are enough to measure, making this methodology very useful for analysis of small
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samples sizes or high value. Detection limit depend upon the specific element and the

sample matrix, but in general heavier elements have higher detection limit.

The measurements are based on the study of the generated fluorescence emission (angle
of diffraction 0, and wavelength A, according to the Bragg’s law, where senf=n-21/2-d)
after excitation of a sample by X-ray source. For this purpose, a Bruker S8 Tiger (4KW)

equipped with an end window X-Ray tube with Rh-target was employed.

Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure and functional groups of both the precursors and degradation
products thereof to be subjected to high pressures and temperatures were characterized
by Infrared Spectroscopy (FTIR).

FT-IR spectra were obtained by means of a Bruker Tensor 27 Fourier transform
spectrometer equipped with a SPECAC Golden Gate diamond ATR unit. Measurements
were made with a resolution of 4 cm™ in the region between 4000 and 600 cm™, with a
total of 64 scans.

Scanning Electron Microscopy (SEM / EDX)

The application of Scanning Electron Microscopy (SEM) combined with detection by
Energy Dispersive X-ray Spectroscopy (EDX) was performed to analyze the
morphology of the support, both its tridimensional structure and its porous superficial

texture, and besides to determine the chemical composition of the deposited particles.

For this, an environmental scanning electron microscope (ESEM) FEI Quanta model
200FEG operating at 30 kV was used, processing the information collected with the

system software.

Furthermore, a backscattered electron detector was employed to observe the metallic
particles. This method is characterized by a stronger contrast in relation to the atomic
number Z (Z-contrast). Therefore, if there are phases with very different Z in the
sample, more clear images are obtained, with brighter values for the elements with
higher Z.
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Transmission Electron Microscopy (TEM / MAPPING)

Transmission Electron Microscopy (TEM) was used to determine the organization,
morphology and the mesoporous channels dimensions, as well as to observe the
presence of the metallic particles dispersed within and/or out the pores. In addition, this
technique allows measuring the nanoparticles interplanar distance, with resolutions up
to 3 A.

The samples were dissolved in methanol and then placed in a carbon grid to be
introduced directly into the microscope. A JEOL field emission microscope model
JEM-FS2200 HRP operating at 200 kV was used.

Moreover, the real particles distribution was achieved by means of X-ray mapping. This
technique allows knowing the distribution and homogeneity of the metallic particles in

the space identifying each chemical element with different colors.

Thermogravimetric Analysis (TGA)

In order to determine the decomposition temperature of organometallic precursors was
employed a thermobalance Mettler Toledo TGA/SDTA 851E. This device is equipped
with a horizontal furnace average temperature (1100 °C) and automatic gas exchanger,

acclimatized with an external water loop, with a resolution of 0.005 °C.

Assays were performed by weighing 10 mg of precursor in an aluminum oxide crucible
and heated from 50 °C to 850 °C at a constant ramp rate of 20 °C/min under continuous
N, flow of 60 ml/min.

Temperature-Programmed Desorption (TPD) of ammonia

The acidity of catalysts is widely measured by means of Temperature-Programmed
Desorption (TPD) of ammonia. This characterization method involves saturation of the
surface with ammonia under some set of adsorption conditions, followed by linear

ramping of temperature of the sample in a flowing inert gas stream. Ammonia
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concentration in the effluent gas is followed by absorption/titration or mass

spectroscopy.

For the determination of surface acid site concentration, a Micrometrics TPD/TPR 2900
analyzer was employed. The catalysts were reduced/activated under conditions used
prior catalysis. Cooled to 100 °C and the samples contacted with a flow of NH3 for 15
min with a subsequent purge with helium for 1 h to remove physisorbed NH3. The

samples were ramped at 15 °C/min from 100 to 600 °C and TPDyn3 data acquired.

Hydrogen Chemisorption (HC)

Selective chemisorption of hydrogen has been used to estimate the degree of dispersion,
crystal diameter and calculate metal surface areas. For this purpose, the hydrogen-to-
metal stoichiometry must be known, as for example in the case of cobalt or ruthenium

where the relation H/M = 1/1 is well established.

