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Abstract

In the present work possible routes for the introduction of Mo and Re into silica aerogels
and aluminophosphate AlPO-5 have been investigated. Parameter studies on the influence of
synthesis conditions including metal precursor, metal molar ratio, sol pH, gelation mechanism,
and post treatments have been performed on the synthesis of Me-aerogels. Parameter studies
on the synthesis of MeAlPO-5 have been performed with varying metal precursor, sol
preparation method, sol pH, choice of structural directing agent, and crystallization conditions.
Both Mo and Re have been introduced into silica aerogels following the sol-gel route and
ambient pressure drying method, in which the metal (Mo or Re) precursor was added during
the sol stage before gelation. The as-prepared Mo-aerogels were all amorphous with metal
content up to 0.56 wt.%, whereas all as-prepared Re-aerogels contain both amorphous and
crystalline phases with metal content up to 6.61 wt.%. Direct introduction of Mo into AlPO-5
by isomorphous substitution obtained phase pure samples with metal content up to 0.12 wt.%.
Direct introduction of Re into AlPO-5 produced samples either contain significant amount of
extra phases, or with negligible amount of metal content. An indirect method to introduce Re
into AlPO-5 through the intermediate GeAlPO-5 has been attempted in the first stage, where
GeAlPO-5 was synthesized with the precursor GeO2, yielding Ge content up to 0.84 wt.%.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

Ever since the industrial revolution, the rapid advance in science and technology has forever
changed the condition and ways of living for human beings. Energy and energy technology
are the fundamental driving force that continuously powers the development of science and
technology. Today, 79% of the world total energy consumption is still from fossil fuels (coal,
oil, and natural gas, 2017)[1]. However, the ever growing use of fossil energy has led us
into two major obstacles: the limited energy resources, and climate change due to influence
including air pollution and CO2 emissions. Extensive efforts have been made in searching
for clean and renewable energy sources and carriers for the future. One possibility for clean
and renewable energy is through the use of hydrogen technology, where hydrogen acts as a
carrier for clean energy generated from renewable sources such as solar panels, wind turbines,
etc[2]. Using hydrogen to power applications such as vehicles has the advantage that the
only reaction product is water, effectively eliminates any on-site emission of CO2, NOx,
and volatile organic compounds (VOCs), providing a viable path to a carbon neutral future
society and reducing the climate impact due to human activities[2].

The current application of hydrogen for vehicles is to a large extend limited. One of the
major challenges is the on-board storage of hydrogen, which has a relatively small volumetric
energy density compares to gasoline, even when it is stored in a compressed tank or as a
liquid in a cryogenic container[3][4]. One other issue concerning the production methods is
the purity of the hydrogen. Conventional methods, which predominantly use steam reforming
of fossil fuels, may produce hydrogen contains hydrocarbon and other impurities (such as
methane, ethane, CO) that are toxic to the fuel cell catalyst[5]. Recent advances in hydrogen
storage technology shown that storing hydrogen in the form of ammonia, which can be easily
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liquefied at room temperature, can significantly improve the volumetric energy density of
hydrogen, as well as having ultra-high purity[6][7][8]. On-site hydrogen production can
be performed via the catalytic decomposition of ammonia. The development of effective
and versatile while economically feasible catalysts is therefore a critical factor. However,
studies on existing commercial catalysts for ammonia decomposition has shown limitations
in achieving the necessary performance[9]. New catalytic materials that can eventually meet
with the requirements are therefore in need.

Recently, in catalytic materials there has been a growing interest in using porous oxide
materials as catalytic supports for more effective catalytic reaction processes, which increases
the catalytic efficiency and decrease the overall costs[10][11][12]. Using porous oxides as
catalytic supports has the advantages for its large inner surface area and pore volume, possible
shape and size selectivity [12]. Roughly speaking there are two categories of different types
of porous materials that can be used as catalytic supports, crystalline (or ordered) porous
materials such as zeolites, zeotypes, and amorphous materials such as silica. However
traditionally the application of these porous materials are limited by the challenges that they
are easily deactivated due to sintering effects of the active metals [13]. Fortunately, newly
developed synthesis methods in which the metal is introduced together with the precursors
of the supports have shown promising results in overcoming these challenges in both silica
aerogels and zeotypes, despite their difference in structures [14][15]. Meanwhile, prior
studies have shown that molybdenum (Mo) and rhenium (Re) are active toward ammonia
decomposition[16][17][18][19–21]. Using porous oxide materials for catalytic supports
of Mo and Re may thus lead to new solutions for more effective catalysts for ammonia
decomposition.

Silica aerogels are a class of porous amorphous materials (2-50 nm) that have extremely
high surface area (500-1200 m2/g) and porosity, in which 99% of the occupied volume is
air, and consisting both mesopores and micropores[22][23]. The featuring of mesopores
and the ability to manipulate the pore architectures are attractive properties for the design
and synthesis of new catalytic materials[14][24]. On the other hand, zeolites and zeotypes
are a class of microporous crystalline materials that emphasizes the catalytic selectivity[15].
The structure and property of zeolites/zeotype can be fine tuned to include pores with
different dimensions (1-D to 3-D), sizes, and shapes, therefore by functionalizing the porous
surface they can be designed as reactant/product specific catalysts[25]. These functionalized
zeolite/zeotype structures can essentially act as true molecular micro-reactors and become
highly selective toward certain desirable reactions[25].
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The main focus of this study is to introduce transition metal Mo and Re into silica
aerogels and aluminophosphate AlPO-5 (a zeotype). Although there has been some studies
using aerogels or zeotypes as catalytic supports, most of the prior works involved using post-
synthesis functionalization methods, such as ion-exchange, incipient wetness impregnation,
or deposit-precipitation[26][27][28][29]. These methods have the advantages that they have
straightforward procedures, but also have the drawback that the distribution of the active metal
ions is low and lacking the interaction between the active phase and the support materials
[26][27][30][31]. On the other hand, other works have shown that incorporation of single-site
active atoms into the support structure can maximize the dispersion of the active phase and
ensure an even distribution, as well as avoiding potential sintering effects[13][26]. However,
the possible synthesis routes of Me-aerogels (Me=Mo, Re) have not been thoroughly studied;
no synthesis of ReAlPO-5 has been reported, one report claimed to synthesized MoAlPO-5,
but the authors admitted that no direct proof of incorporation was given, and the results
are inconclusive[32]. This project is therefore to investigate the possibility of introducing
Mo and Re species into silica aerogels and AlPO-5 following similar methods for the
incorporation. In the most ideal case the single-site incorporated samples are desired;
however no experiment in this study is to confirm the existence of single-site active metals,
therefore no conclusion will be drawn with respect to single-site speciation. Instead this work
will be dedicated to exploring the possible routes and investigating the influencing factors
for the introduction, which will lay down the ground work for future studies to synthesize
possible metal incorporated samples.

1.2 The Project Scope

The general goal of this project is two fold. First, to explore the possibility and investigate
the influencing factors for the introduction of molybdenum and rhenium into silica aerogels
and AlPO-5, based on previously developed new methods[14][33][34][35][36]. Second, to
investigate if the introduction can be controlled for possible incorporation of the metal species
into the supports.

In the attempt to introduce metal ions (Mo, Re) into silica aerogels, the experiments will
follow the sol-gel route and ambient pressure drying (APD) method based on the prior work
by Kristiansen et al., which has reported successful incorporation of Cu(II) into the silica
aerogel network through the sol-gel route and ambient pressure drying method [14][26].
The investigation will focus on the influence of varying the molar ratio between the added
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metal ion and silicon ions (Me:Si), varying the metal precursors, varying the pH of the sol,
using different surface modification agents, and the effects of post-synthesis treatments, to
the phase of the samples (crystalline or amorphous), metal loading, and surface and pore
characteristics. The results will be compared with similar prior studies in the literature.

The introduction of metals into aluminophosphate AlPO-5 (MeAlPO-5) will be based
on a series of prior studies that have led to successful incorporation of several different
metal ions (including (Cu(II), V(IV), Fe(III), etc.)) through isomorphous substitution with
hydrothermal synthesis[15][33][37][38]. The varying parameters include the precursor of
the metal ion, the preparation method of the suspension, the choice of the structure directing
agent (SDA), the crystallization temperature, and the crystallization time. The samples will
be characterized by their phases, metal contents, and surface and pore characteristics. The
results will also be compared with literature to determine the quality of the samples.

The characterization of the samples will be focused on using powder X-ray diffraction
(XRD) for phase determination, inductively coupled plasma mass spectroscopy (ICP-MS)
for the elemental composition analysis, N2- Brunauer-Emmett-Teller (BET) adsorption-
desorption method for the surface area and porosity analysis. The pore size distribution,
average pore size, and cumulative pore volume will also be calculated based on the Barrett-
Joyner-Halenda (BJH) theory[39].



Chapter 2

THEORY

2.1 Molybdenum and Rhenium as Catalysts

This section serves as a basic introduction of molybdenum/rhenium and their active species
in catalysis. The detail mechanisms of catalytic activities have been well described in
the literature such as [16][40], but the description is beyond the scope of this study. The
introduction will focus on the known active species in catalysis, and how they relate to the
materials in this study.

2.1.1 Molybdenum and molybdenum catalysts

Molybdenum is a transition metal element located in group six on the fifth period of the
periodic table. It has an atomic number of 42 and an abundance-weighted average atomic mass
of 95.96 atomic units[41]. It was first discovered by German-Swedish chemist Carl Wilhelm
Scheele in 1778 and later isolated by Peter Jacob Hjelm in 1781[42][43]. Molybdenum
and molybdenum compounds have a wide range of applications in catalysis, such as in the
ammonia decomposition for hydrogen production, selective oxidation of propylene to acrolein
and acrylic acid, conversion of synthesis gas to alcohol, etc. [16][44][45]. In particular the
catalytic activity toward ammonia decomposition for hydrogen production is of particular
interest for this study, being a part of the joined effort in the development of clean energy, as
previously described.

Molybdenum processes rich and versatile chemical properties, forming compounds from
oxidation state of -2 to +6. The most active molybdenum compound studied toward ammonia
decomposition is the molybdenum nitride, MoNx [16], which is formed when the trioxide
MoO3 reacts with NH3 in a series of temperature programs (600 K to 900 K)[40]. In a
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fresh catalyst the active species is therefore MoO3, which can be formed via thermal decom-
position of ammonium molybdate through different polymolybdate intermediate products
upon annealing at approximately 400°C [16][46]. MoO3 is insoluble in water, but can react
with alkaline solutions to form soluble molybdates[47]. Therefore, molybdate salts such as
ammonium molybdate would be a natural choice for syntheses of Mo(VI) containing samples
in aqueous solution, which will be used in this study.

2.1.2 Rhenium and rhenium catalysts

Rhenium was discovered by the German chemists Walter Noddack, Otto Carl Berg, and Ida
Tacke in 1925 as the last element found with stable isotopes [48]. It is a transition metal
element locates at the sixth period of the seventh group on the periodic table of elements. It is
a precious metal with a variety of applications, such as making alloys for the turbine blades,
combustion chambers, exhaust nozzles of jet engines, which is the single largest application
and accounted for over 80% of annual consumption of rhenium [49]. It is also catalytic active
toward different reactions and used as catalysts in the petroleum industry, which accounted
for approximately 10% of annual consumption [49]. Similar to Mo, this study is based on its
catalytic activity toward ammonia decomposition for the application in hydrogen production,
which has been shown in previous works[18] [19–21].

The active rhenium species for ammonia decomposition is the metallic rhenium [18]. The
most convenient method to introduce rhenium into catalyst supports is through impregnation
with the perrhenate acid, HReO4, or its soluble salts [50]. Therefore to be catalytic active the
fresh catalysts will need to be treated with H2 at 400 to 450°C which will reduce rhenium
from Re(VII) to its metallic form[51]. Previous studies have also shown that it can also be
introduced in bi-metallic system with another component such as cobalt, as a promoter, in
which both metals are reduced upon treatment with H2, forming a metal alloy [51]. This
work will focus on introducing rhenium alone into the supports. Re(VII) species Re2O7 and
NH4ReO4 will be used as precursors.
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2.2 Porous Materials as Catalytic Supports

2.2.1 Porous materials

Porous materials are a type of solid materials in which the structure contains a large number
of pores (or voids), either they are channels, cavities, or interstices[52][53]. Porous materials
can be either organic or inorganic, and in this study the term limits to inorganic porous oxides.
There are different ways to classify porous materials, including by their pore sizes and shapes,
ordered (crystalline) or disorder (amorphous), and different compositions[53]. A schematic
illustration of some different types of pores is shown in Figure 2.1.

a

b

c

d

Figure 2.1 A schematic illustration of different types of pores. (a) A close pore. (b) An ink-bottle
shaped open pore. (c) An open channel. (d) A cylindrical open pore. Figure adapted from[53].

Porous materials with open pores are excellent candidates for the supporting materials of
catalysts, as they typically have very large surface area and provides maximum dispersion
for the active materials[31]. The size of the pores is usually consider an important factor of
porous materials, since it not only affects the specific surface area of the materials, but also
has substantial influence on the catalytic activities of the materials toward different chemical
reactions by selecting specific size of molecules to enter/exit the pores[54][55]. However, the
pore size is usually difficulty to define, because of the diverse variety of pore shapes and the
possible broad distribution of sizes[53], as illustrated in Figure 2.1 above. IUPAC defined
three different kinds of pores based on their sizes compare to the mean free path of a typical
gas, For instance, the mean free path of air at ambient condition is approximately 68 nm[56].
Macropores are defined as cavities or voids that are larger than 50 nm in diameter, in which
case the pores are much larger than the mean free path of a typical gas fluid, resulting in
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high permeabilities but low or none permselectivities[53][57]. Mesopores occupy the range
of 2 - 50 nm, they have sizes comparable to the mean free path of a typical gas fluid and
Knudsen diffusion is significant, in which the gas flux is dependent on the inverse-square-root
of the molecular weight [53][57]. And finally, micropores refer to pores with diameter less
than 2 nm, much smaller than the mean free path of a typical gas, which leads to high
permselectivities[53][57]

The two different porous materials in this study contain quite different pore systems.
Silica aerogels are a class of mesoporous materials, with both micropores and mesopores
present and a relatively broad pore size distribution[23]. On the other hand, AlPO-5 is a
crystalline material features micropores with a narrow pore size distribution[58]. A schematic
illustration of pore sizes and pore size distributions of some different types of porous materials
is shown in Figure 2.2. Actual pore sizes and pore size distributions may vary due to different
preparation and measurement methods.

Figure 2.2 Some different types of porous materials and their typical pore sizes. Materials relevant to
this study are zeolites (similar to zeotypes) and aerogels. Figure re-printed from[53] with permission.
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2.3 Silica Aerogels

2.3.1 Structure and properties

Silica aerogels are a type of porous amorphous materials derived from the wet silica gels
(or silica hydrogels). First synthesized by S. S. Kistler in 1931[22], it features some very
impressive properties, such as ultra-high specific surface area (500 - 1200 m2/g), very high
porosity and extremely low density (0.003 - 0.05 g/cm3), low thermal conductivity and
dielectric constant[23]. These properties of silica aerogel attract a variety of applications,
from thermal insulation, catalyst supports, to space dust collection[59]. In this project silica
aerogel will be used as a new type of catalyst support, to be functionalized with metals Mo or
Re.

Mesopores
2-50 nm Micropores

< 2 nm

Figure 2.3 A schematic illustration of silica aerogels showing the mesopores and micropores. Figure
adapted from[14].

The primary structure of a silica aerogel is a 3-dimensional interlinked SiO2 network,
which consists of silica nanoparticles (NPs), as shown in the schematic illustration in Figure
2.3 as the blue spheres. It differs from the conventionally dried silica gel (or the xerogel)
that although both an aerogel and a xerogel are porous materials consist of silica, the
mesopores in an aerogel are preserved whereas in a xerogel the mesopores are mostly
collapsed or shrank. The primary reason for the mesopore shrinkage or collapse is because
when water is evaporated from the mesopores of the hydrogel, the hydrophillic surface of the
gel network is subject to substantial stress from the surface tension of water, which eventually
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causing the mesopores to collapse[24]. Replacing water with a different solvent that has
less surface tension by solvent exchange can significantly reduce the shrinkage and prevent
collapse of the mesopores, resulting an aerogel. This is also the reason that xerogels are
mostly microporous, while aerogels are both microporous and mesoporous: in xerogels the
larger mesopores collapsed during the drying process, and in aerogels the mesopores are
preserved[14][23][60][61].

The structure and surface characteristics of silica aerogels are largely dependent on
the methods that it is prepared. Conventionally, silica aerogels are prepared by the so-
called supercritical drying (SCD) method. In the SCD method, water is first washed away
with an alcohol, then the alcohol is replaced with liquid CO2 at high pressure, which then
transformed into a supercritical fluid[62]. As the pressure gradually released, the dried
aerogels can be obtained[62]. Replacing the water in the pores with a supercritical fluid,
which has zero surface tension, can fully preserves the gel network without collapsing the
pores[24][63]. However the use of supercritical fluids is costly and requires complicated
process, limiting its application and commercial availability[24]. Since then various methods
to synthesize aerogels with ambient pressure drying (APD) method have been developed,
and dramatically simplify the synthesis process and lowered the costs while preserving the
special properties[24][64][65].
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Figure 2.4 A schematic illustration of (a). A hydrophilic silica nanoparticle and (b). A hydrophobic
silica nanoparticle. These nanoparticle are the building blocks of the aerogel structure, represented in
Figure 2.3 as the blue spheres.

