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ABSTRACT  

  

Geopolymers, a class of X-ray amorphous, ceramic-like aluminosilicate materials 

are produced at ambient temperatures through a process called geopolymerization.  Due 

to both low energy requirement during synthesis and interesting mechanical and chemical 

properties, geopolymers are grabbing enormous attention.  Although geopolymers have a 

broad range of applications including thermal/acoustic insulation and waste 

immobilization, they are always prepared in monolithic form.  The primary aim of this 

study is to produce new nanostructured materials from the geopolymerization process, 

including porous monoliths and powders.   

In view of the current interest in porous geopolymers for non-traditional 

applications, it is becoming increasingly important to develop synthetic techniques to 

introduce interconnected pores into the geopolymers.  This study presents a simple 

synthetic route to produce hierarchically porous geopolymers via a reactive emulsion 

templating process utilizing triglyceride oil.  In this new method, highly alkaline 

geopolymer resin is mixed with canola oil to form a homogeneous viscous emulsion 

which, when cured at 60 °C, gives a hard monolithic material.  During the process, the oil 

in the alkaline emulsion undergoes a saponification reaction to decompose into water-

soluble soap and glycerol molecules which are extracted to yield porous geopolymers.  

Nitrogen sorption studies indicates the presence of mesopores, whereas the SEM studies 

reveals that the mesoporous geopolymer matrix is dotted with spherical macropores.  The 

method exhibits flexibility in that the pore structure of the final porous geopolymers 

products can be adjusted by varying the precursor composition.   
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In a second method, the geopolymerization process is modified to produce highly 

dispersible geopolymer particles, by activating metakaolin with sodium silicate solutions 

containing excess alkali, and curing for short duration under moist conditions.  The 

produced geopolymer particles exhibit morphology similar to carbon blacks and 

structured silicas, while also being stable over a wide pH range.   

Finally, highly crystalline hierarchical faujasite zeolites are prepared by yet 

another modification of the geopolymerization process.  In this technique, the second 

method is combined with a saponification reaction of triglyceride oil.  The resulting 

hierarchical zeolites exhibit superior CO2-sorption properties compared to equivalent 

commercially available and currently reported materials.  Additionally, the simplicity of 

all three of these techniques means they are readily scalable. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. Silicates and Aluminosilicates 

Oxygen and silicon are the first and second most abundant elements in the Earth’s 

crust, respectively.  Consequently, an enormous number of different forms of silicon-

oxygen-based minerals exist accompanied by numerous other synthetic compounds.  

Under normal conditions of temperature and pressure, Si exists in a +4 oxidation state in 

combination with oxygen atoms and prefers a coordination number of four with a 

tetrahedral atomic environment ‒ both in minerals and synthetic compounds.  The 

essential building block of silicon found in silicates and aluminosilicates can be written 

simply as SiO4
4-.  These tetrahedral SiO4

4- units have a strong tendency to polymerize 

into larger units via shared oxygens to form silicate minerals and compounds.  In isolated 

SiO4
4- compounds (ortho-silicates), the Si:O atomic ratio is 1:4, which decreases with the 

degree of polymerization of SiO4
4- units.  When SiO4

4- units are fully polymerized as in 

the case of three-dimensional network structures, the ratio of Si:O ratio is at its minimum 

value of 1:2.  These three-dimensional network structures can either be crystalline ‒ in 

which case they are more famously known as tectosilicates, or be amorphous.  

Tectosilicates comprise nearly 75% of the crust of the Earth.  With the exception of the 

quartz group, all tectosilicates are aluminosilicates, containing aluminum in addition to 

silicon. 

An additional level of complexity is introduced when aluminum (the third most 

abundant element in the Earth’s crust) replaces some of the silicon atoms to form 
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aluminosilicates.  Since Al is highly electropositive and exists exclusively in a +3 

oxidation state in combination with oxygen atoms, the normal silicate tetrahedral 

arrangement gets interrupted and thereby present fascinating consequences in structures 

and compositions.  For each Si atom replaced by an Al atom, a deficiency in the electrical 

charge occurs which must be locally balanced by having other positive ions such as Na+, 

K+, and Ca2+ ions within the interstices of the structure.  In addition to a coordination 

number of four, Al may also adopt coordination number of 6 with an octahedral atomic 

environment leading to the formation of many interesting structures.  One such formation 

is layered structures such as clays which consist of aluminum in a six-fold coordination 

with oxygens.  These layered structures do not have three-dimensional stability and may 

expand if the layers are forced apart by water, other molecules, or ions.   

The aluminosilicate structures that result from mutual sharing of oxygens of SiO4 

and AlO4 tetrahedra in three dimensions (network structures) may be crystalline or 

amorphous.1  If such structures are crystalline, they are termed framework structures ‒ 

feldspar, sodalite and zeolite are the three largest and the most common groups of this 

kind of aluminosilicates.  Whereas, geopolymers and precipitated aluminosilicates are 

considered the amorphous analogues.  This thesis will be exclusively focused on 

aluminosilicates with fully polymerized tetrahedra that are linked in a three dimensional 

array, namely, sodalites, zeolites, geopolymers, and precipitated aluminosilicates. 

1.2. Sodalites 

Sodalite means sodium stone and it was given this name by Thompson in 1811.  

The sodalite group is formed by approximately equal number of SiO4 and AlO4 
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tetrahedra linked by sharing corner oxygens, and Al and Si are completely ordered.  In 

sodalite, cage-like truncated octahedra (sodalite or β-cage) are formed by binding six 

rings of four tetrahedra parallel to {100} and eight rings of six tetrahedra parallel to 

{111}.  The six-membered rings define a set of channels which intersect to form large 

cavities.  The framework has the composition Na6Al6Si6O24 but may have additional 

anions such as chlorine ions in the cavities which are tetrahedrally coordinated by sodium 

ions (Na4-Cl units).  Sodalite is one of the members of the sodalite group minerals and it 

contains chlorine as an essential constituent.  Occasionally some of the sodium in the 

sodalite may be substituted by potassium or calcium.2  Since sodalite has a very limited 

sorption capacity due to the presence of very narrow six ring windows, it is not 

considered a zeolite.  Nevertheless, its low framework density (17.2 T-atoms per 1000 

Å3) is within the range of those for zeolites.3 

1.3. Zeolites 

Zeolites are the most important members of a diverse range of microporous 

materials.  Traditionally, the term ‘zeolite’ refers to crystalline aluminosilicates or silica 

polymorphs based on corner-sharing TO4 (T = Si or Al) tetrahedra forming a three-

dimensional framework with homogeneously-sized and -shaped openings and voids of 

molecular dimensions.4  Nowadays, the term zeolite framework generally refers to a 

corner sharing network of tetrahedrally coordinated atoms, and the framework elements 

are not limited to Al and Si atoms alone but other atoms such as P, Ti, B, Ga, Be and Ge 

etc., may be involved.  Currently there are 225 zeolite structure types, as recognized by 

the International Zeolites Association,5 each differentiated by a specific delineation, such 
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as the size of the rings, window/aperture opening, cage dimensions, charge density, 

framework density (FD, the number of T-atoms per 1000 Å3), and the types of pores.   

 
Figure 1.  Primary building unit of zeolite structure, the TO4 tetrahedra (T = Si or Al). 

Structurally, the tetrahedra of T-atoms are the primary building units of the 

zeolites (Figure 1), which are connected together to form what are known as secondary 

building units (SBUs).  SBUs are small groups of tetrahedra connected together to form 

specific groups (Figure 2).6  Within each SBU, Si and Al atoms are located where the 

lines in the images meet (T sites) and the oxygen atoms are considered to be at the center 

of each line. 

 
Figure 2.  Selected secondary building units (SBU’s): single 4-ring, S4R (a), single 5-

ring, S5R (b), single 6-ring, 6R (c), and single 8-ring, 8R (d), introduced by Meier and 

Smith.7 

These SBUs are in turn connected together to form larger ‘cage-like’ structures 

known as cage-building units or composite building units (CBUs) (Figure 3).  These 

CBUs are named and identified so as to provide a way to classify zeolites based on their 
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structural framework.  The CBUs are then connected together to form the overall 

framework structure of the zeolite.  The same CBU unit may form different framework 

types via different linkages.  For example, the SOD cages (or β-cages) can be linked (1) 

by sharing 4-rings giving rise to SOD (sodalite) framework; (2) through double 4-rings to 

form LTA (Linde Type-A) framework; and (3) via double 6-rings forming FAU 

(Faujasite Type) and EMT frameworks.  Every distinct zeolite framework is given its 

own three letter unique framework type code.8  For example, faujasites have the 

framework type code FAU. 

 

 

Figure 3.  Selected cage-building units (CBUs): SOD (a), CAN (b), D6R (c), and GME 

(d) cages in known zeolites. 

The connection of cages to form the framework further creates the pores through 

the structure.  The pore size is defined by the minimum ring size which limits the pore, 

which is usually a 8 or 10 membered ring.  While defining the rings or pore sizes, only 

the T-sites are counted.  Depending on the framework structure, the created pores may be 

one, two or three-dimensional in nature as shown in Figure 4.  If there is more than one 

kind of pore structure in the framework, they may be interconnected or entirely separated 

from one another (Figure 5). 
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Figure 4.  Interconnected pores in one dimension (a), in two dimensions (b), and in three 

dimensions (c), adapted from Holmes.9 

Aluminosilicate zeolites may be represented by the empirical formula: 

In this oxide formula,  is generally greater than or equal to 2, which is governed by 

Lowenstein’s rule,10 which states that no two AlO4 tetrahedra can be adjacent to each 

other within the framework, meaning every AlO4 tetrahedron must be surrounded by four 

SiO4 tetrahedra;  is the cation valency.  Whereas, the structural formula of a zeolite is 

best expressed for the crystallographic unit cell as: 

 

where  is the cation of valency ,  is the number of water molecules and the ratio  

has a value greater than or equal to 1 depending on the structure.  The sum  is the 

total number of tetrahedra in a unit cell.11   
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Figure 5.  Independent pore systems that are not connected (a), and interconnected (b), 

adapted from Holmes.9 

Zeolites can be found naturally as well as synthesized in the laboratory.  Natural 

zeolites were first discovered in 1756 by Swedish mineralogist Cronstedt,12 but their 

microporous properties and usefulness in adsorption and ion exchange were gradually 

recognized only in the 19th century.  As of 2007, over 40 types of natural zeolites have 

been discovered and are widely used for drying and separation of gases and liquids, 

softening of hard water, treatment of sewage, and melioration of soils.  Although natural 

zeolites lack in purity desired for catalytic applications, some well selected and modified 

ones are also used as catalysts or as supports for catalysts in the industry.13   

Early efforts to prepare synthetic zeolites were led by geologists and 

mineralogists by methods which were believed to simulate natural processes (geothermal 

conditions) i.e., high-temperatures (above 200 °C) and corresponding elevated pressures 

associated with hydrothermal conditions.  These attempts lasted several decades without 

any real success.  In late 1930’s there was a huge demand for zeolites in the industry 

which led to an initiation of great efforts to prepare synthetic zeolites.  Part of the demand 

can be attributed to their newly found catalytic properties.  In the context of cracking 
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hydrocarbons, these new catalysts possessed all of the properties required of a successful 

catalyst: activity, stability, selectivity, correct pore size, resistance to fouling, and low 

cost.  The first ever synthetic zeolite was A-type zeolite (LTA) having a Si/Al ratio of 1, 

prepared by Union Carbide in 1949.  It exhibited a very high ion-exchange capacity but it 

was not possible to convert it into acidic form, stable in the conditions suitable for the 

FCC-technology.  Zeolite X with faujasite structure (FAU), having a Si/Al ratio of 1.2 

was synthesized in Na-form in 1950 but it was inactive as an acid catalyst.  To obtain 

acid catalytic activity, X-zeolite was ion-exchanged with rare-earths, mainly lanthanum 

and/or cerium.  Once it was realized that zeolite can be prepared under mild hydrothermal 

(~ 100 °C and autogenous pressures) conditions ‒ a criteria very important for the 

commercial synthesis; as opposed to geothermal conditions, a number of companies in 

the United States, such as Linde, UCC, Mobil, and Exxon invested research efforts 

towards synthesizing zeolites.  The period of 1954 to early 1980s is considered as the 

golden age for the development of synthetic zeolites.  By the end of 1954, zeolites A and 

X began to be produced industrially.  In late 1950’s Breck et al. prepared Y-zeolite (FAU 

structure) with Si/Al = 2.5 ‒ 3, which could be ion exchanged to prepare ammonium 

form, and by calcinations convert into H-form, possessing strong Brønsted acid sites.14  

Later a method to stabilize Y-zeolite into an exceptionally stable form called as 

“ultrastable zeolites Y” – USY was developed, which played an extremely important role 

in the catalysis of hydrocarbon conversion.  By 1964 Y-zeolite was synthesized 

commercially and found its way into refineries as an FCC catalyst.15  From then on, a 

variety of zeolites composed of diverse structures with a range of Si/Al ratios, including 

pure silica polymorphs are developed.  Even today USY remains the unrivaled catalyst 
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for petroleum cracking and hydrocracking processes, with an annual consumption of 

2,000,000 tons. 

Nowadays, aluminosilicate zeolites with low Si/Al ratios are usually prepared 

from alkaline solutions of silicates and aluminates under mild hydrothermal conditions 

(~100 °C and autogenous pressures).  Instead, those with higher Si/Al ratios are typically 

synthesized from alkaline solutions containing additional components like quaternary 

ammonium cations, which are often called structure directing agents (SDAs).  Post-

synthesis, SDAs are removed via appropriate calcination steps.  Synthetic zeolite crystals 

are typically in the size range ca. one to several microns.  Such crystals are usually called 

conventional zeolites in the literature. 