For this kind of experiments, the dispersion of metal was calculated employing a
methodology similar to the determination of the isotherm of adsorption. All the samples

were previously degassed at 300 °C under vacuum (120 mmHg) for 8 h.
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Conventional Deposition Methods

In this PhD, catalysts have been prepared by different techniques in order to compare
them with catalysts synthesized by SC techniques. The metal salt precursor employed in
the traditional syntheses were Co(NQO3), and Ni(NO3)s.

Wet Impregnation (WI)

Incipient wetness impregnation is the most widespread method for the manufacture of

metal catalysts.

In this technique, the support (MCM-41 and MCM-48) is mixed with an aqueous metal-
containing solution, whose concentration depends on the desired amount of metal. This
solution is added in excess of the support pore volume in order to ensure that the entire

surface is wetted. After that, the mixture is slowly heated (1 °C/min) up to 90 °C.

Then, the sample is dried and calcined to drive off the volatile components within the
solution, depositing the metal over the catalysts surface.

Direct synthesis or co-precipitation (DS)

Direct synthesis process involves the addition of the metal at the same time of the
formation of the support structure. This means that catalysts samples were synthesized
like for the silica supports (MCM-41 and MCM-48), but with the addition of the
appropriate metal salt to the surfactant-water-ethanol solution. The amount necessary of

precursor in each case depending on the metal concentration desired in the final product.

After this, TEOS is dropwise added to promote the gel formation. This solution is
maintaining under continuous stirring for about 20 hours at constant temperature, 35 °C.

Finally, the same procedure for drying, filtering and calcining for supports is followed.
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Resumen (castellano)

Introduccion

En los ultimos afios el interés hacia los materiales nanoestructurados ha crecido de
manera exponencial debido a sus ventajas asociadas a su pequefio tamafio, tales como su
gran area superficial, convirtiéndolos en un producto muy interesante desde el punto de

vista de la catélisis.

En este sentido, numerosos estudios se han centrado en mejorar la difusion de las
moléculas de reactivos mas voluminosas hacia los centros activos, creando nuevos
materiales depositando nanoparticulas metalicas sobre materiales porosos, los cuales

aparte de otorgar estabilidad como soporte, también aportan cierta uniformidad.

A dia de hoy, existen varias técnicas para depositar metales sobre diversos substratos,
tanto en forma de peliculas como de nanoparticulas. Los métodos convencionales mas
empleados en todos los ambitos son impregnacién himeda, co-precipitacion o sol-gel.
Cada una de ellas presenta diversas ventajas e inconvenientes, pero en general, el
principal problema de todos estos métodos de sintesis es el control del tamafio de las
particulas, asi como la distribucion y el contenido del metal en el interior de la matriz
del soporte. Por ejemplo, tanto la impregnacién himeda como la deposicion por sol-gel
emplean soluciones liquidas, lo que provoca la aglomeracion de las particulas y el
colapso de los poros del soporte debido a la elevada tension superficial. Ademas, la
necesidad de eliminar el surfactante promueve de nuevo la aglomeracion de las

particulas metélicas debido a las altas temperaturas requeridas.

Por todo ello, el reto principal ain sin resolver en la sintesis de materiales
nanoestructurados es el de conseguir un método de alta reproducibilidad, con un gran

control de tamarfios y estable, evitando la aglomeracion de las particulas.

En este sentido, el uso de fluidos supercriticos representa una alternativa con un método

prometedor para la deposicidn de particulas tanto sobre la superficie como dentro de los

poros de los substratos. Esta técnica, denominada deposicion en fluidos supercriticos

(SCFD), se aprovecha de las excelentes y peculiares propiedades fisicas del CO,

supercritico, las cuales son facilmente modificables con pequefios cambios en la presién

y/o temperatura del proceso. Ademas, su baja viscosidad, alta difusividad y tension
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superficial practicamente nula, permiten una mayor penetracion y empapado de los
poros que por los métodos convencionales. Por otra parte, con una simple
descompresion se puede eliminar el medio solvente, evitando asi el colapso de los poros
y obteniendo un producto libre de residuos, reduciendo tiempos de operacion al no

necesitar de etapas posteriores para su purificacion.

