Western University

Scholarship@Western

Digitized Theses Digitized Special Collections

2011

Ru-Ni-Al20 3 CATALYSTS FOR SUPERCRITICAL WATER
GASIFICATION OF GLUCOSE

Md. Zakir Hossain

Follow this and additional works at: https://ir.lib.uwo.ca/digitizedtheses

Recommended Citation

Hossain, Md. Zakir, "Ru-Ni-Al20 3 CATALYSTS FOR SUPERCRITICAL WATER GASIFICATION OF GLUCOSE"
(2011). Digitized Theses. 3491.

https://ir.lib.uwo.ca/digitizedtheses/3491

This Thesis is brought to you for free and open access by the Digitized Special Collections at
Scholarship@Western. It has been accepted for inclusion in Digitized Theses by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/digitizedtheses
https://ir.lib.uwo.ca/disc
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F3491&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses/3491?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F3491&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

Ru-Ni-ALO; CATALYSTS FOR SUPERCRITICAL

WATER GASIFICATION OF GLUCOSE

(Spin Title: Supercritical Water Gasification)

(Thesis format: Integrated-Article)

by

Md. Zakir Hossain

Graduate Program in Engineering Science

Department of Chemical and Biochemical Engineering

A thesis submitted in partial fulfillment
of the requirements for the degree of

Master of Engineering Science

The School of Graduate and Postdoctoral Studies
The University of Western Ontario

London, Ontario, Canada

© Md. Zakir Hossain 2011



THE UNIVERSITY OF WESTERN ONTARIO

SCHOOL OF GRADUATE AND POSTDOCTORAL STUDIES

CERTIFICATE OF EXAMINATION

) Examiners
Supervisor

Prof. Paul A. Charpentier Prof. Cedric Briens

Supervisory Committee

. Prof. Andy Sun
Prof. Madhumita B. Ray

Prof. George Nakhla Prof. George Nakhla

The thesis by
Md. Zakir Hossain
Entitled:
Ru-Ni-ALO; Catalysts for Supercritical Water Gasification of Glucose

is accepted in partial fulfillment of the
requirements for the degree of

Master of Engineering Science

Date

Chair of Thesis Examination Board

il



ABSTRACT & KEYWORDS

Application of biomass and waste for renewable energy sources is gaining an important
role in the world’s future energy policy as we are facing a tremendous challenges related
to energy and the environment, in particular energy sustainability while reducing carbon
emissions from fossil fuels. Supercritical water gasification (SCWG) presents an
innovative technology for complete and efficient destruction of biomass or wastes
without formation of harmful by-products. The major products formed during
supercritical water gasification of biomass are hydrogen, carbon monoxide, methane and
carbon dioxide with clean water effluents. Catalysts enhance the overall gasification
efficiency as well as the organic carbon destruction in the liquid effluents to enable
drinking quality water as the effluent. Since SCWG is a hydrothermal process and
catalyst deactivation always occurs in high temperature processes due to coke deposition
on the catalyst surface, the aim of this study is to prepare noble and non-noble metal
based catalyst on alumina support to reduce the graphitic coke formation during
supercritical water gasification. Usually non-noble metal based catalysts are used in high
temperature gasification because of their ready availability and low cost but this study
showed that introduction of a small amount of noble metal onto non-noble based catalysts
greatly influenced the catalyst performance while reducing the graphitic coke formation.

In this research, supercritical water gasification (SCWG) of a model biomass compound
was studied to produce hydrogen rich gas at moderate temperatures (400-500°C). The
catalysts were synthesized by different procedures, evaluated and characterized (fresh

and spent) to study the catalyst role in SCWG. The catalysts studied were synthesized by

iil



incipient wetness impregnation and a sol-gel method with and without various templates,
respectively to compare the catalytic performance based on their synthetic procedures.

It was found that the templating synthesis of catalysts increased the surface area as well
as pore volume & strong metal support interactions in the catalysts which play an
important role in SCWG. The aerogel catalyst prepared from sol-gel synthesis with
supercritical CO, drying also enabled a catalyst to be produced with a large surface area
and strong metal support interaction. The most important finding of this study was to
reduce graphitic coke formation during gasification because of the presence of ruthenium
metal in the catalyst structure.

To the best of our knowledge, the resulting hydrogen yield, total organic carbon (TOC)
destruction and gasification efficiency were significantly higher using the novel aerogel
and templated Ru-Ni-Al,O3 catalysts than any other reported results for SCWG of any
biomass compound at moderate temperatures (~500 °C) and pressures (~25 MPa).

A global kinetic model for TOC destruction in supercritical water was developed using
non-linear regression, which convincingly fit the experimental results showing the
significant effect of water in SCWG of model biomass compound.

Key Words: Supercritical water gasification, Catalysts, Supercritical CO, drying, Coke

deposition, Kinetics of TOC destruction.
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CHAPTER ONE

General Introduction

1.1 Motivation for Choosing Biomass as Energy Source

Energy, Environment, and the Economy — the three big E’s are so interrelated that it is
almost impossible to explain any one independently without examining the other two.
Dependency on fossil fuels has raised tremendous concerns for long-term
environmental impacts, energy security, and the rising costs of living. This has made
renewable sources of energy an attractive alternative to address environmental issues
as well as to reduce our dependence on imported oil. Among the renewable sources of
energy, a substantial focus of research is currently being directed towards the use of
biomass. Biomass for energy has many positive attributes that contribute to both a
healthy environment and economy. Biomass utilization helps mitigate climate change,
reduces risk to life and property, and helps provide a secure and cost competitive
energy source.

Biomass is a broad term which identifies organic matter from living and dead plant
material to human waste, which is available on a renewable basis, including crops,
trees, algae and other plants, as well as agricultural and forest wastes and residues. It
also includes many materials that are considered as wastes by our society including
food processing effluents, sludges, manures, industrial (organic) by-products and the
organic fraction of household waste. Many of these wastes, such as agricultural
residues and sewage sludge, have been employed in thermochemical conversion
processes to produce fuels (gases and liquids) from biomass, and simultaneously

eliminate residues.



There are many other advantages associated with using biomass due to its widespread
abundance. Its use does not increase the net amount of CO; in the atmosphere. The
combustion of carbon based fuels (which includes fossil fuels like oil, coal and gas,
but also biomass) releases carbon dioxide into the atmosphere, which acts as a
'greenhouse’ gas and its increased concentration is believed to result in global
warming and climate change. The crucial difference between fossil fuels and biomass
lies in the time frame over which carbon dioxide is released. Burning fossil fuels
releases the carbon that has been locked up for millions of years. Burning biomass,
however, can be a part of the natural process called the carbon cycle i.e. plants take up
carbon dioxide when they grow to construct the organic biological molecules that
make up the bulk of their dry mass, and when the plants are eaten, burned or
decomposed, the carbon is released again and returned to the pool of carbon dioxide
in the atmosphere.

At present, forestry, agricultural and municipal residues and wastes are the main
feedstocks for the generation of electricity and heat from biomass. In addition, small
amounts of sugar, grain, and vegetable oil crops are used as feedstocks for the
production of liquid biofuels. Today, biomass supplies some 50 EJ globally, which
represents 10% of global annual primary energy consumption.

This is mostly traditional biomass used for cooking and heating (Figure 1.1) [1].



Figure 1.1. Share of bioenergy in the world primary energy mix.

1.2 Composition of Biomass

The chemical structure and major organic components in biomass are extremely
important in the development of processes for producing derived fuels and chemicals
[2]. Biomass is typically composed of cellulose, hemicellulose, lignin, and small
percentages of other substances including minerals and organic molecules [3-5].
Cellulose and hemicellulose are high molecular weight compounds, present in
hardwoods (78.8%) and softwoods (70.3%), with lignin present more in softwoods
(29.2%) rather than hardwoods (21.7%) [6].

Cellulose is a linear biopolymer composed of D-glucose units connected by P-
glycosidic bonds, which usually appears as a highly crystalline material [7]. Glucose
anhydride, which is formed via the removal of water from each glucose residue, is
polymerized into long cellulose chains that contain 5000-10000 glucose units. The
basic repeating unit of the cellulose polymer consists of two glucose anhydride units,

called a cellobiose unit [8]. The chemical structure of glucose is shown in Figure 1.2
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Figure 1.2. Structure of Glucose.

Hemicellulose is a mixture of various polymerized monosaccharides including

glucose, mannose, galactose, xylose, arabinose, 4-O-methyl glucuronic acid and

galacturonic acid residues [8]. Hemicellulose has low degrees of polymerization (50-

300). The main components of hemicellulose are shown in Figure 1.3 [9].
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Figure 1.3. Monosaccharide Structures of the main components of hemicellulose.



Lignin is an aromatic polymer synthesised from phenylpropanoid precursors. Its
structure in a three-dimensional macromolecular network provides high chemical stability

[3, 9], with the main components lignin are shown in Figure 1.4.

CH,0H CH,O0H CH,0H
|

CH CH CH

| | |

CH CH CH

OCHs oo OCHs
OH OH OH
p-cumaril alcohol Coniferil alcohol sinapil alcohol

Figure 1.4. Chemical Structure of the main components of lignin.

To understand the complex nature of biomass gasification reactions, model
compounds, which represent basic structures found within the biomass components,
must first be studied. Glucose represents the basic building block of cellulose and was
the focus of this research. Once the glucose conversion is understood, more
feedstocks representing higher degrees of polymerization will need to be studied.

The most important difference between biomass and fossil fuels, in terms of their
compositions, is oxygen content. Biomass feedstocks often contain 40-60 wt%
oxygen compared to conventional fuels which are mostly hydrocarbons. There are
some advantages and disadvantages to the use of biomass containing oxygen. For
fossil fuels, the steam reforming reactions of hydrocarbons for H, production are
endothermic. Conventional steam reforming of petroleum depends on heat provided

by the combustion of additional hydrocarbons. In contrast, oxygenated compounds



such as the biomass components are able to form alkanes through exothermic reaction
pathways, meaning that the energy required for the aqueous-phase reforming may be
produced internally. In this respect, the formation of a mixture of H, and alkanes from
aqueous-phase reforming of glucose is essentially neutral energetically, with little
additional energy required to drive the reaction [10].

On the other hand, hydrocarbons are usually better quality fuels. For instance, for oils,
high oxygen content can impart a number of undesirable qualities to the oil product,
such as lower energy content, poor thermal stability, lower volatility, higher
corrosivity, and a tendency to polymerize. For this reason, when producing fuels from
biomass, one overall objective is to remove oxygen and create fuels with as high of a
H: C ratio as possible [11].

1.3 Biomass Processing Technology

Various technologies have been used to obtain fuel/energy from biomass. Normally
these processes differ on how much O, is present in the reactor. For instance, in
combustion there is an excess of O relative to the an;ount necessary for
stoichiometric oxidation of the feedstock. In this case the energy (heat) is obtained
directly in one step, but if there are plans of using biomass as a source of energy for
the transportation sector, the fuel needs to be in a form suitable for use in engines or
fuel cells.

In pyrolysis, a non-reactive gas is used in the reactor (absence of O;) to avoid
oxidation and allow the heat to break the large molecules into smaller ones. In the
context of biomass, pyrolysis commonly refers to a lower temperature thermal process
producing liquids as the primary product. In addition to liquid fuels, pyrolysis can

also yield gasses, charcoal, and useful chemical and food products. Traditional slow




pyrolysis has been used to produce charcoal for many years. Fast or flash pyrolysis
uses a moderate temperature and much shorter residence time to obtain liquid yields
up to 70% and char yields below 5% [12]. However both slow and fast pyrolysis
processes require drying of wet feedstocks, adding considerable expense to the overall
process.

Gasification is a technology that employs a reaction medium with O, content below
the stoichiometric amount required for combustion. O, (or air) causes partial
combustion and maintains the high reaction temperatures (> 700°C) [13], so that the
biomass feedstock decomposes by pyrolysis reactions into lighter compounds such as
H,, CHs, CO,and CO [11, 14, 15]. Once produced, applications for the obtained gases
are very wide, for example, they can be used in gas turbines, fuel cells or in the
synthesis of chemicals [16]. The present work focuses on gasification.

Biomass gasification has been facing several technical difficulties which prevent its
utilization at large scale. Much of the biomass resource is composed of material with
higher levels of moisture, typically 50 wt % or higher often consisting of wet biomass
or biomass in water slurries at 85 % moisture or higher. Examples are sewage sludge,
cattle manure and food industry waste (Table 1.1). For water contents above 40 %, the
thermal efficiency of a conventional gasification plant decreases dramatically [17] due

to the energy required to dry the feedstock.



Table 1.1. Moisture content in several common biomass wastes [18].

Biomass Type Moisture Content (% wet basis)
Wheat straw 8-20
Sawdust 25-55
RDF pellet 25-35
Wood bark 30-60
Corn Stalk 40-60
Rice Straw 50-80
Food Waste 70
Cattle Manure 88
Water hyacinth 95.3

As shown in Table 1.2, at above 31% moisture content, the energy conversion
efficiency of supercritical water gasification (SCWG) is always higher than that of
thermal gasification, pyrolysis, liquefaction, and anaerobic digestioh. Gasification of
biomass in supercritical water offers an attractive alternative to avoid the energy

intensive drying process, particularly when the water content is above 30%.



Table 1.2. A comparison of energy conversion efficiency of different options for

biomass conversion [16].

Moisture content in feed 5% 31% 55% 75%
Biomass conversion means Energy conversion efficiency (%)
Pyrolysis 57 53 45 27
Thermal gasification 61 55 47 27
Liquefaction 39 37 36 34
Anaerobic digestion 31 31 31 31
Supercritical water 55 55 55 55
gasification

SCWG is an attractive method for converting wet biomass [15, 17, 19-25] or aqueous
organic wastes [26-28] completely into combustible gases without a drying procedure
as a pretreatment of the feedstock. An objective of SCWG operation is to produce
hydrogen-rich gas while gasification at subcritical water temperatures (less than 374
°C) results in a product gas rich in methane [29]. It is known that the formation of
hydrogen predominates over that of methane at high temperature [30]. For example,
Antal and co-workers [15, 17, 19] achieved complete gasification of a variety of
organic compounds including whole biomass such as water hyacinth, banana tree
stem, sewage sludge, wood sawdust, and sugar cane bagasse in supercritical water
under conditions with temperatures above 600 °C, pressures of 28-34.5 MPa, and
reactor residence times of less than 1 min. Major products formed in their continuous

flow system were hydrogen and carbon dioxide with clean water effluents. The




current status of SCWG technology and research development is summarized by
Kruse [30] and Matsummura et al. [31].

The potential applicability of supercritical water to treat biomass or its components is
mainly due to the unique thermophysical properties of supercritical water. The major
properties of supercritical water, such as density, viscosity, dielectric constant, and
hydrogen bonding are quite different from those of steam or liquid water.
Supercritical water behaves like a nonpolar organic solvent under gasification
conditions, and many kinds of organic compounds and gases are completely dissolved
in supercritical water, resulting in a single phase [32]. On the other hand, the
solubility of inorganic compounds decreases dramatically in supercritical water [33].
Furthermore, water in SCWG processes is not only a solvent but also a major reactant
providing a significant influence on the gasification chemistry [15].

Although supercritical water provides a unique environment for the gasification of
organic compounds, both the extent of gasification and the composition of gaseous
products are very sensitive to reactor walls made of nickel composites [19].
Furthermore, the composition of gaseous effluent from SCWG of glucose
significantly depends on the reactant concentration and temperature [17]. These
findings have motivated studies of new catalysts to obtain hydrogen-rich gas from the
complete gasification of concentrated biomass in supercritical water.

1.4 Uses of Catalyst:

Research into catalysis for SCWG has grown steadily over the last 20 years. Fig. 1.5
shows the number of articles and reviews published every two years since 1986, the
first year that the ISI database indicated a hit from a search on “supercritical water”

and “catal*”. Since the search terms will also return some papers that make a point of

10



doing reactions with no added catalyst, the absolute numbers in Figure 1.5
overestimate the number of studies on catalysis in SCW. However, this data does
illustrate the trend with time. It is clear that this field has grown nearly exponentially
from essentially no archival publications before 1986 to one or two per year in the late

1980s, to over 50 publications annually in recent years.
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Figure 1.5. Number of hits in ISI database for “supercritical water” + “catal*” [34].

Amin et al. [35] demonstrated experimentally that supercritical water can suppress the
char formation during the decomposition of glucose. Char is known to be a refractory
byproduct formed in significant amounts during atmospheric steam gasification of
biomass [36], or hydrothermal treatments of glucose [35, 37] and cellulose [37, 38] in
pressurized liquid-phase water (subcritical water) at temperatures up to 350°C unless
an appropriate catalyst is used. The advances in this area have been driven by the need

to produce char or tar-free product gas from the gasification of biomass, since the

removal of tars and chars and the reduction of the methane content increases the
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economic viability of the biomass gasification process. The criteria for the catalyst are
fundamentally the same and may be summarised as follows:
1. The catalyst must be effective in the removal of tars.
2. If the desired product is syngas, the catalysts must be capable of reforming
methane.
3. The catalyst should provide a suitable syngas ratio for the intended process.
4. The catalyst should be resistant to deactivation as a result of carbon fouling and
sintering,.
5. The catalyst should be easily regenerated.
6. The catalyst should be stable to SCW conditions.
7. The catalyst should be inexpensive.
The effect of alkali metal catalysts (Na,CO;, KHCO3, K,CO3, NaOH, etc) on SCWG
of biomass has been confirmed by many previous studies. The main characteristic of
the catalyst is to improve the water-gas shift reaction.

CO + H,O < CO; + H; (1.1)
Kruse et al. [39] reported the catalytic action of KOH on SCWG of pyrocatechol.
When the content of KOH increased from 0 to 5%, the production of H, and CO,
increased due to the catalytic effect on the water-gas shift reaction. Compared with
KOH, LiOH had similar activity on the gas-phase composition but to a smaller extent.
The catalytic effect of NaOH was realized by Watanabe et al. [40], who showed that
the water-gas shift reaction was accelerated by adding NaOH. Formic acid was
presumed to be the intermediate product in the reaction process, and the production of
H; and CO, was due to decomposition of formic acid.

CO + H,0-**HCOOH’* « CO; + H, (1.2)
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The yield of CO was inversely proportional to the OH™ concentration, which indicates
that HCHO reactions are governed by the OH™ concentration. This research group
conducted another catalytic supercritical water gasification (CSCWG) experiment on
n-hexadecane and lignin with NaOH (400°C, 30 MPa). The addition of NaOH
enhanced the output of H, 4 times greater than that without NaOH. The production of
coke was also effectively inhibited [41].

Compared to homogeneous catalysts, heterogeneous catalysts have the advantages of
high selectivity, recyclability, environment-friendly, etc, and are becoming of
increased interest for SCWG.

Nickel based heterogeneous catalysts are commonly used for SCWG as the cost of
nickel is relatively low, and has been applied extensively to many petrochemical
industries. Catalytic SCWG of 0.6 M glucose was investigated with 16 wt %
Ni/Activated carbon catalyst over a temperature range of 575 to 725°C at 28 MPa
[42]. The Ni/Activated carbon was found to catalyze hydrogen production pathways
such as the water gas shift reaction and to enhance the carbon gasification efficiency.
However, nickel based catalysts enhance coke formation when they are exposed to
high temperature. A recent study [43] showed that Ru-Al,O3 had much better coke
resistance and a lower graphitization degree of deposited carbon than Ni-Al,O3 for
methane conversion to synthesis gas. This catalyst resulted in high cell performance
for a fuel cell when operating on methane-oxygen, methane-H,O or methane-CO; gas
mixtures, in the range 600 to 850°C. Byrd et. at. [44] also found that Ru/Al,O;
catalyst significantly enhanced the conversion and hydrogen yield from glucose at
700°C and 248 bar, while significantly reducing the coke and other heavier liquid

product formation.
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1.5 Synthesizing Aerogel Catalyst

Heterogeneous catalysis is one of the most demanding applications of solid state
chemistry. It is essential to have good control, not only of the chemistry of the
reaction at the catalyst’s surface, but also of the physical phenomena linked to heat
and mass transfer processes. ‘Aerogel-like’ solids can help to solve some of the
pending questions in heterogeneous catalysis, i.e., the high dispersion of an active
species on a carrier having a homogeneous surface, acceptable mechanical properties
and a porous texture which allows the easy diffusion of reactants to active sites and
products away from these sites. These unique properties allow aerogels to facilitate
the WGS reaction [45-46].

1.6 Synthesis of Ordered Mesoporous Catalyst

Since ordered mesoporous silica was first reported in 1992 [47-48], interest in this
research field has been explored for the potential application of these materials in
catalysis. Compared to silica, alumina is more popular in catalysis for its broad
application as industrial catalysts and catalyst supports employed in petroleum
refineries, automobile emission control, and other areas. With the characteristics of
mesoporous materials, such as highly uniform channels, large surface areas, narrow
pore-size distributions, tunable pore sizes over a wide range, and so on, alumina with
a controlled mesostructure should possess excellent properties for SCWG.

Alumina with ordered mesoporosity is commonly prepared through the sol-gel
process with surfactants as structure-directing agents (SDAs) or by utilizing the
nanocasting method with alumina as hard templates [49].

Sol-gel chemistry is widely used for the preparation of industrial heterogeneous

catalysts. Developments of the preparative inorganic chemistry in organic media
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opens new possibilities in catalyst synthesis, in particular for the preparation of high
porosity volume solids, homogeneous mixed oxides and highly dispersed metallic
catalysts. Gel formation and the drying process are discussed in this work in relation
to catalyst morphology control and the solid-state reactivity of the resulting solids for
supercritical gasification of glucose. Attention is given to improvement of the
morphological properties of the aerogel structure and to the preparation of
multicomponent gels, in particular highly dispersed supported bi-metallic catalysts as
well as homogeneous mixed oxide carriers which remain stable at high temperature.