1.4. Geopolymers 

Geopolymers are up-and-coming, relatively new ceramic-like aluminosilicate that 

lack long range ordering, at least to a length scale that can be detected by the X-rays.  

Although amorphous (semi-crystalline, at best), geopolymers are similar to 

aluminosilicate zeolites in the sense that their fundamental framework is a highly linked 

three-dimensional network of AlO4 and SiO4 tetrahedra.  Likewise, the negative charge 

arising due to the presence of Al3+ in four-fold coordination localized on one or more of 

the bridging oxygens of each AlO4 tetrahedron is compensated by alkali metal cations.  

Na and K ions are the most common cations, but others like Li and Cs can also be used.  

Some geopolymers can also contain alkaline earth cations, particularly Mg and Ca.  The 

structural similarities between geopolymers and zeolitic materials on an atomic to 

nanometer length scale have been shown experimentally employing 29Si solid-state magic 



  10 

angle spinning nuclear magnetic resonance spectroscopy (29Si MAS NMR)16 and electron 

microscopic analysis, respectively.17  However, geopolymers are strictly synthetic unlike 

zeolites which are found as minerals and can also be synthesized.  Moreover, due to the 

lack of crystallinity, geopolymers do not exhibit any regular channels or micropores that 

are characteristic to zeolites.  Geopolymers can be prepared in a wide range of 

compositions following the formula: , usually with  = 1, 

2 ≤  ≤ 300 and  represents one or more of the aforementioned alkali metal ions.18  

Nonetheless, the most common “nominal” compositions have been around  = 4 and  = 

10 (M = Na, K or Cs), as they provide the best mechanical properties desirable for 

construction applications.  Many researchers attempted to draw schematic diagrams of 

the three-dimensional geopolymer structure but owing to the disorder inherent to them 

and also due to the difficulty of precisely representing a three-dimensional framework in 

two dimensions, such efforts have not proven to be very successful.  The schematic 

presented by Rowles et al.16 (Figure 6) is widely considered to be the most appropriate 

representation.19 
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Figure 6.  Proposed model of atomic structure of amorphous geopolymer showing charge 

balancing alkali metal ion (Na+) in the vicinity of anionic AlO4 tetrahedra along with the 

associated H2O molecules, adapted from Rowles.16 

In the aftermath of numerous fire disasters involving organic plastics in France 

between 1970 – 72, Joseph Davidovits started to explore inorganic polymers that can 

resist fire and consequently chose to develop amorphous to semi-crystalline three-

dimensional aluminosilicate materials, which he called geopolymers (mineral polymers 

resulting from geochemistry or geosynthesis).20  Even though the early geopolymers were 

synthesized at high temperatures (150 ‒ 180 °C),21 recently ambient temperature 

synthesis has been shown, in some circumstances leading to better products in terms of 

strength.  This low-temperature and, hence, low energy requirement for the synthesis of 

geopolymers is the main reason behind enormous interest being shown in these materials.  

Nowadays, geopolymers are typically synthesized at ambient temperatures by alkali 
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hydroxide- or silicate-activation of a reactive aluminosilicate powders − in particular 

metakaolin (calcined kaolin clay),22 or solid aluminosilicates obtained from industrial 

wastes ‒ chiefly fly ash,23 melt-quenched aluminosilicates,24 natural minerals,25 or 

mixtures of two or more of these materials.26  Filler materials as an aggregator or 

reinforcer such as sand, concrete aggregates like basalt,27 SiC,28 carbon fiber29 and other 

organic30 and inorganic fibers31 (synthetic or natural) to name a few, are sometimes used 

to enhance desired properties including strength and density.   

Different terminologies exist to describe these alkali-activated aluminosilicates, 

namely, low-temperature aluminosilicate glass, alkali-activated cement, geocement, soil 

cement, alkali-bonded ceramics, alkali ash material, inorganic polymer concrete, 

inorganic polymer glasses, and hydroceramics, and a variety of other names.19b  

Irrespective of the terminology adopted, they are all synthesized from the same 

aforementioned chemistry involving a series of dissolutions, bond rearrangements and 

precipitations in alkaline mediated aqueous reaction substrate.  Encouraged by the expert 

community during various international symposia dedicated to such a material, 

“geopolymer” and “inorganic polymer” are the two terms increasingly being used in the 

recent academic literature.   

Geopolymers exhibit a wide range of properties and characteristics like high 

compressive strength, low shrinkage, fast or slow setting, acid resistance, fire resistance 

and low thermal conductivity, depending on the raw material used to make them and also 

the conditions employed to cure them.  Due to the said properties, geopolymers have a 

very broad array of applications such as fire resistant materials,29, 31 thermal insulators,32 

low-tech building materials,31, 33 refractory items,34 low energy ceramic tiles,35 low-CO2-
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producing cements and concretes,33, 36 composites for infrastructures repair and 

strengthening, foundry applications, high-tech resin systems, decorative stone artifacts, 

radioactive and toxic waste encapsulations,37 and high-tech composites for aircraft 

interior and automobiles.38  However, so far geopolymer technology has been driven by 

applications rather than technology, hence the geopolymerization process is 

mechanistically not fully understood yet.  To this end, the recent efforts most notably led 

by Provis and van Deventer, are proving invaluable, although further investigations are 

necessary.19b, 39  Out of the many different ways in which geopolymers are synthesized, 

chemically the simplest system of them all is alkali hydroxide/silicate activated 

metakaolin, primarily due to the relatively high-purity of metakaolin in comparison to 

other aluminosilicates sources that are used.  This is often considered as the model 

system, whose results can be conveniently extended to other more complicated systems.  

Therefore, this thesis will be focused solely on geopolymers formed from alkali 

hydroxide/silicate activated metakaolin. 

In the simplest terms, Provis et al.17b, 19b summarized the geopolymerization 

process to occur via the following four steps: 

1) Alkaline attack on the aluminosilicate source resulting in the release of silicate 

and aluminate species into the solution.  In the case of metakaolin system, 5- 

and 6-coordinated Al is converted into 4-coordinated aluminate species upon 

dissolution.40 

2) Transportation of newly formed small dissolved species and the silicates 

initially supplied in the form of activating solutions occur via water-assisted 
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mechanism, enabling them to interact.  Such interactions results in the 

formation of aluminosilicate oligomers. 

3) Precipitation of dissolved species into an amorphous gel is then triggered once 

the silicate solution is destabilization by the presence of dissolved aluminate 

in sufficiently high concentration.  This dissolution and gelation occur 

simultaneously and may be influenced by factors such as mechanical 

disruption (shearing or ultrasonication), and also the presence of additional 

particle surfaces (aggregates and/or other added oxides), which may provide 

nucleation sites.  

4) Geopolymer gel with amorphous, cross-linked, three dimensional structure 

(often referred to as a geopolymeric gel binder phase) grows until the reacting 

slurry solidifies.  The time taken for this is greatly influenced by the mix 

design and curing temperature, along with the presence or absence of 

contaminants.  Depending on the mix design and the curing temperature, 

setting can be achieved almost instantaneously, or over a duration of a number 

of days.  In fact, the reaction processes continue for quite some time after the 

point of setting, as is evident from the ongoing strength development41 and/or 

the growth of zeolitic crystallites in some compositions.42 
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Figure 7.  Nanoparticulate meshwork of fully reacted K-geopolymer as revealed by SEM 

(a), and TEM (b), adapted from Kriven et al.19a 

Geopolymers are fundamentally a nanostructured material, as they are produced 

through geopolymer gel formation.  Characterization by Kriven et al. using transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM) has shown that the 

microstructure of geopolymers consist of a nanoparticulate meshwork of 5 – 40 nm 

diameter sized particles (Figure 7a) separated by nanoporosity whose features are of the 

order of 3 ‒ 10 nm (Figure 7b).  Moreover, the diameter of the particles is influenced by 

the type of alkali ions present.  Specifically, the precipitate diameters are of the order of 

5–10 nm for sodium-based, 20–30 nm for potassium-based and 30–40 nm for cesium-

based geopolymers.19a  The particles result from dissolution of the aluminosilicate 

precursor, followed by nucleation and growth of nanometer-sized particles that aggregate 

at a critical concentration, causing the geopolymer to solidify.  The water used in 

synthesis is expulsed to the pore network, which has a non-uniform morphology.  It is 

emphasized that the dissolution of the aluminosilicate precursors is carried out usually at 

an extremely high metal concentration range with a typical water content less than 45 
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wt%.  With such limited amounts of water, the network structure of the resulting 

geopolymer gel is much denser than what is expected for the inorganic gels (such as 

silica and alumina gel) from typical sol-gel chemistry. Therefore, the internal surfaces of 

the pore structures of geopolymers are not generally accessible by external molecules. 

1.5. Precipitated Aluminosilicates 

Precipitated aluminosilicates are synthetic, amorphous materials produced in the 

form of powders with intricate particulate assembly.  As the name suggests, they are 

prepared by the co-precipitation of silicate and aluminate species from aqueous solutions.  

Similar to zeolites and geopolymers, precipitated aluminosilicates include charge 

balancing cations such as Na and Mg ions.  Although Al3+ in precipitated 

aluminosilicates is understood to be in a four-fold coordination with a tetrahedral atomic 

environment, no structural studies have been reported in order to validate such a 

conclusion.  Nearly all of the work dedicated to precipitated aluminosilicates is patented43 

with only a handful of peer-reviewed reports.44  Moreover, the limited number of 

available peer-reviewed reports all focus on their applications rather than the structural 

and/or compositional studies,45 meaning precipitated aluminosilicates remain an 

inadequately studied material.  Although lacking in atomic structure, their microstructure 

is reasonably well established.  The primary particles of precipitated aluminosilicates are 

in the nanometer range (~ 10 ‒ 100 nm), which invariably aggregate or agglomerate into 

irregular shapes with fluffy textured secondary particles that are 5 ‒ 20 μm in size.  

Owing to their microstructure, they exhibit high surface areas, typically in the range of 60 

‒ 125 m2/g.   
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Despite being poorly understood, there is a lot of application-driven interest in 

them from the industry.  Several grades of synthetic amorphous aluminosilicates have 

been already commercialized by J. M. Huber Corporation under the trademark Zeolex® 

and Hydrex®.  Zeolex® products are sodium aluminosilicates, whereas Hydrex® 

products are magnesium aluminosilicates.  They are generally synthesized at room 

temperature or slightly elevated temperatures by controlled addition of aluminum sulfate 

(or alum) solution to a solution of silicate while maintaining the pH between 9 and 12.46  

The precipitated aluminosilicate particles are then separated via filtration or 

centrifugation and purified by repeated washing.  They often contain co-precipitated 

sulfate (~ 5%) according to the literature supplied by the manufacturers. 

Precipitated aluminosilicates exhibit a wide range of characteristics like high 

structure (the extent to which aggregates form complex three-dimensional entities is often 

referred as a “structure”), high surface areas (~ 60 ‒ 125 m2/g), high refractive index, 

high whiteness, low abrasivity, and interesting light scattering and ultraviolet (UV) 

reflecting properties.  As a result of these properties, precipitated aluminosilicates are 

used as reinforcing fillers in all types of elastomeric products, fillers in non-black or 

colored rubber articles, fillers in paper and printing industry, titanium dioxide extender in 

flat white paints, UV protector, and surface smoothers of hoses, gaskets and flooring 

materials.  In fact, precipitated aluminosilicates are the first synthetic non-black filler.  

For reinforcement applications, typical loading of precipitated aluminosilicate range from 

a low 10 phr (parts per hundred pounds of resin) to a high 150 phr.43b   
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1.6. Similarities Between Zeolites and Geopolymers 

The link between geopolymers and zeolites has been suggested by numerous 

studies.  It has been shown that there are common nanostructural features between 

geopolymer gels and zeolites, but the former lacks long-range crystalline order.  Atomic 

level ordering in geopolymer gels has been demonstrated by using 29Si MAS NMR 

studies on Na and K geopolymers by Rowles et al.16, 47  Whereas, more recently, Bell et 

al. disclosed that the structural ordering in Cs geopolymer is similar to pollucite, a zeolite 

mineral, up to a length scale of one nm by employing X-ray pair distribution function 

(PDF) analysis based on synchrotron X-ray scattering data.17a  However, similar X-ray 

PDF investigations on Na and K geopolymers by the same authors proved less fruitful, 

which according to the authors is due to the lower X-ray contrast produced by these 

systems compared to Cs system.  Furthermore, visible evidence of the presence of 

nanocrystalline zeolites (~5 nm) in geopolymer samples prepared under certain 

conditions has been revealed by various authors via high-resolution electron microscopic 

(HRTEM) studies.48  In a review article by Provis et al. such zeolitic units in the 

nanostructure of the disordered geopolymer gel are discussed in detail.17b  The same 

authors proposed that the X-ray amorphous geopolymer gels may contain nanocrystalline 

zeolites compacted in an amorphous gel phase.  Although ambiguously, they also 

summarized the compositions and physicochemical conditions suitable for the formation 

of such phases.   