Esta técnica es un proceso muy sencillo que puede llevarse a cabo en un solo recipiente
que consta de las siguientes etapas. En primer lugar, se disuelve un precursor
organometalico del metal deseado en el CO, supercritico. Esta disolucién se pone en
contacto con el soporte, entrando por todos sus poros, produciéndose la adsorcion del
precursor sobre el substrato. Después, el precursor se descompone, mediante un agente
reductor o un aumento brusco de temperatura por encima de su temperatura de
descomposicion, lo que promueve la precipitacion de las nanoparticulas metalicas y su
consecuente adsorcion. Por otro lado, la parte organica permanece disuelta en el medio

supercritico, siendo eliminada junto a €l en la descompresion.

Desde un punto de vista industrial, la produccién de particulas metélicas a escala nano
en CO, supercritico podria ser muy util en numerosas aplicaciones. Sin embargo, aln
nos encontramos lejos de ser capaces de disefiar un proceso a gran escala; ya que para
ello es necesario un estudio termodinamico y cinético profundo del proceso, el cual no

es muy extenso en la bibliografia actual.

Atendiendo a esta necesidad, este trabajo se ha centrado en el desarrollo del proceso de
sintesis de varios catalizadores utilizando esta tecnologia de deposicion de particulas,
analizando las diferentes etapas implicadas (solubilidad, adsorcion, reaccion) con el fin
de optimizar el proceso de sintesis. En concreto, se han preparado catalizadores de
Co/MCM-41, Ni/MCM-48, Ru/MCM-48 y Ru/AC, caracterizados y probados en

reacciones relacionadas con la revalorizacion de la biomasa.
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Objetivos

El objetivo principal de esta tesis doctoral se centra en la preparacion de una serie de
catalizadores metalicos soportados en CO, supercritico para la conversion
selectiva y eficiente de biomasa. El proceso de deposicion en fluidos supercriticos
(SCFD) se utilizara para depositar tres metales diferentes, Co, Ni y Ru, sobre diferentes

soportes, silica mesoporosa (MS41) y carbon activo microporoso (AC).

En especial, esta tesis se enfocara en la optimizacion del proceso de sintesis, para el cual

se desarrollaran los siguientes objetivos parciales:

» El anélisis de cada etapa del proceso de deposicion (solubilidad del precursor,

isotermas de adsorcion y cinética).

» El estudio de las distintas condiciones de operacién, tales como la presion,

temperatura, tiempo de exposicion... y sus efectos en el proceso.

» La caracterizacion fisico-quimica de los nanocomposites (morfologia, tamafio de
particula, distribucion del metal...) por medio de diversas técnicas, como por
ejemplo area BET, DRX, microscopia SEM, TEM...

» La evaluacion de la actividad y comportamiento de los catalizadores preparados

en reacciones asociadas con la revalorizacion de la biomasa.
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Resultados y discusion

Esta tesis se empez0 con una busqueda bibliografica sobre el tema a tratar, resumiendo
en el Capitulo 1 los datos mas relevantes a modo de introduccion, presentandose en
primer lugar las propiedades y ventajas de los fluidos supercriticos, seguido de los
procesos de sintesis de particulas por medio de fluidos supercriticos, y acabando con

unas pequefias nociones sobre catalizadores.

A partir de ahi, la tesis se ha organizado en otros 3 capitulos, cada uno de ellos

centrados en el estudio de un metal distinto: cobalto, niquel y rutenio.