1.7 Selection of Model Compound

Using a model compound for the feedstock of interest provides several advantages
including making it easier to understand the basic chemical pathways occurring
during conversion with novel catalysts. This is critical for an unusual reaction
medium such as supercritical water. As described earlier, biomass is typically
composed of cellulose, hemicellulose, lignin, and other organic and inorganic
components. Cellulose is known as one of the most unmanageable components for
dissolving in hot water [50]. The complete conversion of cellulose to glucose and its
oligomers can be achieved at temperatures as high as 400°C in supercritical water
conditions [51]. Therefore glucose (CsH120¢) serves as a useful model compound for

the more complex sludge and cellulosic wastes for gasification in supercritical water.
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1.8 Objectives

The objectives of this research are divided as follows:

Synthesizing metallic Ni-Ru catalysts for producing hydrogen rich gas from
glucose, minimization of coke formation on the catalyst surface and organic
destructions (TOCs) in the liquid effluent so no subsequent wastewater treatment is
necessary.

Gaining a structural understanding of the synthesized fresh and spent catalysts for
SCWG by using various physical and chemical characterization techniques including
TPR, TPO, Chemisorption, Raman, SEM, TEM, FTIR, TGA, BET and XRD analysis.
Synthesis, characterization and evaluation of the catalytic properties of Ru-Ni
supported ordered mesoporus alumina during model biomass compound gasification
in supercritical water.

Synthesizing metal organic frameworks (MOF’s) for the purification of product
gases to obtain pure Hy/green fuel.

1.9 Organization of Thesis

Chapter 1: General Introduction. This chapter provides a general introduction and a
brief background literature review on biomass gasification and processing
technologies and the synthesis of mesoporous materials.

Chapter 2: Literature Review. This chapter provides a detailed literature review on
biomass gasification and catalysts used in supercritical water, synthesizing ordered
mesoporous materials.

Chapter 3: Ru-Ni-Al,O; catalysts for the supercritical water gasification of
glucose. This chapter provides the synthesis procedure of Ru-Ni-Al,O;3 catalysts via

both an incipient impregnation method and a sol—gel process followed by supercritical
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drying, evaluation for supercritical water gasification (SCWG) of glucose and detailed

characterization of the fresh and spent catalyst.

Chapter 4: Kinetic analysis for TOC destruction of glucose by supercritical
water gasification. This chapter discusses the development of a kinetic model of
TOC destruction of glucose in SCWG process using non-linear regression (MATLAB
programming).

Chapter 5: Synthesis, characterization & evaluation of the catalytic properties of
Ni & Ru supported on ordered mesoporous alumina. This chapter provides the
synthesis of Ni & Ru decorated ordered mesoporous alumina and evaluation of its
catalytic properties during glucose gasification in supercritical water.

Chapter 6: Conclusion. This chapter presents the overall conclusions and gives some

recommendations for future work.
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CHAPTER TWO

Literature Review
2.1 Introduction
The principal drivers behind a sustainable energy vision of our future centre on the
need to:
1) reduce global carbon dioxide emissions and improve local (urban) air quality, 2)
ensure security of energy supply and move towards the use of sustainable local energy
resources, and 3) create a new industrial and technological energy base, crucial for
future economic prosperity.
All modern-day assessments of global energy take the view that growth in demand
must be met by a diverse energy mix, including renewable or sustainable energy
sources [1-3]. The growth of tangible environmental concerns is providing one of the
major driving forces towards sustainable energy development. Foremost among these
concerns is the issue of the release and accumulation into the atmosphere of carbon
dioxide (CO,) and other climate-changing gases. These emissions are far above pre-
industrial levels and are deemed to be responsible for raising the world’s (average)
temperature through the greenhouse effect. Unless there are drastic reductions in the
amount of carbon dioxide that we release from our activities, there will potentially be
disastrous consequences for our global climate. Such concerns are undoubtedly
transforming the way we assess and use energy and its carriers, shifting the balance
away from our traditional hydrocarbon base towards renewable or sustainable sources
of energy. One promising component towards achieving this goal could come from
the direct gasification of biomass, which is a CO;-neutral process with the carbon by-

product (CO;) and energy originating from the atmosphere via photosynthesis.
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Supercritical fluids (SCFs) have been researched extensively as media for catalyzed
chemical transformations. Their physical and transport properties typically fall
between those of a gas and a liquid, so a fluid in its supercritical state may provide a
more optimal reaction environment than a fluid in either its liquid or gaseous state.
That is, the best balance between competing demands for solvent properties (e.g., high
heat capacity for efficient heat transfer, high diffusivity for rapid mass transfer) may
be achieved in the supercritical state with its intermediate properties between gases
and liquids. Moreover, the properties of a SCF can be adjusted by manipulating
density, so the opportunity exists to tune the fluid properties without altering the
chemical composition of the solvent. In liquid media, the only way to alter the
properties is by changing the solvent identity or composition, which can lead to poor
physical properties. In addition, operating a chemical reaction at conditions that
exceed the critical properties of the reacting mixture ensures the existence of a single
fluid phase. This feature can be very attractive for reactions witl} permanent gases
(e.g., hydrogenation, oxidation) as it eliminates inter-phase mass transport limitations
which would exist for a gas-liquid system. Also, concentrations of the gaseous
reactant can be much higher in a SCF phase than in a liquid-phase reaction medium,
where its solubility in the liquid limits the highest concentration available. Often,
SCFs are considered as “green” reaction media because the molecules (e.g., COa,
H;0) are more environmentally benign than a competing organic solvent. Finally,
SCFs make an interesting reaction medium because their use may facilitate
downstream separation of products simply by depressurization. In these instances,
separating the products from solvent is simpler than in conventional liquid-phase

processes where distillation or liquid-liquid extraction might be required [4].
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Water has received a great deal of attention as a reaction medium because it is safe,
non-toxic, readily available, inexpensive, and environmentally benign. One of the
approaches being used in implementing green chemistry practices is to use water as a
solvent and reaction medium wherever possible.

2.2 Supercritical Water

Supercritical water is an attractive reaction medium to reform biomass due to its
solubilization and transport properties, as well as its ability to suppress tar and coke
formation [5]. Furthermore, water is a benign and environmental friendly solvent and
is naturally present to various extents in all types of biomass. Water above its critical
temperature, 374°C, and critical pressure, 22.1 MPa is known as ‘Supercritical water’
(SCW). Water below its critical temperature, 374°C but at a pressure above its
saturation pressure is referred to as ‘Subcritical water’. Below its saturation pressure
and critical temperature water is called ‘Subcritical steam’. Similarly, below the
critical pressure, water will be called subcritical steam even if its temperature is above
the critical temperature. Figure 2.1 illustrates these definitions. Above the critical
pressure, instead of having a ‘boiling point’ like at subcritical pressure, water would
have a ‘pseudo-critical’ temperature, where water experiences a transition from

liquid-like to gas-like behavior.
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Figure 2.1. Schematic phase diagram of water.
As water is heated past its critical temperature, 374°C, at pressures greater than 22.1
MPa (3205 Psig), its physical properties undergo a significant change. Waters ionic
character and ability to hydrogen bond is lowered due to a signifi;:ant decrease in its
dielectric constant which results in enhanced solubility of non-polar organic
molecules and higher reactivity. A breakdown in the hydrogen bonding network, as
well as a decrease in the hydrogen bonding lifetime, leads to an increase in mobility
for single water molecules, and results in increased collision frequencies between
reactant and solvent, thus resulting in greater reactivity [6]. A decrease in coke and tar
formation is due to a reduced chance that a reactant or intermediate will react with
one another and polymerize. Moreover, at temperatures greater than 600°C,
supercritical water is a strong oxidizer and will react with carbon to produce CO and

CO:s,. For biomass gasification, supercritical water provides a homogeneous reaction
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medium eliminating mass transport limitation characteristics in multiphase reactions.
Conversely, because of the significant decrease in its dielectric constant, supercritical
water is a poor solvent for inorganic salts. However, depending on the desired
application the physical properties of supercritical water including solubility and
reactivity can be tuned by adjusting its temperature and pressure [7]. Transport
properties in supercritical water benefit from an increase in diffusion rates and a
decrease in fluid viscosity compared to liquid water, and an increase in heat transfer
compared to steam [8]. Several characteristics of supercritical water including
miscibility with non-polar compounds and gas, enhanced transport properties, and the
ability to suppress coking reactions, make it an ideal reaction medium to reform

biomass.

2.3 Kinetics

A kinetic analysis of the decomposition rate in SCWG is important to design the
reactor system for potential industrial implementation. Kruse and Gawlik [9] studied
the sub and supercritical conversion of biomass and concluded that the following
simplified reaction pathways of liquefaction and/or gasification for the biomass

(Figure 2.2) are occurring.

29




Cellulose

1

' Preferred at ionic
1 ., .

! conditions

_______________________

Glucose/ =z

1:::
Fructose \
/l Furfurals

i Preferred at free :' =1 Acids/ /
+ radical conditions !

(T>3740C) Aldehydes < Phenols

e r e T e r e g —-

- o ~ A
- ~

N Gases L A

Higher molecular weight
products (char)

Figure 2.2. Simplified reaction scheme of liquefaction and/or gasification of biomass

model compound.

They showed two parallel paths of conversion; the left path is through a free radical
reaction process which is preferred at supercritical conditions while the right path is
through ionic reactions, preferred at subcritical conditions. From the properties of
SCW, it may be inferred that the intermediate decomposition products are dissolved
in SCW as a result of its high solvent power for organic compounds. This allows

faster reaction rates while minimizing the formation of tar and chars.

The overall biomass gasification reaction in supercritical water for the production of
hydrogen is represented as follows [10]:

CH,O, +(2-y)H,0 »CO, +(2-y+x/2)H, 2.1)
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where x and y are the elemental molar ratios of H/C and O/C in biomass, respectively.
In addition to gasification, three major competing reactions occur during the
gasification of biomass in supercritical water as follows:
Steam reforming:

CHO,+(1-y)H,0 >CO+(2-y+x/2)H, (2.2)
Water gas shift reaction:

CO +H;O = CO;+H; (2.3)
Methanation reaction:

CO + H, =& CH;+ Hx0 (24)

CO;+4H, &= CH;+ 2H0 (2.5)
As the primary objective of biomass gasification in supercritical water gasification is
hydrogen production, reactions (2.4) and (2.5) must be restrained while CO reacting
with water to form CO; and H; is desired in reaction (2.3). Other than the products
mentioned above, other intermediate products (i.e. char and tar) are also formed
during SCW gasification.
The detailed kinetics of biomass gasification, even using the model compound
glucose is still unavailable due to multi-component intermediate reactants and
products involved in this complex reaction mechanism. More than thirty components
in the liquid product stream were detected during gasification of glucose in SCW [11].
Kabyemela et al. [12] studied glucose and fructose decomposition in sub and
supercritical water at residence times down to 2 sec in a tubular reactor, finding first
order reaction kinetics. The main products of glucose decomposition reported were
fructose, erythrose, glycolaldehyde, dihydroxyacetone, glyceraldehyde, 1,6-

anhydroglucose, and pyruvaldehyde. The reactions involved were three types, namely
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isomerization, bond cleavage, and dehydration. On the other hand, Lee et al. [13]
studied the conversion of glucose without catalysts in a tubular reactor at 480-750° C,
28 MPa, 10-50 sec. They found that below 600°C the hydrogen yield increases with
increased residence time when gasifying glucose in supercritical water. They did not
study the liquid phase in detail, rather performed a kinetic analysis of COD (chemical
oxygen demand) destruction assuming pseudo first order reaction during the
gasification of glucose in supercritical water. Their kinetic investigation leads to the
following first order reaction rates:

Glucose as a function of its concentration, C,:

—r, = 107H0% xn(~67.6+ %)cg 2.6)

&

The COD as a function of the corresponding concentration C:

—r, =10*"*% exp(~71.0 = %)CC (2.7)

Jesus et al. [14] developed a model for corn silage using a mathematical
approximation based on zero-order kinetics as follows:

47.9[KJ

Y =107 exp( RT(K] ])r(min'1 )+107*% exp(6.1x 107 T[K]) (2.8)

Jin et al. [15] studied the TOC (Total organic carbon) kinetics of oxidation of food
wastes. They found a fast reaction rate at an early stage of reaction (within 50
seconds) and slow reactions afterwards.

2.4 Catalytic Supercritical Water Gasification

Supercritical water gasification of biomass has several advantages compared to
traditional gasification including the direct use of wet biomass feedstocks, a single

reactor for biomass hydrolysis and gasification, additional H, generation through
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reforming, and a compressed gas product convenient for storage and transportation.
Three temperature regions have been identified for SCWG in the literature as follows
[16, 17]:

1) Region I (500-700°C supercritical water) biomass decomposes and activated
carbon catalyst is used to avoid char formation or alkali catalysts can facilitate the
water-gas shift reaction.

2) Region II (374-500°C, supercritical water) biomass hydrolyzes and metal catalysts
facilitate gasification.

3) Region III (below 374°C, sub critical water) biomass hydrolysis is slow and
catalysts are required for gas formation.

In region II, biomass gasification was operated at supercritical temperatures (374~
500°C), which will produce more hydrogen and less methane [18]. Catalytic
gasification by supercritical water is an attractive alternative to high temperature
biomass reforming because it reduces the minimum reaction temperature necessary
for gasification while maintaining useful kinetics. This reduces the overall process
cost since the majority of the energy input into supercritical water gasification goes
into heating up a large excess of water in relation to biomass in the feed and also
reduces corrosion on the reactor walls, which allows the use of less costly alloys [17].
As a result of the harsh reaction environment, the catalyst system must be highly
active and stable in supercritical water. Furthermore, the catalyst system should be
able to suppress coke and char formation to avoid catalyst deactivation. Catalysts
considered for biomass gasification by supercritical water include carbon catalysts,

alkaline catalysts, and transition metal catalysts.
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2.4.1 Carbon Catalysts

Activated carbon has potential as an effective catalyst for biomass gasification in
supercritical water as it has been shown to improve gas yields and H» selectivity.
Matsumura’s group [19], Antal’s group [20] and Xu et al. [21] have identified
activated carbon as a catalyst for hydrothermal gasification under supercritical water
(600°C) conditions. Matsumura’s group showed SCWG of a pretreated chicken
manure feedstock with a suspended activated carbon catalyst. In this processing
mode, the plugging in the reactor was avoided for up to 4 h of operation at 600 °C and
25 MPa. Recovery and reuse of the catalyst is perceived as a simple process step.
Antal’s group and Xu et. al. catalytically gasified glucose with an activated carbon
catalyst, and were able to achieve greater than 90% carbon gasification efficiency
(CGE), or carbon recovered in the gas, for a 22wt% glucose feed solution at
temperatures ranging from 600 to 750°C. Furthermore, Antal et al [20] gasified real
biomass feedstocks including cornstarch, potato starch, sawdust, and potato waste,
and were able to achieve greater than 70 % CGE for feed concentrations ranging from
8.9 wt% to 13.7 wt % at temperatures greater than 700°C. Both groups concluded that
gas composition and gas yield were a strong function of reactor temperature and
increased H, yields were due to the promotion of the water gas shift reaction:

CO +H,0 — CO, + Hy (2.9)
Although carbon catalysts have been shown to improve CGE and the H» yield for
biomass gasification, two technical issues need to be addressed. The first is reactor
plugging. Antal et al. [20] reported that all feed solutions with greater than 15 wt%
organic material plugged the reactor within 1-2 hours of on stream time. For feed

concentrations less than 15 wt % they observed a prolonged time on stream, but
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eventually the reactor would plug due to a buildup of ash and char in the heating zone.
The second problem observed was catalyst deactivation. Xu et al. [21] observed a
decrease in catalytic activity after 4 hours of operation, but noted that catalyst
deactivation was prolonged when swirl flow was initiated in the entrance of the
reactor, essentially increasing the rate of heat transfer to the fluid.

2.4.2 Alkaline Catalysts

Alkaline catalysts benefit biomass gasification in supercritical water by increasing
gasification efficiency and H, yield [10, 22, 23], and are used in alkaline
lignocellulosic biomass pre-treatment processes for bioconversion of cellulose to
ethanol [24, 25]. Sinag et al. [23] observed a nearly two times increase in the H; yield
and a significant decrease in the CO concentration for glucose gasification at 500°C
with a K,CO; catalyst. They attributed the improved H, yield to an increase in the
kinetics of the forward water gas shift reaction via formate formation. They also
determined that the addition of K,COs led to an increase in acid formation, and a
decrease in furfural formation. This is important because the polymerization of
furfurals with other liquid intermediates is thought to be one of the causes of char and
coke formation [26, 27]. Ultimately, less furfural formation will improve the CGE
since furfural is more difficult to gasify than small organic acids. Guo et al. [28] used
Ca(OH), to gasify glucose to H, and CH,4, with both gases being formed with
enhanced yields compared to experiments with no catalyst. However, due to the
formation of CaCO; from CO, and Ca(OH),, there was little to no CO, or CO found
in the product gas. Kruse et al. [29] showed that KOH could enhance the gasification

of lignin. The group gasified pyrocatechol, a lignin model compound, at 600°C and
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400 MPa with KOH and achieved a 99% carbon gasification efficiency for a 6.6 wt%
feed solution.

Generally, alkaline catalysts have improved biomass gasification in supercritical
water by catalyzing biomass gasification reactions and promoting the water gas shift
reaction, however, Kruse et al. [26] and Sinag et al. [23] observed a solid residue
accumulate in batch and continuous flow reactors during gasification experiments. In
one case the solid residue accounted for up to 8% of the carbon fed to the reactor.
Additionally, alkaline catalysts are thought to increase corrosion of the reactor
material. Energy dispersive x-ray (EDX) analysis performed by Sinag et al. [23] on
solid particles filtered from the liquid products indicated the presence of Ni, Mo, and
Cr, all of which were primary constituents of their Inconel reactor.

2.4.3 Metal & Metal Oxide Catalysts

Metal and metal oxides are a third class of catalyst used for biomass gasification by
supercritical water. Metal catalysts and catalyst supports are limited to materials that
are stable in the strongly oxidizing environment of supercritical water. Currently,
metal catalysts investigated for biomass gasification in supercritical water include Ru,
Rh, Pd, Pt, and Ni. Typically, biomass gasification over metal catalysts at
temperatures ranging from 350°C to 500°C produces gas rich in CH4, CO», and H,,
with small amounts of CO and C2+ hydrocarbons. Osada’s group reported
gasification of alkyl-phenols with several noble metal catalysts at 400°C [30]. Their
results confirmed that ruthenium and rhodium were the most active metals with high
levels of methane production after only 15 minutes at temperature, while platinum
and palladium produced almost no gas with lower levels of methane and higher levels

of hydrogen formation. They also studied the stability of three ruthenium catalysts
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[31] at 400°C using lignin as the feedstock and found the titania (anatase)-supported
catalyst to be stable. The carbon supported catalyst showed evidence of metal crystal
growth with a resulting loss of activity. An alumina-supported catalyst was destroyed
in the process as the alumina changed phase from y- to a- and ruthenium was
dissolved into the supercritical water.

Vogel’s group has compared ruthenium catalysis with nickel using synthetic liquefied
wood mixture as the feedstock [32]. The skeletal nickel metal catalyst was found to
sinter rapidly at 400°C, even when stabilized by ruthenium doping, while a Ru on
carbon catalyst was stable during 220 h of testing. Osada et al. [22] produced gas
containing up to 41 mole % CH, from lignin gasification at 400°C with a Ru/TiO;
catalyst, compared to Guo et al. [10] who measured around 10 mole % CH, for non-
catalytic continuous gasification of lignin in a Hastelloy tubular reactor at
temperatures ranging from 500-775°C.

Nickel based catalysts are widely used for biomass gasification in supercritical water
because of their high activity and low cost. However, nickel catalysts promote the
water—gas shift reaction [23], methanation [13, 33-35] and hydrogenation reactions
[36]. The use of nickel catalysts in SCWG are expected to lead to higher yields of gas
products, especially hydrogen and methane. Yoshida et al. [37] conducted SCWG of
lignin, cellulose and their mixture in the presence of a nickel catalyst at 400°C and
obtained methane and carbon dioxide as the major gaseous products. Minowa and Ogi
[38] studied the effect of reduced Ni catalyst on gasification of cellulose in subcritical
water and reported that the yield of CH, was enhanced whereas the yield of H, was

suppressed by the methanation reaction in the presence of Ni.

CO + 3H; — CH4 + H20 (2.10)
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CO; + 4H; — CH4 + 2H,0 (2.11)
High biomass CGE can be achieved with metallic catalysts for long reaction times,
but generally depends on the activity of the catalyst system, water density,
temperature, and feedstock. Sato et al. [39] was able to gasify lignin with a 20 wt %
Ni / MgO catalyst at 400°C in a batch reactor, however, 360 min reaction time was
necessary for 78% CGE. Sato et al. [30] ranked several transition metal catalysts and
supports in order of catalytic activity for supercritical water gasification of
alkylphenols at 400°C as: Ru / y-Al,O3 > Ru / Carbon > Rh / Carbon > Pt / y-Al,O3 >
Pd / Carbon > Pd / y-Al,O3. However, CGE’s were low, ranging from 0.2%-15%. Hao
et al. [40] observed a similar trend for the gasification of cellulose and sawdust at
500°C and ranked catalytic systems based on catalytic activity as: Ru/Carbon >
Pd/Carbon > CeO, particles > CeO; nano particles > (CeZr)cO,. The observed CGE’s
were as high as 94% for cellulose, and 77% for sawdust with a Ru/carbon catalyst.
Yamaguchi et al. [41] investigated several metal catalysts on t\itania and activated
carbon supports and, similar to the previous reports, concluded Ru had the highest
catalytic activity followed by Rh > Pt > Pd > Ni. Furthermore, for Ru/carbon catalysts
Osada et al. [42] determined that gasification efficiency was a function of reactor
pressure, and were able to increase CGE’s for lignin gasified at 400°C up to 47% by
optimizing the water density.