In terms of physicochemical conditions, much analogy are drawn between the 

synthesis of geopolymers and low silica zeolites for examples, both require high pH 

alkali solutions and both undergo a series of dissolution-reorientation-solidification 
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reactions under hydrothermal conditions.  The term hydrothermal is used rather loosely 

and includes the crystallization of zeolites from aqueous solutions at temperatures 

between 80 ‒ 250 °C, and geopolymers are formed below 80 °C, while the pressures are 

autogenous meaning the saturated vapor pressures at the designated temperatures.20  The 

two most important factors that govern whether or not X-ray diffracting crystals will 

form during geopolymerization are: 1) amount of water (expressed as mole fraction, 

), and 2) heating (or curing) temperature.  Zeolites are the preferred products in the 

samples synthesized with large amount of water ( greater than ~0.73) and higher 

temperatures (≥80 °C).  For instance, a variety of low silica zeolites including zeolite X 

(FAU), sodalite (SOD), Linde A type (LTA), gismondite (GIS) and chabasite (CHA) 

have been prepared by reacting metakaolinite with solution of alkalis even before the 

introduction of geopolymers or the geopolymerization process.49  These zeolites were 

prepared using solutions containing  > 0.84 at temperatures ≥ 80 °C over a period of 

7 days.   

The additional factors that dictate the formation of zeolitic phases during 

geopolymerization, although less distinctively, are: heating time, Si/Al and Na/Al ratios, 

and the type of alkali.  Specifically, even the low water content compositions, when 

heated (cured) for extended periods under moist conditions or after a brief period at 

elevated temperatures are known to form zeolite structures to a certain extent (may or 

may not be detected by XRD analysis), particularly in low Si/Al (≈ 1) ratio samples.  In 

one example, using HRTEM, Bell et al. observed the formation of nanocrystals (6 ‒ 10 

nm) of Linde A type (LTA) zeolite from the composition 2SiO2:Al2O3:Na2O with  = 

0.62 when heated at 50 °C for 48 h.  Using synchrotron XRD data and pattern fitting 
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analysis, they were able to quantify the amount of LTA to be ~4% with the rest existing 

as an amorphous phase.  They concluded that the concentrated nature of geopolymer gels 

permitted only a small amount of zeolite crystallization.48  On the contrary, Rowles et al. 

observed the formation of zeolite X (~44 %, as quantified by 29Si MAS NMR) from the 

similar composition with even lower amount of water (  = 0.60) when heated at 70 

°C for 24 h signifying the temperature effect.  One common feature of both the studies is 

that the metakaolin was activated with alkali hydroxide with no soluble silicate (Si/Al = 

1).  Furthermore, Duxson et al. demonstrated that the presence of soluble silica in the 

activating solution hinders the formation of zeolitic structures.50  By systematically 

increasing the amount of silica in the KOH activating solution from 0 ‒ 0.5 (i.e., total 

Si/Al ratio from 1.0 ‒ 1.5) in the samples prepared by activating metakaolin at 120 °C for 

24 h, they showed that although the specimens synthesized using the highest levels of 

soluble silicon appear amorphous to XRD, specimens synthesized with small amounts of 

soluble silicon (Si/Al ≤ 1.25) exhibit peaks due to zeolitic phases.  Addition of soluble 

silicon to the activating solutions used in the synthesis of geopolymers can be observed to 

substantially reduce the level of long-range structural ordering with increasing 

concentration, but does not appear to fundamentally change the reaction mechanism.   

Additionally, Duxson et al. also remarked that the aluminosilicate gel formed 

depends not only on the concentration of the added soluble silica, it also depends on its 

degree of polymerization, which in turn is influenced by the ratio of Na/Al (equivalent to 

NaOH/Si ratio).  Silicate solutions with higher Na/Al ratio have a lower degree of 

polymerization of soluble silica and lead to geopolymers with a higher level of long-

range ordering.  Zeolite formation is also known to occur in KOH activated metakaolin 
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(KOH/metakaolin) systems but crystallization is less rapid compared to the 

NaOH/metakaolin systems.41  Moreover, the presence of Ca is recognized to suppress the 

formation of zeolitic phases.  These physicochemical conditions that favor the formation 

of geopolymers versus zeolites are summarized in Table 1, although not precisely due to 

the lack of distinct boundaries in what is already a very complex system.   

Table 1.  Synthetic parameters that dictate the formation of geopolymers versus zeolites 

from the geopolymerization process. 

 

As a result of this obvious relationship between geopolymers and zeolites, Kriven 

et al. suggested that the geopolymers are metastable, kinetic products which over time 

will convert into zeolites.51  Furthermore, zeolites themselves are known to undergo 

transformations into the related stable phases such as of feldspars, the ultimate 

aluminosilicate products, as shown schematically in Figure 8.52 

Synthetic Parameters 

Favorable Conditions for the Formation of  

Geopolymers Zeolitic Phases 

Water content ( ) Low (< ~0.73) High (> 0.76) 

Temperature Low (25 ‒ 80 °C) High (80 ‒ 250 °C) 

Alkali content (A/Al)a Low (≈ 1) High (>1) 

Curing time Low (several hours) High (several days)b 

Activating solution 
Alkali silicate (presence of 

soluble silica) 

Alkali hydroxidec (no to little 

soluble silica) 
aA is an alkali cation (Na, K or Ca) 
bUnder humid conditions 
cThe rate of formation of zeolite from the hydroxide of Na<K<<Ca 
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Figure 8.  Free energy diagram of chemically related aluminosilicates, adapted from 

Kriven et al.27 

1.7. Recent Trends in Zeolites and Geopolymers 

The steady interest in porous solids is due to the potential of these materials to 

offer sustainable solutions to global issues such as increasing energy demands and 

concurrently meet more stringent environmental standards for industrial pollutants, 

depletion of resources, and health improvement.  According to the International Union of 

Pure and Applied Chemistry (IUPAC), solids containing pores whose widths are less than 

2 nm are classified as microporous materials, whereas solids having pores widths 

between 2 ‒ 50 nm are categorized as mesoporous materials, and those enclosing pores 

wider than 50 nm are termed macroporous materials.53  The porous materials that are 

considered in this thesis are zeolites and geopolymers.  Zeolites are inherently 
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microporous whereas geopolymers are generally considered nanoporous but the internal 

surfaces of the pores present in them are generally not accessible by the external 

molecules.   

Recently, over the past decade or so, much efforts are being dedicated to prepare 

zeolites with enhanced accessibility to their micropores.  Zeolites already found their way 

into a multitude of fields such as catalysis, adsorption, separation and purification, ion-

exchange, building materials, and cosmetics to name a few.54  Most, if not all of these 

applications are dictated by how fast the external molecules can diffuse in and out of the 

zeolite crystals which are typically micron sized.55  Limited diffusion through micropores 

not only hinders the complete utilization of the zeolitic crystals but also generate 

undesired byproducts in the case of catalysis.56  The main strategy to improve the 

diffusion through the narrower micropores is to decrease the average diffusion path 

lengths.  Theoretically, intracrystalline diffusion time decreases quadratically with 

decreasing the particle size (i.e. diffusion path length).  The diffusion path lengths can be 

decreased by creating hierarchical pore systems i.e. systems containing pores of at least 

one bigger length scale (meso and/or macropores) in addition to the inherently present 

micropores in zeolites.  Ideally, the bigger pores should run from the outside to the inside 

of a zeolite crystal and lead into the micropores.   

Zeolites with hierarchical pore systems include: 1) micron sized zeolites with 

intracrystalline meso and/or macropores, 2) zeolite composites where the support 

material provides meso and/or macropores, and 3) self-assembled structures of 

nanozeolites where the aggregation of nanocrystals create intercrystalline meso and/or 

macropores.  Intracrystalline meso and/or macropores can be introduced by employing 
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templating methods (hard or soft templates)57 in a bottom-up fashion or non-templating 

methods (demetallation from preformed zeolite crystals) via a top-down approach, 

whereas intercrystalline meso and/or macropores can be introduced by controlled 

crystallization of nanozeolites following a bottom-up methodology.55, 58  At present, very 

elegant templating methods with precise pore size control exist but are too expensive to 

be realized industrially due to the high cost of templates and also due to the additional 

cost and environmental impact involved in burning the templates.  Selective 

demetallation, a non-templating and post synthetic method is very promising industrially 

and its applicability towards many zeolite frameworks with Si/Al ≥ 4 is shown by 

strategically chosen dealumination or desilication (in the presence of pore-growth 

moderators such as tetrapropylammonium (TPA+) cations) or sequence of both 

processes.59  Recently, carefully selected sequence of mild dealumination followed by 

alkaline treatment and subsequent mild acid wash was developed to introduce 

mesoporosity into FAU-type zeolites with Si/Al as low as 2.4.60  More recently, mild acid 

washing with Na2H2EDTA was developed to introduce mesopores into even aluminum 

rich zeolites such as Zeolite X and A (both in NH4 form only, with a Si/Al = 1.2) 

completing the applicability of demetallation to zeolites with almost entire range of Si/Al 

ratios.61  Controlled crystallization without using expensive templates/surfactants to 

obtain nanozeolites with intercrystalline meso and/or macropores is also a promising 

methodology to produce low silica zeolites with improved diffusion.  Considering the 

huge interest in hierarchical zeolites in academia and industry alike, it is predicted that 

many new elegant synthetic approaches will be added to the already existing collection of 

methods.   
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Geopolymers are promising engineered materials which are being increasingly 

studied as a more environment-friendly alternative to Portland cement in construction due 

to their large-scale availability, excellent thermal stability and superior mechanical 

properties.  As mentioned in section 1.4, geopolymers are inherent nanomaterials with a 

xerogel-like microstructure made up of highly fused nanoparticles whose diameters are in 

the range of 10 – 30 nm.  The dense nature of the geopolymer microstructure narrows the 

pore channels in the xerogel-like structure, preventing effective molecular flow, as 

evidenced from the ill-shaped hysteresis loops in gas sorption isotherms.   

Nevertheless, over the past five years, new research efforts have been geared 

toward utilizing the geopolymers for nontraditional applications, such as evaporative 

cooling, drug delivery, ion exchange, and catalysis, mainly by taking advantage of the 

innate nanostructure of geopolymers.  For instances, by employing much high water 

amounts (72 – 82 wt% as opposed to a typical ~45 wt%) in synthesis, more open 

geopolymer pore structures have been reported recently by Forsgren et al.,62 and Jämstorp 

et al.63  These studies reported that the porosity and average pore size can be tuned by the 

changing the water content in the synthesis.  Furthermore, drug permeation and release 

rates could also be adjusted according to the requirements.  Although, the increased 

porosity and pore sizes with water content had an adverse effect on the compressive 

strength of these materials, it was sufficient for such drug delivery applications.  In a 

separate study by Cai et al., resistance of drug loaded geopolymers for common 

tampering practices were evaluated and compared to the marketed controlled-release 

tablets.  They found the geopolymer matrix to have increased resistance to such common 

tampering practices and therefore proposed geopolymers as a potential material for 
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reducing drug abuse.64  While Okada et al. have shown porous geopolymers with specific 

compositions to have suitable water release and consequent evaporative cooling 

properties for the remediation of “heat island effect” (which is defined as the 

phenomenon of urban areas having higher temperatures compared to their surrounding 

rural areas).65 

In terms of ion-exchange capability, O’Connor et al. demonstrated that the the 

Na+ ions in a conventional Na-geopolymer can be completely exchanged by K+, Ag+, 

NH4
+ and Pb2+ ions while a partial exchange can be achieved by Li+ (82%), Cd2+ (78%) 

and Mg2+ (57%).  Geopolymers exchanged with K+, Li+ and NH4
+ were proven to be 

suitable precursors for crystalline ceramics, forming leucite, spodumene and mullite 

respectively, upon heating at 1100 °C.  They also showed the Ag+ exchanged compound 

was a powerful antimicrobial agent against Staphylococcus aureus.  Moreover, they also 

suggested that NH4
+ ion in the NH4

+-exchanged geopolymer decomposes when heated at 

600 °C and therefore may be a potential solid acid catalyst for organic reactions such as 

the Friedel–Crafts alkylation.  Furthermore, based on the efficient exchange by Pb2+ and 

Cd2+, they also highlighted the potential of Na-geopolymer for the cost-effective removal 

of heavy metal ions from wastewater streams.66  Additionally, Taya from our group 

demonstrated ion exchange of K+ ions from high surface area porous geopolymer (K-

geopolymer) by Na+ (77%) and Cs+ (61%) ions.67 

In another recent study by Sazama et. al., modified geopolymers have been shown 

to be a promising heterogeneous catalyst for selective reduction of nitrogen oxides by 

ammonia and the total oxidation of volatile hydrocarbons.  Catalytic sites were generated 

by modifying Na-based or K/Ca-based geopolymer through an ion exchange process 
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using aqueous solutions of transition metal ions including Fe3+, Co2+, Cu2+ and Pt2+.68 In 

similar synthetic approaches in which conventional geopolymer is employed as a starting 

material, photocatalytic activities have been realized in Ni2+-ion exchanged geopolymer 

and TiO2-containing geopolymer.69  More recently, our group has successfully prepared a 

new class of high-surface area solid base catalysts by modifying the hierarchically porous 

geopolymer with calcium.  These novel catalysts were demonstrated to be highly active 

for the conversion of soybean oil to biodiesel with good recyclability emphasising their 

potential for cost-effective biodiesel production.70   

Although geopolymer chemistry is quite complex, recent progress points to ever-

greater research efforts for discovering yet-to-be explored applications for this unique 

and versatile material.  Moreover, it is anticipated that improved insights into the 

geopolymerization process will appear during the coming years.  The new efforts will 

lead to a significant improvement in our understanding of geopolymers and possibly also 

to a momentous technological developments through their implementation in industrial 

applications. 