En el Capitulo 2, se comienza el estudio con la produccion de catalizadores de cobalto
debido a sus numerosas aplicaciones y bajo costo; ademas, no hay presente ningun
trabajo previo en el que se utilice la tecnologia supercritica para su sintesis. Se ha
seleccionado como soporte MCM-41, siendo éste uno de los soportes mesoporosos mas
utilizado a todos los niveles debido a su estrecha distribucién de tamafio de poros, gran
superficie y estabilidad térmica. En el caso del precursor elegido para la sintesis, tras
evaluar las alternativas encontradas en la literatura, se ha decidido trabajar con los
compuestos denominados metalocenos, en este caso en particular con cobaltoceno

(CoCp>), debido a su relativa alta solubilidad en CO, supercritico.

Para encontrar los parametros Optimos para el proceso de deposicion, se han
determinado las isotermas de adsorcion del CoCp, en MCM-41 mediante un proceso en
batch en una celda agitada a 70 °C y 11 MPa, donde se ha podido observar que este
sistema presenta una baja interaccion adsorbente-adsorbato por la forma de la curva de
adsorcion, perteneciente a una isoterma de tipo Il1.
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Figura 1. Datos experimentales (m) de la adsorcién de cobaltoceno sobre MCM-41 y ajuste dado por el
modelo Exponencial (-4-), Sigmoidal (-O- )y BET (- A-)
La adsorcion s6lo permite obtener cargas en torno a 65 mg/g utilizando concentraciones

de saturacion del precursor en el medio supercritico y durante tiempos de exposicion
largos (48 horas). Los datos experimentales se han ajustado por medio de varios

modelos (exponencial, sigmoidal y BET) con un error medio menor al 2%.

Ante este resultado, se ha determinado que la deposicion de cobalto sobre MCM-41 no
es viable tan s6lo por medio de la adsorcion por medio de la exposicion de la disolucién
del precursor sobre el soporte, siendo necesario acudir a otro procedimiento. Como
respuesta a esta problematica, se ha decidido utilizar la deposicion reactiva en fluidos
supercriticos (SCFRD), promoviendo la precipitacion de las particulas metélicas sobre

la superficie por medio de un incremento brusco de temperatura.

En este trabajo se han determinado las condiciones 6ptimas del proceso de adsorcién del
CoCp, sobre MCM-41 evaluado sus efectos sobre la carga metalica obtenida:
temperatura, presion y tiempo sobre cada una de las etapas implicadas (disolucion y
adsorcién). Ademas, durante el desarrollo de este trabajo, se ha podido observar como la
distribucidn de los reactivos dentro del reactor también es un factor importante, debido a
limitaciones de transferencia de materia, por lo que se propuso una distribucion de los
mismos de forma alterna, facilitando asi los mecanismos del proceso. Por otro lado, los
resultados fueron ajustados a un modelo cinético consistente en dos reacciones

secuenciales, la primera relativa a la disolucion del precursor sélido en el seno del
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fluido supercritico, y una segunda etapa de precipitacion promovida por la

descomposicion térmica del precursor.

B0 ---ree o

Metallic loading (Co %wt)

100 150 200 250

time (min)

Figura 2. Simulacion del proceso de sintesis por SCFRD como una consecuencia de reacciones en serie:
Datos experimental (m); Evolucién del precursor en estado sélido (Linea azul -); Precursor disuelto en el
CO;, supercritico (Linea roja -); y particulas metalicas adsorbidas sobre el soporte (Linea verde -)

Como conclusion, se ha determinado trabajar a 14 MPa y 200 °C durante una hora con

esta configuracion precursor-soporte, obteniendo cargas metalicas del 5,8 %.

Por ultimo, se ha comprobado como la deposicion mediante cargas sucesivas consigue
aumentar el porcentaje de carga metalica a un 13% tras dos secuencias, y a un 17%

después de tres operaciones.