Although metallic catalysts designed for low temperature biomass gasification by
supercritical water have demonstrated the potential to lower the activation energy for
gasification reactions and increase selectivity for the gas products, the stability of
these catalyst system needs to be addressed before this technology can come to

fruition [31, 43-47]. Metal catalysts are typically expensive, thus the lifetime of a
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catalyst and support becomes an important factor when optimizing a catalytic process.
Osada et al. [31] concluded that y-Al,O3 and carbon supports demonstrated poor
stability due to a change in morphology in y-Al;03, and a decrease in surface area for
the carbon support. TiO, was the most stable support, but CGE decreased after the
third subsequent use. Additional studies by Byrd and Gupta [43] and Lu et al. [48]
investigated the stability of adding CeO; to y-Al,O3 as a catalyst support. Although
CeO; was found to stabilize the y-Al,O3 support by inhibiting carbon formation on the
catalyst, the improvement was only incremental and the catalyst eventually became
deactivated due to the formation of carbon on the catalyst surface and sintering.
Catalyst stability is a critical issue that needs to be improved before low temperature
catalytic gasification by supercritical water can be considered as a viable
themochemical conversion technology for biomass.

2.4.4 Other Catalysts

The majority of the published research concentrates on the catalysts previously
mentioned [49-53], but some groups have tested less common catalysts in SCWG.
Yanik et al. [54] reported that iron can be an effective catalyst for the gasification of
red-mud (a by-product of the electrochemical process of aluminum production). Arita
[S5] has reported that the addition of copper wires accelerates gasification of ethanol
considerably.

2.4.5 Catalyst Supports

The effectiveness of catalysts in hydrothermal gasification can be greatly improved by
the use of support materials with long-term stability in hot liquid water. Many
alumina and silica based materials commonly used for catalyst formulations in the

petroleum and gas processing industries are less useful for hydrothermal gasification.
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The better supports for SCWG include activated carbon, mono-clinic zirconia, titania,
and a-alumina [17].

Nickel, for instance, has high activity and generates more CH4 with a magnesia
support than without the support [26, 56]. Ruthenium has been evaluated on many
supports [30, 57]. Ruthenium on rutile titania extrudate is particularly effective in this
process. It is easily reduced to its active form and maintains its activity for long
periods of operation [58]. Osada [42] obtained high carbon gasification yields with
ruthenium on titania for repetitive uses. In general, y-alumina as a support leads to
higher gas yields than carbon [30]. But it is not a useful catalyst support for more than
a few hours in aqueous systems as it did not survive in long-term processing using
SCWG [30, 59].

2.5 Process Parameters & Their Effects

The SCWG process parameters affect various performance aspects like efficiency,
product gas quality, energy and energy inputs. Many of the litqrature studies have
been undertaken to investigate the optimum parameters to obtain maximum hydrogen
yields or syngas.

Moghtaderi [60] conducted a study to gain a fundamental understanding about the
catalytic steam gasification of some species under low temperature conditions. He
particularly focused on the role and relative importance of controlling parameters,
such as reaction temperature and the heating rate on the composition of the products.
In the experimental study, temperatures were changed from 200 to 800°C and
investigated both with catalyst and without a catalyst, with the residence time changed
at 20 mins or 2 mins. Addition of catalyst particles was found to change the selectivity

of gasification reaction enhancing hydrogen production while reducing the levels of
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methane produced at temperatures above 500°C. At lower temperatures
(200°C<T<450°C) the catalysts appeared to have no significant impact on hydrogen
yield although they increased the yield of methane. A relatively low reaction
temperature of 600°C and a high steam content of about 90% showed the strongest
tendency for maximizing the hydrogen production.

Garcia Jarana et al. [61] tested a SCWG on a laboratory-scale continuous-flow system
with two different industrial wastewaters, using cutting oil wastes, oleaginous
wastewater from metalworking industries, and vinasse, and alcohol distillery
wastewater. The influence of the temperature, amount of oxidant and catalyst addition
on the yield and composition of the gas phase was studied. Experiments were carried
out in the temperature range 450-550°C, the amount of oxidant ranged from the
absence of oxygen (oxygen coefficient, n=0) to 20% of stoichiometric oxygen
(n=0.2), and 25 MPa of pressure in all cases. A maximum of 0.19 mol H; per initial
COD,, (COD,, was given as mol O, consumed for total oxidation) was obtained in the
gas phase under the best conditions.

2.5.1. Effect of Temperature

The effect of temperature on hydrogen production in SCW has been studied with and
without catalysts. The reaction temperature has been found to highly affect the
conversion, yield and by-product formation. Holgate et al. [11] studied the effect of
temperature on the hydrolysis of glucose in a plug flow reactor made of Inconel-625.
Figure 2.3 shows the product yield for glucose hydrolysis for temperatures between
400°C and 650°C. Hydrogen and carbon dioxide were the main gaseous species
detected, indicating the presence of the water gas shift reaction. Interestingly,

acetaldehyde and CO disappeared at temperatures above 575°C, and formation of
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simple hydrocarbons (such as methane and ethane) and hydrogen were favoured at
higher temperatures. These observations are generally consistent with the results
reported by Yu et al. [58] and Lee et al. [13]. The results of Lee et al [13] are shown
in Figure 2.4, where it is seen that without a catalyst, hydrogen yield and the yield of
other by-products are strongly dependent on temperature. The gasification conversion
reached 100% at 700°C and 28 MPa. As the temperature increases, the yield of
hydrogen increases sharply, whereas the yield of carbon monoxide decreases above
650°C. For ethanol reforming in SCW, Byrd et al. [63] reported that ethanol
conversion over commercial Ru/Al,O3 was not complete and C, species were detected
at temperatures below 600°C. However, in the temperature range of 700-800°C, the

product compositions were mainly H,, CO, CO,, and CHa.
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Figure 2.3. Variation of product yields with temperature for glucose hydrolysis at 24.6
MPa. Experimental conditions: 1.02+0.02x10 mol/L glucose, 6.1*0.3 s reactor

residence time. No catalyst [11].
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Figure 2.4. Gas product yields as a function of reactor temperature on 0.6 M glucose

gasification in SCW at 28 MPa and a 30 s reactor residence time. No catalyst [13].
2.5.2. Effect of Pressure
There are only a few reported studies that have looked at the effect of pressure on
hydrogen production in sub- and supercritical water. Gadhe and Gupta [64]
investigated methanol reforming for pressures between 3.4 and 27.6 MPa and at a
constant temperature of 700°C. They found that H,, CO, and CO decreased with
increasing pressure in the subcritical region, whereas methane increased significantly
until the critical temperature was reached. Sato et al. [65] observed similar trends.
Kruse and co-workers [29] reported that the hydrogen production from the
gasification of pyrocatechol (C¢HsO,) at 700°C slightly decreased as the pressure
increased from 20 MPa to 40 MPa. Their results matched the calculated equilibrium
data. However, in a small pressure range slightly above the critical point of water,
Byrd et al. [59] found that there was not much difference in ethanol conversion and
product composition in the pressure range from 22.1 to 27.5 MPa, as shown in Figure

2.5.
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Figure 2.5. Effect of pressure over Swt. % Ru/Al,O5 catalyst with 10 wt % Ethanol
[59].

2.5.3 Effect of Residence Time

Thus far, because most of the studies on ethanol (or other organic materials)
reforming in SCW involved non catalytic reactions, the influence of residence time on
hydrogen production was reported [13, 40, 62, 64, 66]. They observed that the
formation of hydrogen, carbon dioxide and methane increased {vith longer residence
times, while carbon monoxide decreased. For catalytic reactions, Osada et al. [22]

reported their results in terms of reaction time, with methane increasing by increasing the
reaction time for all catalytic reactions investigated in a batch reactor. Interestingly, Arita et
al. [55] showed that the hydrolysis of ethanol in a batch reactor led to higher conversions of

hydrogen as the residence time increased, as shown in Figure 2.6.
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Figure 2.6. Time dependence of the yields of all products for ethanol reaction in a
batch reactor at a density of 0.20 g/cm® at 500°C [55].
2.5.4 Effect of Solution Concentration
Solid biomass and water are the main components of the feedstock for SCWG. The
solid concentration in the feedstock could be a major design issue for the commercial
application of SCWG. When gasifying glucose as a model compound for biomass in
SCW, Matsumura et al. [67] found that the yields of H,, CHs and CO, decreased
while CO increased with an increase in glucose concentration in the feedstock. Hao et
al. [40] showed that the percentages of H, and CO; in the total product gas increased
with increasing glucose concentration in the range of 0.1 M to 0.9 M, but that the CO
and CH,4 fractions were reduced while the gasification efficiency (GE) decreased.

Kersten et al. [68] found that at 700 °C and 30 MPa, H; and CO, decreased with
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initial glucose concentration from 1 to 7wt% while CO and CH; remained almost
constant. Nearly complete gasification was achieved with the lowest concentration at
650 °C or above.

The experiments with real biomass gasification in SCW [28, 69] also showed that
both gasification efficiency (GE) and carbon conversion efficiency (CGE) decreased
with an increase in feed concentration. The yields of H,, CH4 and CO, also decreased
with feed concentration, while the yield of CO increased.

2.6 Brief Reaction Mechanism

The chemistry of hydrothermal glucose reactions is rather complex. Most of the
published studies agree that dehydration reactions of glucose occur in aqueous
solutions producing various amounts of 5-HMF (C¢H¢O3) and other furan derivatives
[70-71]:

CH,OH
0 5-hydroxymethylfurfural (5-HMF)

\_/

OHC

The generation of these undesirable byproducts is considered to be the main obstacle
in the hydrothermal gasification of biomass. Hashaikeh, et. al. [72] proposed a
mechanism for catalytic hydrothermal glucose gasification. There are two competing
reaction pathways that glucose tends to take: (i) the desired gasification to H; on the
surface of the catalyst (reaction 2.12) and (ii) the undesired precipitation within the
voids of the close packed catalyst bed (reaction 2.13):

CeH1206 + 6H,0 — 12H; + 6CO;, gasification (2.12)

CsH1206 + 6H,0 — precipitation (2.13)
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The schematic also shown in Figure 2.7 illustrates possible pathways for

hydrothermal treatment of glucose.
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Figure 2.7. Schematic showing reaction pathways (gasification and dehydration) for
the hydrothermal treatment of glucose [72].

The gasification process of glucose requires glucose adsorption on the catalyst. This is
the first and most important step. Decomposition of glucose to intermediates (e.g.,
acetic acid, methanol, propanol, propionic acid, and butyric acid) is believed to be the
main catalytic decomposition step. It leads to subsequent direct dehydrogenation
producing hydrogen gas and acetic acid (path A, Fig. 2.7). The produced acetic acid is
then dehydrogenated (reaction 2.14) producing hydrogen gas and leaving behind
carbon monoxide adsorbates at the surface of the catalyst (path B, Fig. 2.7):

C2H402 — ZCOad + 2H2 (2.14)
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Finally, the gasification mechanism involves carbon monoxide gasification (reaction
2.15) generating hydrogen and carbon dioxide through the water-gas shift reaction
(path C, Fig.2.7):

COu + HO — CO; + H; (2.15)
The precipitate formation observed during the hydrothermal treatment of aqueous
glucose is caused mainly by 5-HMF polymerization and condensation reactions
including branching and cross linking to form linear and cyclic oligomers. The trouble
is that both processes (reactions 2.12 and 2.13) could occur at about the same
temperature, and the challenge is to selectively promote the first reaction and suppress
the second one.

2.7 Effect of Catalyst Preparation

The catalyst preparation method (precipitation, co-precipitation, impregnation, sol gel,
etc.), calcination and reduction steps, all have an impact on the catalyst activity. To
the best of our knowledge, most of the researchers have used either commercial
catalysts or those prepared by conventional techniques like precipitation or
impregnation for biomass gasification in supercritical water. There is also a lack of
literature, particularly for supercritical water gasification, concerning the relationship
between catalyst preparation and carbon deposition. Deposition of carbon leads to
catalyst deactivation and/or plugging the reactor when the catalyst is exposed to this
high temperature and pressure environment. Several studies have investigated related
fields such as CH4-CO; reforming or steam reforming [73-79]. Haga et al. [80, 81]
suggested that the product composition varied due to the crystallite size of Co/y-Al,0O3
for ethanol steam reforming. They found that the activity of the catalyst was

independent from the starting precursor during preparation. However, Aupretre et al.
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[82, 83] reported that the catalyst activity depended on the type of metal precursor, for
example the catalyst prepared from metal chloride solution was more active compared
to that from acetate solution for Rh/y-Al,O3 and Mg/Ni/Al,O;. The effect of catalyst
preparation on product composition was also reported by Jiang et al. [76] & Kaddouri
and Mazzocchia [84]. Jiang et al. [76] prepared different percentages of impregnation
and aerogel Ni/Al,O; catalysts and proved that Aerogel Ni/Al,O; nanoparticle
catalysts, which were prepared by a sol-gel method combined with a supercritical
drying route showed better catalytic activity and stability than the impregnation
catalyst. Characterization of spent catalysts revealed that only limited graphitic carbon
with filamentous was found on the surface of the aerogel catalysts, however, massive
graphitic carbon with filamentous morphology covered most of the surface of the
impregnation catalyst and resulted in catalyst deactivation. Kaddouri and Mazzocchia
[84] prepared Co/SiO, and Co/y-Al,O3 catalysts by incipient wetness, sol-gel and a
combination of both techniques. They showed that the combinationﬁ method provided
better catalytic performance toward hydrogen production over the Co/SiO, catalyst.
However, impregnation is the most popular method that has been used to prepare
catalysts for biomass gasification, steam or carbon dioxide reforming etc.

2.8 Synthesis of Ordered Mesoporous Materials

Porous materials have been intensively studied with regard to technical applications
as catalysts and catalyst supports. According to the IUPAC definition, porous
materials are divided into three classes; microporous (pore size < 2nm), mesoporous
(2-50nm), and macroporous (>50nm) materials [85]. In addition, the term
‘‘nanoporous’’ is also increasingly being used. However, it is not clearly defined and

loosely refers to pores in the nanometer size range. Many kinds of porous materials
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such as (pillared) clays, anodic alumina, carbon nanotubes and related porous carbons
and so on, have been extensively described in the literature [86]. Among the family of
microporous materials, aluminum oxides are largely studied because of their catalytic
[87], optical [88], electronic [89], and biomedical properties [90]. There has been
great interest in obtaining well-defined mesoporous aluminum oxides with high
surface areas and pore volumes [87]. Porous aluminum oxides have been synthesized
by high-temperature dehydration of bulk powders [88], a/erosol generation of particles
with the use of block copolymers [91], modified sol-gel in the presence of organic
structural agents [92], cationic [93] and anionic surfactants [94], block copolymers
[95], using ordered mesoporous carbon templates [96], colloidal precursors with
amine structural agents [97], and evaporation-induced self assembly (EISA) with
block copolymers [98]. Also, meso- and macroporous y-Al,O3; was obtained under
microwave irradiation in the presence of surfactants under acidic conditions [99]. It is
noteworthy that the use of ordered mesoporous carbons as ha{d templates for the
synthesis of mesoporous y-alumina [96] was an important achievement as it initiated
interest in the development of alumina materials with ordered and uniform mesopores.
Even though the hard-templating synthesis route may afford crystalline aluminas with
desired pore geometries and symmetries, this method has several drawbacks. First, it
is time consuming because preparation of a carbon template adds additional steps to
the synthesis procedure. Also, the nanocasting process consists of several cycles,
which often results in a partial or complete loss of mesostructural ordering and a
change of particle morphology.

Among the various investigated synthesis routes, those employing poly(ethylene

oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymers

50



[(EO)(PO)/(EQ),] as soft t;amplates has attracted a lot of attention as they are
inexpensive, commercially available, biodegradable, and afford materials with
relatively large and uniform mesopores. The first successful synthesis of ordered
~ mesoporous alumina (OMA) in the presence of block copolymers used as soft
templates was reported by Niesz et al. [100]; however, this procedure required strict
control of experimental conditions. A major leap in the preparation of y-Al,O; with
ordered mesopores was achieved by self-assembly of the (EO)2o(PO)7o(EO)y triblock
copolymer and alumina precursors in ethanolic solution in the presence of additives
such as citric or nitric acid [99]. This route has been found to be reproducible and
avoids the need for controlling hydrolysis conditions, such as the amount of water and
humidity.

Alumina is an important support in catalysis, especially now that ordered mesoporous
alumina (OMA) can be made in a facile and reproducible manner. Therefore, the
successful preparation of OMA stimulates to extend this approact_l to the synthesis of
alumina-supported metal oxides with well-developed mesoporosity, relatively high
surface area, and crystalline pore walls. For instance, nickel aluminate (NiAl,O4) is
used as a catalyst for several hydrogenation and dehydrogenation reactions: oxidative
dehydrogenation of ethane to ethylene for petrochemical purposes [101], conversion
of methane and carbon dioxide to syngas [102], and hydrogenation of nitriles [103].
Nickel aluminate is relatively inexpensive compared to other known active catalysts,
has strong resistance to acids and bases, and has high thermal stability. Several
methods have been employed for the synthesis of NiAl,O4 including wet

impregnation of Al,Oj;, pelletization and sintering of Al,03; and NiO.
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2.9 Challenges

Although the SCWG process seems to be very efficient for hydrogen production,
some physical limitations and/or technical difficulties have been encountered. Due to
the severe process conditions utilized (typically: T = 600 °C, P = 300 bar and a
corrosive environment), experimental investigations using SCWG are expensive and
time consuming. Chars from non-converted biomass and tars from unwanted reaction
products are two major challenges in SCWG. Chars are linked to the conversion
yields of the process, while tars are usually formed by pyrolysis of organic molecules.
Because of sedimentation, these char and tars plug continuous reactors after several
hours of running, while also limiting the amount of hydrogen produced. Although
SCWG can lower the amount of chars and tars compared to low pressure processes,
this drawback has to be carefully considered because of the rather small volume of
laboratory reactors and tubing. Antal et al. [20] produced less than a few percent of
such residual compounds in SCWG, whereas Corella and his coworkers [104]
observed 10-20% chars and 4% tars in atmospheric pressure steam gasification.

Three major limitations considering the material of reactor construction should be
considered; i.e. corrosion, pressure resistance and hydrogen aging. Antal et al. [20]
showed that the inner walls of nickel alloy reactors were strongly corroded by the
SCWG reaction. Only specific geometries and specific materials can be used due to
the high pressures and temperatures used in SCWG. As an example, it is impossible to
build whole titanium reactors with high corrosion resistance by comparison to
classical stainless steels, due to the low allowable stress (pressure resistance) of
titanium. The contact of metallic materials with hydrogen gas is well known for

weakening the strength (pressure resistance) of the used materials. Combined with the
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high pressure constraint, hydrogen aging can limit the duration of use of reactors and
tubing. In this research a 600ml Hastelloy C-276 reactor was utilized to withstand
these difficulties while preventing plugging from chars and tars.

Separation of hydrogen from the other formed gases, especially carbon dioxide, is
another relevant problem. Matsumura et al. [105] proposed to mix the formed gas and

sub-critical water, which dissolves most of the carbon dioxide.
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CHAPTER THREE

Ru-Ni-ALLOj; catalysts for the supercritical water gasification of
glucose

3.1 Introduction

Increasing concerns regarding the emission of greenhouse gases such as CO; from the
burning of fossil fuels, along with the projected decline in world oil production has
led to a tremendous current interest in alternative energies [1]. Hydrogen is
considered to be one of the most suitable long-term sustainable clean energy carriers
as it emits only water vapour during it’s combustion or oxidation process. However, a
renewable source of hydrogen is required with biomass being considered one of its
most abundant and renewable sources [2]. One promising method for hydrogen
production is the direct gasification of biomass which leads to zero net CO, emissions
as CO; produced from gasification is fixed by photosynthesis during biomass growth.
However, biomass contains a higher moisture content than solid fossil fuels, in the
range of 90% or sometimes even higher. As direct combustion requires removing
moisture from the biomass before gasification, the energy spent on water evaporation
may cause a negative net energy production. Supercritical water gasification (SCWG)
offers an emerging option for the gasification of high moisture content biomass
without removing moisture while maintaining a high energy conversion efficiency
[3].

SCWG is basically the hydrothermal conversion of biomass into gaseous products at
conditions that exceed the critical point of water (374°C and 22.1 MPa). Supercritical

water (SCW) shows low-viscosity and high-diffusivity values similar to those of
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organic solvents which enhances the tendency to dissolve most organic substances
present in biomass components. This allows for hydrolysis to break down the
polymeric biomass structure as opposed to pyrolysis used in conventional
gasification. A well designed SCWG system can recover 92% of the chemical energy
from the biomass in the gaseous products, and produce 4.5 J of energy for every 1 J of
energy lost in the system [4].

Catalysts play an important role in hydrogen production from biomass during SCWG
by increasing hydrogen yield, reducing tar and char formation, and affecting organic
matter gasification efficiencies, defined as the percentage of biomass converted into
gas, of up to 98%. The most commonly used catalysts for SCWG described in the
literature are activated carbon, metals, metal oxides and alkali [5]. Metal catalysts,
such as the noble metals Pt, Pd, Ru, Rh [6] and metal Ni [7-12], have been examined
in SCWG. Alkalis including NaOH, KOH etc have been examined as catalysts or
promoters for SCWG [13-14]. Some researchers have also investigated activated
charcoal [15] and metal oxides as catalysts in SCWG [16].