In this study, all aerogel sample will be synthesized using the APD method. Figure2.4
a shows an example of a hydrophilic silica nanoparticle, which constitutes the silica gel
network by interlinkages with other nanoparticles. The core of the APD method is to modify
the surface of the aerogel from hydrophilic to hydrophobic. By modifying the hydrophilic
surface to hydrophobic as shown in Figure 2.4b, it will repel water and when a non-polar
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solvent is present, water can be pushed out of the pores in exchange of the non-polar solvent.
The non-polar solvent can be chosen to have a small surface tension and therefore when it is
evaporated, the surface will be subject to much less stress and pore collapse can be prevented.
Further discussion of the APD method will be given in the following sections.

2.3.2 Aerogel preparation: the ambient-pressure drying method

To compensate the disadvantages of the SCD method and to expend the study and utilization
of silica aerogels, various ambient-pressure drying (APD) methods of silica aerogel synthesis
had been developed[60][65][66] [67][68][69]. The key idea of the APD method is that the
surface of the aerogel is modified with silylation agents to become hydrophobic, and in the
presence of another (typically nonpolar) organic liquid phase which has lower surface tension,
the water can be expelled by the surface in exchange with the organic solvent. The organic
solvent will have much less surface tension upon drying, therefore prevents the shrinkage of
the pores and the collapse of the gel network. Another advantage of surface modification is
that although the hydrophobic surface of aerogel still experiences some compressive stress
when the solvent is removed, the inert surface will prevent collapse of the pores by forbidding
the formation of siloxane bonds, and the pores can relax back to the original position when
the solvent is removed [14][64][68][70][71][72].

The first step of the synthesis following the sol-gel route is the preparation of the sol.
The sol is essentially a colloidal solution of silicic acid. Traditionally the silicon precursor
is a silicon alkoxide, such as tetraethyl ortho-silicate (TEOS)[71]. In such case the silicon
precursor will first been hydrolyzed in the presence of either an acid or a base, which will
replace the organic -R group. However TEOS is also a costly precursor. In this study a
much cheaper precursor, sodium silicate (water glass), will be used. The structure of sodium
silicate in a solution is shown in Figure 2.5.

The water glass colloidal solution will be ion-exchanged with a proton source, such as a
column of sulfonic acid immobilized in a styrene-divinylbenzene matrix. The ion-exchange
replaces the Na+ with protons which combine with oxygen atom to become hydroxyl groups
and the silicic acid is obtained. It is also important to monitor the pH during these process.
Typically the water glass solution will have a pH of approximately 11.5, and when the
ion-exchange with proton is completed, the colloidal solution should have a pH of around
2-3[14][71].
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Figure 2.5 A simple sketch of the general structure of sodium silicate, the terminal oxygen is connected
to the next silicon atom at the both ends.

The gelation of silicic acid is essentially a polycondensation reaction in which the
monomer Si(OH)4 condenses into a large network of silica polymer[73]. During the process,
the colloidal solution system losses its fluidity as the SA molecules condense into large
polymer structures[74]. Upon completion of the reaction, the gel can be seen as a single
macroscopic molecules as all the monomers condensed and connected to each other, which
is essentially a polymer with infinite size[75]. This reaction can be catalyzed by either an
acid or a base. The reaction between two monomers is shown in Figure 2.6.
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OH Si
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OH
OH

Acid or base
+ H2O

Figure 2.6 Polycondensation reaction of silicic acid monomers to form a large interconnected network.
The reaction can be catalyzed either by an acid or a base, which eventually produces a network consists
of [SiO4] units.

The pH of the sol is a crucial parameter for the gelation, since it will affect whether
the gelation is catalyzed by an acid or a base. Different catalytic mechanisms will lead to
different structure of the gel, which eventually resulting different morphology of the samples
(i.e. pore sizes, surface area). Studies have shown that the base catalyzed reaction is a
kinetic favored mechanism, which leads to larger pore, narrow distribution of pore size,
and higher porosity[60][76]. In comparison, the acid catalyzed reaction follows a slower
reaction mechanism. The resulting gel is more of a polymer like species, which contains a
large number of micropores and high surface area, but lack of mesopores compares to the
base-catalyzed reaction[14]. A schematic illustration of gelation catalyzed by acid or base is
shown in Figure 2.7 .
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Figure 2.7 Illustration of silica aerogels produced by acid catalyzed or base catalyzed gelation.

The essence of the aerogel preparation is to prevent the collapse of the pores when the
liquid is removed. There are two ways of doing so, either use a fluid that has very low or
none surface tension, like the SCD method as previously mentioned, or alternatively, modify
the surface of the gel (which consists of hydroxyl groups) to hydrophobic and allows the
water to be expelled, as in the APD method. In the APD method, one or more surface
modification agent(s) will be used to replace the hydroxyl groups with silyl groups via the
silylation reactions. To achieve the hydrophobicity, the silylation agents are often chosen to
have bulky organic nonpolar endings, such as HMDS, HMDSO, TMCS. In this case when
the silyl groups are attached, the surface of the gel will be full of -CH3 groups, which rapidly
repels water. In this study for most of the samples the silylation agents will be HMDS and
HMDSO for base catalyzed gelation by generating the reaction product NH3. TMCS may
be also used for a comparison sample following the acid catalyzed gelation. The surface
modification with TMCS that will trigger acid catalyzed gelation involves the reaction shown
in Figure 2.8.

SiH3C

H3C

H3C

Cl + SiHO 2 SiOSiH3C

H3C

H3C

+ HCl

Trimethylchlorosilane (TMCS)

Figure 2.8 Surface modification with TMCS, which will trigger the acid catalyzed gelation.
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Similarly, when HMDS and HMDSO are used for surface modification, the reaction pro-
duces NH3, which subsequently triggers the base catalyzed gelation. The surface modification
reactions involved in this case are shown in Figure 2.8.

SiH3C

H3C

H3C

O Si

CH3

CH3

CH3

+ 2 SiHO 2 SiOSiH3C

H3C

H3C

+ H2O
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+ 2 SiHO 2 SiOSiH3C

H3C

H3C

+ NH3

Hexamethyldisiloxane (HMDS)

Figure 2.9 Surface modification with HMDS and HMDSO, which will trigger the base catalyzed
gelation.

As previously mentioned, the pH conditions in which the samples are prepared will have
strong influence on the morphology of the samples. Furthermore, the pH of the sol may
also have strong influence to the interaction between SA and the speciation of the precursor.
During the experiments the pH of the sol will be closely monitored, and in some of the
experiments it will be adjusted to either be more acidic or basic. It is important to mention
that the gelation mechanism in this experiment depends on the choice of silylation agent but
not necessarily on the sol pH.

The steps of the APD method with base catalyzed gelation are as follow: Once the
surface modification agents are added into the silica colloidal solution, the reactions begin as
shown in Figure 2.9. The reaction with HMDS produces ammonia, which is basic in aqueous
solution. The sudden increase of pH catalyzes and triggers the polycondensation reaction of
the silica, which is shown in Figure 2.6. The resulting product is the base catalyzed formation
of the hydrogel, or the gelation process, which is illustrated in Figure 2.7. However, at this
stage the silylation reactions are still not completed. When the nonpolar solvent is added,
solvent exchange starts to take place inside the pores, which allows the reaction to continue
and eventually, a hydrophobic surface is obtained, where water is repelled out of the pores,
which will then be filled with the nonpolar solvent (heptane), as illustrated in Figure 2.10. In
the acid catalyzed mechanism the steps are similar, but instead the reaction produces HCl,
which causes the pH the decrease and triggers the acid catalyzed gelation.
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Figure 2.10 A schematic illustration of aerogel synthesis with APD method.

2.3.3 Incorporation with metal ions

Because of the unique structure of silica aerogels (large surface area with open channels and
mesopores), it has recently been thought as a new class of supports for catalysts[14]. Previous
work has shown that following the sol-gel route it is possible to obtain metal-incorporated
silica aerogels. One such successful example is the incorporation of single-site Cu (II) into
silica aerogels for catalytic reduction of NOx, as described in[26]. In this example, silica
aerogels were synthesized using ambient-pressure drying method following the sol-gel route.
Unlike introducing metal ions with ion-exchange or incipient wetness impregnation methods,
incorporation requires that the metal ion become part of the framework. The precursor
therefore is added before the formation of the gel structure, typically dissolved in the silica
colloidal solution during the sol stage [77]. Before gelation, the metal ion can react with the
siloxy groups in the sol, connect to the silicon atoms with bridging oxygen atoms. Upon
gelation, the metal ion together with the silica undergo polycondensation reaction to form
the gel structure. Prior work also shown that the uptake of metal ion is better when the
polycondensation reaction was base catalyzed[78].
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Figure 2.11 Proposed possible models of incorporation of metal ions into the silica network (a). With
tetrahedral geometry (b). With Octahedral geometry. Note that the surface is hydrophobic with the -R
groups.

One important aspect to consider for incorporation is the coordination number. Ideally,
since silicon has the coronation number of four with tetrahedral geometry in the gel structure,
incorporating a metal ion that has the same geometry will introduce less stress in the structure
than metal ions with other geometries. However, it has also been reported that metal ions
with coordination number of six, such as Cu(II), can also be incorporated [26]. In this study,
the possibility of controlling the introduction for incorporation of ReO4

- and MoO4
2- will be

investigated. Such control meaning that the metal ion should exist inside the aerogel network
and not as a separate phase. ReO4

- has the tetrahedral geometry in aqueous solution in pH
= 0-14[79], therefore it is expected that the perrhenate ion should not have the restrain due
to the ionic geometry. In the case of the Mo(VI), the chemistry of molybdate in aqueous
solution is rather complex, depend strongly on the pH. The geometry of ortho-molybdate is
tetrahedral, but as the pH decrease below 6, it starts forming polyoxomolybdate ions, such as
the heptamolybdate and octamolybdate, and the geometry will change from tetrahedral to
octahedral. Possible outcomes of the incorporation are shown in Figure 2.11a for tetrahedral
geometry and Figure 2.11b for octahedral geometry. The -NH3 groups are stemmed as a
byproduct from the reaction between HMDS and the siloxy groups, which is present before
gelation[13][14]. In previous study to incorporate copper, it has been shown that the ammine
group can be removed by annealing the sample, departing in the temperature range between
200°C to 250°C, and in the copper case the local surrounding of the metal remains unchanged
after the departure [26].
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2.3.4 Treatments of the samples

A. The post-gelation wash method

The "wash" method is a post-synthesis treatment of the sample to eliminate unreacted
chemicals and other byproducts. It was developed by S. Habrekke [13] by modifying
the techniques described in [67] and [80]. The wash method aims to remove unreacted
silylation agents and possible reaction products resides in the pores prior to drying[13]. Prior
experiments show that silica aerogels undertaken this treatment exhibit considerably higher
level of hydrophobicity, have a observably different "rubbery" texture, and appear to have
much less of shrinkage of pores comparing to the silica aerogels synthesized without this
treatment using the ambient pressure drying method [13].

B. Annealing

Annealing is a method to further modify the hydrophobic aerogel surface and to evaluate the
interaction between the metal ions and the aerogel systems[26][81]. Following the sol-gel
route and ambient pressure drying method, the resulting aerogels have hydrophobic surface,
due to the -CH3 groups attached by the silylation agents. It has been reported that annealing
of the hydrophobic aerogels in the air at temperature above 300°C will increase the specific
surface area but weaken or eliminate the hydrophobicity, due to the oxidative removal of
organic -CH3 groups[82][83].



18 THEORY

2.4 Aluminophosphate AlPO-5

2.4.1 Introduction

Aluminum phosphate AlPO-5 is a molecular sieve first synthesized by S. T. Wilson et al. in
1982 [84]. It belongs to a class of novel crystalline microporous materials that are isomorphic
to zeolites yet structured with other atoms, which collectively called zeotypes. Zeolite and
zeotypes are of high interests in synthesizing functionalized catalytic supports because firstly,
they can act as molecular micro-reactors that provide channels to allow gas reactants to enter
the pores, react, and depart; secondly, they can also be structured to contain different sized
and shapes of channels and cavities (or "cages") that are comparable to the size of molecules,
therefore can be tuned to be highly selective toward certain desired products [15] [25]. The
difference between zeolites and zeotypes is that zeolites are aluminosilicates that consist
only of [AlO4] and [SiO4] tetrahedra, while zeotypes can be partially or entirely substituted
by other atoms. One such example would be the aluminophosphate AlPO4-n, in which -n
indicates a specific type of structure. AlPO-5 is a pure aluminophosphate and contains no
silicon atom. It belongs to a type of structure denoted by the code AFI, as shown in Figure
2.12.

a

b

c

Figure 2.12 The AFI structure along the [001] plane. The 1-D cylindrical pores are constructed by
the 12-member rings with alternating [AlO4] and [PO4] tetrahedra. Figure plotted with VESTA.

The AFI structure represents a large pore zeotype containing 1-D channels along the c-axis
consists of 12-member rings with pore opening of 7.3 Å[85]. In AlPO-5 the 12-member rings
are consist of alternating [AlO4] and [PO4] tetrahedra[84]. The crystal structure of AlPO-5
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was determined by single-crystal X-ray diffraction, which is reported to have hexagonal
space group symmetry (P6/mcc) with lattice parameters of a = 13.827Å, b = 13.827Å, c =
8.580Å[58]. AFI has been in particular interests in catalysis for its ability to incorporate
hetero-atoms into the framework through isomorphous substitution[36][38]. Previous studies
have reported successful incorporation of Cu, Fe, Co, etc. into the framework[33][35][37][86].
In this work, AlPO-5 will be used as support in the attempt to incorporate active metal ions
Mo (VI) and Re(VII) via isomorphous substitution.

2.4.2 Isomorphous substitutions

Isomorphous substitution of AlPO-5 replaces a T-atom (tetrahedral) with a hetero-atom,
typically a transition metal ion (TMI). Incorporation of the framework with TMIs has the
advantage that the framework is itself functionalized and catalytic active, which increases
the dispersion of the active TMIs, and provides a better interaction between the support and
the TMIs. As mentioned previously, TMIs including Cu, Fe, Co, etc. had been success-
fully incorporated into different structures of aluminophosphates, such as AFI, CHA, AEL,
etc[33][35][37][86]. Hartmann et al. reviewed the incorporation of TMIs into aluminophos-
phates (AlPOs) and silicoaluminophosphates (SAPOs) in details, as well as the spectroscopic
characterization of these materials[38]. Some of the key factors that influence the ability
and positions of a framework to incorporate with hetero-atoms are firstly, the electric-charge
of the metal ion. In the case of aluminophosphate, the T-atom to be substituted is either
Al or P. Although the AlPO-5 framework has zero net charge, locally the Al atom bares a
negative charge and the P atom bares a positive charge. Substitution of T-atoms with TMIs at
either the Al or P position results in different charge distribution of the framework. It was
proposed that it is unlikely to have a framework that is overall positively charged, although
not impossible[38]. For TMIs with valence of +1, +2, or +3, it is more likely to take the
position of Al and avoids a positively charge framework, while for the position of P, it is
possible to replace with TMIs baring charges from +1 to +5, although with lower valence
TMIs it would generate a relatively large negative charge on the overall framework, which is
also unlikely[38]. Note that if a negative charge is introduced into the framework, a positively
charge counter ion must also be present outside of the framework to balance the charge.
This positive extra-framework counter ion could typically be a proton, which links to the
neighbouring bridging oxygen and create a hydroxyl group, forming a Brønsted acid site[15].
Dehydration at the acid site is also possible, which forms a Lewis acid site[15][87].

A second important factor to consider that influences the incorporation is the radius of
the incoming TMI. In most cases the TMI will have a larger radius than Al (r = 0.39 Å) or
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P (r = 0.17 Å), therefore introduction of TMI may also introduce strain on the surrounding
lattice and distort the framework[15]. Subsequently the introduction could be consider easier
if the TMI has similar dimension compares to Al or P. One example would be in the case of
Cu(II), which has an ionic radius of 0.73 Å, considerably larger than the native atoms (Al or
P), had been a challenge to incorporate, though the incorporation was successful. However
it is worth to mention that in the case of copper although ionic radius is one factor for the
difficulty, there are other restrains, such as the coordination number, which will be discussed
in the following paragraph. A list of ionic radius of Al, P and some TMIs are shown in Table
2.1 [47].

Table 2.1 A list of ionic radius of selected elements. Data obtained from [47].