1.8. Current Work   

The work presented in this thesis outlines the preparation of three new 

nanostructured aluminosilicate materials, namely: geopolymers with hierarchically 

meso/macroporous structures, dispersible geopolymer particles, and highly crystalline 

hierarchical zeolites, all produced by modifying the geopolymerization process in ways 

that are readily scalable and cost-effective.   
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The limitations of the existing geopolymer technology described previously are: 

1) Lack of synthetic procedures to introduce interconnected pores within the 

geopolymer monoliths other than merely increasing the amount of water used 

in the synthesis.   

2) Nonexistent techniques (particularly bottom-up) to produce geopolymeric 

products in the powder form.   

3) Dearth of methods in producing highly crystalline zeolites from the 

geopolymerization process, although the presence of zeolitic phases with 

varying degree of crystallinity in the geopolymer products has been well-

recognized ‒ even from the early days of geopolymer technology.   

The work described in this thesis addresses the aforementioned problems of the 

contemporary geopolymer technology in the following ways:  

1) A new synthetic procedure is presented in order to introduce interconnected, 

hierarchical meso-/macropores into the geopolymer products by developing a 

reactive emulsion templating method with triglyceride oil.   

2) For the first time, it is made possible to produce geopolymeric products in the 

powder form through a bottom-up approach.  This was achieved by activating 

metakaolin with sodium silicate solutions containing excess alkali, and curing 

for short duration under moist conditions.   

3) Likewise, a preparation method to make highly crystalline, hierarchical 

faujasite zeolites from the geopolymerization process is demonstrated for the 

first time.  This was accomplished by sodium silicate activation of metakaolin 
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in the presence of excess alkali, in combination with the reactive emulsion 

templating with triglyceride oil.   

In addition to describing the newly developed synthetic procedures to expand the 

geopolymer technology, this thesis also discusses the performance of some of the 

produced novel materials towards the tested applications.  Particularly, iron oxide 

modified nanoporous geopolymers are assessed for the removal of arsenic from 

contaminated water, and highly crystalline hierarchical faujasite zeolites are evaluated for 

carbon dioxide sorption properties in the context of several industrially relevant CO2 

separation applications.   
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CHAPTER 2 

2. CHARACTERIZATION TECHNIQUES AND EXPERIMENTAL METHODS 

2.1. Introduction 

To further the understanding of the syntheses proposed and the final materials 

produced in this thesis, a wide range of characterization techniques have been used.  

Powder X-ray diffraction (PXRD) was used for identification and characterization of 

geopolymers and zeolites at various stages in their synthesis, and also to determine the 

crystallite sizes.  Gas sorption studies, i.e. N2 adsorption and desorption studies at 77 K, 

were used to evaluate the pore properties, namely surface area, pore volume and pore 

widths.  Electron microscopy, i.e. scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) were used to investigate the macro and microscopic 

structural properties.  Dynamic light scattering (DLS) was used to identify the 

hydrodynamic radii of the particles.  This chapter is divided into individual 

characterization techniques, for which the theory and applications specific for this work 

are reviewed to assist the discussion and results in the proceeding chapters. 

2.2. Powder X-ray Diffraction (PXRD) 

X-ray diffraction is a rapid and non-destructive analytical technique used for 

determining the atomic structure of a crystalline material which also provides information 

on crystallite size.  In crystalline materials, atoms are arranged in regular, systematic and 

repeating manner throughout the crystal in all three dimensions of space.  Due to the fact 

that atoms contain electrons which are able to absorb and re-emit electromagnetic 
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radiation in directions not necessarily equal to the incident direction, atoms can act as 

light scatterers.  The interference of the scattered light leads to the general phenomena of 

diffraction.  Fundamentally, diffraction is a phenomenon that is observed when 

electromagnetic radiation impinges on periodic structures with geometric variations on 

the length scale of the wavelength of the radiation.  The interatomic distances in crystals 

and molecules are found to be in the range of 1 ‒ 4 Å, so X-rays with a wavelength 

ranging between 0.5 ‒ 2.5 Å are a suitable radiation for observing diffraction in 

crystals.71 

Max van Laue, in 1912, discovered that crystalline samples can act as diffraction 

gratings for X-rays.  X-ray diffraction is now a common tool to study the atomic structure 

in crystalline materials.  X-ray diffraction is based on constructive interference of 

monochromatic X-rays diffracted from a given diffracting plane.  For an infinite row of 

scatterers, such as in perfect crystals, the only condition at which constructive 

interference will occur and a reflection will be observed is when the Bragg law condition 

is met.72  Bragg’s law states that when monochromatic X-rays are incident onto a crystal 

with parallel diffracting planes, their angle of incidence (θ) is same as the angle of 

scattering (θ).  Furtheremore, when the path difference, d, between the diffracted X-rays 

is equal to a whole number, n, of wavelength, a constructive interference will occur 

(Figure 9).  Bragg explained this in the form of an equation now known as Bragg’s law: 

                (1) 

The collected diffraction pattern contains peaks called Bragg peaks, that are 

directly correlated to atomic distances from which crystal structure can be determined.  

Under all other conditions, the scattering is annihilated due to destructive interference. 
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Figure 9.  Diffraction of two parallel planes.  Constructive interference occurs when the 

path difference (i.e., QA2 + A2R = 2dhkl sinθ) of the reflected waves is equal to an integral 

number of wavelengths, adapted from Chester.73 

Powder X-ray diffraction is one of the most important, powerful and widely used 

non-destructive analytical technique for the study of solid state materials.  Many 

materials, especially zeolites, can be synthesized only in the form of polycrystalline 

powders and are not amenable to single crystal XRD measurements.  In the example of 

zeolites, crystalline dimensions of zeolite samples are typically smaller than 10 µm, for 

example.  Moreover, for most crystalline samples of industrial importance, the bulk 

properties of a powder or a polycrystalline solid, averaged throughout the sample, are 

required rather than a single crystal data, which becomes important for determination of 

the crystal structure or for studying some other fundamental physical property.  Powder 

diffraction is diffraction of light by powders or microcrystalline samples, where ideally 

every crystalline orientation is represented equally.  The resulting orientation averaging 
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causes the three dimensional reciprocal space to be projected on a single dimension.  The 

diffractogram or diffraction pattern is a unique “fingerprint” of materials.  Phase 

identification is performed by comparing the diffraction patterns to the known standard 

sample or to databases.  A perfect crystal would extend in all three dimensions to infinity 

but due to the finite size of the actual crystals no crystal can be defined as perfect.  Such 

an imperfection is noticed to lead to broadening of the diffraction peak.  Nevertheless, 

this type of peak broadening has been observed to be negligible when the crystallite size 

is larger than 200 nm (2 × 10-7 m).  Crystallite size of a nanocrystalline bulk material is 

an average measure of the size of a coherently diffracting domain that can be calculated 

by using the Scherrer’s equation:  

               (2)

which relates the average dimension of the crystallites (t) to the width (B = Full-Width at 

Half-Maximum (FWHM)) of the diffraction peak (in radians) observed at 2θ.  K is the 

Scherrer’s constant, somewhat arbitrary value between 0.87 ‒ 1.0 but usually 1 assuming 

spherical particles74 and λ is the wavelength of the X-rays (1.5418 Å in the case of Cu-Kα 

radiation).75  The smallest crystallite size that can be calculated with reasonable 

confidence using this equation is around 10 nm, where a typical diffraction maximum is 

not possible and the background signal has a substantial presence in the broad diffraction 

peak of the nanocrystallite. 

Different materials can exhibit different degrees of crystallinity and therefore give 

different powder X-ray diffraction patterns.  Amorphous materials with no long range 

ordering give no diffraction at all, large crystals give patterns with sharper and intense 
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peaks and materials of intermediate crystallinity give diffraction patterns with broad 

peaks.  This range of phases can be represented by various types of aluminosilicates 

prepared under different synthetic conditions.  Diffraction pattern of metakaolin or 

calcined kaolin, the precursor used for geopolymerization in this study gives a broad 

amorphous peak at ~22° 2θ in Cu-Kα XRD.  It has been well documented that this peak at 

~22° is replaced by a new ‘amorphous hump’ centered at ~28‒30° 2θ upon activation 

with alkaline silicate solution suggesting that the bonding environment changes during 

geopolymerization.  This new broad hump centered at ~28‒30° 2θ is considered to be the 

distinguishing feature of the diffraction pattern of any geopolymer irrespective of the 

choice of solid aluminosilicate source (metakaolin, fly ash or blast furnace slag), 

activating solution (sodium or potassium hydroxide with or without dissolved silicate) 

and curing conditions.  Rowles and O’Connor observed that partially activated 

compositions which had significant amount of unreacted metakaolin within the 

geopolymeric matrix exhibited a diffraction pattern with the ~22° peak superimposed 

with ~28° peak 76.  Therefore, although amorphous, depending upon the position of the 

hump, power X-ray diffraction is capable of 1) identifying the nanostructure of 

geopolymer and 2) revealing the extent of geopolymerization that has occurred.  

Moreover, by taking peak-broadening effects of small crystals into the account, Provis et 

al. argued that this amorphous hump is due to the presence of zeolite nanocrystals on a 

length scale below the detection limits of XRD.17b  Yang et al. attributed this hump at 

~28° to the presence of a phase they called ‘precrystallization’ with zeolites present on a 

length scale of no more than 4 unit cells, or approximately 8 ‒ 10 nm.77  On the contrary, 

pure crystalline zeolites with micron sized crystals containing many unit cells produces 
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X-ray diffraction patterns with many diffraction lines.  Nanozeolites whose size range 

between 20 ‒ 100 nm with approximately 8 ‒ 42 unit cells (assuming FAU (faujasite) 

structure), on the other hand, produce diffraction patterns with many diffraction lines that 

are broadened significantly.  The crystallite size of such nanozeolites can be calculated 

using the Scherrer’s equation applied to the broadened reflections.  For example, average 

crystallite size of nanocrystalline FAU (zeolite X or Y) can be calculated from the 

reflections at a 2θ value of 6° (111), 16° (331) and 27° (642).78 

2.3. Gas Sorption Studies 

Adsorption and desorption of gas molecules on the surface of a porous material 

provides vital information about the surface area, pore volume and pore size distribution 

(PSD).  The basis for sorption measurements is physisorption of gas molecules on the 

surface.  Physisorption is a van der Waals type of interaction (dispersion or dipolar) 

between the adsorbate (gas molecules) and the adsorbent (porous material).  These 

interactions are weak, on the order of 20 kJ·mol-1, so the adsorbate molecules easily 

adsorb and desorb from the surface of the adsorbent, and the surface coverage increases 

at lower temperatures. 
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Figure 10.  Types of physisorption isotherms, adapted from Sing.79 

Essentially, when a solid is exposed in a closed space to a known amount of gas at 

pressure P, the weight of the solid characteristically increases and the pressure of the gas 

decreases i.e. the gas is adsorbed by the solid.  After certain time, the pressure P does not 

change any more and correspondingly the weight of the solid stops to increase any 

further, at which point a dynamic equilibrium has been established.  The amount of gas 

adsorbed is experimentally determined by monitoring the fall in the gas pressure 

(volumetry) or increase in the solid weight (gravimetry).  A series of measurements at 

different pressures and constant temperature are collected and composed into a data set 
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called an isotherm.  When possible, the solid samples are finely ground in order to 

minimize the time taken to achieve equilibrium pressures.  Typically, pressure is varied 

from vacuum to 1 bar at liquid N2 temperature, 77 K.  The pressure is properly 

normalized to the saturation vapor pressure Po and the adsorbed amounts are so referred 

to the dimensionless relative pressure P/Po.  Physisorption isotherms are currently 

classified in six classes (I ‒ VI) according to the IUPAC classification, as shown in 

Figure 10.  The presence of pores of different dimensions can be differentiated from the 

shape of the isotherms.79   

The recorded values are generally interpreted relying on various models.  For 

surface area measurements, a BET equation, developed by Brunauer, Emmett and Teller 

is a commonly used model: 

               (3)

where V is the volume adsorbed, Vm is volume of monolayer, P and P0 are equilibrium 

and saturation pressures, and c is a constant (BET constant) related to the enthalpy of 

adsorption.  The specific surface area (SBET) is then calculated from Vm by the following 

equation: 

               (4)

where na is Avogadro constant, am is the cross sectional area occupied by each nitrogen 

molecule (0.162 nm2), m is the weight of the sample, and VL is the molar volume of 

nitrogen gas (22,414 cm3). 

The ‘t-plot’ method is commonly used to estimate the pore volume and specific 

surface area of microporous materials like zeolites by comparing the isotherms of 
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samples under investigation with those of reference samples.  The multilayer film 

thickness of adsorbate (t-values) is evaluated on a reference nonporous solid with similar 

surface properties to the samples under investigation.  Alternatively, standard reference 

plots like the one obtained from Harkins and Jura equation for silica and alumina 

substrates can be used: 

⁡
               (5) 

The volume adsorbed on the sample under investigation at different pressures is 

plotted against ‘t’ and the corresponding statistical average layer thickness is calculated 

from the standard isotherm obtained with a nonporous reference solid.  A straight line 

passing through the origin is obtained for nonporous materials.  Variation in the intercept 

value and deviation in shape of the ‘t-plot’ from linearity indicates the presence of pores 

of a definite size.  This way, micropore volume and surface areas can be calculated.  