Nickel has been widely used as a catalyst in steam reforming reactions, and sub or
SCWG because of its high activity and low cost. Elliot et al. obtained a CHy4 rich
product gas by using different types of nickel catalysts at 400°C and 17-23 MPa with
a batch reactor [17]. Minowa et al. found that a nickel catalyst catalyzed the steam
reforming cellulose examining various supports in hot-compressed water [8-9]. Sato
et al. investigated lignin and cellulose gasification in SCW using nickel catalysts with
various supports [10]. Azadi et al. used transition metal chelates consisting of
nickel(Il) acetylacetonate (Ni(acac),), cobalt(Il) acetylacetonate (Co(acac),), iron(III)

acetylacetonate (Fe(acac)s) and Raney nickel particles for hydrothermal gasification
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of glucose and found that Raney-nickel was a more effective catalyst compared to
homogeneous Ni(acac),, Co(acac),, and Fe(acac)s catalysts [11]. Azadi et al. also
used supported and unsupported metal catalysts consisting of Raney-nickel, Raney-
cobalt, Raney copper, carbon-supported ruthenium, and alumina-supported ruthenium
for gasification of glucose in near-critical water [12]. The authors used Ru and Ni
supported alumina catalysts for hydrothermal gasification of glucose and found that
Ru significantly reduced the graphitic coke formation on the catalyst surface.

From an industrial point of view, it may be more practical to develop Ni-based
catalysts because of their low price and ready availability. However, One of the major
problems of nickel based catalysts in a high temperature system is the high
thermodynamic potential for coke formation [18]. Ronggang et al. suggested that
carbon deposition was inevitable in the temperature range from 300 to 1000°C from a
thermodynamic analysis [19]. Carbon deposition also depends on the physicochemical
properties of the catalysts, including the particle sizes of the active metal, types of
support and promoter, etc. [20-22].

It is well known that bimetallic catalysts may sometimes exhibit superior activity,
selectivity and deactivation resistance compared to their corresponding monometallic
analogs [23]. Noble metals (i.e Rh, Ru) can provide high activity’s with a high coke
resistance but they are also less attractive in view of their higher costs [24]. The
strong improvement in the activity and stability observed in the case of Ni-Ru
catalysts has been attributed to the formation of Ni—-Ru bimetallic clusters with a
surface mainly covered by nickel [25]. This leads to an increase in the metallic
dispersion of Ni and favours the formation of a more reactive intermediate

carbonaceous species, thus limiting the deactivation of the catalyst. Ruthenium itself

69



plays an important role in reducing coke formation on the catalyst surface when
exposed to a high temperature environment. Ru-Al,O3 showed better coke resistance
and a lower graphitization degree of deposited carbon than Ni-Al,Oj; for a solid oxide
fuel cell operating on methane [26]. Youssef et al. found the highest conversion and
hydrogen yield from hog manure using Ru-Al,O; rather than Ru-Ac, Ac, or NaOH
{27]. Ru-Al;O; also enhanced the conversion and hydrogen yield from glucose and
ethanol reforming by SCW, while significantly reducing the coke and other heavier
liquid products formation [28].

Since Ru ensures C—C bond rupture of formation of adsorbed intermediates during
glucose gasification in SCW [28], the aim of this work was to investigate the
promoting effect of incorporation of small amounts (0.5 wt%) of Ru into 11% Ni-
AlO3 for glucose gasification in SCW at moderate temperatures (400-500°C).
Youssef et al. showed that the hydrogen yield was relatively insensitive on the pellet
catalyst at nickel loading above 11 wt% as well as on different ca(alyst supports [29].
In this study we tried to reduce the graphitic coke deposition on the catalyst surface
which mainly deactivates the catalyst by synthesizing and investigating a novel Ru-
Ni-Al,O3 aerogel catalyst using a sol—gel technique combined with supercritical CO;
drying. Al,O; was chosen as the support as it provides a high thermal stability to the
catalyst [30].

The properties of the aerogel catalysts were characterized by means of BET surface
area analysis, FTIR analysis, TGA, X-ray diffraction (XRD), Hydrogen temperature
programmed reduction (H,-TPR), Pulse chemisorption, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The catalytic activities of the

catalysts were investigated in SCW for glucose gasification in a batch reactor. After
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the reaction in SCW, the catalysts surface was examined for coke deposition using
several techniques, including conventional temperature-programmed oxidation (TPO),
X-ray diffraction (XRD), and Raman spectroscopy.

3.2 Experimental

3.2.1 Materials

Aluminum isopropoxide (CoH2;03Al) (98%) and Ruthenium chloride (RuCl;) were
obtained from Aldrich (Mississauga, Canada), Nickel nitrate hexahydrate
(NiNO;5:6H;0) and glucose were obtained from Sigma-Aldrich (Oakville, Ontario,
Canada), isopropanol (purity 99.5%) was obtained form Caledon Laboratories Ltd,
Georgetown, ON, Canada. All of these chemicals were used as received. De-ionized
water was obtained from a compact ultrapure water system (EASY pure LF, Mandel
Scientific co, model BDI-D7381). For impregnation catalyst preparation, y-Al,O;
pellets with 3 mm average particle diameter, 263 m*/gm BET surface area and pore
volume of 0.34 cm/gm were received from Aldrich (Mississauga, Canada).

3.2.2 Catalyst preparation

Two methods of synthesis: impregnation and supercritical sol-gel processing were
investigated. The preparation procedure used for the impregnation method was similar
to that described previously [31]. 8-AlO; pellets were used as the catalyst support
and obtained by calcining y-Al,O3 at 1050 °C for 1h at a rate of 10 °C per min. For a
typical synthesis, the required metal salt solution was prepared in a volume of pure
water corresponding to 130 vol% of pore volume of alumina (0.19 cm’/gm, measured
by Tristar II 3020, Micromeritics Instrument Corporation) used for the catalyst
support. The required amount of nickel was calculated from the nickel present in

NiNO;-6H,0. All alumina was dipped into the solution at once for uniform metal
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dispersion. The catalyst was then placed in a beaker which was placed in a separate
closed beaker of 10 vol% NHj3-H,O solutions for ammonia vapor treatment for 10 min
at 60 °C inside the oven to convert metal salt into ammonium salt to increase the Ni
dispersion. The pellets were then heated from 60 to 250 °C at rate of 2°C/min with
most of the ammonium salts attached to the catalyst being removed by sublimation.
Hydrogen reduction and thermal treatment at 600 °C for 1h at a rate of 3°C per minute
was performed afterwards, in a stream of 5 vol% H; balanced with Ar. The reduced
catalysts were weighed to measure the actual loading of nickel by the difference
between support alumina and nickel loaded catalyst.

Aerogel catalysts were prepared by a combination of sol-gel synthesis and
supercritical drying, similar to the preparation of simple metal oxide aerogel [32].
Aluminum isopropoxide was used as the aerogel support precursor. The required
amount of aluminum isopropoxide (i.e. 20 gm for synthesizing 5 gm of catalyst)
dispersed in isopropanol (80 ml) was placed in a 250 ml flask and the resultant
mixture was kept under vigorous stirring at 75°C for one hour. To the cloudy sol, 0.3
ml of 1M nitric acid was added for peptization (formation of stable dispersion of
colloidal particles) and the sol was refluxed with stirring at 75°C for 1h to obtain a
clear sol. The appropriate amount of nickel nitrate and ruthenium chloride was
dissolved in isopropanol with the individual solutions then added to the clear
boehmite sol at 15 minutes intervals, with the resultant mixture refluxed at 75°C for 1
h with vigorous stirring. The sol was kept for three days at room temperature in a
sealed flask for aging. After aging, the resultant gel was washed with acetone to
remove any traces of solvent, nitric acid, etc. This washed gel was dried in scCO, at

4000 psi and 60 °C for 3 days to remove unreacted acid, alcohol and ester from the
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gel formation. The rate of venting CO, was approximately 0.2ml/min to prevent
collapse of nano-stuctured morphology. At the end of drying, a porous aerogel was
obtained which was calcined and reduced at 600 °C for 1h at a rate of 3°C per minute,
in a stream of 5 vol% H, balanced with Ar.

The textural properties of any material are largely dependent on the employed
preparation method and conditions. Several synthetic strategies have been developed
to obtain porous high-surface area alumina. The most common synthetic routes are
based on sol—gel. In the sol—gel process, the method of solvent removal from the gel
is very critical and determines the textural properties of the final product. While
supercritical drying results in aerogel with unique textural properties including high
surface areas and total pore volumes, conventional drying usually results in xerogel
with lower surface areas and pore volumes [33].

3.2.3 Catalyst characterization

The Brunauer-Emmett-Teller (BET) surface area, pore diameter Z}nd pore volume of
both impregnation and aerogel catalysts were determined from nitrogen adsorption
and desorption isotherm data obtained at —193 °C in a constant-volume adsorption
apparatus (Tristar II 3020, Micromeritics Instrument Corporation) using 99.995%
pure N gas obtained from Praxair (Oakville, Canada). The prepared samples were
degassed at 200 °C for 12 hours before measurements to remove the moisture and
other adsorbed gases from the catalyst surface.

Infrared analysis of the as prepared & calcined aerogel samples were analyzed using
an ATR-FTIR spectroscope (Nicolet 6700 FTIR), connected to a computer, supported
by Thermo Scientific OMNIC™ software. After the crystal area was cleaned and

background collected, a small amount of the as-prepared or calcined aerogel sample
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was loaded on the small crystal area with the ATR probe positioned over the
crystal/sample area and force applied to the sample for collection.

Thermogravimetric analysis of the as-prepared aerogel catalyst before calcination was
measured by a TGA/SDT A851 model gravimetric analyzer with a heating rate of
10°C/min from ambient temperature to 1000°C. The as-prepared aerogel sample (ca.
10 mg) was loaded onto an alumina crucible using an empty alumina crucible as a
reference and heated from room temperature to 1000°C at a rate of 10°C/min in air
with a flow rate of 50 ml/min.

The phase structure of the catalysts and coke deposition was analyzed by using
Powder X-ray diffractometry. A Rigaku rotating-anode XRD was used employing
CuKa radiation (A\=1.5408 A). The instrument was operated at 45kV and 160mA,
using the normal scan rate of 10° per minute in the 26 range from 2° to 82°.
Temperature programmed reduction of hydrogen (H,-TPR) was performed on a
chemisorption apparatus (Micromeritics Autochem 2920). Before TPR measurements,
100-150 mg of the fresh catalyst was completely oxidized at 550 °C by flowing a
stream of gas containing 5% O, in He. The TPR analysis was performed by
circulating a stream of gas containing 10 % H, and balanced Ar at a rate of 50
mL/min. The temperature was raised from ambient to 950°C at a rate of 10°C/min. A
thermal conductivity detector (TCD) was used to record the change of hydrogen
concentration of the gas stream passing through the catalyst sample for calculating the
amount of hydrogen consumed during the reduction process.

H; pulse chemisorption experiments were also conducted using a Micromeritics
Autochem 2920 to determine the active metal surface area, the percent dispersion and

the active particle size of the nickel crystallites on the alumina support.
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The morphologies of both the fresh and spent catalysts were obtained from scanning
electron microscopy (SEM) micrographs (model LEO1530) and transmission electron
microscopy (TEM) images (model JEOL 2010F). Before TEM analysis, the powdered
samples were dispersed in methanol by sonication and then placed and dried by
normal evaporation on a copper grid covered with holey carbon film.

Temperature programmed oxidation (TPO) of the spent catalysts was performed to
examine the characteristics of deposited carbonaceous products on the catalysts
during reaction. TPO was done by heating the coked sample from room temperature
to 800°C with a rate of 10°C/min. In the experiment, 5% O, balanced with He with a
flow-rate of 50 ml/min was used. The coke deposition on the catalyst surface was also
characterized by Raman spectroscopy using a Kaiser Optical Systems RXNI-785 with
an excitation wavelength of 785 nm.

3.2.4 Catalyst testing

The evaluation of catalyst activity using SCWG was carried out in a reactor from
Autoclave Engineers, Erie, Penn, U.S.A, which was constructed from Hastelloy C-
276 with a capacity of 600 ml with operating pressure of 36 MPa rating at 500°C. The
reactor was heated with a 1.5 kW electric furnace that surrounded its main body
supplied by the same manufacturer. A detailed description of the experimental setup
and procedure was reported elsewhere by Youssef et al. [29]. The glucose solution
was prepared using purified water and kept well mixed until delivered to the reactor
via a syringe pump (Isco 100D). Analysis of the product gases was performed using a
gas chromatograph (Shimadzu, GC-2014) equipped with a thermal conductivity
detector (TCD) and a 120/80 D Hayesep stainless steel packed column (Grace

Davidson) having dimensions of 6.2m long, and 3.18mm inside diameter. Helium was

75



used as the carrier gas. The GC was calibrated using a standard gas mixture of known
composition containing H,, CO, CHy, and CO,. The analysis was performed manually
using 1ml SGE gas tight syringe (Model number 008100, Reno, NV, USA) by
collecting the sample from a Tedlar gas bag obtained from SKC Inc (PA, USA). Each
experiment was repeated at least two times & the gas analysis was performed at least
six times for each sample to minimize experimental error. The liquid effluents from
the SCWG experiments were analyzed to measure the Total Organic Carbon (TOC)
content using a TOC-VCPH (Shimadzu Instruments).

Calculation of product gas yield and carbon gasification efficiency (CGE) was
performed by the same procedure used by Yu and Antal [34]. The aforementioned
authors calculated the CGE as:

mole carbon in gas

CGE = (3.1)

mole carbon in feed
and

mole of gas species produced

Gas yields = (3.2)

mole of glucose in feed

Biomass gasification proceeds via several complex reactions, such as pyrolysis,
hydrolysis, steam reforming, and water gas shift reaction, and methanation. For
glucose reforming in supercritical water, a maximum theoretical yield of hydrogen
can be calculated by converting the entire feed carbon to carbon dioxide with water
as:

CsH1206 + 6H,0 — 6CO; + 12H; (3.3)
In the overall reaction scheme, CO; also undergoes hydrogenation reaction to form
CO and CH; as

C02 +H, & CO+ HZO (34)
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and

CO + 3H, «» CH4 + H;0 (3.5)
However, mechanistically glucose reforming via reaction intermediates can be shown
as follows:

glucose — acids/aldehydes — gases

The TOC decomposition X, was used to evaluate the extent of decomposition, as

defined by:

TOC decomposition, X =1- [roc). (3.6)
[TOC],

where, [TOC], is the initial TOC and [TOC] is the residual TOC after reaction and
was selected as a parameter to track the liquid effluent quality and to optimize,
together with maximum hydrogen yield in gasification of glucose in supercritical
water.

3.3. Results and discussion

3.3.1 Optimization of ruthenium concentration

Sato et al. reported gasification of alkyl-phenols with several noble metal catalysts
such as platinum, palladium, ruthenium & rhodium at 400°C [6]. Their results
confirmed that ruthenium and rhodium were the most active metals with high levels
of methane produced after only 15 minutes reaction time. Three different
concentrations of Ru i.e 0.2, 0.5, and 1.9% were chosen in this study and used for
glucose gasification in SCW and investigated for the production of H,. As shown in
Figure 3.1a, the 0.5% ruthenium containing catalyst showed the highest hydrogen

yield. The hydrogen yield decreased with a higher concentration of ruthenium as a
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major portion of hydrogen produced during glucose gasification was converted into
methane (Figure 3.1b). The high concentration of ruthenium enhanced methanation
reactions are described in detailed later. Hence the remainder of this study used the

optimum ruthenium concentration (0.5%).

(a)

mole Hy/mole feed

0 0.2 0.5 1.9
% ruthenium in 11% Ni-8-Al,0,

(b)

mole CH,/mole feed

0 0.2 0.5 1.9
% ruthenium in 11% Ni-8-Al,0,

Figure 3.1. Effect of ruthenium concentration on (a) hydrogen & (b) methane yield,
Feed=0.25M Glucose, t=30 minutes, T=500°C, P=25 MPa, catalyst 1.0 gm

(impregnation).
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3.3.2 Characterization of Synthesized Catalysts

Using the novel catalysts synthesized by the impregnation and aerogel procedures,
Table 3.1 shows the BET surface area, pore volume and pore size of the 0.5%Ru-
11%Ni-Al,O5 after calcination and reduction at 600°C. Compared to the catalyst
prepared by the impregnation method, the aerogel catalyst shows a much higher BET
surface area (380 m”/g), larger pore volume (0.75 cm®/g), and more pronounced
mesoporosity attributed to the difference of the synthesis method.

Table 3.1. BET surface area, pore size and pore volume of the catalysts.

Catalyst Total surface | Pore volume Average
area (BET) (cm’/g) pore size
(nm)
(m’)
0.5%Ru-11%Ni-6 Al,Os 52 0.21 16.3
(impregnation)
0.5%Ru-11%Ni-Al,O; (aerogel) 380 0.75 7.9

Figure 3.2 compares the N, adsorption-desorption isotherms of \these novel aerogel
and impregnation catalysts. During the drying of the gel, the capillary forces
originated by the surface tension of the liquid phase, tend to densify the solid by
closely packing together the elementary particles, destroying the most fragile part of
the three-dimensional network and reducing the porous volume of the resulting solid.
Supercritical drying minimizes the effects of the capillary forces during the drying
step both by reducing the surface tension of the liquid phase organic solvent and by
increasing the mechanical properties of the wet solid network. In the case of the
conventional preparation process using impregnation, the dispersion of nickel species

may block pores on the support resulting in the observed lower specific surface area
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and smaller pore volume. Thus, the aerogel catalysts exhibit a significantly higher

BET surface area as well as pore volume.
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Figure 3.2. N, adsorption—desorption isotherms of aerogel and impregnation catalysts.
Figure 3.3a provides the ATR-FTIR traces of both the as-prepared and calcined
alumina aerogel catalysts. There was a strong absorption band for the as-prepared
sample at 1058 cm” which is responsible for alumina hydrate [35] which
subsequently disappeared after calcination indicating the hydrolysis of aluminum iso-
propoxide. The peak at 820 cm™ also belongs to the aerogel product representing the
octahedrally coordinated aluminum [36]. The small peak at 1648 cm™ is from C=0
bond stretching. The small peaks at 1347 & 1414 cm™ are due to C-H rocking &
bending respectively which are shifted slightly to higher wavelengths after
calcination. The small peak at 3757 cm and the broad peak at 3340 cm™ are
attributed to the isolated and hydrogen-bonded Al-OH, respectively. In addition, the
peak changes in the regions of 3400-3700 cm™ and below 1000 cm™ can be observed

with the gradual formation of oxo bonds. Analysis of the FTIR spectrum also shows a
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product peak at 3340 cm™, which is attributed to production of the condensate (H,O
and CH3CH,OH) formed during synthesis [37]. There was no significant spectrum
found for the impregnation catalyst (not shown).

Thermo gravimetric-differential thermal analysis (TG-DTA) of the aerogel catalyst
was also carried out to examine the formation process of catalyst, as shown in Figure
3.3b. There was only one weight loss observed on heating to 1000°C, corresponding
to an endothermic peak (around 110°C) & two exothermic peaks (320-360 & 875°C
respectively) in the DTA curve (dashed line). Combined with the IR results, the™
weight losses in the TG profile and the corresponding broad endothermic peak in the
DTA curve resulted from the loss of condensate molecules from the fresh aerogel
sample. The first exothermic peak is attributed to either removal of physically bound
adsorbed organic molecules or the decomposition of nitrates. Another exothermic
peak observed at 875°C in the DTA profile is attributed to the phase change to 6-
alumina [38]. Hence, the utilized calcination temperature (600°C) was appropriate for

the aerogel catalyst.
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Figure 3.3. (a) ATR-FTIR analysis results of as-prepared and calcined aerogel

catalyst. (b) TG-DTA profiles of as prepared drying aerogel.
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H, pulse chemisorption analysis also supports that the sol-gel synthesis method of
catalyst preparation makes strong metal-support interactions which enhances the

metal dispersion of the catalyst providing small catalyst particle sizes (Table 3.2).

Table 3.2. Pulse chemisorption data.

Catalyst Metal Active particle | Cubic crystallite
dispersion | diameter (nm) size (nm)
(%)
0.5%Ru-11%Ni-0 Al,O; 0.44 2314 192.9
(impregnation)
0.5%Ru-11%Ni-Al;O; (aerogel) 3.65 27.9 23.2

The coke forming tendency of Ni based catalysts may have a close relationship with
the metal particle size [39]. As shown in Table 3.2, the impregnation catalyst gives a
limited control of morphology and low metal dispersion i.e 0.44 vs. 3.65%. The
aerogel catalyst also gives much smaller particle diameter and crystallite size.