Las muestras preparadas de Co/MCM-41 han sido caracterizadas por medio de
maltiples técnicas y comparados con otras sintetizadas por métodos convencionales,
revelando que los catalizadores supercriticos mostraban la mejor dispersion del metal
(cercano al 10%), con particulas entre 1 y 9 nm, accesibles incluso dentro de los poros.
Al aumentar la carga metélica, se ha comprobado como el area BET del catalizador
disminuye drasticamente de 1300 m?/g hasta 420 m?/g, reduciéndose asi su volumen de
poro de 0,8 cm*/g a 0,36 cm®/g a causa del taponamiento de los mismos. Las iméagenes
de microscopia mostraron distribuciones homogeneas del metal para las diversas cargas,
apareciendo cristales de cobalto de mayor tamafio en superficie para las muestras de

mayor contenido en metal.
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Figura 3. A) Imagen SEM de Co/MCM-41 con particulas en superficie;
B) Imagen TEM donde se observa la estructura de poro intacta y particulas metalicas;
y C) Imagen BSE de la misma muestra, con distribucién homogénea de las particulas

Electron Image 1 Co kKal Si kal
Figura 4. TEM/EDX Mapping para Co/MCM41 preparado por SCFRD con carga del 15%:
(A) imagen general, (B) Co ka and (C) Si ko

Finalmente, los catalizadores fueron probados en la reaccion de gasificacion de celulosa
para la produccién de hidrdgeno. Estas experiencias demostraron que los catalizadores
de cobalto supercriticos aumentaban la selectividad del proceso desde un 7% a un 30%
como resultado de promover la produccion de compuestos liquidos intermedios. Los
resultados han sido ajustados por medio de un modelo propuesto de tres reacciones para
realizar un estudio de la evolucién de los diferentes compuestos obtenidos a lo largo del

proceso de pirolisis de la celulosa.
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Figura 5. TGA experimental y curva obtenida a partir del modelo propuesto junto a la evolucién de los
productos intermedios en la combustion de celulosa con una rampa de calentamiento de 20°C/min
catalizado con una muestra preparada de Co/MCM-41 por SCFRD y carga 5%

*W) agua, XC) cenizas, C) celulosa, TXC) productos liquidos, y XTXHC) cenizas a partir de liquido

Los resultados respaldaron la hipotesis propuesta, ya que al afiadir el catalizador de
cobalto, la cinética de la formacion de productos liquidos se vio aumentada. Suponemos
que los gases producidos por la descomposicién térmica de la celulosa en contacto con
el catalizador, son recombinados y conducidos por un mecanismo nuevo de reaccion
hacia la produccion de hidrogeno. Al aumentar la carga de cobalto, este efecto se ve
disminuido debido a un efecto pantalla, encontrandose una carga éptima del 5-6% para

esta reaccion.

Para continuar con el trabajo, se decidid comprobar la versatilidad y robustez del
proceso de sintesis supercritico con un sistema precursor-soporte distinto, aunque por
otro lado, con propiedades muy similares. Con este objetivo en mente, en el Capitulo 3
se han preparado catalizadores de niquel a partir del niqueloceno (precursor con la
misma configuracién que el usado en el anterior capitulo) sobre MCM-48. Este soporte
es otro miembro de la familia de los soportes mesoporosos de silice Illamado MS41, con
un didametro de poro muy parecido al del MCM-41 (2-4 nm), aunque con una estructura

ordenada cubica en vez de hexagonal.

De igual forma que en el caso anterior, el estudio se inici6 con la determinacién de las
isotermas de adsorcion a la temperatura de 70 °C vy distintas presiones (11, 14 y 17
MPa). Los resultados revelaron un comportamiento completamente distinto al
observado con anterioridad, ya que la carga metalica aumentaba con la concentracion,

apareciendo un cambio de curvatura en torno a los 100-150 mg/L, caracteristico de un
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isoterma de tipo IV relacionada con la coexistencia de mesoporos y microporos. Los
datos experimentales fueron ajustados a diversos modelos, siendo Toth el de mejor
resultado, prediciendo un valor maximo de adsorcion de 130 mg/g a 70 °C y 14 MPa.
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Figura 6. Datos experimentales (simbolos) y ajuste provisto por Toth (lineas) para la isoterma de
adsorcion de NiCp, sobre MCM-48 a 70 °C y: (m) 11 MPa; (A) 14 MPa; (X) 17 MPa.