Element Coordination number Ionic radius (Å)

Al(III) 4 0.39
P(V) 4 0.17

Cu(II) 6 0.73
Fe(III) 4 0.49
Co(II) 4 0.56

Mo(VI) 4 0.41
6 0.59

Re(VII) 4 0.38
6 0.53

Ge(IV) 4 0.39
6 0.53

Thirdly, one should also consider the coordination number of the TMI. In the AFI
framework both the Al and the P atom have the tetrahedral geometry. Therefore, TMIs
with coordination number of four and have the tetrahedral geometry are considered easier
to incorporate, since they would introduce less stress on the framework[38]. If the TMI has
other coordination number, it could be challenging for the incorporation since the position of
the ion in the framework will be tetrahedral. However, it does not mean that it is impossible
to incorporate TMIs with other geometries. Cu(II) typically has the square planar (D4h)
geometry, which is a distorted octahedral structure, with coordination number of six and has
been successfully incorporated into the AFI framework previously by carefully choosing the
structure directing agent (SDA) and a slow ramp rate for calcination [15][33]. This might
partially attribute to the flexibility of the AFI framework due to its large pore size (7.3 Å)
therefore smoother pore walls, more tolerant to a local distortion[38].
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The elements of interests in this study are Mo(VI) and Re(VII). There has been reported
challenges to introduce Mo(VI) and Re(VII) into the zeotype structure through isomorphous
substitution[88]. The first reason being that both molybdenum and rhenium have high valence
number (+6 and +7, respectively); although they exist in aqueous solution as the oxo-anion
(i.e. molybdate and perrhenate), the incorporation will either create net positive charges on the
framework, regardless either substituting the Al or P position, or causing a breakage/terminal
position in the framework by forming one or more Me=O double bonds. The microporous
positively-charged framework would likely be destabilized because the positive charge would
be screened by the surrounding oxide ions, which are negatively charged, and hence limiting
the access of the extra-framework counter ions [88]. This was one of the issues encountered
in other studies related to the hydrothermal incorporation of V(V) ions into the MEL and
MFL frameworks[89][90], which usually result in low metal contents and often time the
metal ions are loosely bounded on the wall of the pores, and can be easily washed away in
aqueous solution[91]. On the other hand, the incorporation of V(IV) is considerably easier,
since a positively charged framework can be avoided[88].

The introduction of Mo into AlPO-5 by isomorphous substitution has been previously
attempted and reported, but the species of Mo in the AlPO-5 framework was not specified
[32]. The authors also admitted that although there were circumstantial evidence, there was
no direct poof of any element studied incorporated into the framework [32]. In another study,
it has been reported that Mo can be introduced into the silicon containing AFI molecular
sieves (SAPO-5) using solid state reactions with the precursor MoO3, by physically mixing
pure SAPO-5 and MoO3 and heated to 723 K with the presence of water vapor, which
yielded a Mo(V) species MoH-SAPO-5 in the framework, characterized by EPR (electron
paramagnetic resonance) studies [88][92][93]. In that study it was proposed that oxidation of
the Mo(V) species in the framework may lead to Mo(VI)[38], but no definitive evidence was
reported.

The molybdate has a rather complex behavior in aqueous solution to form polyoxoan-
ions with bridging oxygens, depending on the pH[94]. Molybdate can refer to a series
of compounds, from the simplest form of the ortho-molybdate, MoO4

2-, to larger cluster
polyoxoanions such as the heptamolybdate Mo7O24

6-. An XAS study show that in hydrother-
mal chloride solution MoO4

2- and HMoO4
- are the dominating species at near neutral to

basic environment, while decreasing the pH will produce a series of species including the
formation of polyxoxanions or ligand attachment to the Mo atom[95]. This will also cause a
change of geometry from tetrahedral to octahedral. Further, the presence of phosphate ions
will complex with the molybdate ions and form heteropolymetalate ions. Nevertheless if
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considering only the monometric ortho-molybdate anion MoO4
2- the framework would most

likely prefer to minimize the baring positive charges and therefore substitute the position of
P atom.

Similarly, incorporation of Re(VII) into AlPO-5 will also introduce positive charges on
the framework, therefore imposing a challenge. There has been debates in the early time
about the ionic species of perrhenate ions in dilute solution, either it exist as the tetrahedral
ReO4

- or the octahedral ReO6
5-, especially at high pH environment[96][97]. Later and more

recent studies shown that given the solution is not in a strongly reducing condition, the
predominate species is the tetrahedral ReO4

- over the pH range 0-14[96][98]. The ionic
radius of Re in this species is 0.38 Å, as shown in Table 2.1, which is very close to the radius
of the native atom Al(III), and therefore it should not be a limiting factor. In general similar
to the case of molybdenum, the biggest challenge to incorporate Re(VII) into AlPO-5 would
be its high valence number, which will certainly introduce positive charges on the framework,
assuming the framework is able to maintain its structure.

An possible indirect method to synthesize MeAlPO-5 is through the intermediate product
GeAlPO-5, based on an prior work on another zeotype ITQ-33[99]. This method was
designed as an alternative in the case that the direct synthesis method do not produce desirable
samples, considering the challenges it faces, as mentioned previously. Prior work has shown
that Re(VII) can be incorporated into the the framework of ITQ-33, in which Ge(IV) is a
major component, by post-treatment of the molecular sieve with a ethanol solution of the
rhenium precursor Re2O7 or NH4ReO4, to reach up to 4 wt.% of Re content[99]. AlPO-5 and
ITQ-33 share some structural similarities as they both contain large size pores (12 member
rings for AlPO-5, 18 and 10 member rings for ITQ-33 ), and therefore it can be hypothesized
that similar method to replace Ge(IV) with Re(VII) may also be conducted with AlPO-5.
In the study of ITQ-33, the benefits to incorporation Re(VII) into the framework are two-
fold: firstly, since calcined ITQ-33 is unstable for more than 30 days because of its large
germanium content and the subsequent formation of the so-called silanol nests, replacing
Ge(IV) with Re(VII) may stabilized the structure; and secondly, incorporation of Re(VII)
also functionalizes the structure to be catalytic active toward such as methanol to hydrocarbon
conversion (MTH) reactions [99] [100][101]. In the case of GeAlPO-5, the molecular sieve
has shown good thermal stability and the catalytic reactions had been well studied [102].
Therefore, replacing the Ge(IV) with Re(VII) will be mainly for the introduction of Re(VII)
into the AFI framework.

The synthesis of GeAlPO-5 has been previously reported and patented with the precursor
GeCl4[102][103][104]. GeCl4is a liquid that will fume in the air, and in contact of water,



2.4 Aluminophosphate AlPO-5 23

it will hydrolyze to form GeO2[102][105]. In this study GeAlPO-5 will be attempted to
synthesize directly using the precursor GeO2, which is powder, easier to handle and control
during the synthesis. The possible substitution model of Ge into AlPO-5 is shown in Figure
2.13. Substitution of Al atom is highly unlikely, since it will leave a positive charge on the
framework.
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Figure 2.13 A possible resulting structure of GeAlPO-5 by isomorphous substitution.

The major reason for this two-step isomorphous substitution is that Re(VII) has relatively
high valence number; direct incorporation of Re(VII) may face difficulties because of the
positive charge it will create on the framework, as previously discussed. On the other hand,
Ge(IV) has proven to be able to incorporate into AlPO-5, and if it can then be replaced by
Re(VII), which can enter the pores together with the counter ions, a Re(VII) incorporated
framework can be obtained. Several properties of Ge(IV) and Re(VII) may be considered
favorable for the substitution of Ge(IV) with Re(VII). First of all, Ge(IV) and Re(VII)
have very similar ionic radius (with tetrahedral geometry), which are 0.39 Å and 0.38 Å,
respectively, as shown in Table 2.1 [47]. Secondly, they both exist in aqueous solution with
coordination number of 4 and tetrahedral geometry[106]. Finally, since Re(VII) will be
introduced into the already-exist AFI framework, both ReO4

- and the counter ion (such
as OH- or Cl-) can enter the relatively large pores (7.3 Å) freely, and upon completion of
the replacement, the counter ion will already exist near the replacement sites and therefore
stabilize the positively framework, preventing the collapse.
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2.5 Characterization Techniques

2.5.1 Powder X-ray diffraction

X-ray diffraction refers to a kind of scattering process when the scattered X-ray waves
are coherent, which will occur when the Braggs’ condition is satisfied [107][108]. The
diffraction patterns are a result of constructive and destructive interference between diffracted
waves. XRD uses the diffraction between the incoming X-ray electromagnetic waves and the
electrons in the electron cloud of the sample to determine the structure of the materials. The
fundamental condition for diffraction to occur is described by the Braggs’ Law[108]:

nλ = 2dsin(θ) (Eq. 2.5.1)

where λ is the wavelength of the incoming X-ray beam, θ is the incident angle, d is the
lattice constant, and n is the order of the diffraction. Since the both the X-ray wavelength
and the lattice spacing d do not change in the course of an XRD experiment, the data is
recorded with varying incident angles. An important approximation in XRD is that the
interaction is considered kinematic, i.e. each photon only scatter once by the sample, and
the beam do not significantly attenuated by the material[107]. The intensity of diffraction is
proportional to the square of structure factor S(q), which is related to the electron density
by Fourier Transformation[107]. Note that in Fourier space the independent variable is
the the magnitude of the scattering vector q, which is equivalent to the scattering angle by
q =| q |= 4πsin(θ)/λ . An illustration of the Braggs’ Law in real space is shown in Fig.2.14.

d

k k'

00

Figure 2.14 An illustration of Braggs’ Law in real space, with the lattice parameter d, incident angle
θ, the incoming wave k and diffracted wave k’. Note that the positions of the arrows indicate the
phase of the wavefronts, which are different in the diffracted waves. The interference of the waves
caused by this phase shift produces the diffraction patterns.
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Powder X-ray diffraction, or PXRD, uses fine powders instead of a single crystal to
determine the structural composition and morphology of materials[109]. Similar to single
crystal XRD, PXRD is also a very versatile and non-destructive technique and therefore
became very convenient and popular, widely used in structural determination of materials,
especially for materials that are impossible or difficult to grow single crystals that are
sufficiently good for single-crystal X-ray diffraction[108]. In the phase characterization
experiments, the presence of the Braggs’ peaks (typically sharp and intense peaks) indicates
that the material has long-range order and it is crystalline, while the absence of Braggs’
peaks shows that the material has no long-range order and it is amorphous[109]. Amorphous
materials however will still have some broad features in the powder XRD diffractogram,
which is from the short-range orders[109]. The position and relative intensity of the peaks
are determined by the structure (such as space group) of the crystal and therefore can be used
to identify the crystal structure of materials[109]. However, one limitation of powder XRD is
that as the particle size become smaller, the Braggs’ peaks will be broadened; at particle size
below 2 nm, the peaks may not be able to identify[110].

In this study powder XRD will be used as the primary tool to characterize the phase
structure of the samples. For silica aerogel samples, there should be no Braggs’ peak present
in the powder XRD patterns, since it is an amorphous material and has no long-range orders.
However, short range order still present in silica aerogels, which will result in a broad bump
in the powder XRD patterns, and will be used to identify the aerogel structure. An example
of powder XRD patterns of a silica aerogel sample is shown in Figure 2.15 (Figure reprinted
from [111] under the Creative Commons Attribution License).

Figure 2.15 A typical powder XRD diffractogram of a silica aerogel sample, which features a broad
bump from the short-range order of silica. The absence of Braggs’ peak indicates that it is an
amorphous materials. Figure re-printed from [111].
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In the phase characterization of silica aerogel experiments, when Braggs’ peaks are
present a sample, it is an indication that there is at least one extra crystalline phase in the
sample and therefore it is not phase pure. Single-site incorporation of hetero-atoms in the
silica structure should not produce any crystalline structure, therefore the powder XRD
patterns should still show an amorphous phase and no crystalline phase. If crystalline phases
are present, it is typically due to the precursor not being able to incorporate into the network,
or the addition of precursor reacted with other reactants and produced a crystalline product
(which is also not in the network).

In the experiments to synthesize MeAlPO-5 samples, the samples should be crystalline
and therefore should produce specific Braggs’ peaks, of which the reflection conditions will
depend on the crystal structure. Incorporation of hetero-atoms into the framework through
isomorphous substitution should retain the crystal structure AFI and therefore produce
reflections at the same diffraction angles (given the X-ray wavelength constant). The crystal
parameters of phase pure AlPO-5 (AFI) was found on the zeolite database[85] and the powder
XRD data using the X-ray from Cu-Kα1 is shown in Figure 2.16.
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Figure 2.16 Powder XRD patterns of phase pure AFI structure using X-ray from Cu-Kα1 (λ = 1.5406).
Powder data acquired from zeolite database[85].
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2.5.2 N2 Adsorption-desorption analysis

The Brunauer-Emmett-Teller (BET) theory was first established by Stephen Brunauer, Paul
Hugh Emmett, and Edward Teller in 1938[112]. Based on the Langmuir theory, BET theory
is a model to describe the physical adsorption of gas molecules onto solid surfaces. It further
extends the Langmuir theory, which only assumes single layer physical adsorption of gas
molecules on the surface, to a model that can describe multilayer gas physical adsorption
[113] [114].

In order to determine the surface area of a material, one can in principle follow a simple
approach: if there is a type of inert gas (such as nitrogen or argon) that can adsorb onto
the surface universally and forms a complete monolayer of the gas molecules, the surface
area can be simply calculated by counting the number of the gas molecules used to form the
monolayer and multiply by the area occupied by one such molecule. However in reality the
gas molecules will easily adsorb beyond the first layer and have multiple layers of molecules
on the surface. For porous systems, the gas molecules will also condense and fill in the
pores. In facts, the narrower the pores, the easier nitrogen gas will condense into them,
which is called the capillary condensation effect and can be described by the Kelvin equation
[113]. One can in facts take advantages of this effect to determine the surface area. For
mesoporous materials (which is relevant to this project), a monolayer will form at relatively
low relative pressure, and as the pressure approaches the saturation pressure, multilayers
will build up until all the pores are fully filled by the gas due to the capillary condensation
effect, which arrives at the saturation pressure. When the pressure of the gas is reduced, the
departure of gas molecules from the pores will show a hysteresis effect, in which case the gas
molecules have to overcome the capillary condensation energy in order to leave the pores,
resulting a "delay" of the gas molecules departing the pores (the gas leave the pores at a
lower equilibrium pressure, compares to the pressure it enters) [113]. This hysteresis forms a
type IV isoterm, and can be used to determine the surface area and pore distribution. The
resulting BET specific surface area equation can be written as [115]:

p
Vads · [(po − p)]

=
c−1
c ·Vm

(
p
po )+

1
c ·Vm

(Eq. 2.6.2)

where V is the total volume of the gas adsorbed, Vm is the quantity of gas adsorbed in
monolayer, p is the equilibrium pressure of the adsorbate at a certain temperature, po is the
saturation pressure at this temperature, and c is the BET constant.
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Using the BET equation above, one can generate a linear plot of p
Vads·(po−p) for the

dependent variable vs. the independent variable p
po , which is the relative pressure. An

example of a typical BET plot of a real sample is shown in Fig.2.17
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Figure 2.17 An example of BET plot to determine the specific surface area.

The quantity of gas adsorbed in monolayer, Vm, and the BET constant c, can be related
to the slope and intercept of the fitted line, k and b, respectively, by

V m =
1

k+b
(Eq. 2.6.3)

c = 1+
k
b

(Eq. 2.6.4)

The total surface area can then be calculated from the value of the slope and intercept,
which can be written as:

Stotal =
vm ·ao ·NA

V
(Eq. 2.6.5)

Where Stotal is the total surface area of the sample, a0 is the adsorption cross section of
the gas molecule (i.e. nitrogen), NA is the Avogadro’s number, and V is the molar volume of
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the adsorbed gas. Subsequently, the specific area can be simply calculated by dividing the
total area by the mass of the sample:

So =
Stotal

m
=

vm ·ao ·NA

m ·V
(Eq. 2.6.6)

In this study BET analysis will be used to determine the specific surface area and porosity
of the samples. According to IUPAC, in most cases the physisorption isotherms can be
classified into 6 different types[116], as shown in Figure 2.18a.

(a) (b)

Figure 2.18 IUPAC classification of physisorption isotherms. (a). The 6 types of adsorption-desorption
isotherms. (b). The 4 types of hysteresis. Figure re-printed from [116], copyright ©1985 IUPAC).

Among the six types of physisorption isotherms, the most relevant ones for this study is
the type I isotherm and type IV isotherm. Type I isotherm typically represents a microporous
material, in which the limiting uptake of the gas is from the micropore volume instead of the
surface area[116]. This would likely be the case of AlPO-5 samples, which is a microporous
material. Type IV isotherm features a hysteresis loop between the adsorption and desorption
curves, which is due to the capillary condensation within the mesopores and limits the uptake
at higher relative pressure[116]. This would be in the case of silica aerogel samples, where
mesopores are abundant and has a large surface area.

IUPAC also classified the hysteresis into four categories, as shown in Figure 2.18b[116].
Type H1 hysteresis is believed to be an indication that the porous material may be consists of
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uniformly sized sphere, with relatively narrow pore size distribution[116]. Type H2 hysteresis
is said to be not completely understood, but in a simplified picture it was understood as
corresponding to the difference between the mechanism of the condensation process and
the evaporation process[116]. Type H3 hysteresis was understood to be associated with
the aggregation of particles with plate-like shape[116]. Finally, type H4 hysteresis was
understood as from slit-like pores and indicating the microporosity of the material[116].