Difference in surface areas obtained from BET equation and ‘t-plot’ method gives 

external surface area.80 

The total pore volume is calculated by measuring the volume of N2 adsorbed at 

P/Po ≈ 1.0.  Mesopore volume is then obtained by calculating the difference in total pore 

volume and micropore volume obtained from the ‘t-plot’ method.  The distribution of 

pore volumes with respect to the pore widths is called a pore size distribution (PSD).  To 

determine PSD, the pore geometry, such as cylindrical, spherical or slit shape, is taken 

into account.  A Model of Barrett, Joyner, and Halenda (BJH model) for PSD 

measurements assumes a cylindrical pore system.  The BJH model assumes that 
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condensation of adsorbate in pores of smaller widths occurs at lower partial pressures and 

larger pores are filled at higher partial pressures.  On the contrary, adsorbate desorbs from 

pores of larger diameter as the partial pressure decreases.  A representative nitrogen 

sorption isotherm is shown in Figure 11. 

 

Figure 11.  Typical nitrogen isotherms of a material containing only microporous 

(black), only mesopores (olive), and a combination of both micropores and mesopores 

(red). 

2.4. Electron Microscopy 

Electron microscopy, as the name suggests, uses electrons as an illumination 

source rather than light in the case of light microscope.  The spatial resolution of an 

illuminating source is proportional to its wavelength, and thus the spatial resolution limit 

of an optical microscope, whose shortest possible wavelength is about 400 nm, is set at 
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about 0.2 µm.73  However, after de Broglie (in mid-1920’s) hypothesized that electrons 

exist as waves with wavelengths on the order of tens of angstroms, much research has 

been dedicated in developing microscopes with electrons as an illuminating source which 

possibly can reach a resolution of few angstroms.81  Within a decade, Knoll and Ruska 

constructed the first ever electron microscope, a transmission electron microscope 

(TEM).  Since early electron microscopes were all TEM’s which are built based on the 

concept of transmission light microscopes, there are much similarities between the two 

instruments.  Both the instruments have illuminating source, lenses, a sample stage, a 

viewing port, and an image collecting setup.  But the lenses in TEM are electromagnetic 

lenses unlike glass lenses in optical microscope, and TEM operates under high vacuum in 

contrary to an optical microscope which operates at ambient pressure.  In mid-1930’s 

Knoll also built an electron microscope called scanning electron microscope (SEM) 

which can scan a narrowly focused electron beam over the specimen to generate an image 

by collecting various signals produced at the surface of the specimen.  Typically low 

energy secondary electrons (SE) generated from the top few nanometers of the specimen 

or high energy back scattered electrons (BSE) are used for imaging purposes under SEM.  

SEM is operated at slightly lower vacuum than a TEM and SEM can accommodate large 

specimens.  Since the wavelength of an electron is inversely proportional to its 

momentum or acceleration voltage, TEM (typically ~ 60‒500 kV) with higher 

acceleration voltage has smaller resolution than SEM (typically ~ 1‒30 kV) (Figure 

12).81   
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Figure 12.  Increase in resolution from ~0.1 mm using the unaided human eye to sub-Å 

by means of aberration corrected TEM, adapted from Chester.73   

In TEM the beam passes through the sample deposited on a thin metal grid 

(typically, copper grid) coated with a thin layer of carbon (usually, carbon film or lacey 

carbon) and reaches the detector.  Samples to be viewed under TEM must be 

approximately 1000 Å or less in thickness in the area of interest so that sufficient 

electrons would be transmitted to form an image.  The image collected in bright field 

imaging mode gives contrast information about the sample, in which darker areas in the 

image represent thicker areas or areas with higher atomic number and vice versa.  A 

representative TEM image is shown in Figure 13a & b.  If the samples are crystalline 

and are thin enough, lattice fringes may be visible as seen in Figure 13b.  Lattice fringes 

can give information about the atomic structure of the sample.  The lattice fringes are not 

direct images of the atomic structure but can reveal information about the lattice spacing 
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and atomic structure of a crystal.  The choice of specimen support is important for high 

resolution TEM, since thicker support film decreases the resolution and may make lattice 

fringes difficult to detect.  Good results are obtained using amorphous carbon films under 

10 nm in thickness or carbon lacey films, where the nanocrystals can be suspended on a 

carbon “net” with little or no background interference.82   

 

Figure 13.  TEM images of amorphous geopolymer particles (a), and NaX-type 

hierarchical zeolite nano-crystals (b) chosen as representative samples.  Both samples 

reveal darker and lighter areas signifying thick and thin regions, respectively, but only 

crystals within thin regions display lattice fringes. 

It has been well documented in the literature that zeolites are susceptible to beam 

damage under TEM.  The rate of beam damage has been observed to be dependent on the 

Si/Al ratio, on the size of cations83 and on the extent of hydration.84  The damage has 

been identified to be via two possible mechanism: knock-on damage ‒ the atom in the 

specimen is knocked from its site by the incident electron, and radiolytic damage ‒ 
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incident electron transfers energy to the electrons in the specimen resulting in bond 

breakage and consequently the possible alteration of the structure.85  Knock-on damage 

can be decreased by increasing the energy of incident electrons, while radiolitic damage 

can be reduced by decreasing the incident beam energy.  Therefore, it is very important to 

identify an intermediate beam energy (~100 ‒ 120 kV) to minimize the rate of beam 

damage.  Using dehydrated zeolite specimens also seems to lower the rate of beam 

damage. 

Although various types of signals are generated in SEM, only two types, namely 

low energy secondary electrons (SE) emitted due to inelastic interactions and high energy 

back scattered electrons (BSE) emitted due to elastic interactions are used for imaging 

purposes.  Since SE’s are emitted only from the top few nanometers of the specimen, 

they produce images having three-dimensional nature and hence enables studying the 

topology and the morphology of the materials as shown in Figure 14.  For example, 

faujasite type and Linde type-A zeolites have been shown to exhibit octahedral and cubic 

morphologies respectively by SEM.86  Meanwhile since the aluminosilicates like 

geopolymers and zeolites are nonconductive and contains atoms with low atomic 

numbers, they may collect the charge gained from the electron beam and may result in 

artifacts in the image.82  In order to avoid charging, nonconductive samples are sputter 

coated with a thin layer (several nanometers) of conductive material, such as gold or 

gold/palladium or platinum or chromium.  The presence of clusters of conductive 

material on the sample surface may make the surface morphology investigations more 

difficult.  Consequently the balance between the surface conductivity and the conductive 

film thickness becomes important.  Additionally, sputter coated conductive materials tend 
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to cluster and form islands if stored for long duration of time.  In practice, it is advised to 

sputter coat the specimens freshly i.e. at least on the same day of investigation under 

SEM.  

 

Figure 14.  SEM images revealing the topology and morphology of zeolite 13X (a), and 

NaX-type hierarchical zeolite (b) chosen as representative samples. 

2.5. Dynamic Light Scattering 

Light scattering is a non-invasive and non-destructive technique used for 

characterizing numerous liquid dispersions.  It is an absolute technique since external 

calibration standards are not required.  Light scattering is used in many fields, from 

physics, chemistry, biology to medicine, food industry and pharmaceutical research ‒ to 

study dispersions of particles and macromolecules.87  Some of the systems frequently 

studied in both academia and industry are emulsions, micelles, liposomes, polymers, 

ceramic precursors, paints, and adhesives due to their fundamental and technological 

importance.  Light scattering can be divided into two general categories, namely, static 

light scattering (SLS) and dynamic light scattering (DLS).  In SLS, also known as 

http://www.wyatt.eu/index.php?id=absolute-technique
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classical light scattering or multi-angle light scattering (MALS), the intensity of the 

scattered light is measured as a function of angle.  This is often called Rayleigh scattering 

and can determine the molar mass, root mean square (rms) radius, and second virial 

coefficient of macromolecules.  SLS was an established technique before DLS became 

possible during the sixties, with the advancements in laser technology.  In DLS, also 

known as photon correlation spectroscopy (PCS) or quasi elastic light scattering (QELS), 

time-dependent fluctuations in the scattered light frequency or intensity are measured to 

infer diffusion coefficients and hence the hydrodynamic diameter of macromolecules or 

particles.  Small particles have larger diffusion coefficients, and vice versa (Figure 15). 

 

Figure 15.  The particles in a liquid move about randomly and their motion speed is used 

to determine the size of the particles in DLS, adapted from Malvern.88 

From an electromagnetic view point, light scattering is related to the movement of 

the scatterers (particles or macromolecules) suspended in a fluid, either liquid, or gas.  

The movement can be a random motion called Brownian motion or a uniform motion.  
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As light scatters from the moving scatterers, their motion imparts a randomness to the 

phase of the scattered light, such that when the scattered light from two or more particles 

is added together, there will be a fluctuating destructive or constructive interference.  

This leads to time-dependent fluctuations in the intensity of the scattered light.  The 

fluctuations are directly related to the rate of diffusion of the scatterers through the 

dispersing medium.  Therefore, the fluctuations can be analyzed to determine a 

hydrodynamic diameter for the sample.  The fluctuations are quantified via a normalized 

second order correlation function given by: 

               (6) 

where I(t) is the intensity of the scattered light at time t, and τ is the delay time.  A liquid 

that does not have any scatterers produces a perfect correlation lacking any decay.  If the 

particles are large the signal will change slowly and the correlation will persevere for a 

long time (Figure 16).  If the particles are small and move rapidly then correlation 

reduces more quickly.  A lot of information about the sample can also be inferred by 

looking at the correlogram.  The time at which the correlation starts to substantially decay 

indicates the mean size of the sample.  The gradient of the correlation indicates the 

polydispersity of the sample i.e., the steeper the line, the more mono disperse the sample 

is.  Conversely, the more extended the decay becomes, the greater the sample 

polydispersity. 
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Figure 16.  Typical correlogram from a sample, adapted from Malvern.88 

The correlation function also contains diffusion coefficient information.  The 

diffusion coefficient (D) is obtained by fitting the correlation function to an exponential 

function.  Finally, the diffusion coefficient (D) can be interpreted as the hydrodynamic 

diameter (dH) of a diffusing sphere via the Stokes-Einstein equation given by: 

               (7) 

where kB is Boltzmann constant, T is absolute temperature, and η is viscosity.  The DLS 

measurement principle requires that Brownian motion is the only cause of motion in the 

sample, i.e. effects of sedimentation, thermal convection and fluid flow have to be 

avoided.  This usually limits the upper particle size that can be measured with DLS to a 

few micrometers.  The lower size limit is determined by the time resolution of the 

specific measurement device and lies typically in the range of a few nanometers.89 

2.6. Zeta Potential 

Zeta potential analysis is a technique used to determine the surface charge of 

particles in solution (colloids).  When oxide particles are suspended in a liquid medium 
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an electrical double layer is formed around them with one layer composed of ions tightly 

adsorbed on the surface of the particles called Stern layer.  The other layer is composed 

of ions less firmly adsorbed called diffuse layer, as showed in Figure 17.  This double 

layer of ions move with the particles as they diffuse throughout the solution (Figure 17).  

The boundary of the double layer is called a slipping plane (or surface of hydrodynamic 

shear) and the electric potential at this boundary is known as the zeta potential.  Ions 

beyond the slipping plane stay with the bulk dispersant and do not move with the 

particles.  The zeta potential of the colloidal particles typically range from +100 mV to -

100 mV.  Experience has shown that the stability of the colloidal systems can be 

correlated with this readily measurable experimental quantity.  Colloidal dispersions with 

zeta potential values more positive than +30 mV or more negative than −30 mV typically 

have high degrees of stability.90  Dispersions with a low zeta potential value are 

susceptible to Van Der Waal inter-particle attractions and will eventually aggregate and 

flocculate.  Zeta potential is an important tool for understanding the state of the colloidal 

particle surface and predicting the long term stability of the colloids.  A zeta potential 

value on its own without defining the solution conditions is essentially a meaningless 

number since it is greatly altered with a change in the pH of the suspension.  A zeta 

potential versus pH curve will be positive at low pH and lower or negative at high pH.  

There may be a pH point where the plot passes through zero zeta potential.  This point is 

called the isoelectric point and is often the point where the colloidal system is least stable 

and flocculate rapidly.  Isoelectric point is a very important parameter from a practical 

perspective.  In addition to the pH, zeta potential value is also very sensitive to the ionic 

strength of the medium and the concentration of the suspensions.   
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Figure 17.  Schematic representation of a double layer that surrounds a negatively 

charged particle in an aqueous medium.  The potential that exist at the slipping plane is 

known as the ζ-potential, adapted from Freire.91 

The presence of electrical charges on the surface of particles cause them to 

interact with an applied electric field.  These effects are collectively defined as 

electrokinetic effects.  Depending on the way in which the particle motion is induced, 

these effects can be classified into four discrete categories, namely, electrophoresis, 

electroosmosis, streaming potential, and sedimentation potential.  In electrophoresis, the 

movement of a charged particle relative to the liquid it is dispersed in under the influence 

of an applied electric field is measured.  The speed of a particle in a unit electric field is 
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referred to as its electrophoretic mobility (UE).  Zeta potential (ζ) can then be calculated 

from the measured electrophoretic mobility using the Henry equation: 

               (8) 

where ε is dielectric constant, η is viscosity, and f(κa) is Henry’s function in 

which κ-1 is the thickness of the electric double layer and ‘a’ is the radius of the particle, 

and therefore κa measures the ratio of the particle radius to electrical double layer 

thickness.92 
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CHAPTER 3 

3. GEOPOLYMER WITH HIERARCHICALLY MESO-/MACROPOROUS 

STRUCTURES FROM REACTIVE EMULSION TEMPLATING 

3.1. Introduction 

Over the past decades, geopolymers have received increasing attention as 

attractive ceramic materials due to the low energy requirements in their production and 

their promising mechanical properties (compression strength, heat and chemical 

resistance, etc.).19a, 50, 93  More recently, new research efforts have been geared to utilizing 

the material for non-traditional applications such as evaporative cooling,65 catalysis68 and 

drug delivery.94  Success of such emerging applications of geopolymer materials further 

requires exploring new methods for controlling pore structures of the materials in 

nanoscale.  In this communication, we demonstrate that a simple reactive emulsion 

templating with biorenewable oil can produce hierarchically porous geopolymer 

materials with coexisting controllable mesopores and spherical macropores, without the 

need of significantly modifying the conventional geopolymer synthetic process.  