The XRD patterns of the impregnation and aerogel catalysts after Ereduction at 600°C
are depicted in Figure 3.4. No detectable crystalline NiO or RuO, peaks are observed
except at around 44° in the case of the aerogel catalyst, which indicates that a large
fraction of Ni or Ru form either very small clusters undetectable by XRD or are
imbedded in the network of alumina [20]. The nickel and ruthenium metal likely react
with the alumina support forming a Ru-Ni alloy. The other reason for the NiO or
RuO; formation in the impregnation catalyst compared to the aerogel catalyst may be
due to the inhomogeneous distribution of Ni or Ru species on the support surface.
Compared to the impregnation catalyst, which showed the presence of well-developed

metallic Ni and Ru crystalline phases, there was no noticeable sign of forming X-ray
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detectable Ni & Ru crystalline particles in the aerogel catalyst, supporting the BET
and pulse chemisorption experiments. The analysis of the XRD patterns of the
bimetallic impregnation catalyst indicates that the positions of the diffraction lines of
nickel are slightly shifted in relation to those of the monometallic catalyst [40]. The
observed shifts provide evidence for bimetallic particle formation on the support
surface. The diffraction peaks of the NiAl,O4 and the 8-Al,O3 phases are observed for
the impregnation catalyst. The presence of NiAl,O4 peak suggests that the addition of
Ni species was combined with the Al,O; support to form the spinel NiAlO4 phase.
During the process of catalyst preparation, nickel species might be isolated in the
aluminum hydroxide matrix; thus aggregation of nickel species could be suppressed

and the formation of structurally stable spinel phase NiAl,O4 favored.
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Figure 3.4. XRD patterns of impregnation and aerogel catalysts.
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In order to determine the reducibility as well as the optimum reduction temperature
for the investigated catalysts for subsequent glucose gasification in SCW, TPR-H,
experiments were undertaken. In conjunction with the XRD data, it was also useful to
determine the type of species present in the calcined catalysts. The TPR-H, profiles of
the impregnation & aerogel catalysts calcined at 600°C are given in Figure 3.5, with
the aerogel catalyst showing three reduction peaks around 93, 200 & 585°C while the
impregnation catalyst shows five reduction peaks at 90, 165, 320, 460 & 770°C. It has
been reported that the low temperature reduction peak between 81-96°C can be
assigned to the reduction of well-dispersed RuQ, species containing mainly RuO,
which was observed with both catalysts. The peaks around 160°C are attributed to the
reduction of bulk RuQO, species which indicates RuO, species having very weak
interactions with the catalyst support [41]. The impregnation catalyst shows a sharp
peak at around 165°C and the aerogel catalyst shows a broad peak around 200°C. The
low reduction temperature of the impregnation catalyst comp?lred to the aerogel
catalyst and the high peak intensity shows that the impregnation catalyst contains
more bulk RuO, species which are loosely bound with the support i.e the sol-gel
synthesis method gives a strong metal-support interaction. The main reduction peak
for the impregnation catalyst is observed at around 320°C along with two shoulders in
the high temperature region i.e 460 & 770°C respectively. The sharp peak at 320°C is
attributed to the reduction of RuO; & NiO present on the alumina surface which form
Ni-Ru bimetallic particles. All peaks between 400-602°C represent only NiO
reduction while peaks observed at 750-812°C represent reduction of NiAl,O, [42].
The first shoulder of the impregnation catalyst at 460°C indicates the reduction of free

NiO species. The second shoulder at 770°C can be assigned to complex NiO species,
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possibly NiAlLO, which may strongly interact with RuO, & AlLO; due to the
interaction among Ni, Ru and Al,O3; which makes ruthenium more reducible, which

may help to produce mobile oxygen during glucose gasification, as described later.

Impregnation catalyst

Aerogel catalyst

Hydrogen consumption (a.u)

50 150 250 350 450 550 650 750 850 950

Temperature(°C)

Figure 3.5. H,-TPR profile of impregnation & aerogel catalysts.

The main reduction peak for the aerogel catalyst is rather broad and observed at
around 585°C. Since a lower amount of bulk and well dispersed RuO, (comparing
peak intensities) was present in the aerogel catalyst, the residual RuQO; is in intimate
contact with NiO and enhances its reduction. Both Ru and Ni oxides are reduced
simultaneously, thus we may assume that they form a strong interaction and possibly
alloy with the Al,O3 support.

The sol-gel synthesis method also avoids the formation of spinel NiAl,O4, which can
lead to the disintegration of the catalyst structure [43]. The catalytic activity of

alumina-supported Ni catalysts can be suppressed by the presence of NiAl,Oy4 spinel

86



because this tends to stabilize the nickel in the divalent oxidation state and makes it
very hard to reduce. Therefore, for the gasification reaction it is desirable to develop a
catalyst that has superior coke resistance and also the ability to minimize the
formation of NiAl,Oy spinel.

The reduction temperature and peak width measured by TPR are indications of the
ease of reduction and the degree of interaction between different metallic species,
respectively. A high reduction temperature indicates difficulty in reduction whereas
wide peaks indicate a higher degree of interaction between the species and the
support. It is seen from the TPR-H; profile that both catalysts are completely reduced
at higher temperatures. The impregnation & aerogel catalysts require a higher
reduction temperature due to the presence of the NiAl,O, species & Ni-Ru alloy
respectively. However, the TPR-H, peaks for the impregnation catalyst were
comparatively narrower than those for the aerogel catalyst implying a lower degree of
interaction of metal species with Al,Os.

3.3.3 Catalyst Evaluation

To study the effect of the investigated impregnation & aerogel catalysts on hydrogen
yield as well as on the carbon gasification efficiency (CGE) and total organic carbon
(TOC) destruction, catalytic experiments were firstly compared to the empty reactor
experiments (without adding catalysts) under identical conditions. The gas yield is
defined as the moles of product gases divided by the moles of glucose fed to the
reactor. Typical product distributions are shown in Figure 3.6 for experiments without
and with catalysts at 400, 450 & 500°C using 0.25 molar glucose feed (reaction time:
30 minutes and 1 gm catalyst used for each experiment). If we compare the non-

catalytic and catalytic reactions at 500°C, the hydrogen yield increased by 72% &
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90% with addition of 1 gm crushed impregnation & aerogel catalyst in the reactor
respectively. The higher temperature is always favourable for high hydrogen yield
with the hydrogen yield at 500°C without catalyst being less than the gasification
reaction at lower temperature (400°C) with both catalysts. This shows the importance
of the catalyst on decreasing the activation energy for glucose gasification to produce
hydrogen in SCW. The addition of either catalyst greatly enhanced the gasification
reaction of glucose for all three investigated temperatures. The impregnation catalyst
enhanced the water gas shift reaction (Eqn. 3.4) i.e the hydrogen yield increased with
increasing carbon dioxide and decreasing carbon monoxide concentrations. There was
also a slight reduction of the methane production observed in the presence of the
impregnation catalyst. The aerogel catalyst was more active while also producing a
high hydrogen yield and carbonaceous product gases (CO & CO;) compared to the
impregnation catalyst. There was a significant increase in carbon monoxide, methane
and carbon di-oxide yield observed in the presence of aerogel catalyst.

Compared to the previously prepared by Youssef et al.,11%Ni-0 Al,O; catalyst with
an optimum nickel impregnation loading [29], the hydrogen yield increased about 3 &
2.75 times at 500°C and 25 MPa using the novel synthesized impregnation and
aerogel catalysts because of introducing ruthenium. This shows that ruthenium had a
significant role in enhancing the water gas shift reaction giving a higher H; yield as
well as decomposing the intermediate compounds, suppressing coke deposition on the

catalyst surface.
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Figure 3.6. Temperature effect on product distribution during non-catalytic &
catalytic gasification of glucose in supercritical water, (a) without catalyst (b)

impregnation catalyst (c) aerogel catalyst; t=30 min, Feed= 0.25M Glucose, Catalyst

1.0 gm.
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The metals supported on the aerogel catalyst were shown to contain comparatively
smaller crystallite sizes and were more homogeneously distributed on the support
compared to the impregnation catalyst (as shown by BET, H, pulse chemisorption).
The smaller crystallite sizes for the aerogel catalyst were better distributed, leading to
less agglomeration and better availability of active sites. The reactants as well as the
intermediate products formed during the course of the reactions responsible for coke
deposition can closely contact with the metal particle sites of the aerogel catalyst
which completely decomposed the C-C and C-O bonds present in the intermediate
products to produce hydrogen and carbonaceous gases.

As shown in Figure 3.7, the aerogel catalyst gave both the highest carbon gasification
efficiency (CGE) and TOC destruction as measured from the liquid products. The
maximum obtainable TOC destruction and carbon gasification efficiency at 500°C
was 90 & 66.8% for the impregnation and 94 & 92.8% for the aerogel catalyst,
respectively. Hence the catalytic performance of the aerogel catalyst was much higher
for producing a high yield of carbonaceous gaseous products compared to the

impregnation catalyst while also decreasing coke formation.
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Figure 3.7: Effect of catalysts on (a) TOC destruction and (b) CGE; t=30 min, Feed=
0.25M Gtlucose, Catalyst 1.0 gm.

3.3.4 Characterization of spent catalysts

Most experimental investigations have revealed that catalyst deactivation mainly

occurs due to the sintering of Ni particles and carbon deposition on the nickel based

catalyst surface [44]. Hao et al. [22] showed that the growth rates of metal particles

using an aerogel catalyst were slower than those of an impregnation catalyst

containing 10% Ni loading which had a better resistance to sintering by taking
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advantage of higher dispersivity and homogeneity. Therefore, metal sintering is not
the main reason for the catalyst deactivation but large Ni particles can accelerate the
rate of carbon deposition on the catalyst surface.

Carbon deposition could occur on the Ni-based catalysts during SCWG from various
forms of carbon including atomic carbon, amorphous carbon and graphitic carbon,
which can be gasified at the different temperature ranges of <250, 250-600 and
>600°C, respectively [45]. Generally, both amorphous and graphitic carbon were
formed on the catalyst surface because of the required high gasification temperature.
The type of deposited carbon on the surface of the spent catalysts was characterized
by temperature programmed oxidation (TPO) as shown in Figure 3.8. The TPO curves
of the spent catalysts indicate the formation of two kinds of carbon deposition, which
correspond to atomic carbon (<250°C) and amorphous carbon (250-600°C). There
was no significant peak observed for the formation of graphitic carbon which mainly
deactivates the catalyst. Ruthenium metal itself may play an important role in
preventing graphitic coke deposition on the catalyst surface along with enhancing the
hydrogen yield as well as increasing the carbon gasification efficiency and TOC
destruction. From the TPO peak areas, we can say that the impregnation catalyst was
affected by more amorphous carbon deposition rather than the aerogel catalyst which

was more resistant to SCWG treatment.
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Figure 3.8. TPO profiles of spent catalysts.
The deposited carbon on the catalyst surface was characterized by X-ray diffraction
techniques, as shown in Figure 3.9. It can be seen that no distinct diffraction peak of
graphitic carbon (usually observed at 26.5° [21]) appeared in the XRD pattern of
either the impregnation or aerogel catalysts from the SCWG proce\ss. The deactivation
of both catalysts observed from the XRD pattern is due to the formation of RuO, &
NiAlO4 indicating that the catalysts were oxidized from the SCWG process.
Although larger crystallite sizes enhance carbon deposition on the catalyst surface, the
impregnation catalyst also reduced graphitic coke formation because of the presence

of ruthenium.
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Figure 3.9. Comparison of XRD pattern of fresh & spent catalysts.
The Raman spectrum of graphite in single crystal form shows a single peak at 1580
cm™', which is called the G band while the spectrum of graphite shows an additional
peak at about 1350 cm™, which is called the D band [46]. No raman shift was
observed (not shown) for either the impregnation or aerogel catalysts indicating these
catalysts were successful at minimizing graphitic coke. Formation of filamentous
carbon is the main characteristic of the graphitic coke [44]. No filamentous carbon
was observed from SEM & TEM micrographs of the spent catalysts (Figure 3.10)

except agglomeration compared to the fresh catalysts.
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Figure 3.10. SEM & TEM micrographs of catalysts, (a&c) & (b&d): fresh & spent
impregnation (crushed) and (e&g) & (f&h): fresh & spent aerogel catalysts

respectively.
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3.4 Conclusions

Ni-Ru-Al,O; aerogel catalyst was prepared via a sol-gel method combined with a
supercritical CO, drying, which exhibited a higher BET surface area, smaller catalyst
particle sizes, stronger metal-support interaction and higher Ni dispersion degrees
than an impregnation based catalyst. The aerogel catalyst showed better catalytic
activity for the gasification of glucose in SCW especially increasing carbon
gasification efficiency & TOC destruction compared to the impregnation catalyst.
Characterization of the spent catalysts proved the absence of graphitic coke deposition
on the catalyst surface. Ruthenium metal was found to reduce graphitic coke

formation as well as to increase hydrogen yield during the SCWG process.
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CHAPTER FOUR

Kinetic analysis for TOC destruction of glucose by supercritical

water gasification

4.1 Introduction

Hydrothermal processes have attracted worldwide attention because of the fascinating
characteristics of water as a reaction medium at elevated temperatures and pressures
[1]. Hydrothermal processes have shown great potential and effectiveness for the
treatment of industrial wastewater with high organic concentrations i.e. sewage
sludge, agricultural wastes, food processing wastes etc. Among the hydrothermal
processes, supercritical water gasification (SCWG) is an economically viable and
ecologically safe destruction technology for treating wet biomass waste from
agricultural or industrial residues into combustible gases without requiring a feedstock
drying procedure.

The physical properties of supercritical water (SCW) are very different from those of
liquid water. The dielectric constant of SCW is much lower, and the number of
hydrogen bonds is much lower and their strength is much weaker. As a result, SCW
behaves like many organic solvents resulting in organic compounds having complete
miscibility with SCW. Moreover, gases are also miscible in SCW, thus a SCW
reaction environment provides an opportunity to conduct chemistry in a single fluid
phase that would otherwise occur in a multiphase system under conventional
conditions [1]. Gasification of biomass in SCW has many advantages such as a high
gasification efficiency, high molar fraction of produced hydrogen, and no need for a

drying process for wet biomass as compared to other biomass conversion methods.
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Calzavara et al. [2] evaluated the supercritical water gasification process for hydrogen
production. They found that the energy efficiency reached 60% without including
energy recovery, while was 90% including energy recovery.

The influence of process variables such as temperature, pressure, residence time, and
catalyst on supercritical water gasification of model compounds has been
investigated. At high temperatures such as 650°C the best hydrogen yield using
SCWG of sawdust and different starches was reached (i.e. 43 to 57%) [3]. The same
important effect for temperature has been reported in other publications [4-6]. The
pressure was found to have little effect on the glucose gasification efficiency and the
fraction of the gas product [5], although a decrease of pressure led to an increase in
hydrogen formation [7]. Carbon gasification efficiency (CGE) & total organic carbon
(TOC) destruction were found to increase at a longer residence time. The overall
gasification efficiency was observed to be decreased at a shorter residence time [4, 5].
Heterogeneous catalysts are preferable over homogeneous alkali catalysts to avoid
reactor corrosion problems while being relatively easy to recover [8]. During a study
of catalytic phenol oxidation in supercritical water, Oshima et al. [9] showed that
external mass transfer resistance was negligible for small size catalysts (size 0.18-0.25
mm), however larger size catalysts posed some mass transfer resistance. Hence, in
this chapter crushed catalysts are used rather than using pelletized catalysts to observe
their effect on the products.

Total organic carbon (TOC) is the amount of carbon bound in an organic compound
and is often used as a non-specific indicator of water quality and has direct
implications in the planning of wastewater treatment and drinking water treatment

facilities [8]. Organic matter content is typically measured as TOC and dissolved
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organic carbon, which are essential components of the carbon cycle. In addition, low
TOC can confirm the absence of potentially harmful organic chemicals in water.
Hence for this study, we investigated the destruction and rate of TOC during SCWG.
A kinetic analysis of the decomposition rate in SCWG is important to design the
required reactor system. However, kinetic information describing SCWG is limited
especially for longer residence times. Depending on the feed type, gasification
increases with increased residence time [5, 10]. Jesus et al. [11] correlated results of
gasification of corn silage at 700°C and 25 MPa in SCW with time and developed a
linear relationship between carbon conversion (Y¢) and residence time (t):

Yc =Kt =0.117 (R°=1) 4.1

They also proposed a model for corn silage using mathematical approximation based
on zero-order kinetics as follows:
YI9KT], oy B
Y =10° exp(——=——)r(min") +107** exp(6.1x 10 T[K 4.2
PRy 7 min ) POI0CTIKD (42
Lee et al. [4] also found that below 600°C, the hydrogen yield increases with
increased residence time during SCWG of glucose. They conducted a kinetic analysis
assuming pseudo first order reaction and the following first order reaction rate was
developed for COD (chemical oxygen demand) degradation as a function of the

corresponding concentration C:
2.95+0.23 39
-r, =10 exp(-71.0+ E)CC 4.3)

Although they assumed zero order for water, they agreed that non-first order kinetics

would have given a better correlation of the experimental data.
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Kinetic studies on supercritical water gasification have been much less studied than
supercritical water oxidation of waste materials. One major shortcoming of these
studies is the assumption of a first order reaction rate. Considering water as a zero
order reactant may also be misleading for a proper understanding of reaction kinetics
since the lower feed concentration (i.e. higher water: feed ratio) increases the percent
TOC destruction. More than thirty intermediate products were detected by Hologate et
al. [12] (425-600°C and 246 bar) and by Williams and Onwudili [13] during SCWG,
so development of a kinetic model is difficult considering the gaseous products rather
than TOC destruction. We also showed in chapter three that the higher the TOC
destruction, the higher the hydrogen and other gaseous product yields (described in
chapter 3). Therefore, a global kinetic model for TOC destruction is developed in this
chapter with time and temperature dependency. The pressure effect was not studied
because there is no great effect on gasification efficiency and the fraction of gas
product from 25MPa to 30 MPa at 500°C and 650 °C [5].

4.2 Experimental

4.2.1 Materials

Glucose was used as the model compound under investigation obtained from Sigma-—
Aldrich (Oakville, Ontario, Canada) and used as received. De-ionized water was
obtained from a compact ultrapure water system (EASY pure LF, Mandel Scientific
co, model BDI-D7381) to prepare the glucose solutions.

4.2.2 Methods

All of the experiments for glucose gasification in supercritical water at different
temperatures and time were conducted using a 600 ml autoclave batch reactor made

of Hastelloy C-276 equipped with 1.5 kW electric furnaces for heating (Autoclave
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Engineers, Erie, Penn., USA). The schematic diagram and experimental procedure
was described in detail elsewhere [14].

Analysis of the product gases was performed using a gas chromatograph (Shimadzu,
GC-2014) equipped with a thermal conductivity detector (TCD) and a 120/80 D
Hayesep stainless steel packed column (Grace Davidson) having dimensions of 6.2m
long, and 3.18mm inside diameter. Helium was used as the carrier gas. Total Organic
Carbon (TOC) was analyzed with a TOC-VCPH (Shimadzu Instruments). The TOC
decomposition X was used to evaluate the extent of oxidative decomposition, and

defined as:

[TOC]

TOC decomposition, X =1-
[TOC],

(4.4)
where [TOC] is the initial TOC and [TOC] is the residual after reaction.

Gas yield, and carbon gasification efficiency (CGE), were calculated as shown in
equation 4.5 and 4.6 as defined by Yu et al [15].

yield = mol of gas produced

- 4.5)
mol of glucosein feed

mol carbonin produced gas

CGE = (4.6)

mol carbonin feed

4.3 Results & Discussion

4.3.1 Effect of Reaction Time and Temperature

The effect of residence time was studied at 400, 450, 500°C for 0.25M glucose by
varying the reaction time from 5 to 60 minutes, as shown in Figure 4.1. It is clear
from this figure that increasing the reaction time and temperature directly increases

the hydrogen production, while the carbon monoxide concentration decreases with
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time. Reduction of carbon monoxide yield with increasing hydrogen yield can be
attributed to enhancing the water gas shift reaction (Eqn. 4.7). Also as the methane
and carbon dioxide concentration increase with time and temperature, the methanation
reactions of carbon oxides along with methane production from the dissociation of

intermediate liquid products are increasing (Eqn. 4.8 & 4.9).

Water gas shift reaction: CO + H,0 « CO; + H, 4.7
Methanation reactions: CO + 3H; « CH4 + H,O (4.8)
C02 + 4H2 «> CH4 + 2H20 (49)
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Figure 4.1. Effect of time and temperature on gaseous products. (a) 400°C (b) 450°C
(c) 500°C; amount of crushed catalyst (impregnation) = 1 gm, P=25MPa, Feed=

0.25M Glucose.
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Figure 4.2 shows that by increasing the reaction time and temperature, the TOC
conversion and CGE both increased i.e. the gaseous products increased due to a

higher conversion of the liquid intermediates.
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Figure 4.2. Effect of time & temperature on a) TOC destruction and b) CGE; amount

of crushed catalyst (impregnation) = 1 gm, P=25MPa, Feed= 0.25M Glucose.
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4.3.2 Effect of concentration

Figure 4.3 shows the effect of feed concentration on the gaseous products and TOC
conversion and CGE using the impregnation catalysts. The higher feed concentrations
lower the hydrogen and carbon dioxide yield, while only a slight increase of carbon
monoxide and methane production is observed. Similar experimental results were
found by Kersten et al [16], while a thermodynamic analysis by Yan et al. [17] also

showed a similar tendency.

(a) O Hydrogen 3 Carbon monoxide
Methane B carbon di-oxide
3.57
°
[+3}
2
2
[=]
E
0
]
o
Q
[¢]
£
0.25 0.5 0.75 1
Conc. (molefl)
(b) OTOC UCGE
4
G 081
(6]
& .
§ 06+ |-
B —~— L
S
@ 0.4 +—
o
3
- 02 T ]
0 y T
0.25 0.5 0.75 1
Conc. (mole/l)

Fig. 4.3. Effect of feed concentration on (a) gaseous products (b) TOC destruction or
CGE; amount of crushed catalyst (impregnation) = 1 gm, T=500°C, P=25MPa.
The TOC conversion and carbon gasification efficiency being reduced with increased

concentration is attributed to a lower gasification of organic compounds occurring.
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From the above observations it is clear that low concentration with increased time and
temperature is favorable for the production of hydrogen and higher gasification yields.

Table 4.1 Summary of experimental TOC data.

Reaction Reaction Residence [TOCJo [TOC] TOC
Temperature pressure Time mg/L mg/L conversion,
(°C) (MPa) (minutes) X=1-
([TOC)/[TOC]o)

400 25 5 18000 4660 0.741111
400 25 10 18000 3956 0.780222
400 25 20 18000 3310 0.816111
400 25 30 18000 3094 0.828111
400 25 60 18000 2340 0.870000
450 25 5 18000 3090 0.828333
450 25 10 18000 2910 0.838333
450 25 20 18000 2209 0.877278
450 25 30 18000 1878 0.895667
450 25 60 18000 1220 0.932222
500 25 5 18000 2570 0.857222
500 25 10 18000 2278 0.873444
500 25 20 18000 1790 0.900556
500 25 30 18000 1112 0.938222
500 25 60 18000 650 0.963889
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4.4 Reaction Kinetics of TOC destruction

In order to develop a reliable reaction rate expression, data were taken under various
conditions (Table 4.1). The global power-law reaction rate can be described as

follows:

r=———1=k[C,]*[H,0)* (4.10)

where [C, ] and [H>O] indicate the concentration of reactants and water, respectively.

p is the order of the reaction with respect to reactant, and q is the order of the reaction
with respect to water.