The pore size distribution will also be plotted in this work, as it is a useful tool to
characterize the types of pores present in the sample by their sizes. A classical model
will be used in this work for the pore size distribution, based on the Kelvin equation by
Barret, Joyner, and Halenda (BJH) to interpret the adsorption-desorption isotherms[39]. This
model has accounted for the effect of multilayer adsorption and has been widely used to
illustrate the average pore size and pore size distribution, although having the limitation
that it cannot confirm the presence of micropores below approximately 1 nm[14][117]. The
pore size distribution can be calculate from either the adsorption or the desorption branch of
the isotherms; for historical and thermodynamic reasons the desorption branch was usually
favored in deriving the distribution of mesoporous materials from the isotherms[14][117].
However, using the desorption branch is also subject to misinterpretation of the pore size
distribution due to the so-call tensile strength effect (TSE) by showing a narrow peak at
approximately 3.8 - 4 nm, which is a result of forced closure of the hysteresis loop, commonly
observed when using the desorption loop[117][118]. Therefore in this study, the BJH pore
size distribution, average pore size, and cumulative pore volume will be calculated with the
adsorption branch of the isotherm.

2.5.3 Inductively coupled plasma mass spectroscopy

Inductively Coupled Plasma Mass Spectroscopy, or ICP-MS, is a sensitive and versatile
instrumental technique for analyzing the elemental compositions of samples. ICP-MS finds
a wide range of diverse applications in trace element analysis, including within materials
chemistry, water and food chemistry, environmental chemistry and toxicology, geochemistry,
etc. [119]. The advantage of using ICP-MS for trace element analysis includes ultra-
low limit of detection and higher spectral resolution, long linear range, and unlike atomic
absorption spectroscopy, in which only one element can be analyzed at a time, ICP-MS can
simultaneously analyze all elements of interests at the same time[119].

The principle of ICP-MS is straight forward. A solution containing the sample matrix is
first injected into the ionization chamber, mix with Ar gas to form an aerosol. The aerosol is
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then passes through a temperature Ar plasma, where it decomposed, atomized and ionized,
producing positively charged ions. After passing through a series of ion lenses, the ions
enter the quadrupole mass analyzer, which only allows ions at a certain m/z ratio to pass
through at a time[120][121]. Ions with different m/z ratios are analyzed sequentially in one
experimental run by tuning the AC-DC frequency of the quadrupole mass analyzer. Finally,
the ions arrive at the detector and register as electronic signal.

ICP-MS will be used in this project to analyze the elemental composition of the samples
in metal weight percentages (Me wt.%). The metal weight percentage is an important quality
factor of the sample, as it directly illustrate the among of the desired metal is actually been
introduced into the porous materials.





Chapter 3

EXPERIMENTAL

3.1 Functionalization of Silica Aerogels

3.1.1 The sol-gel procedure

The general synthesis procedures for aerogels using the sol-gel route with ambient-pressure
drying method were developed from Bhagat et al.[122][123] and further modified by Kris-
tiansen et al.[26]. There are two different routes for the sol-gel APD method, which are the
co-precursor(CP) route and the surface derivatization route (SD). In this study only the CP
route was used. The general synthesis procedures are shown in Figure3.1 as a flow chart
illustration. The synthesis can be separated into 4 stages: preparation of the sol (including
the addition of the metal precursor), adjustment of the pH (optional), surface modification
and gelation, and finally solvent evaporation. The chemical reagents involved in the synthesis
of aerogels following the sol-gel route and ambient pressure drying method are: sodium
silicate solution (Na2SiO3, 26.5 wt.%, Sigma-Aldrich), Amberlite IR 120 Hydrogen Form
(Sigma-Aldrich), hexamethyldisilazane (HMDS, 99.9%, Sigma-Aldrich), hexamethyldisilox-
ane (HMDSO, 98.5%, Sigma-Aldrich), trimethylchlorosilane (TMCS, 99%, Sigma-Aldrich),
ammonia hydroxide stock solution (NH4OH, 28%, Sigma-Aldrich), nitric acid stock solution
(HNO3, 65%, Sigma-Aldrich), n-heptane (CH3(CH2)5CH3, 99%, Sigma-Aldrich), ethanol
(C2H5OH, absolute, Sigma-Aldrich). The metal precursor for Mo-aerogels is ammonium
heptamolybdate tetrahydrate ((NH4)6Mo7O24 •4H2O, 99.98%, Sigma-Aldrich). The metal
precursor for the synthesis of Re-aerogels is either rhenium(VII) oxide (Re2O7, 99.9%,
Sigma-Aldrich), or ammonium perrhenate (NH4ReO4, 99%, Sigma-Aldrich).
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Figure 3.1 A flowchart illustration of the synthesis procedures of Me-aerogels using the sol-gel and
ambient pressure drying method

A. Preparation of the sol

The preparation of the sol is described as the following. In a typical synthesis, approximately
24.2g of concentrated sodium silicate solution was diluted with Di-water to a 8 wt.% solution.
The ion-exchange was performed using a glass column filled with approximately 80 ml of
Amberlite IR 120 Hydrogen Form. The pH of the solution was monitored both before and
after the ion-exchange, changed from approximately 13 to a final pH of 2, consistent with
previous studies[26][124][125].

Once the silicic acid colloidal solution was obtained, water soluble metal precursor (as
mentioned previously) was added into the solution. The molar relationship of each component
is shown in Table 3.1.
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Table 3.1 Molar ratio of each component in a typical synthesis of Me-aerogels using the co-precursor
route

Sample Si Me (Mo or Re) H2O HMDS HMDSO

MeAERO-n 1 x 166 3.30 3.40

B. Adjustment of the pH

The pH of the sol was measured and controlled after the metal precursor was added and fully
dissolved in the colloidal solution. In the experiments where the sol pH was increased, 5 M
ammonia solution prepared from the stock solution was added into the solution drop-wise. In
the experiments where the sol pH was decreased, 5 M nitric acid prepared from the stock
solution was added drop-wise.

C. Surface modification and gelation

Once the preparation of the sol was finalized, the surface modification (silylation) agent(s)
was added into the colloidal solution to modified the surface and catalyzed (either acid or
base) the polycondensation reaction to form the gel.

In a typical synthesis the surface modification silylation agents HMDS (99%, 3.48 g)
and HMDSO (99%, 3.56 g) were measured in two separate beakers and added into the sol
with simultaneously. The gelation typically occurred within 1-2 minutes, and has a distinct
appearance as the liquid solution turned into a form of jelly. The mixture was kept stirring
for 10 minutes to allow the gelation to complete. Subsequently, n-heptane (99%, 100 mL)
was added into the gel and allowed to stay for 24 hours at room temperature in the sealed
container.

After 24 hours, the gel was then removed from heptane and the solvent was evaporated in
an oven first at 65°C for 1080 minutes (18 hours) at a ramp rate of 5°C/min, then 85°C for
180 minutes and 150 °C for 120 minutes. The temperature program is illustrated in Figure
3.2.
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Figure 3.2 Temperature program of the final drying process to evaporate the n-heptane inside the
pores

Finally, when the dried sample was obtained, it was grounded into a fine powder. The
hydrophobicity of the sample was confirm using a simple test with water droplets, from that
the water droplets appear "floating" on the surface of the container which has some remain of
the aerogel and can move freely, instead of stick on the surface.

3.1.2 Synthesis of Me-aerogels

A. Synthesis of Mo-aerogels

Mo-aerogels were synthesized following the procedures as described in the previous section.
Two experimental parameters were varied, the Mo:Si molar ratio, and the pH of the sol
before gelation. As shown in Table 3.2. Sample MoAERO-1 to sample MoAERO-4 were
synthesized at the sol pH of 5, and varied the molar ratio from 0.05 to 0.4. Sample MoAERO-
5 and MoAERO-6 were synthesized at the molar ratio 0.2 with the sol pH adjusted to pH = 1
and pH =3, respectively. All Mo-aerogel samples were synthesized using the Mo precursor
ammonium molybdate and the silylation agents HMDS and HMDSO.
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Table 3.2 Summary of Mo-aerogel samples.

Sample Re:Si pH Silylation

MoAERO-1 0.05 5 HMDS+HMDSO
MoAERO-2 0.10 5 HMDS+HMDSO
MoAERO-3 0.20 5 HMDS+HMDSO
MoAERO-4 0.40 5 HMDS+HMDSO
MoAERO-5 0.20 1 HMDS+HMDSO
MoAERO-6 0.20 3 HMDS+HMDSO

B. Synthesis of Re-aerogels

Re-aerogels were synthesized following the procedures as described in the previous section.
Four experimental parameters were varied during the synthesis, Re : Si molar ratio, choice of
Re precursor, sol pH, and silylation agent(s), as shown in Table 3.3.

Table 3.3 Summary of Re-aerogels

Sample Re:Si sol pH Silylation Precursor

ReAERO-1 0.05 2 HMDS+HMDSO Re2O7

ReAERO-2 0.10 2 HMDS+HMDSO Re2O7

ReAERO-3 0.20 2 HMDS+HMDSO Re2O7

ReAERO-4 0.40 2 HMDS+HMDSO Re2O7

ReAERO-5 0.05 2 HMDS+HMDSO NH4ReO4

ReAERO-6 0.10 2 HMDS+HMDSO NH4ReO4

ReAERO-7 0.20 2 HMDS+HMDSO NH4ReO4

ReAERO-8 0.40 2 HMDS+HMDSO NH4ReO4

ReAERO-9 0.20 7 HMDS+HMDSO NH4ReO4

ReAERO-10 0.20 8 HMDS+HMDSO NH4ReO4

ReAERO-11 0.20 9 HMDS+HMDSO NH4ReO4

ReAERO-12 0.20 12 HMDS+HMDSO NH4ReO4

ReAERO-13 0.20 1 HMDS+HMDSO NH4ReO4

ReAERO-14 0.20 2 TMCS NH4ReO4

ReAERO-1 to ReAERO-2 were synthesized with the metal precursor Re(VII) oxide, the
sol pH = 2, the silylation agents HMDS and HMDSO, with varied molar ratio from 0.05 to
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0.40. Sample ReAERO-5 to ReAERO-8 were synthesized with the metal precursor ammo-
nium perrhenate, the sol pH = 2, the silylation agents HMDS and HMDSO, and also with
varied molar ratio from 0.05 to 0.40. Sample ReAERO-9 to ReAERO-13 were synthesized
using the molar ratio 0.2, the metal precursor ammonium perrhenate, the silylation agents
HMDS and HMDSO, but with the sol pH varied at pH = 7, pH = 8, pH = 9, pH = 12, pH
= 1, respectively. Lastly, sample ReAERO-14 were synthesized with the metal precursor
ammonium perrhenate, the sol pH = 2, but with a different silylation agent TMCS.

3.1.3 The post-gelation wash method

The washing method was performed on one sample (ReAERO-5) during the stage in which
the gelation has completed and before heptane was added for drying. Immediately upon
completion of the gelation, the samples were immersed and washed, separately and inde-
pendently, in ethanol (approximately 75 - 100 ml) for a few minutes, before the ethanol was
decanted. This wash was repeated and performed to a total number of 4 times. The second
step of the wash was to use of heptane (approximately 75 - 100 ml) to wash the samples for
4 times, following the similar procedure as in the first step. When this was completed, the
samples were immersed in an approximately 100 ml solution, consists of 20 vol.% of HMDS
and 80 vol.% of heptane. The samples were kept in this solution for 24 hours.

In the final step of the wash, the liquid was decanted and the samples were washed again
with 75 - 100 ml of dry heptane, following the similar procedure as the second step, to remove
the unreacted excess silylation agent. Upon completion of this wash treatment, the samples
were dried in the oven following the procedure described previously.

3.1.4 Annealing

The annealing of the aerogel samples were performed as the following: a portion of the as-
prepared sample in a container was placed inside the annealing furnace at room temperature
in the air. The furnace was programmed to achieve 450°C at a ramp rate of 5°C/min, and to
dwell for 3 hours. After the program was completed, the sample was left inside the furnace
until cooled to room temperature.
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3.2 Functionalization of AlPO-5

3.2.1 Synthesis procedures of MeAlPO-5

The introduction of metal ions (Me) into the aluminophosphate AlPO-5 molecular sieves was
attempted by isomorphous substitution following the modification of synthesis conditions as
described in [35], in which the metal precursor was added into the reactant mixture before
crystallization by hydrothermal synthesis. In the study to synthesize MeAlPO-5, the SDAs
attempted were triethylamine (TEA, 99%, Sigma-Aldrich), tetraethylammonium hydroxide
solution (TEAOH, 40 wt.%, Sigma-Aldrich), tripropylamine (TPA, 98%, Sigma-Aldrich),
N,N-Dicyclohexylmethylamine (MDCHA, 97%, Sigma-Aldrich), Tetraethylenepentamine
(TEPA, 99%, SigmaAldrich). An overview of the synthesis parameters is shown in Table 3.4,
in which x is the molar composition of Me in relation to Al and was varied between 0.05 to
0.1, and SDA is the choice of structure directing agent.

Table 3.4 Molar ratio of each component in a typical synthesis of MeAlPO-5.

Sample Al P Me SDA H2O

MeAlPO5-n 1 1 x 0.675 20

Two different synthesis methods have been attempted in order to introduce Me into AlPO-
5, the 1-solution method and the 2-solution method. The 1-solution method follows a similar
procedure as described in [35]. In such a typical synthesis ortho-phosphoric acid (H3PO4,
85%, 11.60 g, Sigma-Aldrich) was added into Di-water (31 g) under gentle stirring, followed
by the metal precursor. Once the metal precursor was fully dissolved and a homogeneous
solution was formed, pseudoboehmite (AlOOH, 71.8 wt.%, 7.11 g) was added into the
mixture with vigorous stirring until a uniform suspension is formed. Subsequently, the
selected SDA was added into the reactant mixture. The beaker was then sealed with parafilm
and kept stirring for an addition of 3 hours to obtain a homogeneous gel. The resulting gel
was transferred into a 100 mL stainless steel autoclave with a Teflon liner, and placed into an
oven for crystallization at selected temperatures. A flowchart illustration of the one solution
method is shown in Figure 3.3.
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Figure 3.3 A flowchart illustration of the synthesis procedures of MeAlPO-5 using the one-solution
method.

The 2-solution method was attempted in the synthesis of MoAlPO-5, ReAlPO-5, and
GeAlPO-5. In this method, instead of adding all the components in one suspension mixture,
the metal precursor was first dissolved into the SDA. In a typical synthesis using the 2-
solution method, solution A was prepared by adding ortho-phosphoric acid (H3PO4, 85%,
11.60 g, Sigma-Aldrich) into Di-water (17.60 g), followed by pseudoboehmite (AlOOH,
71.8 wt.%, 7.11 g) under vigorous stirring. Solution B was prepared by dissolving the metal
precursor into the SDA to form a homogeneous and clear solution. Once both solutions
were ready, solution B was added into solution A, and allowed to stir for 3 hours until a
homogeneous gel was obtained. Subsequently, the gel was transferred into a 100 ml stainless
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steel autoclave with Teflon liner and crystallized in the oven with selected temperature and
time. A flowchart illustration of the one solution method is shown in Figure 3.4

Figure 3.4 A flowchart illustration of the synthesis procedures of MeAlPO-5 using the two-solution
method.

In the case of insoluble metal precursor with the 1-solution method, HF was used to
assist the dissolution. GeAlPO-5 samples were synthesized using the Ge(IV) precursor GeO2,
which is insoluble in water, common acids and alkali, but it is soluble in HF. GeAlPO-5
samples synthesized using the 1-solution method used HF to dissolve GeO2 in a separate
beaker, then added into the reaction mixture and follows the subsequent synthesis procedures.

After the crystallization the obtained samples were washed and centrifuged for sedi-
mentation for 4 times with approximately 80 ml of Di-water, then dried in an oven at 70°C
overnight.
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3.2.2 Synthesis of MeAlPO-5 (Me=Mo, Re, Ge)

In the attempt to achieve the isomorphous substitution of Me into AlPO-5, several synthesis
parameters have been varied. The parameter study includes using different metal precursors,
SDAs, crystallization temperatures, crystallization times, and synthesis methods (1-solution
or 2-solution methods). 2-solution method was attempted with the SDA MDCHA, while
1-solution method was attempted with TEAOH, TEA, MDCHA, and TPA. A summary of
the parameter study in the attempt to synthesize MoAlPO-5 is shown in Table 3.5. All the
MoAlPO-5 attempted used the molar ratio Mo:Al = 0.05.

Table 3.5 An overview of the parameter study to synthesize MoAlPO5 using isomorphous substitution.

Sample Precursor SDA Sol. Method Temp. Time (hr)

MoAlPO5-1 MTO TEAOH(40%) 2-Sol 150 24
MoAlPO5-2 AM TEAOH(40%) 2-Sol 150 24
MoAlPO5-3 MTO TEAOH(40%) 2-Sol 200 24
MoAlPO5-4 AM TEAOH(40%) 2-Sol 200 24
MoAlPO5-5 AM MDCHA 1-Sol 150 48
MoAlPO5-6 AM TEAOH(40%) 1-Sol 180 24
MoAlPO5-7 AM TEAOH(40%) 1-Sol 180 48
MoAlPO5-8 AM TPA 1-Sol 180 24
MoAlPO5-9 AM TEA 1-Sol 200 24

MoAlPO5-10 AM TEA 1-Sol 200 72
MoAlPO5-11 AM TEA 1-Sol 200 96
MoAlPO5-12 AM TEA 1-Sol 200 168
MoAlPO5-13 AM MDCHA 1-Sol 150 24
MoAlPO5-14 AM MDCHA 1-Sol 150 96
MoAlPO5-15 AM MDCHA 1-Sol 200 24
MoAlPO5-16 AM MDCHA 1-Sol 200 48
MoAlPO5-17 AM MDCHA 1-Sol 200 96

Similar experiments were performed in the first attempt to search direct synthesis routes
for ReAlPO-5. The available precursors were rhenium (VII) oxide and ammonium perrhenate
(APR). The 1-solution method was attempted using the SDA TEA, while the 2-solution
method was attempted using the SDAs TEPA and TPA. In all synthesis the precursor used
was Re2O7. An overview of synthesis parameters of ReAlPO-5 in this study is shown in
Table 3.6.
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Table 3.6 An overview of synthesis parameters of ReAlPO5 using isomorphous substitution. All
samples were synthesized using the precursor rhenium(VII)oxide.