Los andlisis cinéticos y estudios sobre el mecanismo de adsorcién demostraron que este
proceso requeria de tiempos superiores a 10 horas para alcanzar el equilibrio debido a
limitaciones difusionales; corroborado por los modelos de difusion en pelicula e
intraparticular, donde se resolvio que el transporte externo era la etapa limitante del
proceso. Por todo ello, se decidié utilizar el mismo procedimiento de sintesis de
deposicion reactiva con fluidos supercriticos para la preparacion de catalizadores de
Ni/MCM-48.

Las muestras obtenidas con cargas entre 2-5% fueron caracterizadas, revelando la
existencia de Oxidos de niquel homogéneamente distribuidos y fuertemente anclados
sobre la superficie del soporte con areas BET mayores a 1000 m?/g. El uso de esta
técnica no modifica la superficie del soporte, a diferencia de otros métodos de
preparacion convencionales donde se pudo observar irregularidades en su estructura y

colapso de poros a través de las imagenes de microscopia.
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Figura 7. Iméagenes TEM de los catalizadores de Ni/MCM-48 preparados por sintesis directa:
detalle de la irregularidad de su superficie rota y colapso de poros

La actividad de los catalizadores de Ni/MCM-48 fue probada en la reaccion de
produccion de sorbitol a partir de glucosa. Las muestras preparadas por supercritico
alcanzaron conversiones del 6%, con selectividades superiores al 90% y rendimientos
alrededor del 5%; valores similares a los catalizadores sintetizados por impregnacion
himeda y sustancialmente mejores a los datos obtenidos por los catalizadores de sintesis

directa.

Como conclusion, tanto en el primer caso de estudio sobre cobalto donde la adsorcion
era practicamente inexistente, y este Gltimo sobre niquel cuyo proceso es muy lento, el
método de sintesis por deposicion reactiva en fluidos supercritico ha demostrado ser una

técnica viable para la preparacion de catalizadores.

Por ultimo, en el Capitulo 4, se ha desarrollado un proceso de sintesis en continuo
basado en la tecnologia de deposicion en fluidos supercritico. Con este proposito, era
necesario seleccionar un sistema metal-soporte adecuado que permitiera realizar un
estudio desde el principio (solubilidad, adsorcién y cinética). Tras una busqueda
bibliogréfica y debido a sus posibles aplicaciones incluso con bajas cargas, se decidio
preparar catalizadores de rutenio. Para ello se escogié rutenoceno (RuCp,) como
precursor organometalico, y probar sobre dos soportes distintos: uno mesoporo (MCM-

48) y otro microporo (carbén activo).
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En primer lugar, debido a que este precursor posee una mayor estabilidad, se determind

su solubilidad en CO, supercritico a 60 °C por medio del cloud point en una celda

visual en la Universidad de Ko¢ durante una estancia en Estambul (Turquia), bajo la

supervision del Prof. Dr. Can Erkey. Los resultados obtenidos fueron consistentes con

los reportados en bibliografia para este tipo de compuestos, y ajustados con éxito

mediante una ecuacién empirica (Chrastil) y una ecuacion de estado (Peng-Robinson).
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Figura 8. Datos experimentales y ajuste dado por Peng-Robinson

Tras esto, se determinaron las isotermas de adsorcion sobre los soportes mencionados a
60 °C y distintas presiones (9, 11, 14, 17 y 20 MPa) con el fin de encontrar las

condiciones éptimas para el proceso en continuo. En este caso las isotermas revelaron

un comportamiento de adsorcion en monocapa, perteneciente a isotermas de tipo I,

favorables para nuestro propdsito a presiones bajas.
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Figura 9. Isotermas de adsorcion de RuCp, sobre carbén activo y MCM-48 a 60 °C y distintas presiones
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De igual forma que en el estudio con niquel, los datos experimentales fueron ajustados,
siendo en este caso los modelos de tres pardmetros como Redlich-Peterson o BET los

que proveian el mejor ajuste.