4.4.1 Model one

Considering zero order for water, the global power-law reaction rate can be expressed
as:

d[C,]
dt

= k[C, 17 (4.11)

Substituting C, with [TOC], equation (4.11) becomes,

_dITOC] _yeroeyy
dt

- lnm = kt [Assuming first order reaction i.e p=1] (4.12)
[TOC],

The experimental data of TOC at different temperatures are plotted as —

In[TOC]/[TOC]p vs time as shown in Figure 4.4.
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Fig. 4.4. Plot —-In(|TOC}/[TOC]) against residence time for TOC decomposition in

SCWG.

Figure 4.4 clearly shows a linear relationship with a slow reaction and the assumption
of pseudo first order being applied. The slope can be attributed to the reaction rate
constant & which has a dependency on temperature, normally expressed using the

Arrhenious equation:

k= Aexp g; ; (4.13)

where A is the pre-exponential factor, £ the activation energy, R the universal gas
constant, and T is the temperature in Kelvin. To calculate the activation energy,
equation (4.13) was transformed into the logarithmic form, which is plotted in Figure

4.5.

Ink = lnA———E— (4.14)
RT
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Fig. 4.5. Assumed first order Arrhenious plot for TOC decomposition in

SCWG

From the intercept of Figure 4.5 the value of the pre-exponential factor is
approximately 0.59 and from the slope, the activation energy E is calculated to be
1.3X10* J/mol and corresponding Ksgo «c =0.0565/ min, Kuso «c =0.0664/ min, ksg °c

=0.0765/ min. The model equation can be written as,

_d[ToC] _ 0.5868exp(—13098’71(J /mOI))[TOC]
dt RT(K)

(4.15)
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Table 4.2 Summary of TOC data for model one.

TOC Predicted
Reaction Reaction | Residence
[TOClo [TOC] conversion, conversion
Temperature pressure Time
mg/L mg/L X=1- (Eqn.
°C) (MPa) (minutes)
([TOCJ/[TOC]o) 4.15)

400 25 5 18000 4660 0.741111 0.227500
400 25 10 18000 3956 0.780222 0.398389
400 25 20 18000 3310 0.816111 0.642333
400 25 30 18000 3094 0.828111 0.785222
400 25 60 18000 2340 0.870000 0.953944
450 25 5 18000 3090 0.828333 0.257778
450 25 10 18000 2910 0.838333 0.450167
450 25 20 18000 2209 0.877278 0.701222
450 25 30 18000 1878 (0.895667 0.836056
450 25 60 18000 1220 0.932222 0.731667
500 25 5 18000 2570 0.857222 0.294000
500 25 10 18000 2278 0.873444 0.502500
500 25 20 18000 1790 0.900556 0.750444
500 25 30 18000 1112 0.938222 0.874833
500 25 60 18000 650 0.963889 0.984500

The parity plot of this model is shown in Figure 4.6. A large difference in the

experimental and predicted model is observed in the parity plot, probably due to the

invalid model assumptions. As shown earlier in Figure 4.4, it is evident that the
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straight lines drawn for the experimental data do not go through the origin according
to equation (4.12). Therefore the experimental reaction does not obey the model
predicted, i.e. first order kinetics which means that the concentration of feed i.e. feed

to water ratio has a large effect on TOC decomposition. Therefore the effect of water

should not be ignored.
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Figure 4.6: Comparison of the TOC conversion between experimental data and

predicted values by model one.

4.4.2 Model two

Including the effect of water, the global power-law reaction rate can be expressed as:

_dirocy _ k[TOC]’[H ,0)" (4.16)

Let’s assume at time t, [TOC] = [TOC], (1-X) & [H,0] = [H;0](1-Y)
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where, [TOC]y & [H;0], are the initial concentrations, X & Y are the conversion

factors of TOC & H,O respectively.
The relation of Y and X can be written as follows: Y=aX, where ‘a’is a constant.
Therefore, the water concentration can be written as, [H,0] = [H,0] o(1-aX).

Equation (4.16) becomes:
_d[TOoC],(1-X)
dt

= [10C), 2= KTOC],” (- X)" (1-aX)'[H,0],

= k[TOC},” (1- X)" (1- aX )'[H ,0],°

= % = k[TOC],” (1- X)" (1- aX)[H,0],’ (4.17)

The reaction rate constant k is a function of temperature described by equation 4.13.
To minimize cross-correlation between parameters, the Arrhenius equation can be

rewritten as:

= k, exp ) R"PP) = -—)] (4.18)

where, E,p, is the activation energy and ky the pre-exponential factor and Ty, being the
centering temperature.

Substituting the value of & in equation (4.17),

dx (- app) 1 1 p-1 q

—dT exp[———— (}' T, )][TOC]O (1-X)"(1-aX)[H, O]o
= ‘g = k,[TOC],” " [H,0],’ exp[( """)(; T —)]1-X)?(1-aX)*
= %#c ex p[( “””)(-;:—T—)](l X)'(1-aX)* (4.19)

118



where, k' = k,[TOC],”"'[H,0],’

Equation (4.19) is a differential equation with 5 unknowns containing k’, E, p, g, a.
As a non-linear regression is required to fit the rate of reaction, a Matlab program was
developed to solve this differential equation by estimating the unknown parameter

values.
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Table 4.3 Summary of TOC data for model two.

TOC
Reaction Reaction | Residence conversion, | Predicted
[TOCJo [TOC]
Temperature | pressure Time X=1- conversion
mg/L mg/L
°O) (MPa) (minutes) ([TOCJ/[TO | (Eqn. 4.19)
Clo)

400 25 5 18000 4660 0.741111 0.7227
400 25 10 18000 3956 0.780222 0.7808
400 25 20 18000 3310 0.816111 0.8267
400 25 30 18000 3094 0.828111 0.8489
400 25 60 18000 2340 0.870000 0.8802
450 25 5 18000 3090 0.828333 0.8101
450 25 10 18000 2910 0.838333 0.8498
450 25 20 18000 2209 0.877278 0.8809
450 25 30 18000 1878 0.895667 0.8958
450 25 60 18000 1220 0.932222 0.9168
500 25 5 18000 2570 0.857222 0.8632
500 25 10 18000 2278 0.873444 0.8914
500 25 20 18000 1790 0.900556 0.9134
500 25 30 18000 1112 0.938222 0.9239
500 25 60 18000 650 0.963889 0.9387
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Confidence values can be calculated by minimizing the sum of square differences of
the experimental and predicted conversions for all data points using the following
equation [18]:

Nexp
2= Ky = X o)’ (4.20)

The estimated pre-exponential factor £’ and the activation energy are (8.1+2)/min and
90.37 + 13.13 kJ/mol respectively. The value of k is found to be (8.5+0.32)x10° min"
'ppm™®, The experimental data led to reaction orders of p=2.35 for TOC, g=1.45 for
water respectively. The value of constant ‘a’ was found to be 1.0199. The
uncertainties reported here are 95% confidence intervals. The corresponding co-
relation co-efficient (R®) is 0.94. Finally the values of the established kinetic
parameters were introduced into the power rate-law model equation. The differential
equation was solved to predict the TOC conversion at different reaction times and
temperatures.

Figure 4.7 shows a parity plot of the TOC conversion predicted from the global power
rate law using the parameters derived from the experimental data against the rate

obtained experimentally.
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Fig. 4.7. Comparison of the TOC conversion between experimental data and predicted

values by the power-law rate expression of the surface reaction (model two).

The predicted values are significantly closer to the experimental values i.e there is no
large deviation between the experimental and predicted model in the parity plot

(Figure 4.7 & Table 4.3) which is the desired model for TOC destruction of glucose in

SCWG process.

4.5 Conclusion

Temperature and concentration have a large effect on TOC destruction and carbon
gasification efficiency. Assumption of a first order reaction for TOC destruction of
SCWG of glucose and ignoring water concentration due to the large excess led to an
erroneous kinetic model development. A global kinetic model for TOC destruction
was developed using non-liner regression, which convincingly fit the experimental

results.

122



References:

1. Savage, P.E., Organic chemical reactions in supercritical water. Chemical
reviews, 1999. 99(2): p. 603-622.

2. Calzavara, Y., et al., Evaluation of biomass gasification in supercritical water
process for hydrogen production. Energy Conversion and Management, 2005.
46(4): p. 615-631.

3. Antal Jr, MJ,, et al., Biomass gasification in supercritical water. Industrial &
engineering chemistry research, 2000. 39(11): p. 4040-4053.

4. Lee, I.G., M.S. Kim, and S.K. Ihm, Gasification of glucose in supercritical
water. Industrial & engineering chemistry research, 2002. 41(5): p. 1182-
1188.

5. Hao, X.H., et al., Hydrogen production from glucose used as a model
compound of biomass gasified in supercritical water. International Journal of
Hydrogen Energy, 2003. 28(1): p. 55-64.

6. Sinag, A., A. Kruse, and J. Rathert, Influence of the heating rate and the type
of catalyst on the formation of key intermediates and on the generation of
gases during hydropyrolysis of glucose in supercritical water in a batch
reactor. Industrial & engineering chemistry research, 2004. 43(2): p. 502-508.

7. Kruse, A., et al., Gasification of pyrocatechol in supercritical water in the
presence of potassium hydroxide. Industrial & engineering chemistry research,
2000. 39(12): p. 4842-4848.

8. Chowdhury, M.B.1,, Nickel-based Catalysts for Gasification of Glucose in

Supercritical Water. PhD Thesis, 2010.

123



10.

11.

12.

13.

14.

15.

16.

Oshima, Y.; Tomita, K.; Koda, S., Kinetics of the Catalytic Oxidation of
Phenol over Manganese Oxide in Supercritical water. Ind. Eng. Chem. Res.
1999, 38, 4183-4188.

Williams, P. T.; Onwudili, J., Composition of Products from the Supercritical
Water Gasificationbof Glucose: A Model Biomass Compound. Ind. Eng.
Chem. Res. 2005, 44, 8739-8749.

Jesus, P.; Boukis, N.; Czarnetzki, B. K.; Dinjus, E., Gasification of Corn and
Clover Grass in Supercritical Water. Fuel. 2006, 85, 1032-1038.

Hologate, H. R.; Meyer, J. C.; Tester, W. J., Glucose Hydrolysis and
Oxidation in Supercritical water. AIChE J. 1995, 41, 637-648.

Williams, P. T.; Onwudili, J., Composition of Products from the Supercritical
Water Gasification of Glucose: A Model Biomass Compound. Ind. Eng.
Chem. Res. 2005, 44, 8739-8749.

Youssef, E.A., et al., Effect of nickel loading on hydrogen production and
chemical oxygen demand (COD) destruction from glucose oxidation and
gasification in supercritical water. International Journal of Hydrogen Energy.
2010, 35(10): p. 5034-5042.

Yu, D., M. Aihara, and M.J. Antal Jr, Hydrogen production by steam
reforming glucose in supercritical water. Energy & Fuels, 1993. 7(5): p. 574-
5717.

Kersten, S.R.A., et al., Gasification of model compounds and wood in hot

compressed water. Ind. Eng. Chem. Res, 2006. 45(12): p. 4169-4177.

124



17. Yan, Q., L. Guo, and Y. Lu, Thermodynamic analysis of hydrogen production
from biomass gasification in supercritical water. Energy Conversion and

Management, 2006. 47(11-12): p. 1515-1528.
18. Fogler, H. S., Elements of Chemical Reactor Engineering. Prentice Hall

International (UK) Limited: London, 2000.

125



CHAPTER FIVE

Synthesis and characterization of mesoporous alumina with nickel &
ruthenium incorporated for use in glucose gasification in

supercritical water

5.1 Introduction

Metal supported aluminas are attractive catalysts for biomass gasification processes
i.e converting biomass to bioenergy. One of the major problems related to the use of
alumina catalysts is the deactivation by coke formation and pore plugging that hinders
the diffusion of reactants and products both in and out from the catalyst particles [1].
It is well known that the larger the contribution of micropores to the specific surface
area and the wider the pore size distribution, the greater the enhancement in the
deactivation rate. Thus, synthesis of alumina catalysts with high mesoporosity
properties (having well defined pore structure and size distribution) are of
technological interest because of their applications ranging from catalysts, molecular
sieves, separation technology and gas sensors, to batteries and electronics [2—-3]. With
the characteristics of mesoporous materials, such as highly uniform channels, large
surface areas, narrow pore-size distributions, tunable pore sizes over a wide range,
and so on, alumina with a mesostructure should possess excellent properties. In most
applications and particularly catalysis, the pore structure, especially the pore size, size
distribution and pore volume have become crucial factors determining the

applicability of the porous materials.
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Since the first successful synthesis of well-ordered, periodically organized
mesoporous silica materials, such as members of the M41S [4] and SBA-15 families
[5], efforts have been directed toward extending the group of mesoporous materials to
non-silica systems [6]. In this contribution, ordered mesoporous Al,O; has been
synthesized which is an interesting and attractive material because of its applications
as a catalyst support in heterogeneous catalytic reactions [7]. Although particular
attention was previously devoted to the synthesis of mesoporous aluminas,
unfortunately disordered structures with amorphous walls were fabricated in most
cases because the hydrolysis behaviour of alumina is very complicated and strongly
affected by acid, water, temperature, relative humidity, and other factors. This has
given rise to rather strict synthetic conditions required for preparing ordered
mesoporous aluminas [8-9]. Employing aluminum tri-tert-butoxide as the main
inorganic precursor and anhydrous aluminum chloride as the pH adjustor and
hydrolysis-condensation controller, Tian et al. [10] fabricated \partially ordered
mesoporous alumina. Zhang et al. obtained pseudo lamellar mesostructured y-alumina
with crystalline framework walls [11]. Niesz et al. first reported the synthesis of
ordered mesoporous alumina with amorphous walls through a sol-gel route under
strict control of the hydrolysis procedure as well as the condensation of reagents [12].
Kuemmel et al. fabricated ordered nanocrystalline mesoporous y-alumina powders by
aerosol generation of the initial solution using an atomizer [13]. After treatment at
700°C, y-alumina was obtained which is stable up to 900°C. Liu et al. [14] developed
an ordered crystalline mesoporous alumina molecular sieve with CMK-3 as hard
template, which presented a new route to obtain ordered mesoporous alumina.

However, this synthesis procedure requires multiple steps and is time-consuming.
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From the viewpoint of synthesis, it is still a significant challenge to obtain y-alumina
with highly ordered mesostructures via a one-step, convenient, and economic
approach. Moreover, the thermal stability and catalytic properties of ordered
mesoporous alumina have not been studied in detail yet. The sol-gel route with block
copolymers as the soft templates is an easily accessible, reproducible, and high-
throughput method to synthesize highly ordered mesoporous aluminas with
amorphous and/or crystalline y-phase framework walls which exhibits a high thermal
stability up to 1000°C, possess high surface areas, tunable pore sizes, and a large
amount of surface Lewis acid sites [15]. Mesoporous alumina with well-ordered pore
structure has also been synthesized by an ionic (anionic, cataionic or non-ionic)
templating method [16] or by using several different carboxylic acids as chemical
templates at room temperature [17].

Since alumina is an important support in catalysis, the successful preparation of
ordered mesoporous alumina (OMA) stimulates researchers to extend the templating
approach to the synthesis of alumina-supported metal oxides with well-developed
mesoporosity, relatively high surface areas, and crystalline pore walls. Supported Ni
and Ru are two of the most common catalysts for biomass gasification in supercritical
water (SCW). Ni has been identified as one of the best metals for tar elimination by
catalyzing C—C bond breakage; as well as being able to catalyze O—H and C-H bond
cleavage [18]. Ru is also active for C—C bond rupture and thus is able to catalyze the
decomposition of tars and smaller molecules containing C and O [19]. In addition, Ru
has been found to promote the water-gas shift reaction, which is important for high-

selectivity Hj production from biomass. The combined effect of Ni & Ru increased
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carbon gasification efficiency (CGE) and total organic carbon (TOC) destruction for
the gasification of glucose in SCW, as shown earlier in this thesis.

This study investigated the preparation, characterization and catalytic performance of
a finely dispersed and thermally stable Ru & Ni catalyst incorporated into mesoporous
Al;O3 by using different synthesis procedure such as templating and non-templating
methods. The properties of the mesoporous catalysts (before & after evaluation) were
characterized by means of BET surface area analysis, FTIR analysis, TGA, X-ray
diffraction (XRD), Hydrogen temperature programmed reduction (H,-TPR), Pulse
chemisorption, Scanning electron microscopy (SEM), and Transmission electron
microscopy (TEM). The catalytic activity and stability of the ruthenium & nickel
incorporated mesoporous alumina were compared to those of the conventionally
impregnated Ni & Ru catalyst on alumina for glucose gasification in SCW. To the
best of our knowledge, this is the first report on an application of mesoporous Ru-Ni-
Alumina catalyst to the gasification of biomass in supercritical water.

5.2 Experimental

5.2.1 Materials

Aluminum isopropoxide (CoH;03Al) (98%), Ruthenium (III) acetyl acetonate
(CisH2106Ru) (97%), Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (Pluronic P-123, (C;HgO.C,H40), were obtained from Aldrich
(Mississauga, Canada), Nitric acid (68-70%) was obtained from Caledon Laboratory
Chemicals (Georgetown, ON, Canada), Anhydrous isopropanol (purity 99.5%),
Nickel nitrate hexahydrate (NiNOj-6H,0), Hexadecyltrimethyl ammonium bromide

and glucose were obtained from Sigma—Aldrich (Oakville, Ontario, Canada).
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5.2.2 Preparation & Characterization

Three different sol-gel synthesis methods using Pluronic P-123, Hexadecyltrimethyl
ammonium bromide (surfactant) and without P-123 or surfactant were followed to
examine the mesoporisity of the synthesized catalysts.

Synthesis of Ni & Ru incorporated ordered mesoporous alumina (OMA) using
Pluronic P-123 was conducted according to the method of Yuan et al. [15]. Pluronic
P123 was used as the template, and the alumina source was Aluminum isopropoxide.
The required amount of ruthenium precursor, ruthenium (III) acetyl acetonate, the
nickel precursor, nickel (II) nitrate hexahydrate and approximately 2 gm of Pluronic
P123 were dissolved in 20.0 mL of anhydrous isopropanol and allowed to stir for 4 h.
Then, approximately 20 mmol aluminum isopropoxide was dissolved in 3.2 mL of 68-
70 wt % nitric acid and 10.0 mL of anhydrous isopropanol. Once dissolved, the two
solutions were combined and 10.0 mL of anhydrous isopropanol was used to
thoroughly transfer the aluminum isopropoxide solution. The compined solution was
allowed to continue stirring for 5 h. Solvent evaporation was performed at 60°C for 48
h in air without stirring. The resulting sample was calcined at 700°C in a horizontal
quartz tube furnace with a heating rate of 1°C/min under air and held at the final
temperature for 6h.

Nickel and ruthenium incorporated mesoporous alumina by using hexadecyltrimethyl
ammonium bromide as a surfactant was synthesized by a post-hydrolysis method at
atmospheric pressure and at room temperature [20]. Known amounts of Aluminum
isopropoxide (an aluminum source) and Hexadecyltrimethyl ammonium bromide (a
surfactant) mixed with ruthenium acetyl acetonate and nickel nitrate hexa-hydrate was

separately dissolved in anhydrous isopropanol, and the two solutions were then
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mixed. Small amounts of water were dropped into the mixture, until a homogeneous
precipitate was formed. The resulting slurry was further stirred for 48 h, and
subsequently filtered and dried in air. The crude product was calcined at 700°C for 12
h with an excess stream of air. The temperature was increased to 700°C with a
ramping rate of 1°'C/min, and maintained at 700°C for 12 h to yield the final form.

For comparison, a nickel & ruthenium catalyst incorporated on alumina was prepared,
similar to the preparation of simple metal oxide xerogel [21] without P-123 or
surfactant. Aluminum isopropoxide was used as the xerogel support precursor. The
required amount of aluminum isopropoxide (i.e. 20 gm for synthesizing 5 gm of
catalyst) dispersed in isopropanol (80 ml) was placed in a 250 ml flask and the
resultant mixture was kept under vigorous stirring at 75°C for one hour. To the cloudy
sol, 0.3 ml of 1M nitric acid was added for peptization (formation of stable dispersion
of colloidal particles) and the sol was refluxed with stirring at 75°C for 1h to obtain a
clear sol. The appropriate amount of nickel nitrate and ruthenium chloride was
dissolved in isopropanol with the individual solutions then added to the clear
boehmite sol at 15 minutes intervals, with the resultant mixture refluxed at 75°C for 1
h with vigorous stirring. The sol was kept for three days at room temperature in a
sealed flask for aging. After aging, the resultant gel was washed with acetone to
remove any traces of solvent, nitric acid, etc. Acetone was removed under ambient
drying. The sample was calcined at 700°C after ambient drying.

N> adsorption and desorption isotherms (Tristar II 3020, Micromeritics Instrument
Corporation) were used to determine the surface area and total pore volume according
to the BET and BJH models, respectively. Chemical bonds of the mixed-oxides and

functional groups were investigated using an ATR-FTIR spectroscope (Nicolet 6700
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FTIR). Thermo gravimetric-differential thermal analysis (TG-DTA) was carried out
by a TGA/SDT A851 model gravimetric analyzer to describe the formation process of
mesoporous catalyst. The crystalline structure of the supported catalysts was assessed
using Powder X-ray diffractometry using CuKa radiation (A=1.5408 A) in the 20
range from 2° to 82°. Temperature programmed reduction of hydrogen (H,-TPR) was
performed on a chemisorption apparatus (Micromeritics Autochem 2920) to
determine the reducibility as well as the optimum reduction temperature. The
morphologies of both the fresh and spent catalysts were obtained from scanning
electron microscopy (SEM) micrographs (model LEO1530) and transmission electron
microscopy (TEM) images (model JEOL 2010F).