Geopolymers are typically produced by dissolving solid aluminosilicate 

precursors in a highly alkaline solution (typically with KOH or NaOH) to form a viscous 

solution (“geopolymer resin”) and subsequently curing the resin at ambient temperatures.  

Recent studies have shown that geopolymers are inherently a nanomaterial exhibiting a 

dense gel-like structure with 5 − 40 nm-sized amorphous aluminosilicate particles.17b, 19a, 

27  Their chemical structure consists of an amorphous, three-dimensional network of 

corner-sharing aluminate and silicate tetrahedra, with the negative charge due to Al3+ ions 
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in the tetrahedral sites balanced by the alkali metal ions.19a, 93  Figure 18 shows schematic 

diagrams for the reactive emulsion templating process employed in this work and for the 

final geopolymer product.95  Emulsions are droplets of one fluid (e.g., oil) dispersed in a 

second immiscible fluid (e.g., water), which are often stabilized by a surfactant.96  

Mechanically induced droplet breakup generates (meta)stable emulsions with a 

distribution of droplet sizes.  One novelty of the synthetic design in this work is that by 

employing a vegetable oil (mainly triglycerides97), mixing of a geopolymer resin with the 

oil generates carboxylate surfactants (soap molecules) in situ through the saponification 

reaction of the triglycerides with the highly alkaline geopolymer resin (hence “reactive”).  

The excess oil forms oil droplets which are then embedded in the geopolymer resin.  

Notably, it has been found in our work that the oil in the droplets continues to undergo 

saponification reaction during the curing of the mixture in our reaction condition, which 

turns the originally hydrophobic triglycerides all into soap and glycerol 

(CH2(OH)−CH(OH)−CH2(OH)).  Those molecules are soluble in water and thus can be 

extracted by water from the cured solid material, resulting in a porous geopolymer 

material (Figure 18b, see Results and Discussion for details). 
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Figure 18.  Scheme for the reactive emulsion templating of geopolymer with canola oil 

(a), and schematic diagram of the resulting hierarchically porous geopolymer with a 

random mesoporous matrix dotted with spherical macropores (b).  The objects in the 

figures are not scaled. 

3.2. Experimental  

3.2.1. Synthesis  

In the first step of the synthesis, a potassium silicate solution was prepared by 

dissolving an appropriate amount of KOH pellets (Sigma Aldrich) in deionized water in a 

polypropylene cup in a water bath.  A suitable amount of fumed silica (Cabot, CA-BO-

SIL® EH-5) was then added into the KOH solution and the mixture was stirred with an 

IKA mechanical mixer for 30 minutes at 800 rpm to give a clear solution.  The 

geopolymer resins were then prepared by mechanically mixing metakaolinite into the 

potassium silicate solution to form a homogenous fluidic liquid.  The metakaolinite was 

produced in advance by calcining kaolinite (Al2Si2O7⋅H2O, Alfa Aesar) at 750 °C for 10 

h.  Various samples were prepared with different water amounts and K/Al ratios but at a 

fixed Si/Al ratio of 2 (Table 2).  The pH of the resins was about 14 for all the 
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compositions.  Canola oil (The J.M. Smucker Company, Crisco®), waste vegetable oil 

(REV biodiesel) or paraffin oil (Alfa Aesar) was then added to the resin at a 1:1 oil-to-

water volume ratio and mixed for an additional 15 minutes to give a homogeneous but 

viscous emulsion.  The emulsion was transferred to a polypropylene cup and cured in a 

laboratory oven at 60 °C for 24 h. 

The cured product was then broken into small pieces (approximately 1×1×1 cm3) 

and subjected to extraction with hot deionized water, except for S4 for which hexanes 

were used.  Three series of samples were prepared as shown in Table 2 in order to 

investigate the effect of three synthetic parameters on the resulting geopolymer; (1) type 

of oil (S2, S3, S4 and S5), (2) mole fraction of water (S1, S2 and S7), and (3) amount of 

potassium hydroxide (S6, S7 and S8).  Paraffin oil was selected (S4) in order to examine 

the role of saponification, as paraffin oil is pure hydrocarbons and does not undergo a 

chemical reaction with geopolymer resin.  To produce a “control” sample (R in Table 2), 

the same synthetic procedure was followed without adding any oil.  

3.2.2. Characterization Methods 

Powder X-ray diffraction (PXRD) patterns of the finely ground samples were 

collected using a Siemens D5000 diffractometer with Cu-Kα radiation.  Carbon-

Hydrogen-Nitrogen (CHN) elemental analyses were performed by employing Perkin-

Elmer 2400 Series II CHNS/O Analyzer with a thermal conductivity detector (TCD).  

Samples for scanning electron microscopy (SEM) were prepared by placing small pieces 

of the products (approximate cubes of few millimeters in length) on a SEM stub using a 

copper conducting tape.  Samples were then gold coated for 150 s and were studied using 

SEM-XL30 Environmental FEG (FEI) microscope operating at 10 kV.  For transmission 
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electron microscopic (TEM), colloidal suspensions of ground samples in ethanol were 

dried on to copper grids and were studied using JEOL TEM/STEM 2010F operating at 

200 kV.   

N2 sorption isotherms were obtained with a Micrometrics ASAP 2020 volumetric 

adsorption analyzer at 77 °K.  Samples were degassed at room temperature for 10 h under 

vacuum until a residual pressure of ≤10 μmHg was reached.  Specific surface areas were 

estimated using Brunauer-Emmett-Teller (BET) equation, in the relative pressure range 

from 0.06 to 0.2.98  Pore volumes were calculated from the amount of nitrogen adsorbed 

at a relative pressure (P/Po) of 0.99.  Pore size distributions were obtained using the 

Barrett-Joyner-Halenda (BJH) method assuming a cylindrical pore model.99  Total pore 

volume of the products was determined by pycnometry with deionized water at 23 ± 2 °C 

and ambient pressure, whose principle relies on the permeation of water through the open 

pore network of monolithic solid samples. 
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Table 2.  Pore properties of the porous products from various synthetic conditions. 

Sample Mole 

Fraction of 

H2O (x) 

K/Al 

Ratio 

Oil Used Surface 

Area 

(m2/g) 

Pore 

Volumea 

(cm3/g)  

Average Pore 

Widthb (nm) 

Total Pore 

Volumec 

(cm3/g) 

Mesoporosityd 

(%)/ Total 

Porositye (%) 

S1 0.63 2 canola 69 0.44 22 1.5 16/53 

R 0.68 2 no oil 62 0.16 7 0.69 5.1/22 

S2 0.68 2 canola  97 0.53 17 1.7 19/58 

S3 0.68 2 canola + 
paraffin (1/1; 

vol/vol) 

42 0.40 41 1.7 15/47 

S4 0.68 2 paraffin 5 0.03 34 1.1 0.88/31 

S5 0.68 2 waste 
vegetable oil 

123 0.37 14 1.6 15/65 

S6 0.73 1 canola 55 0.30 17 1.1 13/49 

S7 0.73 2 canola  124 0.61 18 1.7 20/53 

S8 0.73 3 canola  84 0.70 34 2.1 23/67 

aFrom the pores with width no larger than 150 nm in the BJH desorption pore distribution.                                                  

b4(BJH desorption pore volume)/(BET surface area).                                                                                                      

cDetermined by pycnometry.                                                                                                                                                      

dFrom pore volumea.                                                                                                                                                                   

eFrom total pore volumec. 

3.3. Results and Discussion 

CHN analysis showed only small amounts of carbon (0.5 ± 0.3 wt%), hydrogen 

(1.3±0.3 wt%), and nitrogen (0.005±0.002 wt%) in average for all samples, S1 – S8, with 

the maximum carbon content of 1.2 wt% found for S6.  The values compares well with 

0.83 wt% C, 1.4 wt% H and 0.005 wt% N for the sample R, which indicates that the hot 

water extraction removed the organics properly.  Figure 19 shows scanning electron 

microscope (SEM) and transmission electron microscope (TEM) images of the sample S2 

as a representative example.  The material exhibits discrete spherical pores whose 

diameters range from about 5 to 40 μm in Figure 19a.  A closer look in Figure 19b 
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reveals that the pore wall separating the spherical pores has a finer structure throughout 

the matrix.  The corresponding TEM micrographs in Figure 19c & d show the gel-like 

nanostructure of the material consisting of nanoparticles of about 20 nm that are strongly 

fused by necks, which is consistent with previous results.19a, 27  The materials were 

amorphous based on the largely featureless ‘hump’ centered at approximately 27 – 30° in 

2θ, the unique feature of geopolymer, in their powder X-ray diffraction patterns (not 

shown).93a  The combination of the SEM, TEM and XRD results surmises that the 

geopolymer products exhibit a mesoporous geopolymer matrix made of rather leisurely 

connected amorphous aluminosilicate nanoparticles and that large spherical macropores 

are scattered over throughout the mesoporous matrix (Figure 18b).  It is reminded that 

the extraction process removed the organic components completely, which strongly 

suggests that the mesopores in the geopolymer matrix are connected and open to allow 

the solvent and other molecules to flow in and out. 

The samples were characterized further by applying Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) analyses to N2 sorption isotherms for the 

samples, and the results are summarized in Table 2.  Figure 20 shows the isotherms and 

BJH desorption pore distribution of the samples with the same precursor composition at 

K/Al = 2 and x = 0.68 but with different types of oil (S2 − S5) along with the control 

sample R prepared without oil.  All the samples except S4 show a noticeable hysteresis in 

their isotherms (Figure 20a), indicating the presence of mesopores.100  The sizes of 

mesopores show a relatively narrow distribution in Figure 20b centered in the mesopore 

region (10 – 50 nm).  Excluding S4, the sample R shows the lowest BJH cumulative pore 

volume (0.16 cm3/g) and the smallest average pore diameter (7 nm), while the ones 
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prepared with oil containing triglycerides (S2, S3 and S5) show a significantly higher 

porosity with the BJH pore volume up to 0.53 cm3/g and the average pore width up to 41 

nm.  The sample S4 prepared with paraffin oil shows a BJH pore volume even lower than 

the control sample R. 

 

Figure 19.  SEM images in (a) and (b) (scale bar = 50 and 2 μm, respectively) and TEM 

images in (c) and (d) (scale bar = 100 and 40 nm, respectively) of sample S2. 

The presence of mesopores (10 – 50 nm) indicated from the gas sorption studies is 

consistent with the textural pores among the fused nanoparticles seen in Figure 19c & d.  
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It is noted that the samples maintained their monolithic feature during the solvent 

extraction.  When water was used for extraction, however, the original pieces broke into 

smaller monolithic particulates of about 3 mm in diameter, which might be due to the 

large capillary forces exerted by water in the micro-cracks that developed during curing.  

The solids were robust and did not lose their structural integrity during sample handling 

and soaking for water pycnometry, although the quantification of the mechanical strength 

of the materials is warranted in the future.  Such a structural integrity is unusual for 

geopolymer materials with high total porosities up to 67% observed in our case (Table 

2).  The porosity from mesopore structure (given as nanoporosity in Table 2) is actually 

no greater than 23%, and hence the matrix itself possibly maintains its rigidity while the 

additional spherical macropores increase the total porosity of the materials.  

The negligible nanoporosity (0.88 %) for the sample S4 is intriguing because 

paraffin oil turned out in our experiments to mix well with the geopolymer resin and 

could produce porous geopolymer (total pore volume = 1.1 cm3/g).  Detailed SEM 

studies on S4 (not shown) indicate that the material indeed exhibits the spherical 

macropores (20 – 50 μm) like others, but interestingly the pore walls show additional 

macropores of about 2 μm instead of mesopores.  It is suspected that the small 

macropores are open and connected together, as all the paraffin oil could be extracted out 

according to the CHN analyses.  In any event, the presence of the small macropores in S4 

instead of the mesopores found in other samples indicates that the saponification reaction 

does play a significant role in pore formation probably by providing the in situ formed 

surfactant and also water-soluble glycerol byproduct.  
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Figure 20.  Nitrogen sorption isotherms (a), and BJH desorption pore size distribution 

curves (b) of samples R1, S2, S3, S4 and S5.  All samples have same composition but 

they differ in the type of oil (Table 2) used in their preparation. 