El analisis cinético y determinacién del mecanismo de adsorcion mostraron
comportamientos diferentes para ambos soportes, lo que seria después clave a la hora de
llevar el proceso en continuo. La adsorcion sobre carbon activo resulto ser similar al
caso de niquel sobre MCM-48, con una cinética lenta (superior a 10 horas) y un
mecanismo complejo con varias etapas involucradas, principalmente controlado por el
transporte externo, obteniendo un valor de carga en el equilibrio de 80 mg/g. Sin
embargo, la adsorcion de rutenio sobre MCM-48 alcanzé un valor mucho mas bajo,
proximo a 15 mg/g, pero con una cinética mas corta (4 horas), siendo gobernada por la

difusion dentro del poro.

Gracias a esta informacion, se disefiaron una serie de experimentos para la preparacion
de catalizadores de rutenio en continuo, a 60 °C y 11 MPa, con distintos tiempos (1, 2, 3
y 4 horas) y varios flujos de CO; (15, 30 y 45 g/h).
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Figura 10. Ajustes (linea de puntos) para la adsorcién de RuCp, sobre MCM-48 y carbén activo a 60°C y
11 MPa en un proceso en continuo a distintos flujos de CO,: (¢) 45 g/h; (4) 30 g/h; (m) 15 g/h

Los catalizadores preparados fueron caracterizados y probados en la hidrolisis de
celobiosa para la produccion de glucosa. Los catalizadores de Ru/MCM-48 preparados
por supercritico con una carga metalica del 4% fueron los que mostraron el mejor
resultado, mejorando el rendimiento de la reaccion de un 18% sin catalizar a un 48%,
con una selectividad hacia glucosa cercana al 90%. Por otra parte, los experimentos a
diferentes cargas revelaron que incrementar la carga metélica por encima de su valor de
monocapa produce un descenso en el rendimiento de la reaccion debido a un efecto
pantalla, impidiendo el contacto con todos los centros activos del catalizador.
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Figura 11. Conversidn, selectividad a glucosa y rendimiento para diferentes catalizadores de rutenio
influencia del soporte, técnica de sintesis y carga metalica
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Conclusiones

Teniendo en cuenta los objetivos marcados al principio de esta tesis, durante el

transcurso de la misma se han ido completando tal y como se indica a continuacion.

> Catalizadores de Co/MCM-41 y Ni/MCM-48 han sido preparados por medio de
la deposicién reactiva en fluidos supercriticos (SCFRD), con cargas metalicas de
hasta 15% y 5% respectivamente.

» Catalizadores de Ru/MCM-48 y Ru/AC han sido preparados en un proceso en
continuo basado en la deposicién en fluidos supercriticos (SCFD) con cargas

metélicas de 4% y 8%.

» La solubilidad del precursor de RuCp, ha sido determinada a 60 °C y diferentes
presiones, siendo posteriormente ajustada por una ecuacion empirica (Chrastil) y

una ecuacion de estado (Peng-Robinson).

» Las isotermas de adsorcion de todos los sistemas adsorbato-adsorbente
presentados en esta tesis han sido determinados, mostrando comportamientos
completamente distintos los unos de los otros, y correlacionados por medio de
multiples modelos (Langmuir, Freundlich, Redlich-Peterson, Toth y BET).
Ademas, tanto su cinética como su mecanismo de adsorcion han sido
ampliamente estudiados con el objetivo de proponer un tiempo eficiente de

operacion e identificar la etapa controlante del proceso.

» El proceso de SCFRD ha sido optimizado para la deposicion de cobalto y niquel
desde sus respectivos precursores organometalicos (metalocenos), en un proceso
en batch a 200 °C y 14 MPa con un tiempo de operacién de 1 hora, y colocando
el precursor y el soporte de manera alterna con el fin de evitar problemas de

transferencia de materia dentro del reactor.

» Se ha desarrollado el proceso de sintesis SCFD en continuo para la deposicion
de rutenio sobre MCM-48 y carbo6n activo a 60 °C y 11 MPa con distintos flujos
de CO; (15, 30y 45 g/h).