Temperature programmed oxidation (TPO) of the spent catalysts was performed to
examine the characteristics of deposited carbonaceous products on the catalysts
during reaction. The surfaces of the spent catalysts were also characterized by Raman
spectroscopy using a Kaiser Optical Systems RXNI-785 with an excitation
wavelength of 785 nm, BET, TG-DTA, SEM & TEM analysis.

5.2.3 Catalyst Testing

The synthesized catalysts were reduced with 5% hydrogen balanced with Ar at 600°C
(3°C/min) for 1 hour for activation. The reduced catalysts (synthesized by templates)
were evaluated for glucose gasification in SCW which was carried out in a reactor
from Autoclave Engineers, Erie, Penn, U.S.A, which was constructed from Hastelloy
C-276 with a capacity of 600 ml with operating pressure of 36 MPa rating at 500°C.
The reactor was heated with a 1.5 kW electric furnace that surrounded its main body
supplied by the same manufacturer. A detailed description of the experimental setup

and procedure was reported elsewhere by Youssef et al. [22]. Briefly, in a typical
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experiment the required amount of catalyst was loaded along with 70 ml of deionized
water which were injected into the rector, which was finally purged with He for 10
minutes. The reactor was then pressurized to 0.7MPa with helium in order to prevent
water evaporation and then heated to 500 °C. With the increase of temperature the
reactor pressure increased to about 25 MPa at 500 °C. The required amount of glucose
solution was then pumped into the reactor using a syringe pump (Isco Model 100 DX,
Lincoln NE, USA). The initial reaction time (to) was started upon injection of the feed
into the reactor. After 30 min reaction time, the products were cooled down to
ambient temperature using a double pipe heat exchanger and separated by a gas-liquid
separator operating by sudden expansion (from 0.635 inner diameter of stainless tube
to 3 liter volume vessel). The product gas was then passed through a 2 micron filter to
remove any remaining moisture and passed through an OMEGA mass flow meter
(FMA 1700/1800 series 0-2 L/min, Laval, Quebec, Canada). The product gases were
then collected in a 3L volume Tedlar gas sampling bag for subsequent analysis.

To determine the percent of gasification and hydrogen yield, the product gases were
analyzed by gas chromatography (Shimadzu, GC-2014) using a 120/80 D Hayesep
stainless steel Nickel packed column (Grace Davidson) with dimensions of 6.2 m x
3.18 mm, a thermal conductivity detector (TCD) and helium as the carrier gas. The
gas yield, and carbon gasification efficiency (CGE), were calculated as shown in

equations 1 and 2, as reported by Yu et al [23].

ield = mol of gas produced (5.1)
Y mol of glucose in feed .
CGE = mol carbonin produced X 100% (5.2)

mol carbonin feed
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The liquid effluents from the SCWG experiments were analyzed to measure the Total
Organic Carbon (TOC) content using a TOC-VCPH (Shimadzu Instruments). The
TOC decomposition X, was used to evaluate the extent of decomposition, as defined
by:

[TOC],

TOC decomposition, X =1-
[TOC],

(5.3)

where, [TOC], is the initial TOC and [TOC]. is the residual TOC after reaction.
5.3 Results & Discussion

5.3.1 Characterization of mesoporous catalysts

Table 5.1 shows the BET surface area, pore volume and pore size of the synthesized
mesoporous catalysts after removing the templates (calcined) and reduced at 600°C.
The surfactant synthesis shows larger pore volume before and after reduction
compared to the other two synthesis methods.

Table 5.1. BET surface area, pore size and pore volume of the synthesized

mesoporous materials.

Synthesis Sample Total Pore | Average
method surface area | volume pore
(BET) (cm’/g) size
(nm)
(m’)
Sol-gel by 0.5%Ru-11%Ni-Al,0; 388 0.72 3.2
Pluronic P-123 | s/ R - 119%Ni-ALO; (reduced) | 310 053 | 24
Sol-gel by 0.5%Ru-11%Ni-Al, 04 398 0.74 2.4
surfactant | ) 5o/ R0 11%Ni-ALOs (reduced) | 316 055 | 23
Sol-gel without | 0.5%Ru-11%Ni-Al,04 296 0.54 2.7
P-123 or
surfactant 0.5%Ru-11%Ni-Al,O; (reduced) 15 0.04 -—-
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As shown in Table 5.1, the pore properties of the nickel and ruthenium supported
alumina is dependent on the synthesis conditions. The supported aluminas prepared
by the investigated synthesis procedures show a narrow pore size distribution centred
at 2-3 nm and typical type IV isotherms (Figure 5.1a) according to the Brunauer,
Deming, Deming and Teller (BDDT) classification, indicating the presence of
mesoporosity [24]. The supported alumina synthesized by P-123 has a much narrower
hysteresis loop with nearly parallel adsorption and desorption branches following the
H1 type TUPAC classification and suggestive of a highly ordered mesoporous
structure with a narrow pore size distribution, as depicted in Figure 5.1(a & b). The
location of the hysteresis loop in the N, isotherm can be used to determine whether
the material possessed regular framework pores or interparticle voids, such as textural
pores. The framework porosity at 0.4-0.7 P/P, in the N, isotherm indicates the
porosity is contained within the uniform channels of the templated framework, while
the textural porosity at 0.8-1 P/P, shows the porosity arising from\the non-crystalline
intra-aggregate voids and spaces formed by interparticle contacts [25]. The supported
catalysts synthesized without template has a type II isotherm after reduction,
indicative of a non-porous (or macroporous) structure whereas the other two catalysts
still exhibited the similar behaviour even after reduction (Figure 5.1c). Figure 5.1d
shows that the pore size distributions were very similar with the non-reduced catalyst,
and the templated samples bear mesoporous structure. However, slight hysteresis
between adsorption and desorption in the non-templated sample at high pressures is
suggestive of the existence of mesopores. According to the pore size distribution
analysed by the BJH model (Figure 5.1d), the supported catalyst synthesized by the

surfactant method showed the narrowest range of pores size, with the majority around
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2 to 4 nm after reduction. The distribution of mesopores in the reduced catalyst
synthesized by P-123 was concentrated between 2 and 6 nm.

As shown in Table 5.1 and Figure 5.1a, the catalyst synthesized by surfactant shows a
larger surface area with a high textural porosity and micropores than the catalyst
synthesized by P-123 with only framework porosity. The H2 type hysteresis
behaviour of the supported catalyst synthesized by surfactant implies that the pore
size distribution and pore shape were not as well defined as the materials synthesized
by P-123 method. The catalyst synthesized without any template shows a uniform
pore size distribution, but poorly organized framework porosity due to its textural
porosity. This suggests that this material contains irregular porosity that is similar to
commercial alumina. Surfactant or P-123 materials show only the effect of the
chemical template i.e. a regular pore size distribution.

The well-defined mesoporosity of the supported catalysts synthesized by P-123 or
surfactant enabled much higher BET surface areas (i.e. 310 and 316 mz/g,
respectively) after reduction than the supported catalyst (15 m*/g) synthesized without
template, which proves that the templating synthesis technique strongly controls the
mesoporosity of the catalysts. The mesoporous structure provides a different
allocation of active sites and thus pathways for mass transfer whereas impregnation or
non-templating synthesis causes destruction in the structure which ultimately reduces

the surface area and pore volume of the materials.
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Figure 5.2(i) provides the ATR-FTIR traces of both the as-prepared and calcined
samples. There was an absorption band for the as-prepared sample synthesized by P-
123 at 1110 cm™ which is responsible for alumina hydrate [26] which subsequently
disappeared after calcination indicating the hydrolysis of aluminum iso-propoxide.
There was a common peak observed at around 1350-1360 cm™ for all the as-prepared
samples. The peak in curve (a) shows symmetric carboxylate (-COO") at 1360 cm’™
indicating that nitric acid formed bridges between alumina and supported metals i.e
metal-metal bonding during sol-gel reactions, in curve (c) shows N-O symmetric
stretches at 1350 cm™ indicating the micelle formation when metal solutions were
added into the surfactants and in curve (¢) shows C-H bending at 1350 cm™ indicating
the formation of undesired organic products in the sample respectively. All these
peaks disappeared after calcination indicating the removal of P-123, surfactant and
undesired organic compounds from the sample respectively. The strong peak in curve
(2) at 1620 cm™ and two broad peaks in curve (c) at 1650 & 3420 cm’ are due to a
characteristic peak of carboxylic acid ((COOH) and N-H bending & N-H stretching
which disappeared after calcination, again indicating the removal of polymer and
surfactant respectively. The two sharp peaks in curve (c) at 2860 and 2930 cm’

indicate O-H stretching.
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Figure 5.2. (i) ATR-FTIR analysis results of as-prepared and calcined mesoporous
catalysts. (a), (c) & (e): as prepared samples and (b), (d) & (f): calcined samples
synthesized by P-123, surfactant & without P-123/surfactant respectively. (ii) TG-
DTA profiles of as prepared mesoporous catalysts.

Thermo gravimetric-differential thermal analysis (TG-DTA) of the aerogel catalysts
was carried out to describe the formation process of mesoporous catalysts, as shown
in Figure 5.2(ii). As combined with the IR results, there was only one weight loss
observed for the as prepared catalyst synthesized without any template on heating to

400°C, corresponding to an endothermic peak (around 125°C) & two exothermic
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peaks (350 & 875°C respectively) in the DTA curve (dotted dash line). Two weight
losses were observed for the mesoporous catalysts synthesized by P-123 or surfactant
on heating to 500°C, corresponding to one endothermic peak (around 125°C) & three
exothermic peaks (180°C, 250°C & 350°C) in the DTA curve (solid line) for the as-
prepared catalyst synthesized by P-123, for the as prepared catalyst synthesized by
surfactant, one endothermic peak (around 125°C) & two exothermic peaks (300°C &
400-500°C) in the DTA curve (dashed line) are observed. In the case of the catalyst
synthesized without P-123 or surfactant, the weight losses in the TG profile and the
corresponding broad endothermic peak in the DTA curve resulted from the loss of
condensate molecules from the as-prepared sample. The first exothermic peak is
attributed to either removal of physically bound adsorbed organic molecules or the
decomposition of nitrates. Another exothermic peak observed at 875°C in the DTA
profile is attributed to a phase change to 6-alumina [27]. The as prepared sample
synthesized by P-123 showed the endothermic and the first exothermic peaks for the
loss of condensate molecules as well as residual organic solvents, the second
exothermic peak for the removal of polymer and the third exothermic peak for the
decomposition of nitrates respectively. Roughly, the weight loss that occurred for the
catalyst synthesized by surfactant could be divided into three regions. The weight loss
up to ca. 200°C can be attributed to the removal of residual organic solvent, bulk
water and physisorbed water. The weight loss starting at ca. 200°C and 400°C can be
attributed to the removal of surfactant molecules and the decomposition of ruthenium
acetyl acetonates respectively.

H; pulse chemisorption analysis (Table 5.2) indicates that the templating synthesis

method improves the percent metal dispersion compared to the non-templating
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method. Metal dispersion is even much higher for the reduced catalysts synthesized
by templates indicating the strong-metal support interactions in the catalyst surface.
After reduction at 600°C, the metal particles supported on the reduced mesoporous
material synthesized by P-123 were larger than the reduced material synthesized by
surfactant, although their metal loading contents were similar. This is attributed to the
different starting agents used as chemical templates. As shown in Fig. 5.3(i), the
HNOj; solution used for the P-123 templating synthesis exhibited a characteristic peak
of carboxylic acid (-COOH, 1620 cm™) and a symmetric carboxylate (—COO", 1360
cm™). The surfactant treated precipitate for the synthesis of mesoporous materials,
however, shows an absorption band of N-O symmetric stretches. This indicates the
asymmetric and symmetric stretching of carboxyl groups in the HNO; treated
solution, but in the surfactant treated precipitate, a strong band of N-O symmetric
stretches observed which means that when surfactant is used as a chemical template,
metal particles may be present in the inner pores as a chemical template, where it then
acts as a source of highly dispersed metals. When P-123 was used as the chemical
template with HNO; solution, metal salts on the outerside or near-entrance of the
pores act as another metal source because of the rigid structure of P-123. After
reduction, this metal source on the outerside or near-entrance of the pores will
aggregate, thus producing larger nickel particles. Therefore, surfactant synthesis
provides more highly dispersed metal particles than P-123 synthesis. The reduced
catalyst synthesized by the non-templating method also shows a significant high metal
dispersion and small crystallize sizes. However, according to the N, adsorption-
desorption isotherm and BJH adsorption model, the catalyst lost its porosity after

reduction.
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Table 5.2. Pulse chemisorption data.

Synthesis method Sample Metal Active Cubic
dispersion | particle | crystallite
(%) diameter | size (nm)
(nm)
Sol-gel by Pluronic 0.5%Ru-11%Ni-Al,04 0.55 172.2 142.6
P-123 0.5%Ru-11%Ni-Al05 0.15 2142 | 1685
(reduced)
0.5%Ru-11%Ni-Al,0; 0.68 110.5 125.5
Sol-gel by surfactant .
0.5%Ru-11%Ni-AL0; 0.21 158.3 153.6
(reduced)
0.5%Ru-11%Ni-Al,0; 0.33 108.7 93.9
Sol-gel without P-123
or surfactant 0.5%Ru-11%Ni-Al,03 0.07 126.2 106.8
(reduced)

Figure 5.3 shows the wide-angle XRD patterns for the three types of catalysts before
and after reduction, allowing a comparison of the nature of the chemical interaction
between the Ni & Ru catalyst particles and the support materials. There is no
significant peak observed for the catalyst synthesized by the non-templating method,
probably due to amorphous phase or small metal particle sizes, which is confirmed by
chemisorption experiments. The supported mesoporous alumina prepared using P-123
as a chemical template shows an active alumina phase. On the other hand,
mesoporous Ni & Ru supported Al,Os is not a pure alumina material but co-exists
with metal oxide. In addition, the active alumina phase overlaps with that of the nickel
or ruthenium oxide or nickel aluminate-like material and shows a lower intensity peak
compared to pure alumina. The XRD profiles of catalyst samples synthesized from P-

123 showed NiO phases at 20 = 35.6, 43.6 & 63.5° and RuO; phases at 26 = 28, 37.6
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& 54.6°. The sample prepared by surfactant showed NiO phase at 26 = 35.6 and RuO;
phases at 260 = 28 & 54.6°, respectively. The reduced catalyst showed only metal
phases. This shows that a complete reduction of ruthenium and nickel oxide species to
Ru and Ni respectively and reduction temperature of 600°C used for catalyst reduction
with H, was sufficient to reduce all the nickel and ruthenium oxides to Ni & Ru
metals. The peak intensity of nickel in the reduced catalysts (b & d) proved the
presence of lager crystallite sizes rather than the fresh catalyst (Table 5.3.2). No
NiAl,O4 phase, which characterizes a spinel structure, appeared in the XRD profiles

of the catalyst samples.

Intensity (a.u)

10 20 30 40 50 60 70 80
20

Figure 5.3. XRD patterns of mesoporous catalysts. (a), (c) & (e): fresh and (b), (d) &
(f): reduced samples synthesized by P-123, surfactant & without P-123/surfactant
respectively. (< Al,O3, A nickel, m NiO, @ RuO;, o Ru).
Temperature-programmed reduction (TPR) has been extensively applied in recent
years for characterizing reducible catalysts including metal and metal oxide systems.
This technique allows the visualization of a profile of catalyst reduction which is

required for studying low loading and highly dispersed systems whose characteristics
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are beyond the limits of detectability by other direct structural analysis methods (e.g.,
X-ray diffraction). The TPR profiles of the synthesized catalysts are shown in Figure
5.4. The three calcined catalysts exhibit quite different peaks for H, uptake whereas
the reduced catalysts showed a similar trend for H, uptake indicating that the metal
species produced from metal-support interactions vary depending on the chemical
and physical properties of the support and also the preparation conditions.

The catalyst synthesized by P-123 shows a main reduction peak centered at 120°C
with a shoulder on the high temperature side at around 136°C, which likely denotes a
bimodal dispersion of the RuO, phase [28]. The peak at around 200°C indicates the
catalyst contains bulk RuO, species. In case of nickel species, the reduction peaks
found at below 500°C show an easy-to-reduce Ni species with weak metal-to-support
interactions, while above 800°C, the reduction peak shows a hard-to-reduce Ni
species (i.e., nickel aluminate-like species) [29]. Therefore, the peak at around 650°C
represents a strong nickel alumina interaction without forming any nickel aluminate
like species since there is no peak between 750-812°C [30]. The reduced catalyst
shows four reduction peaks at around 84, 200, 300 & 700°C. It has been reported that
the low temperature reduction peak between 81-96°C can be assigned to the reduction
of well-dispersed RuO, species containing mainly RuQO,. The peak at 300°C
represents the reduced catalyst which contains a small amount of bulk NiO. The peak
intensity in the reduced catalyst at around 200 & 700°C indicates the presence of more
bulk RuO; species rather than the calcined sample and maximum amount of nickel
oxides have been reduced to nickel respectively.

The catalyst synthesized by surfactant shows different reduction peaks at 100, 190,

220, 290, 415, 700°C. The peak around 100 & 190°C indicates the reduction of well
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dispersed & bulk RuO; species on the catalyst surface. The peak below 500°C
indicates easy to reduce nickel species and the peak at around 700°C represents the
strong nickel support interaction on the catalyst surface. The reduced catalyst also
shows the bulk RuO, at around 155°C and bulk NiO at around 200 and 300°C. The
intensity of the reduction peak at 600°C represents the reduction of nickel oxides
species to nickel.

The template free synthesized catalyst (calcined and reduced) shows the bimodal
dispersion of ruthenium oxide phase. The calcined one contains a small amount of
bulk NiO. This non-templated catalyst also has a strong nickel-support interaction on

the surface.
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Figure 5.4. TPR curves of synthesized catalysts by (a) P-123 (b) surfactant (c) non-
templating respectively.
The reducibility of the support is most likely related to the abundance of mobile
oxygen. In ruthenium-promoted Ni catalysts, the position of the high-temperature

peak shifts toward a lower temperature compared to that of the monometallic catalyst.
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This suggests a promoting effect of Ru on the reduction of NiO particles, probably by
the spillover of hydrogen dissociated on Ru to NiO [31]. In the TPR studies of mixed
oxides, it has been reported that the two different metal oxides reduce independently
in two stages because of the difference in the reduction temperature of the oxides
[28]. However, in the presence of interaction between two metal oxides, the reduction
of easily reducible metal oxide may enhance the reduction of the other metal oxide,
depending on the degree of interaction between them. In the extreme case, both metal
oxides may be reduced in a single stage. The present observations indicate that the
catalysts behave as a mixture of nickel and ruthenium oxides as the reduction is
mainly in two stages.

Figure 5.5 & 5.6 show the SEM & TEM images of the calcined and reduced catalysts.
SEM and TEM images show the well ordered structure and less aggregation and small
metal particles in the catalysts synthesized by P-123 or surfactant rather than that of
non-templated synthesis, respectively. TEM images of the non-\templated catalysts
show agglomeration because of probably the low metal dispersion although the
catalysts containing small metal particles. The TEM results coincide with the

chemisorption and XRD results.
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Figure 5.5. SEM images of mesoporous catalysts, (a), (¢) & (e) and (b), (d) & ():
fresh & reduced catalysts synthesized by P-123, surfactant and without P-

123/surfactant.
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Fig. 5.6. TEM images of mesoporous catalysts, (a), (c) & (e) and (b), (d) & (f): fresh

& reduced catalysts synthesized by P-123, surfactant and without P-123/surfactant.
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5.3.2 Catalyst Evaluation

The activity of the supported Ru-Ni-Al,O3 catalysts in supercritical water glucose
gasification at 400-500°C temperatures and 25 MPa pressure was evaluated.
Mesoporous Ni-Ru-Al,Oj3 catalysts are expected to influence the product gas quantity
and composition in three main ways: (i) improving coke cracking reactions by
catalyzing C—C bond cleavage; (ii) enhancing the reforming of intermediate products,
e.g., breaking C-O & C-H bonds; and (iii) enhancing the water—gas shift reaction
towards maximizing the consumption of CO. Figure 5.7 compares the influence of the
novel supported mesoporous catalysts on the accumulative H, yields as well as TOC
destruction & carbon gasification efficiency measured during hydrothermal

decomposition from 400 to 500°C in SCW, respectively.
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Figure 5.7. Gasification of glucose in supercritical water using mesoporous catalysts,
(a) & (c) synthesized by P-123 (b) & (d) synthesized by surfactant; t=30 min, Feed=

0.25M Glucose, Catalyst 1.0 gm.
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Table 5.3 shows a comparative diagram of different synthesized catalysts. A
significantly greater increase in H, production observed using mesoporus nickel and
ruthenium supported catalysts compared to the impregnation & aerogel catalysts. The
mesoporous catalysts greatly enhanced the water gas shift reaction by decreasing the
carbon monoxide yield to produce high hydrogen yield, subsequently reducing the
TOC value and increasing the carbon gasification efficiency.

Table 5.3. Comparing different catalysts activity for producing hydrogen &

carbon monoxide yield, TOC destruction and CGE at 500°C.