Sample Re:Al SDA Sol. Method Temp. Time (h)

ReAlPO5-1 0.05 TEA 1-Sol 200 16
ReAlPO5-2 0.05 TEA 1-Sol 200 24
ReAlPO5-3 0.05 TEA 1-Sol 200 48
ReAlPO5-4 0.05 TEA 1-Sol 200 96
ReAlPO5-5 0.05 TEA 1-Sol 150 96
ReAlPO5-6 0.10 TEA 1-Sol 200 96
ReAlPO5-7 0.03 TEPA 2-Sol 200 48
ReAlPO5-8 0.03 TPA 2-Sol 200 48

An indirect route to synthesize ReAlPO-5 was also attempted via the intermediate product
GeAlPO-5. The synthesis procedures for GeAlPO-5 followed slightly modified 1-solution
method. In a typical synthesis ortho-phosphoric acid (85%, 11.60 g) was added into Di-water
(25 g) under gentle stirring in a plastic beaker, followed by pseudoboehmite (71.8 wt.%, 7.15
g). GeO2 (99%, Sigma-Aldrich, 0.53 g) was added into HF (40 wt.%, Sigma-Aldrich, 0.25
g) in a separate plastic beaker, followed by of Di-water (6 g). The mixture of GeO2 and
HF was transferred into the beaker containing the rest of reactants, and kept stirring for one
hour. Sample GeAlPO5-3 was heated to 95 °C during the stirring, while the other were at
room temperature. Afterward the SDA TEA was added into the reaction mixture and allowed
to stir for another 2 hour until a homogeneous gel was obtained. Subsequently the gel was
transferred into a 100 mL stainless steel autoclave with Teflon liner and put in the oven for
hydrothermal crystallization. The washing and centrifuging of the samples were the same as
described previously. A summary of GeAlPO-5 samples is shown in Table 3.7.

Table 3.7 An overview of synthesis parameters of GeAPO5 using isomorphous substitution.

Sample Ge:Al Precursor SDA Sol. Method Temp. Time (hr)

GeAlPO5-1 0.10 GeO2 TEAOH 2-Sol 200 90
GeAlPO5-2 0.05 GeO2 TEA 1-Sol 200 90
GeAlPO5-3 0.05 GeO2 TEA 1-Sol 200 90
GeAlPO5-4 0.05 GeO2 TEA 1-Sol 200 180
GeAlPO5-5 0.05 GeO2 TEA 1-Sol 180 90
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3.2.3 Calcination

To remove the template (SDA) and evacuate the porous structure, the as-prepared samples
were calcined in the air inside a calcination oven. The temperature profile is shown in Figure
3.5: heating at 1°C/minute to 550 °C and dwelled for 6 hours. The calcined samples were
allowed to cool down to room temperature inside the oven.
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Figure 3.5 Temperature program to the template (SDA).
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3.3 Structure Characterization

3.3.1 Powder X-ray diffraction

The samples for powder XRD measurements were prepared by grinding the original materials
to a fine powder, and distributed onto Si sample holder plates with a flat surface. The sample
holders were placed on the operation sample charger of the instrument and subsequently
placed to the detection channel sequentially and automatically.

The measurements were performed on a Bruker AXS D8 Advance diffractometer. The
instrument operated with a Cu target X-rays tube with 40 kV plate voltage and 40 mA current.
The X-rays used is Cu kα1 line at 1.5406 Å. The scans were set to record intensity data from
2θ = 5 - 75 degrees, with 0.01°step size and variable divergence slit such that the illuminated
length on the sample always remain 6 mm. The data collection was set to record for 30
minutes for each sample.

3.3.2 ICP-MS

A. Sample decomposition

The sample decomposition was performed using a mixture of ultra-pure 40% HF and 65%
HNO3. Since HF was used, all the sample preparation containers used were made of Teflon.
In a typical sample preparation, 20-35 mg of a sample was dissolved in a mixture of 0.7 g of
40% HF and 2.1 g of 65% HNO3 acid solution. The sample was mixed in this acid solution
for at least 30 minutes for a complete digestion. The fully-digested sample mixture was
diluted with di-ionized water to a final volume of approximately 216 mL, and was stored in a
sealed Teflon sample tube for instrumental analysis.

B. Instrumental analysis

The instrumental analysis was conducted using a Thermo Scientific ELEMENT-2 ICP-MS
spectrometer equipped with prepFAST sample autodilution system (Elemental Scientific)
and SC-2 DX autosampler (Elemental Scientific). Instrumental analysis was operated by
Senior Engineer Syverin Lierhagen at the Department of Chemistry, NTNU.

3.3.3 Surface and porosity characterization

The surface and porosity measurements were conducted using a Micromeritics TriStar 3000
Surface Area and Porosity Analyzer. In a typical experiment, approximately 0.02 - 0.5 g of
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the sample was used for a measurement. Prior to the analysis, the samples were degassed
using a Micromeritics VacPrep 061 degaser. The degassing was conducted at 250°C, under a
vacuum of approximately 150 mbar pressure for 24 hours.

Upon completion of the degassing, the sample tubes were attached to the analyzer. The
adsorption-desorption isotherm was obtained using N2 gas at liquid nitrogen temperature (78
K). The BET specific surface area was calculated according to the BET theory using 5 points
at low pressure from the adsorption isotherm.

The adsorption-desorption isotherm was obtained using 48 points measurement for
adsorption, from P/Po = 0.01 to 0.98, and 25 points for desorption. The shape of the isotherm
was used to determine the type of adsorption and therefore giving information about the
characteristics of the pores. The pore size distribution was determined by employing the
Barrett-Joyner-Halenda (BJH) method to the adsorption-desorption isotherm.



Chapter 4

RESULTS

4.1 Functionalization of Silica Aerogels

4.1.1 Observations of the aerogel synthesis

A. Preparation of the sol

In the first step of the aerogel synthesis, the ion-exchange of the sodium silicate solution
yielded a clear and colorless silicic acid solution with a pH approximately equals to 2. In
the Mo-aerogels experiments after the precursor ammonium molybdate was added, the
solution has no apparent change and remains a clear and colorless liquid. In the Re-aerogels
experiments, both rhenium precursors dissolved quickly in the silicic acid solution and
yielded a clear and colorless liquid. In the Mo-aerogel synthesis the pH of the colloidal
solution raised to approximately 5 after the precursor was added. On the other hand in the
Re-aerogel synthesis the pH of the colloidal solution remains at 2 after the Re precursor
(either Re2O7 or NH4ReO4) was added.

B. Adjustment of sol pH

In the Mo-aerogel experiments, when HNO3 was added into the solution to lower the pH, the
color of the solution changed to a bright yellow. It appeared that as more HNO3 was added
into the solution, the yellow color became deeper. After gelation, the gel first took a bright
yellow color the same as the solution before gelation, then in the period of approximately
10 minutes, the colors became fainter and fainter, eventually turned into a hint of light
blue. The color was more noticeable when comparing to an unmodified pH (pH=5) sample,
which remains colorless during the entire synthesis. On the other hand, in the Re-aerogels
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experiments, neither increasing the pH using ammonia solution nor decreasing the pH using
HNO3 changed the color of the solution and the subsequent gel, which are both colorless.

C. Gelation

The gelation happened relatively fast after the surface modification agents were added,
typically within 1-2 minutes. In both Mo and Re experiments, as more metal precursor was
added, the gelation time decreased. It is worth mention that Mo-aerogel colloidal solution
will turn into a gel relatively fast within 1 minute after the precursor was added, even without
adding the surface modification agents, yielding a hydrogel. One possible reason for this
phenomena is because the precursor raised the pH of the solution and therefore triggered the
base-catalyzed polycondensation reaction of silicic acid. In comparison, the Re-aerogel sol
with either precursors was relatively stable within the time of the experiment before solvent
exchange (1-2 hours), although it will eventually turn into a hydrogel after 1-2 days if no
silylation agent is added. In all experiments following the co-precursor route it has been
given particular caution that that the solution remained a liquid when the surface modification
agents were added.

D. Solvent exchange

Solvent exchange happened as the obtained gel was quickly immersed in n-heptane, and no
apparent change was observed during this process. The surface modification reaction typically
happens within 3 hours, but the aerogels were allowed to stayed immersed in heptane for 24
hours to assure the completion of the reaction. In all the Mo-aerogel experiments which the
pH are unmodified, as well as all the Re-aerogel experiments which included modified pH
samples, the obtained "heptane-gel" (since the pores are now filled with heptane) appeared
to be colorless. In the Mo-aerogel experiments which the pH were modified with HNO3, it
appeared that the light blue color was transferred to the aqueous phase, and the organic phase
as well as the heptane-gel appeared colorless.

E. Sample appearance

After drying in the oven to evaporate the heptane, all the obtained aerogel samples were
white solids. The hydrophobicity of the aerogels was confirmed with a simple test, by
pipetting small drops of water onto a container which has some residue aerogel sample. The
appearance of a typical sample and the hydrophobic test is shown in Figure 4.1.
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(a) (b)

Figure 4.1 (a). After evaporation of the n-heptane, a white solid was obtained. All the solids were
then further ground into fine powders (b). A simple test with water confirmed the obtained sample is
hydrophobic.
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4.1.2 Powder XRD phase determination of Me-aerogels

A. Phase determination of Mo-aerogels

The phase of the Me-aerogel samples was characterized using powder X-ray diffraction
(PXRD). Sample MoAERO-1 to sample MoAERO-4 were synthesized at pH = 5 using
ammonium molybdate as the metal precursor, at various Mo : Si molar ratios. The powder
XRD patterns of these Mo-aerogel as-prepared and annealed samples are shown in Figure
4.2.
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Figure 4.2 Powder XRD patterns of as-prepared and annealed Mo-aerogels synthesized at pH=5 with
varying molar ratios.

The powder XRD patterns indicate that all the samples are amorphous and the reflections
consistent with the reflection of plain silica aerogels as described in chapter 2. Changing the
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Mo : Si molar ratio did not appear to affect the XRD patterns for the samples. After annealing
at 450°C for 3 hours all these samples remain amorphous. Varying the sol pH during the
syntheses, the diffraction patterns of sample MoAERO-5 (pH = 1) and MoAERO-6 (pH = 3)
indicate that these samples are also amorphous with the absence of Braggs’ peaks, as shown
in Figure 4.3. The annealed samples are also amorphous, but the treatment seems to have
some effects that altered the shape of the diffraction patterns.
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Figure 4.3 Powder XRD diffractogram of as-prepared and annealed Mo-aerogel samples synthesized
at adjusted pH.

In summary, the phase analysis of all Mo-aerogel samples synthesized at various Me:Si
molar ratio, various pH of the sol, and post-treatment with annealing, given no Braggs’ peaks
in the powder XRD patterns and therefore are amorphous.

B. Phase determination of Re-aerogels

The phase of Re-aerogel samples was also determined using powder X-ray diffraction.
Sample ReAERO-1 to ReAERO-4 were synthesized using the Re(VII) precursor Re2O7

with the sol pH = 2 at various Re:Si molar ratios. The powder XRD patterns are shown in
Figure 4.4, at all molar ratios the synthesis gives Re-aerogel samples with a combination of
amorphous and crystalline phase.
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Figure 4.4 Powder XRD patterns of the as-prepared Re-aerogel samples with varying Re:Si molar
ratios.
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Figure 4.5 Powder XRD patterns of the annealed Re-aerogel samples using Re2O7 as the metal
precursor and at various Re:Si molar ratios.
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Annealing of sample ReAERO-1 to ReAERO-4 eliminated the crystalline phase and
left only the amorphous phase present, as shown in Figure 4.5. The exact nature of this
phenomenon is unknown, but it is likely because the instability of NH4ReO4 upon heating and
becoming Re2O7, which is known to be volatile in the air, departing from the samples[126].

The amorphous phase was easily identified from the short range order of the silica aerogel.
Using the powder diffraction database The International Centre for Diffraction Data, the
crystalline phase which features the sharp Braggs’ peaks was identified from the reflections
of the rhenium salt NH4ReO4, as shown in Figure 4.6. The source of ammonia is believed
to be from the surface modification reaction between silylation agent HMDS and the siloxy
groups. From the powder XRD patterns of as-prepared ReAERO-1 to ReAERO-4 samples it
can also be seen that as the molar ratio Re : Si increased, the intensity of the Braggs’ peaks
of ammonium perrhenate became higher.
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Figure 4.6 Analysis of the diffraction patterns with database shows that the Braggs’ peaks matching
with the powder diffraction patterns of ammonium perrhenate

Sample ReAERO-5 to sample ReAERO-8 were synthesized using a different Re(VII) pre-
cursor, ammonium perrhenate (APR), with other synthesis parameters identical to ReAERO-1
to ReAERO-4. The powder XRD patterns of these samples are similar to that of ReAERO-1
to ReAERO-4, and are shown in Appendix Figure A.1. The patterns show that using the
precursor ammonium perrhenate also produced samples with a mixed phase of amorphous
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silica aerogel and crystalline APR. Unlike in the synthesis when Re2O7 was used as the metal
precursor, when APR was used, the intensity of the reflections did not follow a clear trend as
the Re:Si ratio increases. Similar to when Re2O7 was used as precursor, annealing of sample
ReAERO-5 to ReAERO-8 also eliminated the crystalline phase and left only the amorphous
phase present, which are also shown in Appendix Figure A.2.

For the pH adjusted Re-aerogels, it appears that either increasing or decreasing the pH
will still result in samples with a combination of amorphous and crystalline phase. The
powder XRD patterns of as-prepared Re-aerogels synthesized with adjusted sol pH show
similar reflections as ReAERO-1 to ReAERO-4, which are shown in Appendix Figure A.3.
Sample ReAERO-12, of which the pH of the sol was adjusted to 12 using ammonia solution,
was not formed and the sol remained liquid after silylation agents were added. After the
annealing, the crystalline phase was eliminated, as shown in Appendix Figure A.4. Sample
ReAERO-14 was synthesized with NH4ReO4 and at the Re:Si molar ratio 0.2, while changing
the silylation agent to TMCS. The powder XRD patterns of both as-prepared and calcined
samples are shown in Appendix Figure A.3 and Figure A.4. Similar to the base catalyzed
aerogels, when TMCS was used, crystalline phase of NH4ReO4 was also present in the
powder XRD patterns of the as-prepared samples, and after annealing, the crystalline phase
was also disappeared.
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Figure 4.7 Powder XRD patterns of Re-aerogels with the wash post-treatment comparing to the
as-prepared sample.
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The post-gelation wash method was performed on sample ReAERO-5, and the powder
XRD patterns comparison of as-prepared sample and washed sample are shown in Figure 4.7.
The effect of washing appeared to be similar to annealing; both of them will eliminate the
crystalline phase of NH4ReO4 and left only the amorphous phase from the aerogel.

In summary, the synthesis of Re-aerogels using the sol gel route and ambient pressure
drying method resulted in a combination of both and amorphous and a crystalline phase in
all the as-prepared samples. The ammonium perrhenate crystalline phase remains present in
synthesis at various Re:Si molar ratio, metal precursors, and sol pH. For all samples annealing
at 450°C eliminated the crystalline phase and left only the amorphous phase. An overview of
all the Re-aerogel samples in the phase determination experiment is shown in Table 4.1.
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Table 4.1 Summary of phase determination of Re-aerogels using powder X-ray diffraction.

Sample Re:Si pH Silylation Precursor Phase

ReAERO-1 0.05 2 HMDS+HMDSO Re2O7 Amo+Crys
Annealed Amo

ReAERO-2 0.10 2 HMDS+HMDSO Re2O7 Amo+Crys
Annealed Amo

ReAERO-3 0.20 2 HMDS+HMDSO Re2O7 Amo+Crys
Annealed Amo

ReAERO-4 0.40 2 HMDS+HMDSO Re2O7 Amo+Crys
Annealed Amo

ReAERO-5 0.05 2 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed/washed Amo/Amo

ReAERO-6 0.10 2 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-7 0.20 2 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-8 0.40 2 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-9 0.20 7 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-10 0.20 8 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-11 0.20 9 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-12 0.20 12 HMDS+HMDSO NH4ReO4 Not formed

ReAERO-13 0.20 1 HMDS+HMDSO NH4ReO4 Amo+Crys
Annealed Amo

ReAERO-14 0.20 2 TMCS NH4ReO4 Amo+Crys
Annealed Amo
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4.1.3 ICP-MS elemental composition analysis of Me-aerogels

A. ICP-MS results of Mo-aerogels

The Mo-aerogel samples were analyzed using ICP-MS and an illustration of the results is
shown in Figure 4.8. A complete summary of the results is shown in Table 4.2.
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Figure 4.8 (a). Comparison of as-prepared and annealed Mo metal uptake in samples synthesized
with different Mo:Si molar ratio. (b). Comparison of as-prepared and annealed Mo metal uptake in
samples synthesized with different sol pH.
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The ICP-MS results of Mo-aerogels show that the uptake of metal into the aerogel is
relatively low (< 1 wt.%), indicating the the majority of molybdenum atoms were remain
in the aqueous phase after gelation. Increasing the Mo : Si molar ratio in the sol resulted in
higher metal content in the aerogels. Changing the pH of the sol before gelation appears to
influence the metal uptake, but the difference is not significant. Annealing of the samples did
influenced the metal content of the samples, but the trend is unclear.