» Todos los catalizadores han sido caracterizados, analizando su carga metalica,
morfologia, estructura, distribucion y tamafio del metal mediante distintas

técnicas, tales como FRX, BET, RTP o microscopia entre otros.
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En el caso del estudio de cobalto, la isoterma revelé6 como la adsorcion de
CoCp, sobre MCM-41 era practicamente nula. Sin embargo, esta técnica de
sintesis ha demostrado ser perfectamente viable para su sintesis, consiguiendo
nanocomposites con carga metélicas cercanas al 6% tras solamente una hora de
operacion. Este hecho representa una considerable ventaja frente a los métodos
convencionales que requieren de tiempos de exposicion superiores a uno o0 dos
dias. Ademas, la dispersion del metal obtenida por esta técnica ha sido muy
superior a la de otros métodos, en torno al 10% con particulas comprendidas
entre 1y 9 nm.

La versatilidad de este proceso ha sido comprobado al preparar catalizadores de
niquel. En este caso en particular, la dificultad que se presentaba era un
mecanismo de adsorcion lento gobernado principalmente por el transporte
externo, siendo necesario tiempo muy largos para alcanzar el equilibrio (més de
10 horas). Los resultados han demostrado como esta técnica de sintesis también
permite la preparacion de este tipo de sistemas, obteniendo cargas metélicas
entre 2% al 5%, con particulas de niquel homogéneamente distribuidas sobre la

superficie del soporte y areas BET cercanas a 1000 m?/g.

El uso de SCFRD permite obtener altas cargas metélicas por medio de cargas
consecutivas, probandose en la sintesis de catalizadores de cobalto (6, 14 y 17%)
y niquel (2, 4 y 5%).

Otro factor importante que deberia ser remarcado es que, a pesar de usar altas
presiones, esta técnica no modifica la estructura ordenada de los soportes tal y
como se demostr6 en las imagenes de microscopia, a diferencia de otras técnicas

convencionales como sintesis directa, que provocd el colapso de los poros.

Catalizadores de rutenio han sido satisfactoriamente preparados por medio de un
proceso en continuo basado en la deposicidn supercritica sobre dos soportes con
distinto comportamiento (MCM-48 y carbon activo). El analisis de sus
mecanismos de adsorcion revelaron que ambos sistemas presentan complejos
mecanismo donde hay distintas etapas involucradas. En el caso de la adsorcién
sobre carbo6n activo, el transporte externo es la etapa controlante; mientras que
sobre MCM-48, la difusion de poro es quien gobierna el proceso. Sin embargo,
esta diferencia no ha presentado ningun problema, ya que pueden resolverse las

limitaciones ocasionadas por la difusion de los reactivos disminuyendo el flujo
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de CO,. Esto representa una enorme ventaja comparado a los procesos en batch
desde un punto de vista econdmico, lo que ademas muestra su alto potencial

comercial y viabilidad industrial.

Los catalizadores de Co/MCM-41 has sido evaluados en la gasificacion de
celulosa, obteniendo una selectividad de hidrégeno cercana al 30% como
resultado de favorecer la produccion de productos liquidos intermedios,
demostrandose esta teoria por medio del ajuste realizado a través del modelo de

tres reacciones propuesto en este trabajo.

Los catalizadores de Ni/MCM-48 fueron probados en la conversién selectiva de
glucosa hacia sorbitol, alcanzando conversiones cercanas al 6%, selectividades
de hasta 90% y un rendimiento total del 5%, valores muy similares a los

obtenidos por catalizadores preparados por métodos convencionales.

La actividad de los catalizadores de rutenio han sido testados en la hidrolisis de
celobiosa para la produccién de glucosa. En este caso, el mejor resultado ha sido
obtenido por los catalizadores de Ru/MCM-48 sintetizados por medio del
proceso en continuo supercritico, mejorando el rendimiento del proceso desde

un 18% sin catalizar hasta un 48%, y selectividades del 90%.
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