CO yield
TOC
H, yield (mole (mole CGE
Name of Catalyst destruction
H,/mole feed) CO/mole (%)
(%)
feed)

None 1.82 1.57 65 60

11%Ni-6 Al,0O4
2.60 0.93 - 80 65

(impregnation)

0.5%Ru-11%Ni-6 Al,05

3.14 0.75 96 80

(impregnation)

0.5%Ru-1 1%Ni-A1203
3.47 1.79 97 99
(aerogel)
O.S%Rll-l 1%Ni-A1203 (P-
3.69 0.47 95 75
123)
0.5%Ru-11%Ni-6 Al,Os
3.74 0.55 94 70
(surfactant)
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The nature of the metal-support interaction has a significant effect on the final
catalytic activity. Metal supported catalysts that interact strongly with the alumina
support exhibited good resistance against deactivation (discussed in chapter 3). Chu et
al. [32] investigated the activity and stability of Ni-modified hexaaluminate for
methane partial oxidation; concluding that the stable activity of the prepared catalyst
resulted from an enhanced interaction of nickel species with the supporting material.
In the TPR measurements shown in Figure 5.4, the reduction peak for the mesoporous
catalysts prepared by the templating method appeared at a higher temperature than
that for the impregnation method, indicating stronger metal-support interactions in the
catalyst. The catalysts synthesized by different templating methods have also well
ordered structures and little agglomeration which facilitate the observed high surface
areas i.e closer contact between the reactants and catalyst sites giving high reaction
rates.

Several possible factors need to be considered to explain the different metal-support
interactions of the supported metal catalysts, including metal loadings, calcination
conditions, and the surface properties of the support. It has previously been reported
that hydroxyl-rich alumina derived from a sol-gel method exhibited a strong metal-
support interaction and led to the formation of surface nickel aluminate, even at a
relatively low temperature of 230°C [33]. In our experiments, mesoporous Ru-Ni-
Al;O5 and impregnation Ru-Ni-Al,O3 (chapter 3) having almost the same level of
ruthenium & nickel loading were prepared under the same calcination process.
Therefore, we tentatively conclude that the strong metal-support interaction of the
alumina based catalyst results from the surface properties of the alumina and the co-

condensation process. The co-condensation step is presumed to provide an easier
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route for providing strong metal-support interactions, which have significant effect on
the final activity of the catalyst. In high temperature reactions, the catalytic stability
toward deactivation results from carbon deposition and/or metal sintering and closely
related to the extent of metal-support interaction. It is known that the stability of a
catalyst is consistently enhanced with increasing metal-support interaction [32]. This
result was clearly confirmed by the catalytic performance test, as shown in Figure 5.7.
Although the impregnation catalyst exhibited a high hydrogen yield, it also showed a
lower catalytic activity at higher temperature than the mesoporous catalysts.
Therefore, it is concluded that the mesoporous catalysts maintained a more stable
catalytic activity than the impregnation catalyst (Chapter 3).

Figure 5.3 shows the XRD patterns of the catalysts reduced at 600°C. Compared to the
mesoporous catalysts, the impregnation catalyst showed the characteristic peaks of
well-developed nickel crystallites (Chapter 3). The TEM images shown in Figure 5.6
are also consistent with the above result; finely dispersed nickel particles in the
mesoporous alumina and partially aggregated large nickel particles in the
impregnation alumina were observed. The latter case clearly indicates a low
dispersion of nickel particles.

From the following discussion we can also understand why the synthesis procedure is
important for catalysts, especially when required for use at high temperature. The
first is related to the shapes of the catalysts themselves. The commercially available
alumina examined in this work is composed of small nanoparticles. After calcination,
the metal particles are doped uniformly on the alumina surface to an extent
unobservable by XRD. Although metal particles are also formed homogeneously in

the mesoporous catalysts, they are separated by a number of small pores because of
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the steric effect. Therefore, it would be expected that metal particles on the
impregnation catalyst are more easily aggregated than those on the mesoporous
alumina during the catalyst pre-treatment step. Small pores of mesoporous alumina
can serve as a barrier to prevent migration of metal particles. The second involves
metal-support interactions. As evidenced by the TPR result, metal particles in the
mesoporous alumina catalysts had a stronger interaction with alumina than that in the
impregnation catalyst. This strong interaction in the mesoporous alumina is presumed
to prevent aggregation of metal particles. Due to the strong metal-support interaction,
the mesoporous alumina catalyst was difficult to be reduced. Thus, it is likely that the
supported nickel catalyst with a smaller metal particle size maintained stable catalytic
activity.

5.3.3 Characterization of spent catalysts

One of the major problems in using Ni-based catalysts is catalyst deactivation from
carbon deposition and metal sintering [34]. Many efforts have bee{l published in order
to reduce the deactivation of Ni-based catalysts. The addition of a second metal to the
Ni catalyst was reported to be one of the most efficient methods for maintaining
catalytic activity [34, 35]. Our previous study (chapter three) also proved that
incorporation of ruthenium into a nickel based catalyst reduced graphitic coke
formation on the catalyst surface. It is also known that strong metal-support
interactions inhibit carbon deposition and metal sintering [32].

Three types of carbon deposition may occur during high temperature gasification or
reforming reactions i.e. atomic carbon, amorphous carbon and graphitic carbon. These
three forms can be gasified at different temperature ranges of <250, 250-600 and

>600°C, respectively [36]. The type of deposited carbon on the surface of catalysts
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was characterized by temperature programmed oxidation (TPO) and
Thermogravimetric-Differential Thermal Analysis (TG-DTA) as shown in Figure 5.8.
There was only one weight loss observed for the spent catalyst synthesized by P-123
on heating to 300°C, corresponding to an endothermic peak (around 100°C) in the
DTA curve (solid line), indicating the formation of atomic carbon on the catalyst
surface. A similar peak was also present in the TPO curve of the spent catalyst further
indicating the presence of atomic carbon. There was no other peak present in the DTA
curve for amorphous or graphitic carbon whereas the TPO shows two different peaks
at 260 and 560°C, which indicates the formation of a small amount of amorphous
carbon, only identifiable by TPO. There was three significant weight losses observed
for the spent catalyst synthesized by surfactant on heating to 300°C, corresponding to
two endothermic peaks (around 80 & 160°C) and a small exothermic peak around
260°C in the DTA curve (broken dashed line). The first two peaks indicate the
formation of atomic carbon and the small exothermic peak represents the formation of
amorphous carbon on the catalyst surface. Similar peaks are also observed by TPO.
TPO also shows another peak for amorphous carbon around 560°C. There was no
significant peak observed for the formation of graphitic carbon which mainly
deactivates the catalyst. Ruthenium metal itself along with the mesoporosity of the
catalysts may play an important role in preventing graphitic coke deposition on the
catalyst surface to enhance the hydrogen yield as well as to increase the CGE and
TOC destruction. From the peak areas (TG-DTA & TPO), we can say that the
mesoporous catalyst synthesized by surfactant was affected by more atomic carbon

deposition compared to the catalyst synthesized by P-123 whereas the reverse
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occurred for amorphous carbon. The combined effect may have slightly deactivated

the corresponding catalysts.
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Figure 5.8. TG-DTA & TPO curves of spent catalysts.
No distinct diffraction peak of graphitic carbon (usually observed at 26.5° [37])
appeared in the XRD pattern for both mesoporous catalysts (Figure 5.9). There was

no Raman spectrum observed for graphite in single crystal form (1580 cm™), which is
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called the G band and polycrystalline, imperfect graphite & other types of carbon

(1350 cm™), which is called the D band [38] (Figure 5.9).
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Figure 5.9. XRD (a&c: fresh reduced and b&d: spent mesoporous catalysts

synthesized by P-123 & surfactant respectively) & Raman spectra of spent catalysts.
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Figure 5.10. SEM & TEM images of spent catalysts (a&c: reduced catalyst

synthesized by P-123 & b&d: reduced catalysts synthesized by surfactant).
SEM & TEM images (Figure 5.10) of the spent mesoporous catalysts show less
agglomeration after supercritical water gasification. The spent catalysts exhibit the
same mesoporosity like the fresh catalysts (Figure 5.11 & 5.1). The TPR profile of the
spent catalyst synthesized by the surfactant method is similar to the profile of the
fresh calcined catalyst although the spent catalyst synthesized by P-123 showed a
negligible amount of hydrogen consumption indicating catalyst deactivation had
occurred. The spent catalysts synthesised by the surfactant method can be reused by
simply following oxidation for removing atomic and amorphous carbon and reduction

steps, respectively.
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Figure 5.11. Pore size distribution & TPR curves for spent catalysts.

5.4 Conclusion

Mesoporous alumina catalysts that incorporate nickel and ruthenium (Ru-Ni-Al;03)
with 11% Ni & 0.5% Ru were synthesized by a one-step sol-gel method using
Pluronic P-123 or hexadecyltrimethyl ammonium bromide as the templating agent.
The catalyst prepared using P-123 showed well-developed framework porosity and a

regular pore distribution, while the catalyst prepared using the surfactant showed a
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developed framework and textural porosity and higher surface area than that of P-123.
The prepared mesoporous Ru-Ni-Al,O3 supports could be used as catalysts only after
a reduction step. Results showed that the mesoporous catalysts retained a relatively
strong interaction of nickel and ruthenium species with alumina support, leading to
finely dispersed nickel & ruthenium particles on the catalyst surface which reduced
the graphitic coke formation during supercritical water gasification of glucose. The
surfactant synthesized catalyst showed a better catalytic activity compared to that of
P-123 and remained almost the same characteristics after gasification which makes
the catalyst reusable. In addition, some feature of the catalysts, such as the surface
area, pore volume, mesoporosity, metal particle sizes, metal dispersion etc were found

to significantly affect the catalytic activity.
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Chapter Six

Conclusion

This thesis examined the development of new catalysts for the hydrogen production
from model biomass compound glucose in supercritical water through different
processes, such as impregnation, sol-gel process with supercritical CO, drying & sol-
gel process with various templates. The most important factors for considering a
material as catalyst are surface area, pore volume, mesoporosity, metal particle sizes,
metal dispersion and metal support interactions etc. All these properties depend on
how the catalysts are synthesized. Our studies have shown how all these properties
vary depending on their different synthesis conditions and enhance the supercritical
water gasification of glucose.

Non-noble metal catalysts such as Ni are most familiar for use in hydrothermal
gasification because of their low cost but these catalysts lead to coke deposition
during the gasification process. This thesis has shown that addition of small amounts
of noble metal like Ru onto non-noble catalysts greatly reduces the graphitic coke
deposition for supercritical water gasification of glucose. The synthesized catalysts
improved the overall gasification efficiency (hydrogen & carbon gasification) as well
as TOC destruction at moderate temperatures (400-500°C).

The detailed characterizations (fresh & spent catalysts) of all the synthesized catalysts
open a new window for using them for gasification of real biomass at laboratory or an
industrial scale. The kinetic modelling will also help to the researchers for

understanding the reaction mechanism of real biomass gasification in SCW.
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Future Works:

(i) Hydrogen is one of the alternatives of fossil fuel because of its environmental
concern. A mixture of gases (mainly H,, CO, CO,, and CH4) has been produced
during biomass gasification in supercritical water. Metal organic frameworks
(MOF’s) might be used after supercritical water gasification for selective adsorption
of gases to facilitate green fuel production including pure H, or syngas (CO+H,)
which can be used as a synthetic fuel.

(i) Chowdhury, M.B.I [1] showed that lanthanum modified nickel based catalysts
were found to inhibit the methanation reaction, along with graphitic coke formation
and enhance the water gas shift reaction. Ru-La-Al,O5 catalyst can be evaluated for

glucose gasification in supercritical water.

(iii) Titania or Zirconia can be used as the catalyst support instead of alumina as they
have better corrosion resistant and could be more stable in the harsh SCW conditions.
(iv) Other model compounds (cellulose, lignin, hemicellulose, cys}ine etc.) and real
life agricultural/industrial wastes, sewage sludge should be investigated at lower
temperatures using catalysts.
(v) Since the goal of biomass gasification in SCW is to produce hydrogen rich gas,
kinetic modelling should be developed considering hydrogen concentration. The
following reaction may be the model reaction for supercritical water glucose
gasification ignoring all other side reactions:

CoH1206+6H0—6CO;+12H,
(vi) A continuous process should be developed with a few seconds residence time for

evaluation of real life industrial viability.
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APPENDIX

Selective Gas adsorption & Separation onto metal Organic

Frameworks

7.1 Introduction

Release of harmful chemicals into our environment is a growing national security
concern. A number of industrial chemicals produced in excess of 1 million tons/year
worldwide are also highly toxic and can be obtained with relative ease. Effective
capture of these chemicals is of great importance both to the protection of the
environment and to those who are at risk for being exposed to such materials [1].
General-purpose filters are often composed of activated carbon impregnated with
copper, silver, zinc, and molybdenum salts [2]. Although such filters have proven to
be effective in containing a range of toxic gases, they are not adequately effective
against all potential threats [3-4]. The current applications of activated carbons and
any needed improvements towards its current performance are largely limited by lack
of control over the metrics and functionality of the pores because of the highly
amorphous nature of its carbon network. Such obstacles must be overcome if
materials are to be developed to address any conceivable harmful chemical.

Over the past two decades, a new type of functional material called Metal-organic
frameworks (MOFs) have emerged [5-8]. These are a new class of crystalline porous
materials, the structure of which is composed of metal-oxide units joined by organic
linkers through strong covalent bonds [9-10]. The flexibility with which these
components can be varied has led to an extensive class of MOF structures with

ultrahigh surface areas (up to 5900 m?/gm), far exceeding those achieved for porous
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carbons [9]. They exhibit high thermal stability, with decomposition between 350°C
and 400°C in the case of MOF-5 [11], ensuring their applicability across a wide
temperature range. The unprecedented surface area and the control with which their
pore metrics and functionality can be designed provide limitless potential for their
structure to be tailored to carry out a specific application, thus suggesting the
possibility of being superior to activated carbons in many applications.

Metal-organic frameworks (MOFs), also known as coordination polymers or
coordination networks, are highly crystalline inorganic-organic hybrids constructed
by assembling metal ions or small metal-containing clusters with multidentate organic
ligands (such as carboxylates, tetrazolates, sulfoxolates) via coordination bonds
(Figure 7.1). They can be one, two, or three dimensional infinite networks. Of these,
three-dimensional MOFs with permanent porosity, which can also be termed as
porous MOFs, are of the greatest interest because the voids inside the frameworks can

accommodate guest molecules for a number of applications [7,12].

Fig. 7.1. Chromium-based MOF, MIL-101, at 5900 m2g [13] & Mg-based MOF, at

714 m2g [14],
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Concerns about greenhouse gases in the atmosphere have led to significant interest in
removing CO, from the exhaust streams of fossil fuel combustion as the first step in
carbon sequestration [15, 16]. For flue gas, the high temperature and low CO, partial
pressure makes this separation particularly challenging. Separations involving CO,
are also important in a variety of other applications such as upgrading of natural gas
and hydrogen purification. Adsorption and membrane based separation technologies
hold many advantages for these problems, particularly because of their low energy
requirements. Therefore, many materials have been investigated for CO, adsorption,
including zeolites, other inorganic molecular sieves, and carbon-based materials [17-
19]. MOFs are synthesized using organic linker molecules and metal joints that self-
assemble to form materials with well-defined pores, high surface areas, and desired
chemical functionalities [6, 7, 10, 12]. Because of these attractive properties, MOFs
are promising candidates for CO, capture.

7.2 Synthesis Strategy of MOF’s

Usually, MOFs are synthesized at low temperature (<250°C). Below 100°C, the
classical ways familiar to coordination chemistry are used and above 100°C, a
solvothermal procedure is required. Beside water (the most frequently used), the main
solvents are alcohols, dialkyl formamides, and pyridine. The pertinent chemical
parameters of the synthesis are pH (mostly acidic), concentrations (which can vary
over a large range) and temperature. Temperature is a fundamental parameter.

Beside the classical methods, four new routes are currently being developed for the
synthesis of MOFs. The first [20] uses a mixture of non miscible solvents for the

hydrothermal synthesis (heavy alcohols and water, for instance). The solid forms at
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the interface of the biphasic mixture and most of the time, provides single crystals of
the desired phase.

The second approach represents the first trial for synthesizing MOFs using an
electrochemical route [21]. Bulk copper plates (thickness 5 mm) are arranged as the
anodes in an electrochemical cell with the carboxylate linker dissolved in methanol as
solvent and a copper cathode. After a period of 150 mn at a (voltage: 12-19 V,
current: 3 A), the greenish blue precipitate is formed.

The third concerns the microwave synthesis for MOFs. The microwave method has
attracted growing attention for the synthesis of nanoporous inorganic materials which
normally require several days for their hydrothermal crystallization. This provides an
efficient way to synthesize them with short crystallization times, narrow particle size
distributions, facile morphology control, and efficient evaluation of process
parameters, etc [22]. However, the microwave method has rarely been applied to the
synthesis of porous hybrid materials [23].

Finally, the richness of the possibilities of isolating new MOFs and the race for
describing them has incited some authors to develop a dedicated application of high
throughput synthesis to MOFs systems [24, 25]. High-throughput (HT) methods
imply four major steps: design of experiment, synthesis, characterization, and data
evaluation which have to be integrated in a workflow in order to reach a maximum of
productivity and innovation. While HT-methods can produce a tremendous amount of
data in a very short time, their success depends on proper application. Thus, the
design of experiment is a step of paramount importance. Statistical methods in
combination with data evaluation programs, genetic algorithms and neural networks

have been shown to be powerful tools [26]. The number of reactions must also be
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minimized by including chemical data and chemical knowledge into the synthesis set-
up. In addition, investigations are most often limited to certain parameters, mainly
composition, but can also process parameters such as temperature, time and pressure.

MOF’s contain two central components, connectors and linkers. These are defined as
starting reagents with which the principal framework of the MOF’s is constructed. In
addition, there are other auxiliary components, such as blocking ligands,
counteranions, and nonbonding guests or template molecules (Figure 7.2). The
important characteristics of connectors and linkers are the number and orientation of

their binding sites (coordination numbers and coordination geometries).

linker  toUnteranion

number of

: . connector H
functional sites linker

Fig. 7.2. Components of MOF [7].
Transition-metal ions are often utilized as versatile connectors in the construction of

MOF. Depending on the metal and its oxidation state, coordination numbers can range
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from 2 to 7, giving rise to various geometries, which can be linear, T- or Y-shaped,
tetrahedral, square-planar, square-pyramidal, trigonal-bipyramidal, octahedral,
trigonal-prismatic, pentagonal-bipyramidal, and the corresponding distorted forms
(Figure 7.2).

(a) inorganic ligands
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(c) anionic organic ligands
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Fig. 7.3. Examples of linkers used in coordination polymers [7].
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Linkers afford a wide variety of linking sites with tuned binding strength and
directionality (Figure 7.3).

Various combinations of the connector(s) and linker(s) afford various specific
structural motifs. Figure 7.4 shows representative motifs of frameworks constructed

from various types of connectors and a linear linker.

N J—

L ey
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: P

Fig. 7.4. The structural frameworks that can be constructed by using different

connectors and linear linkers [7].
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7.3 Experimental

7.3.1 Materials

All chemicals were obtained commercially and used without further purification.
Anhydrous DMF (N,N-Dimethyl Formamide, 99.8%), HPLC grade CH3OH (99.9%),
Zn(NOs),.6H,O0 (99%), Mg(NO3),.6H,O (99%) from Sigma—Aldrich (Oakville,
Ontario, Canada) & Chloroform (99.8%) from Caledon Laboratories Ltd.,
Georgetown, ON, Terphthalic acid (98%) & 2,5- Dihydroxy terphthalic acid (98%)
from Aldrich, Mississauga, Canada, Anhydrous ethanol from Commercial Alcohols,
Brampton, Ontario, HPLC grade H,O from EMD Chemicals Canada.

7.3.2 Synthesis of MOF-5

MOF-5 crystals were synthesized by using terephthalic acid and zinc nitrate and
anhydrous dimethylformamide (DMF, as the organic solvent. The MOF-5 was
synthesized following the procedure described by Panella et al. [27]. In synthesis, the
solvent DMF was first degassed by N, for 60 min, and then Zn(NQ3),.6H,O (1.664 g,
5.60 mmol) and terephthalic acid (H,BDC, 0.352 g, 2.12 mmol) were dissolved in 40
mL of degassed DMF solvent. The mixture was quickly transferred to a S0 mL glass
vial and sealed. The vial was then heated to 130°C and held for 2 h under autogenous
pressure by solvothermal synthesis. After the reaction, the vial was taken out of the oil
bath and cooled down to the room temperature naturally. The cubic-like crystals of
colorless powder were isolated by filtration and washed thoroughly with DMF in
order to remove the unreacted zinc nitrate. After that, the crystals were immersed in
chloroform (50 mL), sealed tightly, and put into the oven at 130°C for 3 days. During

the heating process, the solvent was decanted and replenished every day. Finally, the
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sample was dried under vacuum at 90°C overnight and stored in a desiccator until it
was used.

7.3.3 Synthesis of Mg-MOF-74

Mg-MOF-74 was synthesized following the procedure described by Britt et al. [28].
In a solution of 135 mL dimethylformamide, 9 mL ethanol, and 9 mL water were

dissolved 0.337 g 2,5-dihydroxyterephthalic acid and 1.4 g Mg(NO.-i)2 6H20 with

sonication. The resulting stock solution was decanted into fifteen 20 mL vials, which
were capped tightly and heated at 125°C for 26 hrs. The mother liquor was then
decanted, the products washed with methanol, then immersed in methanol. The
products were combined and exchanged into fresh methanol daily for 4 days. They
were then evacuated to dryness and heated under vacuum at 250°C for 6 hrs.

7.4 Results

The morphology of MOF-5 & Mg-MOF-74 were studied by scanning electron
microscopy (SEM). Figure 7.5 shows SEM images of three dimensional cube-like

microcrystals of MOF-5. Its morphology was consistent with the literature [27].

Fig.7.5. SEM images of MOF-5
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Figure 7.6 shows rod like structure of Mg-MOF-74.

Fig. 7.6 SEM images of Mg-MOF-74
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