Table 4.2 ICP-MS results of Mo-aerogels

Sample Mo:Si Sol pH Mo wt.% Si wt.%

MoAERO-1 0.05 5 0.07 34.4
Annealed 0.08 38.5

MoAERO-2 0.10 5 0.30 34.0
Annealed 0.25 35.0

MoAERO-3 0.20 5 0.33 34.7
Annealed 0.26 36.8

MoAERO-4 0.40 5 0.56 30.2
Annealed 0.66 43.3

MoAERO-5 0.20 1 0.44 26.7
Annealed 0.54 34.1

MoAERO-6 0.20 3 0.37 28.7
Annealed 0.52 40.4
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B. ICP-MS results of Re-aerogels

In the Re-aerogel case, an illustration of the ICP-MS results is shown in Figure 4.9 and Figure
4.10. A complete summary of the ICP-MS analysis results is shown in Appendix Table 4.3
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Figure 4.9 Comparison of Re metal uptake in as-prepared and annealed samples synthesized with the
metal precursor (a). Re2O7 and (b). ammonium perrhenate.

As shown in Figure 4.9a, samples synthesized using the metal precursor Re2O7 at different
Re : Si molar ratios shown a trend that as the molar ratio increased, the metal content also
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increased. Annealing of the samples at 450°C caused significant losses of the Re content.
When synthesized with the metal precursor NH4ReO4, as shown in Figure 4.17b, although
samples synthesized with higher molar ratio still have higher uptake, but the trend is not as
obvious, since the uptake fluctuated as the molar ratio increased. Annealing of the samples at
450°C also caused significant decrease of the Re content.
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Figure 4.10 Comparison of Re metal uptake in as-prepared and annealed samples synthesized with
different sol pH. The molar ratio in the sol was 0.2Re : Si.

The comparison of samples synthesized at different sol pH with other synthesis parameters
constant is shown in Figure 4.10. Clearly, at higher pH (pH > 7), the uptake of Re increased
significantly. The data suggested that at sol pH = 8 (sample ReAERO-10) the uptake of Re is
at its maximum among the samples tested. For samples synthesized at pH = 1 (ReAERO-13)
and at pH = 8 (sample ReAERO-10), it appears that after annealing, the Re content increased
instead of decrease. The increase of metal content normally can be explained by the departure
of the hydrophobic -R groups on the surface. However, since NH4ReO4 or Re2O7 are volatile
upon heating, Re-aerogels typically have a lower Re content after annealing.
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Table 4.3 ICP-MS results of Re-aerogels

Sample Re:Si Sol pH Re wt.% Si wt.%

ReAERO-1 0.05 2 0.21 35.2
Annealed 0.04 38.1

ReAERO-2 0.10 2 0.12 30.3
Annealed 0.09 39.9

ReAERO-3 0.20 2 1.15 31.1
Annealed 0.21 39.6

ReAERO-4 0.40 2 0.87 34.1
Annealed 0.44 37.7

ReAERO-5 0.05 2 0.27 32.8
Annealed/Washed 0.09/0.04 39.6/37.5

ReAERO-6 0.10 2 0.33 30.7
Annealed 0.08 34.9

ReAERO-7 0.20 2 0.59 26.5
Annealed 0.17 33.1

ReAERO-8 0.20 2 0.32 30.2
Annealed 0.20 35.8

ReAERO-9 0.20 7 0.45 33.3
Annealed 0.20 38.6

ReAERO-10 0.20 8 6.61 41.2
Annealed 7.28 34.8

ReAERO-11 0.20 9 3.15 34.8
Annealed 1.46 39.5

ReAERO-13 0.20 1 0.38 29.5
Annealed 0.57 41.8

ReAERO-14 0.20 2 3.52 27.2
Annealed 1.15 32.6

Lastly, ICP-MS analysis shown that the post-gelation wash method will eliminate almost
all the Re in the sample, as shown in Figure 4.11. Clearly, after the washing, most of the Re
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has been removed from the sample, consistent with the powder XRD results, which showing
the disappearance of NH4ReO4 reflections after the washing. This is another evidence that
the rhenium species exists in a separate phase residing in the pores of silica aerogels.
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Figure 4.11 Comparison of Re metal uptake in as-prepared, annealed, and washed Re-aerogel samples.
The sol molar ratio Re:Si was 0.05.
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4.1.4 N2 adsorption-desorption analysis of Me-aerogels

A. Analysis of Mo-aerogels

N2 surface area and porosity analysis was performed on selected samples. The adsorption-
desorption isotherms of as-prepared and annealed sample MoAERO-3 are shown in Figure
4.12a. Isotherms of other samples analyzed have similar features and are shown in Appendix.
Figure 4.12b shows the pore size distribution of samples synthesized at sol pH = 5.
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Figure 4.12 (a). N2 adsorption-desorption isotherms of as-prepared and annealed sample MoAERO-
3. (b). Pore size distribution of Mo-aerogels synthesized at molar ratio 0.05 - 0.40, corresponding
to sample MoAERO-1 to MoAERO-4. The BET measurement of annealed Mo-aerogels was only
performed on MoAERO-3.
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As shown in the adsorption-desorption isotherms, both the as-prepared and annealed
samples feature type IV adsorption-desorption isotherm with the presence of the hysteresis
loop, which is caused by the capillary condensation of the mesopores [116]. In a more detail
classification of hysteresis, it appears that the isotherm of the samples consistent with either
Type I (H1) or Type II (H2) hysteresis, which implies either the materials consist of compact
uniform spheres with narrow pore size distribution (H1), or pores with narrow necks and
wide bodies (H2), although the distinction is difficult to make based on the isotherms [116].
It is also possible that it is a combination of both. Looking into the pore size distribution,
as shown in Figure 4.12b, the samples contain mesopores with pore size distributed up
to approximately 300 Å. Increasing the sol Mo:Si molar ratio resulted in larger pores and
broader pore size distribution. For the annealed samples the BET measurement was only
performed on sample MoAERO-3. Annealing of the sample did not significantly change the
pore size distribution.

Comparing Mo-aerogel samples synthesized at different sol pH, the pore size distribution
of both as-prepared and annealed samples are shown in Figure 4.13.
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Figure 4.13 Pore size distribution of as-prepared and annealed Mo-aerogels synthesized at different
sol pH.

Lowering the pH seems to decrease the pore size from up to approximately 300 Å (pH
= 5) to 150 Å (pH = 1), but the effect is not very significant. Annealing of these samples
also did not significantly change the pore size distribution. This is an interesting observation,
because when molar ratio was increased, the metal content also increased and the pore size
became larger; adjusting the sol pH to more acidic also increased the metal content, but the
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pore size decreased. This suggests that both the metal precursor and the pH may influence
the gelation process and hence the pore size distribution.

BET specific surface area and BJH average pore size/cumulative pore volume are also
important properties of aerogel samples. The BET specific surface area of all the samples
analyzed are illustrated in Figure 4.14 and summarized in Table 4.4.
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Figure 4.14 Illustration of BET specific surface area of Mo-aerogel samples.

The BET surface areas of most Mo-aerogels are lower than the literature value of ap-
proximately 600 m2/g [26]. It appears that as the Mo : Si molar ratio of the sol increased,
the surface area also increased. The effect of different sol pH to the BET surface area is
unclear; when the pH decreased from 5 (MoAERO-3) to 3 (MoAERO-6), the BET surface
area decreased, but when the pH further decreased to 1 (MoAERO-5), the surface area of
the as-prepared sample increased significantly. After annealing, the BET surface area of
MoAERO-3 and MoAERO-6 increased, but MoAERO-5 decreased substantially, which is
rather strange behavior and the reason is unclear. The BJH adsorption average size and
cumulative pore volume of Mo-aerogel samples are illustrated in Figure 4.15a and Figure
4.15b, and summarized in Table 4.4.
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Figure 4.15 (a) Illustration of BJH adsorption average pore size of Mo-aerogel samples. (b) Illustra-
tion of BJH adsorption cumulative pore volume of Mo-aerogel samples.

As shown in Figure 4.15, increasing the sol molar ratio from 0.05 to 0.40 (MoAERO-
1 to MoAERO-4) resulted in the increase of both BJH average pore size and cumulative
pore volume. Increasing the sol pH from 1, 3 to 5 (MoAERO-5, MoAERO-6, MoAERO-3,
respectively) appears to also resulted in higher pore sizes. However, the effects of changing
pH on the cumulative pore volume did not seem to have a clear trend: at pH = 5, the
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cumulative pore volume is relatively high at 1.64; at pH = 3, cumulative pore volume
decreased to 0.93; further decreased to pH = 1, the cumulative pore volume increased again
to 1.51. Annealing of the samples appears to decrease both the pore size and the cumulative
pore volume.

Table 4.4 BET specific surface area, BJH average pore width, and cumulative pore volume of Mo-
aerogels.

Sample Mo:Si Sol pH S. S. A (m2/g) Pore width (Å) Pore volume (cm3/g)

MoAERO-1 0.05 5 473 43.7 0.80
Annealed - - -

MoAERO-2 0.10 5 452 46.0 0.79
Annealed - - -

MoAERO-3 0.20 5 510 83.2 1.64
Annealed 620 72.2 1.44

MoAERO-4 0.40 5 549 105.1 2.34
Annealed - - -

MoAERO-5 0.20 1 970 52.3 1.51
Annealed 656 46.2 0.99

MoAERO-6 0.20 3 406 58.7 0.93
Annealed 558 52.9 0.97
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B. Analysis of Re-aerogels

In the Re-aerogel case, the N2 surface area and porosity analysis was performed on selected
samples synthesized with different precursors and molar ratios. The adsorption-desorption
isotherms of a sample synthesized with Re2O7 (ReAERO-3) are shown in Figure 4.17.
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Figure 4.16 (a). N2 adsorption-desorption isotherms of as-prepared and annealed Re-aerogels
(ReAERO-3) synthesized with Re2O7. For clarity only one pair of samples is shown. Isotherms of
other samples are shown in Appendix. (b). Pore size distribution of 2 samples synthesized at different
molar ratios, 0.20 (ReAERO-3) and 0.4 (ReAERO-4)

The adsorption-desorption isotherms of Re-aerogels synthesized with Re2O7 show that
both the as-prepared and annealed samples consistent with the Type IV isotherm, and
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possibly a combination of H1 and H2 hysteresis. The pore size distributions of ReAERO-3
and ReAERO-4 show that in both samples mesopores up to 120 Å are present. Annealing
seems to slightly increase the pore size, but the effect is not significant.

Similarly, the adsorption-desorption isotherms and pore size distribution of Re-aerogels
as-prepared samples synthesized with NH4ReO4 are shown in Figure 4.17.
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Figure 4.17 (a). N2 adsorption-desorption isotherms of as-prepared Re-aerogels synthesized with
NH4ReO4 The annealed samples were not analyzed.

As shown in the isotherms, all three as-prepared samples that are analyzed features
hysteresis loops and are consistent with the IUPAC type IV isotherm and either H1 or H2
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hysteresis classification, or a combination of both. The pore size distribution shows that
all three samples have mesopores with distribution up to approximately 120 Å. It appears
that increasing the Re : Si molar ratio of the sol resulted in slightly larger pores. To further
illustrate the surface properties, the BET specific surface area results are shown in Figure
4.18. All BET/BJH results are summarized in Table 4.5.
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Figure 4.18 Illustration of BET specific surface area of Re-aerogel samples.

The BET specific surface area of Re-aerogels are comparable to the literature value of
approximately 600 m2/g [26], slightly higher than those of Mo-aerogels. The 2 analyzed
annealed samples have higher surface area at over 700 m2/g, which may be understood by the
oxidative removal of the surface -CH3 groups at temperature above 300°C[82][83]. Varying
the sol molar ratio and changing the precursor did not appear to significantly affect the surface
area, which all have the BET surface area at approximately 600 m2/g, as shown in Figure
4.18. Further analysis using the BJH theory shows the average pore size and cumulative pore
volume of the Re-aerogels, which seems to have some interesting trends, as illustrated in
Figure 4.19.
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Figure 4.19 (a) Illustration of BJH adsorption average pore size of Re-aerogel samples. (b) Illustration
of BJH adsorption cumulative pore volume of Re-aerogel samples.

Among the Re-aerogels, it appeared that both the average pore size and the cumulative
pore volume are correlated with the sol molar ratio: at higher molar ratio, both of them in-
creased, regardless of either using Re2O7 or NH4ReO4 as the metal precursor. Comparing the
samples synthesized using different metal precursors at the same sol molar ratio, using Re2O7

resulted in Re-aerogels with higher pore size and cumulative pore volume. Furthermore,
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it seems like the cumulative pore volume increase is due to the higher molar ratio, but not
necessarily the metal content. Sample ReAERO-3 was synthesized at molar ratio 0.2, which
has higher metal content (1.15 wt.%) than sample ReAERO-4 (0.87 wt.%), but ReAERO-4,
which was synthesized at higher molar ratio of 0.4, has higher cumulative pore volume.

Table 4.5 BET specific surface area, BJH average pore width, and cumulative pore volume of Re-
aerogels.

Sample Re:Si S. S. A.(cm2/g) Pore width (Å) Pore volume (m3/g)

ReAERO-3 0.20 588 38.9 0.88
Annealed 742 36.7 0.92

ReAERO-4 0.40 637 43.0 1.06
Annealed 758 41.4 1.10

ReAERO-5 0.05 627 35.4 0.74
Annealed - - -

ReAERO-6 0.10 631 36.5 0.83
Annealed - - -

ReAERO-7 0.20 631 51.8 1.18
Annealed - - -



4.2 Functionalization of AlPO-5 73

4.2 Functionalization of AlPO-5

4.2.1 Observations of AlPO-5 synthesis

A. Observations of MoAlPO-5 synthesis

In a typical synthesis using the 1-solution method, after the metal precursor was added, a clear
and colorless solution was obtained. The addition of the Al(III) precursor pseudoboehmite
caused the solution to turn into a thick and gel-like suspension. After vigorous stirring a
white and homogeneous suspension was obtained. In the cases when MDCHA was used
as SDA (sample MoAlPO5-5, MoAlPO5-13 to MoAlPO-17), as the SDA was added into
the suspension, the temperature of the suspension increased, and after vigorous stirring a
homogeneous suspension with pale yellow color was formed, as shown in Figure 4.20a.

(a) (b)

Figure 4.20 (a). When MDCHA was used to synthesize MoAlPO-5, the suspension has a pale yellow
color. (b). When TPA was used to synthesize MoAlPO-5, the suspension has a pale yellow color.

In the synthesis of sample MoAlPO5-8. when TPA was used as the SDA in 1-solution
method, the suspension appeared to have a pale pink color, as shown in Figure 4.20b. The
source of this color is unknown, it is possibly a complex between a polyoxomolybdate or
molybdophosphate system with TPA. In all other synthesis the suspensions appeared to be
white.

After the crystallization the supernatant was poured away and the solid samples were
washed and centrifuged. All samples synthesized with the SDA MDCHA have a faint light
blue color, and the sample synthesized with TPA is brown. After calcination, all samples
synthesized with MDCHA turned into a light yellow color, while the sample synthesized
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with TPA remains brown. All the other samples are while powders, and remain white powder
after calcination.

B. Observations of ReAlPO-5 synthesis

For ReAlPO-5 samples, when TEA was used as the SDA, a white and homogeneous suspen-
sions were obtained. Crystallization of the samples all yielded white solids. When TEPA was
used as the SDA, the 2-solution method was followed, and the suspension has a pale yellow
color.

C. Observations of GeAlPO-5 synthesis

In the synthesis of sample GeAlPO5-1, 2-solution method was used and when GeO2 was
dissolved in 40% TEAOH solution, a clear and colorless solution was obtained. In the rest of
GeAlPO-5 samples, the modified 1-solution method was used with HF. Using the HF used
did not completely dissolve GeO2, possible due to the relatively small amount of HF used
compares to the amount of GeO2 (Ge : HF = 1 : 1). The mixture of HF and GeO2 was added
into the suspension of H3PO4, and stirred for 1 hour. Sample GeAlPO5-3 was heated to 90°C
during this hour. Subsequently, the SDA (TEA) was added into the suspensions. No apparent
change of color in all the suspensions was observed. After additional of 2 hours stirring,
white and homogeneous suspensions were obtained.