In addition to the oil type, the amount of water and K/Al ratio are shown to 

control porosity of the products as well.  With a fixed ratio of K/Al = 2 and canola oil, 

samples S1, S2 and S7 show an increase in the BJH cumulative pore volume 0.44 to 0.61 

cm3/g upon increasing the mole fraction of water from 0.63 to 0.73, while their pore 

widths are more or less the same (Table 2).  Meanwhile, the increase in the K/Al ratio 

also significantly increases the pore volume and pore width.  With canola oil and x fixed 

at 0.73, the samples S6 – S8, prepared with K/Al = 1, 2 and 3, show BJH cumulative pore 

volumes of 0.30, 0.61 and 0.70 cm3/g and the average pore widths of 17, 18 and 34 nm, 

respectively.  The higher amount of KOH in the precursor solution may lead to a more 

extensive saponification reaction, which in turn provides a higher porosity in the final 

product.  Despite the excess amounts of KOH in the precursor, it is worth mentioning that 

all the products showed a neutral pH after the water extraction, indicating again that the 

pore structure is open for permeation of water in the matrix, hence enabling the removal 



  61 

of the excess alkaline component during the extraction.  It is noted that the products were 

found to keep their structural integrity and the original porosity even after prolonged 

soaking in acidic solutions with a pH value as low as 3. 

3.4. Conclusions 

We have demonstrated that a simple synthesis of hierarchically porous 

geopolymers is possible by employing emulsion templating with triglyceride oil.  The 

coexisting distinctive mesopores and macropores were characterized using the N2 

sorption, SEM, TEM and pycnometric studies.  We have also shown that the pore size 

and/or volume can be controlled by changing synthetic parameters such as oil type, and 

water and alkali contents in precursor solution.  Further studies are due for elucidation of 

the precise role of those synthetic parameters and potentially others in controlling the 

porosity and also for quantitative examination of stability of this new class of porous 

ceramics under various physical and chemical stresses. 
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CHAPTER 4 

4. PHASE DIAGRAMS OF POROUS GEOPOLYMERS 

4.1. Introduction 

In the aftermath of numerous fires involving organic plastics in France between 

1970 – 73, Joseph Davidovits explored fire resistant inorganic polymers and developed 

amorphous to semi-crystalline, three-dimensional aluminosilicate materials which he 

called geopolymers.93a  Although geopolymers are X-ray amorphous, their compositions 

and structural building blocks are very similar to zeolites, microporous crystalline 

materials that find applications in the petroleum and other industries.50  Both the Al and 

Si ions are tetrahedrally coordinated, forming a polymeric network structure.  Because of 

the +3 charge of the Al, the tetrahedral network is negatively charged and must be 

balanced.  Na and K ions are the most common cations, but others like Li, Cs, and Mg 

can also be used.101  Recently it has been shown that the nanoporous amorphous 

geopolymers could be useful in non-traditional applications like catalysis and ion 

exchange, similar to their crystalline zeolite analogues.   

Geopolymers have pores due to water evaporation during the curing process, and 

the pore sizes range from less than 10 nm to about 5 μm, depending on composition and 

curing conditions.  However, the pores, especially those less than 10 nm, are usually 

closed and inaccessible.  There have been two general approaches to introducing pores 

within geopolymers.  The first utilizes in situ gas-forming agents like H2O2 or silica fume 

as the porogens, however such methods would create mainly closed cells.102  This method 

results in pores much larger than a micron.  The second is tuning the geopolymer 
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composition by changing the molar ratios of SiO2/Al2O3, M2O/Al2O3 (M = alkali metal) 

and H2O/Al2O3.
65  Higher ratios of H2O/Al (10<H2O/Al<20) and lower ratios of Si/Al 

(<1.5) give reasonably porous geopolymers.101  Recently, porosities up to 45% were 

achieved merely by changing the amount of water used for synthesis.103  More recently, 

(as discussed in chapter 3) we reported a technique to introduce highly interconnected 

meso/macropore network into the geopolymer structure via a reactive emulsion 

templating method utilizing triglyceride oil.95, 104 

Geopolymers are typically produced by dissolving a solid aluminosilicate 

precursor in a highly alkaline solution (containing sodium or potassium 

hydroxide/silicate) to form a viscous solution (“geopolymer resin”) and subsequently 

curing the resin at ambient temperatures.  Compositionally, the geopolymer resin (at least 

the purest one produced from metakaolinite) is a four component system, specifically, 

silicon, aluminum, sodium and/or potassium, and water.  This study aims at exploring the 

phase space of the geopolymerization process via the newly found emulsion route and 

compare the pore properties of thus produced products with those prepared in a 

traditional way.  However, plotting such a four compositional system would lead to a 

three dimensional quaternary phase diagram (Figure 21a) with a mole fraction of each of 

the parameters as its four vertices.  Due to the complexity, such a three dimensional 

phase diagram could not be readily interpreted.  However, if one of the four components 

(say water) is held constant at a given value, it can be collapsed into a simpler, two 

dimensional ternary phase diagram (Figure 21b) that could be read conveniently.  

Essentially, a three dimensional regular tetrahedron can be sliced into several two 
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dimensional equilateral triangles across which one of the four variables is held constant 

while the other three are varied (Figure 21). 

Herein, five such slices or ternary diagrams are constructed by fixing the mole 

fraction of water at 0.58, 0.63, 0.68, 0.73 and 0.77.  The three dimensions accounted by a 

single ternary diagram are the mole fractions of silicon, aluminum, and potassium (or 

hydroxide).  The fourth dimension was the mole fraction of water.  Metakaolin was 

selected as the solid aluminosilicate precursor in this investigation because metakaolin 

system is considered to produce the simplest geopolymer resins of all.  Additionally, 

potassium hydroxide was carefully chosen for this exploration due to the fact that 

crystallization into potential zeolitic phases is less rapid in KOH/metakaolin geopolymers 

compared to the NaOH/metakaolin system.41   

 
Figure 21.  Regular tetrahedron illustrating a three dimensional quaternary phase 

diagram (a), and an equilateral triangle depicting a two dimensional ternary phase 

diagram (b). 



  65 

4.2. Experimental 

4.2.1. Synthesis 

In the first step of the synthesis, a potassium hydroxide solution was prepared by 

dissolving an appropriate amount of KOH pellets (Sigma Aldrich) in deionized water in a 

polypropylene cup in a water bath.  A suitable amount of commercial potassium silicate 

(~60.8% H2O, 12.6% K2O, ~26.6% SiO2; KASIL® 6, PQ Corporation)105 was then added 

into the KOH solution to give a clear solution.  The geopolymer resins were then 

prepared by adding metakaolin (MetaMax® from BASF, Lot# 10408G023)106 into the 

potassium silicate solution and stirring the mixture mechanically (IKA® RW 60 digital 

mixer) for 30 minutes at 800 rpm  to form a homogenous fluidic liquid.  Various samples 

were prepared with different water amounts, K/Al ratios and Si/Al ratios (Table 3).  The 

pH of the resins was about 14 for all the compositions.  Canola oil (The J.M. Smucker 

Company, Crisco®) was then added to the resin at a 1:1 oil-to-water volume ratio and 

mixed for an additional 15 minutes to give a homogeneous but viscous emulsion.  The 

emulsions were transferred to a polypropylene cup and cured in a laboratory oven at 60 

°C for 24 h.   

The cured products were then broken into small pieces (approximately 1×1×1 

cm3) and subjected to extraction with hot deionized water.  By the end of the extraction, 

pH of the products was ~8.  The resulting products (final products) free of organics were 

dried overnight in the lab oven maintained at 120 °C and were stored in sealed vials for 

further analysis.  Complete removal of organics for selected representative samples was 

confirmed by CHN analysis and Infrared studies (data not shown).  Several samples were 
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prepared as shown in Table 3 in order to investigate the effect of four compositional 

parameters on the resulting geopolymer: mole fractions of (1) H2O, (2) Si, (3) Al, and (4) 

K (or KOH).  To produce “control” samples (without oil samples in Table 3), the same 

synthetic procedure was followed without adding any oil.  For the ease of discussion, 

samples are labelled according to their compositions i.e. mole fraction of water is 

followed by mole ratios of K, Al and Si, respectively.  For examples, 0.73-312 represents 

a geopolymer product prepared from the composition in which the mole fraction of water 

was 0.73 and K:Al:Si = 3:1:2. 

4.2.2. Characterization 

Powder X-ray diffraction (PXRD) patterns of the finely ground samples were 

collected using a Siemens D5000 diffractometer (Ni-filtered Cu Kα radiation with a 

wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC-1 position-sensitive 

detector) at a scan speed of 2.0 degrees/min and a step size of 0.016 degrees 2θ.  The 

resolution of the VANTEC-1 position-sensitive detector was 2θ = 0.008 degrees.  

Samples for scanning electron microscopy (SEM) were prepared by placing few pieces of 

the products on a SEM stub using a copper conducting tape.  Freshly exposed virgin 

surfaces of the samples were then gold coated for 100 s and were studied using SEM-

XL30 Environmental FEG (FEI) microscope operating at 5 kV.  For transmission 

electron microscopic (TEM) studies, colloidal suspensions of ground samples in ethanol 

were dried on to copper grids and were studied using TEM/STEM 2010F (JEOL) 

operating at 200 kV. 
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Table 3.  Pore properties of the products prepared with and without adding oil. 

Composition 

-KAlSi 

 

Morphology of final 

products 

BET surface area 

(m2/g) 

Mesopore volumea 

(cm3/g) 

Mesopore widthb 

(nm) 

Without 

oil 

With oil Without 

oil 

With oil Without 

oil 

With oil Without 

oil 

With oil 

0.77-113 particles particles 18 25 0.07 0.09 14 15 

0.77-213 particles particles 227 259 0.23 0.78 2 12 

0.77-313 particles particles 51 135 0.30 1.02 24 30 

0.77-111 particles powder 6 21 0.03 0.05 16 17 

0.77-211 powder powder 23 11 0.04 0.03 10 12 

0.77-311 powder powder 8 14 0.03 0.05 10 13 

0.73-113 particles particles 55 24 0.11 0.11 7 19 

0.73-213 particles particles 180 221 0.18 0.69 3 17 

0.73-313 particles particles 140 137 0.26 0.90 7 26 

0.73-112 particles particles 12 33 0.06 0.33 17 39 

0.73-212 particles particles 24 150 0.07 0.76 16 21 

0.73-312 particles particles 163 87 0.11 0.78 10 35 

0.73-111 particles powder 5 15 0.02 0.05 15 14 

0.73-211 powder powder 22 10 0.05 0.04 9 10 

0.73-311 powder powder 14 13 0.06 0.04 16 18 

0.68-112 particles particles 22 28 0.11 0.21 9 34 

0.68-212 particles particles 62 157 0.16 0.52 7 14 

0.68-312 particles particles 160 77 0.26 0.54 10 27 

0.68-111 particles particles 6 14 0.03 0.06 18 18 

0.68-211 particles particles 19 18 0.07 0.05 15 10 

0.68-311 particles particles 15 16 0.09 0.07 23 18 

0.63-112 particles particles 11 25 0.02 0.11 25 30 

0.63-212 particles particles 53 110 0.13 0.29 10 18 

0.63-312 particles particles 118 85 0.22 0.37 10 24 

0.63-211 particles particles 15 17 0.06 0.05 18 11 

0.63-311 particles particles 17 15 0.05 0.07 19 18 

0.58-112 particles particles 14 35 0.04 0.10 21 29 

0.58-212 particles particles 33 89 0.10 0.28 17 16 

0.58-312 particles particles 68 53 0.18 0.36 11 24 

0.58-211 particles particles 16 14 0.07 0.05 17 15 

0.58-311 particles particles 12 14 0.05 0.06 17 18 

aFrom the pores with width no larger than 150 nm in the BJH desorption pore distribution.                                                                           

b4(BJH desorption pore volume)/(BET surface area).                                                                                                                                          

N2 sorption isotherms were obtained with a Micrometrics ASAP 2020 volumetric 

adsorption analyzer at 77 K.  Samples were degassed at room temperature for 10 h under 
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vacuum until a residual pressure of ≤10 μmHg was reached.  Specific surface areas were 

estimated using Brunauer-Emmett-Teller (BET) equation, in the relative pressure range 

from 0.06 to 0.2.98  Pore volumes were calculated from the amount of nitrogen adsorbed 

at a relative pressure (P/Po) of 0.99.  Pore size distributions were obtained using the 

Barrett-Joyner-Halenda (BJH) method assuming a cylindrical pore model.99   

4.3. Results and Discussion 

4.3.1. Synthesis 

In this section we discuss nanoporous geopolymer synthesis as a function of four 

compositional parameters: mole fractions of water, silicon, aluminum, and potassium 

hydroxide.  Potassium was preferred as an activator to sodium because geopolymer 

products prepared from potassium activating solutions are known to be more 

homogeneous owing to the greater rate of dissolution of raw materials in potassium 

hydroxide solutions compared to sodium hydroxide solutions.  Higher rate of dissolution 

is attributed to the greater basicity of potassium hydroxide combined with the lower 

viscosities of potassium activating solutions.40-41  Furthermore, potassium activation is 

less-likely to generate crystalline phases in the resulting geopolymer products, at least 

within the curing duration of 24 hours employed in this investigation.17b  In the previous 

chapter we demonstrated that nanopores (meso-/macropores) can be introduced into the 

otherwise dense geopolymeric products by preparing them in the presence of various oils 

(triglycerides).104  For the sake of simplicity, canola oil was the oil of choice throughout 

this study and its amount was held constant at 1:1 oil-to-water volume ratio for all the 

compositions attempted.   
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Five ternary diagrams were constructed by fixing the mole fraction of water 

( ) at 0.77, 0.73, 0.68, 0.63, and 0.58.  Geopolymer resins with compositions 

containing  ≥ 0.78 in general were very fluidic with low viscosities and resulted in a 

phase separation between oil phase and aqueous based geopolymer resin phase upon 

mixing canola oil.  On the contrary, geopolymer resins with  ≤ 0.57 in general were 

highly viscous which also led to a phase separation between oil phase and geopolymer 

resin phase.  Geopolymer resin and oil formed a visually homogenous phase only in the 

range of 0.58 ≤  ≤ 0.77.  Moreover, within each of these ternary systems, Si/Al and 

K/Al ratios were varied.  The lower limit of Si/Al of one was set by the aluminum 

avoidance rule (more famously known as Lowenstein’s rule)10 which states that no two 68 

tetrahedra can be next to each other.  Attempts to prepare appropriate potassium silicate 

solutions suitable for producing geopolymer products with Si/Al ratios greater than three 

resulted in precipitation of silica gel due to the large excess of SiO2.  Hence Si/Al ratio 

was only varied from one to three.  Likewise, the lower limit of K/Al was set at one (a 

stoichiometric amount) due to the fact that each 68 tetrahedra in the fully reacted products 

would require an associated cation in order to achieve charge neutrality.  On the other 

hand, since the excess potassium hydroxide present in K/Al = 3 compositions was 

enough to completely saponify the canola oil added to the geopolymer resins, hence K/Al 

ratios greater than three were not pursued.  Therefore, the attempted compositional space 

in this study can be written as -abc, where ‘a’ is K/Al ratio (1, 2 or 3), ‘b’ is mole 

ratio of aluminum (set at 1), and ‘c’ is Si/Al ratio (1, 2 or 3).  Although geopolymers with 
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non-integral values of ‘a’ and ‘c’ are possible, they are not attempted for the sake of 

limiting the number of data points.   