After the crystallization and washing, all GeAlPO-5 sample appeared to be white solids.
After calcination, GeAlPO5-1 remained to be a white solid, while all the rest of GeAlPO-5
samples took a light brown to gray color.
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4.2.2 Powder XRD phase determination of MeAlPO-5

A. Phase determination of MoAlPO-5

In order to determine the phase of the MeAlPO-5 samples, the samples were analyzed using
powder XRD. The presenting results will be categorized by the choice of SDA and synthesis
methods. A summary of all the results using various SDA is shown in Table 4.6. Figure 4.21
shows the XRD patterns of MoAlPO-5 samples synthesized with the SDA TEAOH. Among
them sample MoAlPO5-1 to sample MoAlPO5-4 were synthesized using the 2-solution
method, and sample MoAlPO5-6 and MoAlPO5-7 were synthesized using the 1-solution
method. As shown in the powder XRD patterns, none of these samples is phase pure. Sample
MoAlPO5-1 and MoAlPO5-3 were synthesized using the precursor MoO3 with 2-solution
method (MoO3 does not dissolve in aqueous solution) and contain AFI phase with other
unknown phases. Other samples do not contain AFI phase, determined by the absence of the
reflection at 2θ = 7.5°. The XRD results indicates that this synthesis route do not produce
phase pure MoAlPO-5 samples using either the 1-solution or 2-solution method.
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Figure 4.21 Powder XRD diffractogram of as-synthesized samples of MoAlPO5 using TEAOH as
SDA. Main extra phases were labeled with asterisks in red. None of theses samples is phase pure.

Sample MoAlPO5-5, MoAlPO5-13 to MoAlPO5-17 were synthesized with the SDA
MDCHA using the 1-solution method, varying crystallization temperature and crystallization
time. Using this SDA phase pure AFI sample were successfully synthesized at 150°C with
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all the crystallization times tested. One example of the powder XRD patterns of a phase
pure sample (sample MoAlPO5-5) is shown in Figure 4.22. As shown in the patterns, both
as-prepared and calcined samples are phase pure AFI. Calcination shifted some relative
intensities of the peaks, but did not change the positions. Two other samples synthesized
using this SDA at 150°C with different crystallization times (24 hours and 96 hours) are also
phase pure AFI. The powder XRD patterns of all other samples synthesized using MDCHA
are shown in Appendix Figure A.6 and Figure A.7 for the as-prepared and calcined samples,
respectively.

Increasing the crystallization temperature to 200 °C, extra phases started to appear, and
as the crystallization time increases, the intensity of the extra phases became more and more
dominant. Although using the same SDA as preciously, none of these samples is phase pure.
Calcination also did not eliminate the extra phases. The powder XRD patterns of MoAlPO-5
samples synthesized using MDCHA at 200°C are shown in Appendix Figure A.8 and Figure
A.9 for the as-prepared and calcined samples, respectively.

16x103

14

12

10

8

6

4

2

0

C
ou

nt
s

605040302010
2θ (degree)

MoAlPO5-5AP (48hr)

AFI

Sample: MoAlPO5-05 (AP/Cal)
SDA: MDCHA
Crys. Temp: 150°C

MoAlPO5-5Cal (48hr)

Figure 4.22 Powder XRD diffractogram of as-prepared and calcined sample MoAlPO5-5, both are
phase pure AFI.

Other attempts using different SDAs, including TPA and TEA, did not produce phase
pure samples. Both the as-prepared and calcined samples contain significant amount or only
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extra phases. The powder XRD patterns of these samples are shown in Appendix in Figure
A.10 and Figure A.11.

In general, this study shows that the choice of SDA as well as the synthesis condition
have a substantial influence on the structure when the Mo precursors were added. Several
SDAs that are otherwise common to direct AFI structure did not produce the phase pure
product when the Mo metal precursors were present. A summary of using different SDAs
with various crystallization conditions in an attempt to incorporate Mo into AlPO-5 via
isomorphous substitution in this study is shown in Table 4.6. Among these synthesis only
MDCHA produced the AFI structure, which also remains AFI after the calcination. When
using MDCHA as the SDA to synthesize MoAlPO-5, the effects of crystallization temperature
is well pronounced. Synthesis at 150°C produced phase pure AFI samples, whereas synthesis
at 200°C produced significant amount of extra reflections in the powder XRD patterns.
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Table 4.6 A summary of powder XRD results of MoAlPO-5 attempted using isomorphous substitution.

Sample Mo:Al Precursor SDA Method Temp Time XRD

MoAlPO5-1 0.05 MTO TEAOH 2-Sol 150°C 24 hr Ex. phases
MoAlPO5-2 0.05 AM TEAOH 2-Sol 150°C 24 hr Ex. phases
MoAlPO5-3 0.05 MTO TEAOH 2-Sol 200°C 24 hr Ex. phases
MoAlPO5-4 0.05 AM TEAOH 2-Sol 200°C 24 hr Ex. phases

MoAlPO5-5 0.05 AM MDCHA 1-Sol 150°C 48 hr AFI
Calcined AFI

MoAlPO5-6 0.05 AM TEAOH 1-Sol 180°C 24 hr Ex. phases
MoAlPO5-7 0.05 AM TEAOH 1-Sol 180°C 48 hr Ex. phases
MoAlPO5-8 0.05 AM TPA 1-Sol 180°C 24 hr Ex. phases
MoAlPO5-9 0.05 AM TEA 1-Sol 200°C 24 hr Ex. phases
MoAlPO5-10 0.05 AM TEA 1-Sol 200°C 72 hr Ex. phases
MoAlPO5-11 0.05 AM TEA 1-Sol 200°C 96 hr Ex. phases
MoAlPO5-12 0.05 AM TEA 1-Sol 200°C 168 hr Ex. phases

MoAlPO5-13 0.05 AM MDCHA 1-Sol 150°C 24 hr AFI
Calcined AFI

MoAlPO5-14 0.05 AM MDCHA 1-Sol 150°C 96 hr AFI
Calcined AFI

MoAlPO5-15 0.05 AM MDCHA 1-Sol 200°C 24 hr Ex. phases
MoAlPO5-16 0.05 AM MDCHA 1-Sol 200°C 48 hr Ex. phases
MoAlPO5-17 0.05 AM MDCHA 1-Sol 200°C 96 hr Ex. phases
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B. Phase characterization of ReAlPO-5

Introduction of Re into the AlPO-5 has also been attempted using isomorphous substitution
by modifying the hydrothermal synthesis method of AlPO-5, similar to that of the MoAlPO5
study. In this study the precursor Re2O7 been tested in combination with various SDAs and
varying reaction conditions. A summary of all the powder XRD results, including as-prepared
and calcined samples, are shown in Table 4.7.
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Figure 4.23 Powder XRD diffraction patterns of sample ReAlPO5-3. Both the as-prepared sample
and the calcined sample have the AFI structure.

TEA was used as SDA in the first attempts using the 1-solution method with crystallization
temperature at 200°C and varying crystallization time. The molar ratio was 0.05 Re : Al for
all these samples unless otherwise specified. Sample ReAlPO5-5 was synthesized at 150°C
for 96 hours and keeping the molar ratio the same. Sample ReAlPO5-6 was synthesized
using the molar ratio Re : Al = 0.1 at 200°C for 96 hours. All of the sample synthesized
using TEA as the SDA, including at various crystallization temperatures and times, yielded
phase pure AFI with similar powder XRD patterns. Calcination was performed in selected
samples, and did not appear to change the position of the diffraction patterns, although some
of the relative intensities were altered. One example (ReAlPO5-3) of the patterns is shown
in Figure 4.23, containing the diffraction patterns of both as-prepared and calcined samples.
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The powder XRD patterns of other samples synthesized with the SDA TEA are shown in
Appendix Figure A.12, Figure A.14, and Figure A.15.

Synthesis of ReAlPO-5 was also attempted with several other SDAs. Sample ReAlPO5-7
was synthesized using the SDA TEPA and sample ReAlPO5-8 was synthesized using the
SDA TPA. Both of them were synthesized using the 2-solution method and crystallized at
200°C for 48 hours. The powder XRD diffraction patterns are shown in Appendix Figure
A.16 and Figure A.17. In both the synthesis with TEPA and TPA, powder XRD patterns
shown that the structure of the samples are not AFI. In the case of TEPA no matching result
is found from the powder XRD database, the sample has relatively low crystallinity. In
the case of TPA. the powder XRD patterns resembles the patterns produced by the dense
phase aluminum phosphate rather than the molecular sieve AFI. Therefore it is obvious that
TEPA and TPA alone are not suitable to use as SDA for the synthesis of ReAlPO-5 with the
described parameters.

Table 4.7 Summary of powder XRD results of ReAlPO-5 samples.

Sample Mo:Al SDA Sol method Crys. Temp. Time Phase

ReAlPO5-1 0.05 TEA 1-sol 200°C 16 hr AFI
ReAlPO5-2 0.05 TEA 1-sol 200°C 24 hr AFI

ReAlPO5-3 0.05 TEA 1-sol 200°C 48 hr AFI
Calcined AFI

ReAlPO5-4 0.05 TEA 1-sol 200°C 96 hr AFI
Calcined AFI

ReAlPO5-5 0.05 TEA 1-sol 150°C 96 hr AFI
ReAlPO5-6 0.10 TEA 1-sol 200°C 96 hr AFI

ReAlPO5-7 0.05 TEPA 2-sol 200°C 48 hr Extra phases
Calcined Extra phases

ReAlPO5-8 0.05 TPA 2-sol 200°C 48 hr Extra phases
Calcined Extra phases

In summary, synthesis of ReAlPO-5 were attempted using different SDAs, different
solution methods, and crystallization conditions. Only when TEA was used, the samples are
phase pure AFI. This was not changed whether the crystallization temperature was 200°C
or 150°C, at various crystallization times, or at various Re:Al molar ratio. All the synthesis
with TEA produced phase pure samples. No other SDA was found to be able to direct the
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AFI structure when the precursor ammonium perrhenate was added. Nevertheless, this is
limited by the number of experiments attempted in this study; it is possible that other SDAs
not in this study may also be able to direct the AFI structure with the presence of the rhenium
precursor at certain reaction conditions (i.e. crystallization temperatures, crystallization
times), or when a co-directing agent (such as HF) was added to assist the crystallization.
Phase pure samples were analyzed using ICP-MS to determine the elemental composition of
the samples, and the results are reported in the upcoming sections.
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C. Phase characterization of GeAlPO-5

GeAlPO-5 samples were also analyzed using powder XRD to characterize the phase. A
summary of results is shown in Table 4.8. The first attempt of the synthesis used the 2-
solution method. This is because the Ge(IV) precursor is insoluble in aqueous solution and a
solubility test confirmed that it is however soluble in 40% TEAOH (but not soluble in TEA).
However this method produced a sample with relatively low crystallinity, as shown in the
powder XRD patterns in Figure 4.25. The sample contains a small amount of reflections
from AFI, but with significant amount of extra phases. Calcination of the sample reduced
the intensity of reflections from extra phases and increase the intensity of AFI, but the AFI
reflection is still weak and the sample is also not phase pure.
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Figure 4.24 Powder XRD diffraction patterns of the as-prepared and calcined sample GeAlPO5-1.
Major extra phases were labeled with red asterisks.

Sample GeAlPO5-2 to GeAlPO5-5 were synthesized using the modified 1-solution
method, where HF was used to assist the dissolution of GeO2, and TEA was used as the
SDA. With the amount of HF used (Ge:HF = 1:1), GeO2 cannot be completely dissolved.
The mixture of HF and GeO2 was however mixed with other components and proceeded
for the synthesis as described in Chapter 3. The powder XRD patterns of the as-prepared
and calcined samples are shown in Figure 4.25 and Figure 4.26, respectively. These patterns
show that when HF was added into the reaction mixture and TEA was used as the SDA, the
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synthesis produced highly crystalline phase pure AFI structure at both 180°C and 200°C.
When the crystallization time is sufficiently long, as in the synthesis of sample GeAlPO5-4,
an extra phase started to appear. Calcination of the phase pure samples shifted some of the
relative intensities, but the reflections remain phase pure AFI. For sample GeAlPO5-4, after
calcination the extra phase disappeared and the powder XRD patterns show that the calcined
sample is phase pure AFI.

In summary, it has been shown that phase pure AFI samples have been obtained when the
precursor GeO2 was added into the reaction mixture before hydrothermal crystallization. This
however, by itself does not mean GeAlPO-5 has been synthesized using this method. Analysis
with ICP-MS is necessary to determine if the Ge content in the samples is significant.
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Figure 4.25 Powder XRD diffraction patterns of the as-prepared samples of GeAlPO5-2 to GeAlPO5-
5. TEA was used as the SDA and HF was added into the reaction mixture. Extra phases were labeled
with red asterisks.
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Figure 4.26 Powder XRD diffraction patterns of the calcined samples of GeAlPO5-2 to GeAlPO5-5.

Table 4.8 Summary of powder XRD results of GeAlPO-5 samples.

Sample Ge:Al Precursor Sol method Temp. Crys. Time Phase

GeAlPO5-1 0.10 GeO2 2-sol 200°C 90 hr Extra phases
Calcined Exra phases

GeAlPO5-2 0.05 GeO2 1-sol 200°C 90 hr AFI
Calcined AFI

GeAlPO5-3 0.05 GeO2 1-sol(heat) 200°C 90 hr AFI
Calcined AFI

GeAlPO5-4 0.05 GeO2 1-sol 200°C 180 hr AFI
Calcined AFI

GeAlPO5-5 0.05 GeO2 1-sol 180°C 90 hr AFI
Calcined AFI
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4.2.3 ICP-MS elemental composition analysis of MeAlPO-5

A. ICP-MS results of MoAlPO-5

Phase pure samples were analyzed using ICP-MS to determine the elemental composition of
the MeAlPO-5 samples. Figure 4.27 illustrates the ICP-MS results of phase pure MoAlPO-5
samples in Mo wt.%. Clearly, the metal contents are low, and varying the crystallization time
did not significantly change the uptake. A summary of the ICP-MS results of all analyzed
samples is shown in Table 4.9.
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Figure 4.27 Illustration of Mo wt.% in phase pure MoAlPO-5 samples. All the samples were
synthesized using the SDA MDCHA, crystallized at 150°C.

Table 4.9 ICP-MS results of MoAlPO-5. All samples were synthesized with the molar ratio 0.05Mo :
Al and crystallized at 150°C

Sample Crys. Time Mo wt.% Al wt.% P wt.%

MoAlPO5-13 24 hr 0.077 19.0 17.8
Calcined 0.084 19.0 17.2

MoAlPO5-5 48 hr 0.082 18.7 16.7
Calcined 0.121 22.9 21.0

MoAlPO5-14 96 hr 0.084 18.5 18.0
Calcined 0.100 24.1 23.5
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B. ICP-MS results of ReAlPO-5

All phase pure ReAlPO-5 samples were synthesized using the SDA TEA. As illustrated in
Figure 4.28 and summarized in Table 4.10, all the samples contain only very low amount of
rhenium. Varying the crystallization temperatures and times did not significantly affect the
metal content. Increasing the molar ratio did increase the metal content, but remains too low.
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Figure 4.28 Illustration of Re wt.% in phase pure ReAlPO-5 samples.

Table 4.10 A summary of ICP-MS results of phase pure ReAlPO-5.

Sample Re:Al Crys. Temp. Crys. Time Re wt.% Al wt.% P wt.%

ReAlPO5-1AP 0.05 200°C 16 hr 0.011 22.7 27.6
ReAlPO5-2AP 0.05 200°C 24 hr 0.007 21.9 26.3

ReAlPO5-3AP 0.05 200°C 48 hr 0.007 19.7 24.3
Calcined 0.008 22.5 26.7

ReAlPO5-4AP 0.05 200°C 96 hr 0.008 20.4 25.0
Calcined 0.010 21.4 26.9

ReAlPO5-5AP 0.05 150°C 96 hr 0.010 25.6 29.8

ReAlPO5-6AP 0.10 200°C 96 hr 0.031 19.4 20.7
Calcined 0.032 20.7 21.8
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C. ICP-MS results of GeAlPO-5

Phase pure GeAlPO-5 samples were synthesized using the TEA with HF in the reaction
mixture. Figure 4.29 illustrates the results in Ge wt.%, and Table 4.11 summarized the data.
GeAlPO5-1 was synthesized at 0.1 molar ratio, the uptake was good but the sample contains
extra phases. Increasing the crystallization time seems to only slightly increase the uptake,
but the uptake increased more clearly when heating the suspension to 90°C for 1 hour.
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Figure 4.29 Illustration of Ge metal uptake in all GeAlPO-5 samples.

Table 4.11 ICP-MS results of all GeAlPO-5 samples.

Sample Ge:Al Crys. Temp. Crys. Time Ge wt.% Al wt.% P wt.%

GeAlPO5-1AP 0.10 200°C 90 hr 2.09 16.1 12.5
Calcined 2.96 22.8 17.9

GeAlPO5-2AP 0.05 200°C 90 hr 0.40 17.7 19.8
Calcined 0.50 22.0 23.5

GeAlPO5-3AP(H) 0.05 200°C 90 hr 0.85 22.9 24.7
Calcined 0.84 20.1 21.0

GeAlPO5-4AP 0.05 200°C 180 hr 0.57 17.4 18.2
Calcined 0.68 19.7 20.0

GeAlPO5-5AP 0.05 180°C 90 hr 0.34 13.7 14.7
Calcined 0.45 20.0 21.0
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4.2.4 N2 adsorption-desorption analysis of MeAlPO-5

Analysis of MoAlPO-5

The BET surface area and porosity analysis of MoAlPO-5 was performed on the calcined
sample of MoAlPO5-14. The adsorption-desorption isotherms and BET surface area are
shown in Figure 4.30.
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Figure 4.30 Adsorption-desorption isotherms of calcined sample MoAlPO5-14.

The N2 adsorption-desorption isotherm shows a clear hysteresis loop, consistent with the
Type H3 IUPAC classification[116]. The presence of the hysteresis loop is likely because
of the inter-particle distances, since AlPO-5 is a microporous material. It also indicates that
the sample is likely consist of aggregated plate-like particles with slit-shaped pores that are
loosely coherent[116]. A summary of BET/BJH results is shown in Table 4.12

Table 4.12 BET/BJH analysis results of MoAlPO-5.

Sample BET S.S.A. Micropore area Micropore volume BJH pore width

MoAlPO-5 286.6 m2/g 220.2 m2/g 0.088 cm3/g 86.7 Å

The BET specific surface area and micropore volume are consistent with the literature
results of 277 m2/g and 0.087 cm3/g[127]. The average pore width is likely showing the
interparticle distance, since the BJH theory cannot interpret pore size less than 1 nm[14][117].
In sum the N2 adsorption-desorption analysis of the MoAlPO-5 sample is in good agreement
with the literature analysis of AlPO-5.



Chapter 5

DISCUSSIONS

In this chapter the experimental results will be discussed with respect to how the experiments
achieve the goals of this study: (1) to introduce Mo/Re into the porous supports; (2) to
investigate if the introduction can be controlled for incorporation. The discussion will also
focus on possible correlations between synthesis conditions and metal uptakes as well as
surface properties. These results will also be compared with relevant literature value. The
chapter will be divided into two sections, one to discuss the introduction into silica aerogels,
and one to discuss the introduction into AlPO-5.

5.1 Introduction of Mo/Re into Silica Aerogels

The introduction of molybdenum into silica aerogels has been attempted in 6 samples. The
ICP-MS results show that using the sol-gel route and ambient pressure drying method,
molybdenum can be introduced into silica aerogels with low metal content. The powder
XRD results show that all the as-prepared Mo-aerogels are amorphous, but it is difficult to
conclude if molybdenum has been incorporated and further experiments are still needed to
eliminate the possibility that molybdenum salts may be formed in small nanoparticles (< 2
nm), residing in the pores and escaped the detection of powder XRD[110]. However, the
metal contents are all relatively low, compares to the similar literature studies on cobalt or
copper[13][14]. The Mo-aerogel as-prepared samples in this study contain molybdenum
ranging from 0.07 wt.% to 0.56 wt.% (sol Mo:Si molar ratio from 0.05 to 0.4), compares to
the cobalt study in which the samples obtained have cobalt content ranging from 0.2 wt%
to 11.09 wt.%, with sol Co:Si molar ratio varied from 0.0025 to 0.25[13]. Mo:Si sol molar
ratio appeared to be a predominant factor for the metal uptake. As shown in Figure 5.1,
when the molar ratio increased, the metal content generally increased. Beside the molar ratio,
it appears that sol pH is also an influencing factor for the molybdenum uptake: as the sol
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pH decreased, the metal uptake increased. This effect may be explained by the change of
speciation of molybdate, which is known to form larger molybdate clusters at low pH[128],
but the explanation requires a detail speciation study to provide supporting evidence.
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Figure 5.1 Influence of sol Mo:Si molar ratio to metal uptake and cumulative pore volume.

The BJH adsorption cumulative pore volume of the Mo-aerogel samples has shown an
interesting trend. It appears that the cumulative pore volume is correlated with the sol molar
ratio, as shown in Figure 5.1. The increase of pore volume with sol molar ratio is consistent
with the prior work on Cu-aerogels[14]. In the copper study, it was proposed that copper
cation can act as a secondary sol-gel base catalyst, although the detail mechanisms are unclear,
due to the complexity of the sol-gel process[129]. From this study, similar process may also
happen with the molybdate, acting as a secondary catalyst for the gelation. This may also
further imply the possibility of incorporation as in the copper case[14], although more direct
evidence is still needed.

Among 14 Re-aerogel syntheses, 13 aerogel samples were obtained. The ICP-MS results
show that rhenium can be introduced into silica aerogels following the sol-gel route and
APD method. Powder XRD results show that in all as-prepared samples, both crystalline
phase and amorphous phase are present. This indicates rhenium has not been introduced in a
controlled manner that can be used for incorporation, since the rhenium species exist in a
separate phase, which is also further supported by the fact that after annealing or washing,
the rhenium content has decreased significantly. At sol pH = 2, it appeared that using the
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precursor Re2O7 generally has higher metal uptake than using NH4ReO4, as shown in Figure
5.2a. In both cases the uptake peaked at the sol molar ratio Re:Si = 0.2, and the metal content
decreased at the higher molar ratio 0.4. This means that at sol pH = 2, increasing the sol
molar ratio cannot introduce more rhenium into the aerogels.
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The dominating factor for the metal uptake of Re-aerogels appeared to be the sol pH: the
uptake is generally low in acidic sols, then increased significantly at pH = 8, as plotted in
Figure 5.2b. This behavior is also similar to the prior study of Cu-aerogels, in which the
metal uptake peaked at sol pH = 6-7[14]. Apart from having the highest metal content, the
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sample synthesized at sol pH = 8 also has the interesting behavior that the metal remained in
the aerogel after annealing, while annealing resulted in significant weight loss in all other
samples synthesized with the same method. Nevertheless, the sample size in this study is
limited; the reproducibility of the samples needs to be further addressed. Furthermore, since
the speciation of the Me-aerogels has not been studied in this work, the reasons of these
behaviors are also unclear and required future works on the speciation of rhenium in the
annealed samples.

The BET/BJH results of Re-aerogels show that the specific surface area did not change
significantly at various molar ratios or using different precursors. The surface area of
approximately 600 m2/g is consistent with prior works with Cu-aerogels[14]. On the other
hand, samples synthesized with both precursors show that as the metal content increases,
the BJH pore width also increases. However, the results are also limited by the number of
samples analyzed, and a clearer picture can be obtained when more samples are studied.

5.2 Introduction of Mo/Re into AlPO-5

The introduction of molybdenum into AlPO-5 by isomorphous substitution has been at-
tempted with 17 samples. The analysis results show that molybdenum may have been
introduced into AlPO-5, which is supported by two factors: (1) Phase pure calcined samples
have been obtained. (2) Molybdenum is present in the phase pure samples. This study shows
that the most important factors for the synthesis of MoAlPO-5 are two-fold: the choice
of SDA, which has been shown that only MDCHA can lead to phase pure samples; the
crystallization condition, which has been shown that phase pure samples can be obtained at
150°C but not at 200 °C.

Although the ICP-MS results show the presence of molybdenum in the phase pure
samples, the metal content of approximately 0.1 wt.% is clearly not satisfactory. Changing
the crystallization time between 24-96 hours did not show significant difference in the metal
content. In comparison, a prior work to synthesize CuAlPO-5 with a similar Me:Al molar
ratio (0.04) yielded samples with approximately 2 wt.% [33]. The challenge lies on that
Mo(VI) exists in aqueous solution as an oxoanion, the molybdate, which appears to prefer
staying in the aqueous phase. Furthermore, introduction of Mo(VI) may cause breakage
or vacancies on the framework to allow Mo=O bonds, or otherwise positive charges will
be introduced and destabilized the framework[88]. Future comprehensive works will be
necessary to understand if it is possible to achieve MoAlPO-5 with higher metal uptake. The
key for a potential synthesis with higher uptake would be to understand the speciation of
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molybdenum in the hydrothermal suspension, as well as the nature of possible substitution
sites. Understanding first the speciation of MoAlPO-5 synthesized in this work will be
potentially beneficial to answer the questions: (1) Has molybdenum been incorporated into
the framework. (2) If so, at what position and under what chemical environment. Obviously,
the results of this work have brought up more questions than answers, and cannot provide
enough evidence to point to either directions.

The introduction of rhenium into AlPO-5 was first attempted with 8 samples using the
direct substitution method. The results of these experiments show that no method tested
can introduce rhenium into AlPO-5. This is supported by the results that all phase pure
samples contains only insignificant amount of rhenium (< 100 ppm, or 0.01 wt.%). The
challenge for the introduction is similar to that of molybdenum: Re(VII) exists in aqueous
solution as the oxoanion perrhenate, which has a clear preference to remain in the aqueous
phase, possibly due to the difficulty of the perrhenate ion to bind with other ions in aqueous
solution, because of its large size and low charge to surface area ratio[130]. Perrhenate
also has a strong preference to bind with the ammine groups, which has been used for the
extraction of perrhenate[130][131]. However, the attempts to first complex rhenium precursor
with SDA in organic phase before crystallization did not produce phase pure sample. The
alternative method to introduce rhenium through the intermediate product GeAlPO-5 has not
be completed; the synthesis of GeAlPO-5 has produced phase pure samples with reasonable
metal uptake, though it can still be further improved. This indirect introduction method may
also be extended to the synthesis of MoAlPO-5 in the next step of the investigation.

Table 5.1 Summary of the introduction of Mo/Re into silica aerogels and AlPO-5 in this study.

Support Metal Method Introduction Control Max. loading

Silica aerogels Mo Sol-gel/APD Yes Maybe 0.56 wt.%
Silica aerogels Re Sol-gel/APD Yes No 6.61 wt.%

AlPO-5 Mo Isomor. subst. Yes Inconclusive 0.12 wt.%
AlPO-5 Re Isomor. subst. No No 0.03 wt.%

A summary of the introduction of Mo/Re into silica aerogel and AlPO-5 conducted in
this study is shown in Table 5.1. Clearly, there are still a lot of experiments needed for more
conclusive results. In sum, the introduction of molybdenum or rhenium into silica aerogels
has shown to be possible, but the control needs further investigations to confirm. Introduction
of molybdenum into AlPO-5 is possible, but the metal uptake is very low. Introduction of
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rhenium into AlPO-5 produced only negative results with the direct isomorphous substitution
method.



Chapter 6

CONCLUSIONS

In this study the introduction of molybdenum and rhenium into silica aerogels and alu-
minophosphate AlPO-5 has been investigated following two main aspects: the possibility
for introduction through methods developed in prior works, and the possibility to control the
introduction for possible incorporation. Based on the parameter study results, the conclusions
can be drawn as the following:

• Molybdenum can be introduced into silica aerogels following the sol-gel route and
APD method. The as-prepared samples are amorphous, indicating the possibility of
incorporation. The metal uptake was lower than expected. Mo:Si sol molar ratio and
sol pH were found to be important factors for the metal content, which has shown
increased uptake at higher molar ratio and at lower sol pH. BET specific surface area
was relatively low compares to literature.

• Rhenium can also be introduced with the sol-gel/APD method. Relatively high metal
content sample has been synthesized at sol pH = 8. Sol pH was found to be the
predominating factor for the metal uptake. The presence of both crystalline and
amorphous phases indicates the metal and the aerogel exist in separate structures,
leading to the conclusion that the method is not likely suitable for incorporation.
Among the tested samples, the BET/BJH results are consistent with literature values.

• The introduction of molybdenum into AlPO-5 by isomorphous substitution is possible,
since phase pure samples containing molybdenum have been synthesized. However, the
metal uptake is very low and the possibility of controlled introduction is inconclusive.
The speciation of molybdenum inside the framework is also unclear at this point.
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• Rhenium has not been able to introduce into AlPO-5 by isomorphous substitution
directly. This may be explained by the strong stability of perrhenate ion and its inability
to complex in aqueous solution as a weak ligand[126].

Although the introduction in this study have shown various degrees of success and many
experiments have yet to be done, the investigation opened up a new door of possibilities and
accumulated important results and for a number of potential future works, leading a step
closer to achieving the higher goal to make better catalysts with molybdenum and rhenium
containing porous materials.



Chapter 7

FUTURE STUDIES

Based on the results of this study, a number of future works can be done to have a better
understanding of the samples and to develop potential novel routes for introduction of Mo/Re
into silica aerogels and AlPO-5. The future works could focus on four potential aspects of
interests:

• Acquire better understanding of speciation. Since this study has been focusing on
exploring the possibility of introduction/controlled introduction, the speciation of metal
ions in either silica aerogels or AlPO-5 is unknown. In particular, understanding the
speciation and chemical environment of Mo-aerogels can determine if the metal has
been incorporated, or can it be incorporated. The speciation is also crucial to determine
if the sample can be used for ammonia decomposition. Similarly, in another material
MoAlPO-5 the results of this study are inconclusive; understand the speciation of
molybdenum in the samples can determine if the metal has been incorporated into the
framework, and if so, how it affect the structure of the framework around it. These
speciation determination may be conducted using XAS experiments.

• Complete the experiment to introduce rhenium into AlPO-5 using the indirect method
through the intermediate product GeAlPO-5. This study has shown that the introduction
of rhenium into AlPO-5 using the direct substitution method did not produce any
desirable results. Based on a study on ITQ-33, it has been shown that germanium in a
zeotype system might be exchanged by rhenium[99]. GeAlPO-5 has been synthesized
in prior works as well as in this work; completing the next step to investigate the
possible exchange of germanium with rhenium may be able to show a new way for the
introduction of rhenium into AlPO-5.

• Test catalytic activity of the samples. A direct way to see if the samples are active
toward ammonia decomposition is simply to test it. In particular, Re-aerogel should be
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of high interests, since a sample with relatively high metal content has been obtained;
Mo-aerogel sample may also be worth testing, although the metal content is relatively
low.

• Develop new methods for metal introduction. For Mo-aerogels, the focus could be to
increase the metal content, and for Re-aerogels, the focus could be to investigate other
methods for possible controlled incorporation. Searching routes for the synthesis of
MoAlPO-5 and ReAlPO-5 could also try using other SDA, methods, etc., that has not
been attempted in this study.
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Appendix A

Powder XRD Diffraction Patterns

A.1 Me-aerogels

A.1.1 Powder XRD patterns of Re-aerogels
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Figure A.1 Powder XRD diffractogram of samples with ammonium perrhenate as the precursor at
varying molar ratios. The presence of Braggs’ peaks indicating the crystalline phases in the samples.
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Figure A.2 Powder XRD patterns of the annealed Re-aerogel samples using ammonium perrhenate
as the metal precursor and at various Re:Si molar ratios.
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Figure A.3 Powder XRD patterns of the as-prepared Re-aerogel samples synthesized at different sol
pH. Ammonium molybdate was used as the precursor and the Re:Si molar ratio was at 0.2
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Figure A.4 Powder XRD patterns of the annealed Re-aerogel samples synthesized at different sol pH.
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Figure A.5 Powder XRD patterns of the as-prepared and calcined Re-aerogel samples synthesized
with TMCS.
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A.2 MeAlPO-5

A.2.1 Powder XRD patterns of MoAlPO-5 samples
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Figure A.6 Powder XRD diffractogram of as-prepared sample of MoAlPO-5 using MDCHA as SDA
at 150°C. The diffraction patterns show that all the samples are phase pure AFI.
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Figure A.7 Powder XRD diffractogram of calcined sample of MoAlPO-5 using MDCHA as SDA at
150°C. The diffraction patterns show that all the samples remain phase pure after calcination.
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Figure A.8 Powder XRD diffractogram of as-prepared sample of MoAlPO-5 using MDCHA as SDA
at 200°C. The diffraction patterns show that all the samples contain extra phases.
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Figure A.9 Powder XRD diffractogram of calcined sample of MoAlPO-5 using MDCHA as SDA at
200°C. The diffraction patterns show that all the samples still contain extra phases.
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Figure A.10 Powder XRD diffractogram of the as-prepared sample of MoAlPO5-8 in which TPA was
used as the SDA. Extra phases are presented.
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Figure A.11 Powder XRD diffractogram of the as-prepare sample of MoAlPO5-9 to MoAlPO-12 in
which TEA was used as the SDA. Extra phases are presented.
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A.2.2 Powder XRD patterns of ReAlPO-5 samples
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Figure A.12 Powder XRD diffractogram of the as-prepare sample of ReAlPO-5 in which TEA was
used as the SDA and crystallized at 200°C. All the samples appear to be phase pure AFI.
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Figure A.13 Powder XRD diffractogram of the calcined sample of ReAlPO-5 in which TEA was
used as the SDA and crystallized at 200°C. All the samples appear to be phase pure AFI.
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Figure A.14 Powder XRD diffractogram of the as-prepare sample of ReAlPO5-5. The crystallization
temperature was adjusted to 150°C.
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Figure A.15 Powder XRD diffraction patterns of as-prepared and calcined sample ReAlPO5-6, where
the molar ratio increased to 0.10 Re : Al. Both the as-prepared sample and the calcined sample have
the AFI structure.
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Figure A.16 Powder XRD diffraction patterns of as-prepared sample ReAlPO5-7 when TEPA was
used as the SDA. The diffraction patterns show that the structure has relative low crystallinity and is
not phase pure AFI.
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Figure A.17 Powder XRD diffraction patterns of as-prepared sample ReAlPO5-8, in which TPA was
used as the SDA. The structures resembles the dense phase structure of aluminum phosphate rather
than the AFI structure.
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Appendix B

N2 Adsorption-Desorption Isotherms
B.1 Isotherms of Mo-aerogels
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Figure B.1 Adsorption-desorption isotherms of as-prepared Mo-aerogels.
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Figure B.2 Adsorption-desorption isotherms of annealed Mo-aerogels.
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B.2 Isotherms of Re-aerogels
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Figure B.3 Adsorption-desorption isotherms of as-prepared and annealed ReAERO-4. Isotherms of
other analyzed samples have been plotted in chapter 4.
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