All the compositions that formed visually homogeneous emulsions upon mixing 

with oil are listed in Table 1 along with the morphologies of the resultant final products 

and their mesopore properties.  In order to appreciate the role of oil, the morphologies 

and mesopore properties of control geopolymer products that were prepared without 

mixing oil are also listed.  Geopolymer resins with c =1, irrespective of  and ‘a’ 

values were very viscous and non-fluidic.  Increasing either  or ‘a’ or both formed 

slightly less viscous resins but they were still non-fluidic.  All -abc compositions 

(except  of 0.63 and 0.58, and a = 1 in which phase separation was noticed) formed 

visually homogeneous emulsions with oil.  However, rather surprisingly, the resulting 

geopolymer products lacked significant mesoporosity.  Their mesopore properties are 

comparable to the control products meaning mixing of oil did not develop additional 

mesoporosity in these compositions.  Incidentally, the control samples with a = 1 were 

monolithic but with severe cracks all over the products.  The cracks were developed most 

probably due to the uncontrolled evaporation of water during the curing stage.   

Resins with c = 2 were fairly fluidic whose viscosity decreased with increasing 

water ( ) and alkali (a) contents.  For instance, 0.77-ab2 resins were so fluidic that 

they resulted in phase separation upon mixing with oil.  All other resins with c = 2 gave 

visually homogeneous emulsions with oil and the resulting geopolymer products were 

monolithic in nature.  One common feature of these geopolymer products was that they 

all exhibited enhanced mesoporosity when compared to their control counterparts (Table 



  71 

3) highlighting the important role played by the triglyceride oil.  On the contrary, resins 

with c = 3 were very viscous with only those having  = 0.73 and 0.77 forming 

homogenous emulsions with oil.  The resultant geopolymer products were exceedingly 

porous compared to their control analogues.   

4.3.2. Ternary Phase Diagrams 

Here, we compare mesopore properties at different synthetic parameters using 

ternary diagrams shown in Figure 22 and Figure 23, which plot the nominal mole 

fractions of silicon, aluminum and potassium used to synthesize geopolymer products.  

The hydroxide content is specified as K to emphasize the use of K+ ions, which are 

introduced in equal amount as hydroxide (the activator).  Each data point additionally 

displays the mesopore volume score representing the measure of mesopore volume and 

hence the mesoporosity exhibited by the corresponding geopolymer products.  Mesopore 

volume score ranged between 0 ‒ 10 with a higher score signifying larger mesopore 

volume and vice versa.  Specifically, products with a mesopore volume less than 0.09 

cm3/g were given a mesopore volume score of zero and those with mesopore volume 

ranging between 0.10 ‒ 0.15 cm3/g were given a mesopore volume score of one.  Beyond 

that, the mesopore volume score was increased in increments of one for mesopore 

volume incremental intervals of 0.09 cm3/g.  For example, products with mesopore 

volume ranging between 0.36 ‒ 0.45 and 0.46 ‒ 0.55 cm3/g were given a score of four 

and five, respectively.  All geopolymeric products produced here (60 °C curing for 24 h) 

whether by mixing oil or not were amorphous as determined by PXRD analysis.  The 

common feature of all powder patterns was the distinctive amorphous hump between 27 
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‒ 29° in 2θ demonstrating the formation of geopolymeric products.  It has been well 

recognized that the geopolymers are metastable relative to zeolites, and other 

aluminosilicate minerals; therefore, if given enough time geopolymers may transform to 

more stable crystalline structures.107  Hence it is noteworthy that the ternary phase 

diagrams presented here are not thermodynamic phase diagrams but rather are kinetic 

phase diagrams.   

The ternary diagrams in Figure 22 and Figure 23 show that all geopolymer 

products with nominal Si/Al ratio (or ‘c’) = 1 along with their control analogues, without 

any exception, exhibited a mesopore volume score of zero meaning they all lacked 

mesoporosity to any notable extent.  More precisely, their mesopore volume was ≤ 0.09 

cm3/g of products.  Although they lack mesopores, the fact that no phase separation 

between oil and geopolymer resin occurred during the mixing and curing stages suggest 

that the possibility of these products having macropores cannot be ruled out.   
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Figure 22.  Ternary phase diagrams of geopolymer products showing the mesopore 

volume score at increasing mole fraction of water: 0.58 (a and b), 0.63 (c and d), and 0.68 

(e and f).  Ternary diagrams on the left (a, c and e) represent geopolymer products 

prepared by mixing canola oil while those on the right (b, d and f) correspond to their 

respective control analogues.  The mesopore score of 0, 1, 2, 3, 4, and 5 corroborate to a 

mesopore volume ranging between 0 ‒ 0.09, 0.10 ‒ 0.15, 0.16 ‒ 0.25, 0.26 ‒ 0.35, 0.36 ‒ 

0.45, and 0.46 ‒ 0.55 cm3/g, respectively.  The axes in the ternary phase diagram are Si, 

Al and K mole fractions. 
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On the other hand, geopolymer products obtained from compositions with 

nominal Si/Al ratio (or ‘c’) = 2 were monolithic similar to their control analogues, except 

those prepared my mixing oil were much lighter indicating the enhanced porosity in 

them.  Higher mesopore volume scores of the products prepared from emulsions 

compared to their control samples as presented in Figure 22 and Figure 23 supports the 

aforementioned conclusion.  Furthermore, mesopore volume score increased with 

increasing K/Al ratio (or ‘a’ value) for products prepared via emulsion route and to a 

lesser extent in the case of control samples as well.  Such an increase is most prominent 

in the ternary diagrams with greater amount of water.  For instance, in ternary diagram 

with  = 0.73 (Figure 23a), the mesopore volume score increased greatly from 3 to 8 

upon moving from ‘a’ = 1 to ‘a’ = 3.  This increment in the mesopore volume with 

increasing alkali content could be a direct consequence of greater extent of saponification 

reaction occurring between oil and the excess alkali introduced.  However, similar 

argument cannot be made to explain the trend seen in the control samples.  Additionally, 

for a given value of ‘a’ and ‘c’, mesoporosity increased by merely increasing the water 

content, a trend previously reported by Jämstorp et. al.,94 who attributed it to the 

increased water of syneresis at increased water contents.  Syneresis is a process in which 

the fluid (H2O in this investigation) is expelled from the interstices of the structure into 

larger pores during the structural reorganization of preformed gels.40   
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Figure 23.  Ternary phase diagrams of geopolymer products showing the mesopore 

volume score at a water mole fraction of 0.73 (a and b) and 0.77 (c and d).  Ternary 

diagrams on the left (a and c) represent geopolymer products prepared by mixing canola 

oil while those on the right (b and d) correspond to their respective control analogues.  

The mesopore score of 0, 1, 2, 3, 7, 8, 9, and 10 corroborate to a mesopore volume 

ranging between 0 ‒ 0.09, 0.10 ‒ 0.15, 0.16 ‒ 0.25, 0.26 ‒ 0.35, 0.66 ‒ 0.75, 0.76 ‒ 0.85, 

0.86 ‒ 0.95, and 0.96 ‒ 1.05 cm3/g, respectively.  The axes in the ternary phase diagram 

are Si, Al and K mole fractions. 

Lastly, the geopolymers prepared with nominal Si/Al ratio (or ‘c’) = 3 were all 

monolithic and in general exhibited the highest mesoporosity, while following the trends 

similar to those with ‘c’ = 2.  Specifically, products obtained from emulsions are more 
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mesoporous than their control counterparts, and within a given ternary diagram (Figure 

23a ‒ d), the mesopore volume scores increased with increasing K/Al ratio (‘a’ value).  

Furthermore, mesoporosity increased with increasing water content.  Mesopore volumes 

as high as 0.90 and 1.02 cm3/g could be achieved for the products produced from a 

nominal compositions of 0.73-313 and 0.77-313, respectively. 

 

Figure 24.  SEM images of representative geopolymer product prepared with oil (a) 

revealing evenly distributed macropores, and control product prepared without oil (b).  

Nominal composition was 0.77-313. 

Although not shown here, N2 sorption analysis revealed that the pore size 

distribution curves (BJH pore size distribution) of the products prepared via emulsion 

route in general exhibited a broad range covering pores within an entire mesopore region 

(2 ‒ 50 nm) and in some cases even extending into the lower end of the macropore region 

(50 ‒ 150 nm).  Furthermore, SEM analysis (Figure 24a) disclosed the presence of even 

bigger macropores (10 ‒ 50 μm) evenly distributed all over these products.  Such a pore 

system would be very beneficial where diffusion of molecules in and out of the pores is 

desired, for example in catalytic and/or adsorption based applications.  On the other hand, 
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control products prepared without mixing oil exhibited ill-shaped hysteresis loops in gas 

sorption isotherms and narrow pore size distributions when probed by N2 sorption as 

previously observed for traditional geopolymers.40  Furthermore, control samples did not 

reveal any notable macropores upon imaging under SEM (Figure 24b). 

4.4. Conclusions 

Here, we present phase diagrams that allows a simplistic, unambiguous 

identification of compositions and conditions for the formation of hierarchically porous 

geopolymers with specific pore properties.  This is the first quantitative exploration of 

such diagrams for geopolymer synthesis, which could prove beneficial for identifying a 

parameter space for tailoring the pore properties.  In this study, we constructed ternary 

phase diagrams for the production of geopolymers via emulsion method and compared 

the products produced through the traditional route.  Four compositional parameters: 

mole fractions of Si, Al, KOH and water are judiciously considered.  All geopolymers 

produced by activating the metakaolin with potassium silicate solutions (i.e. Si/Al ≠ 1 

products) exhibited enhanced mesoporosity when prepared via emulsion route 

highlighting the important role played by the triglyceride oil.  Produced this way, 

mesopore volume as high as 1.02 cm3/g could be achieved while still retaining the 

monolithic form, albeit with decrease mechanical strength.  On the other hand, oil seems 

to have no effect on the mesoporosity of geopolymers produced by activating the 

metakaolin with potassium hydroxide solutions (i.e. Si/Al = 1 products).  However, 

macroporosity is anticipated in all the products that are prepared from non-phase 

separating emulsions.  It is reminded that these phase diagrams are kinetic rather than 
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thermodynamic, and given enough time and/or heating at higher temperatures could lead 

to zeolitic phases.  To this end, non-compositional parameters like time and temperature 

are also worth considering in future investigations. 
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CHAPTER 5 

5. IRON OXIDE−MODIFIED NANOPOROUS GEOPOLYMERS AS MEDIA FOR 

ARSENIC REMOVAL FROM CONTAMINATED GROUND WATER 

5.1. Introduction 

Arsenic is ubiquitous and ranks 20th in natural abundance, 14th in sea water, and 

12th in human body.108  It is mobilized by natural weathering reactions, biological 

activity, geochemical reactions, volcanic emissions and other anthropogenic activities 

such as mining, combustion of fossil fuels, and use of arsenic additives to pesticides, 

herbicides and livestock.109  Arsenic is one of the most frequently found contaminants in 

many drinking water sources in small and rural communities all over the world.  The 

largest population at risk among all the countries with known groundwater arsenic 

contamination is in Bangladesh, followed by the state of West Bengal in India.110  

Although arsenic is an essential element, two types of toxicity, viz., acute and sub-acute 

are known from long time exposure.111  International Agency for Research and Cancer 

(IARC) classifies arsenic as class A carcinogen and its maximum mandated, or 

recommended levels in drinking water is set at 10–50 µg/L depending on a country’s 

regulations, for example, United States Environmental Protection Agency (USEPA) set it 

at 10 µg/L.78, 112  The acute toxicity of arsenic compounds in humans predominantly 

depends on their rate of removal from the body.  Prolonged intake of arsenic 

contaminated drinking-water is known to cause dermal lesions such as hyper- and 

hypopigmentation, peripheral neuropathy, skin cancer, bladder and lung cancers and 

peripheral vascular disease.113  Although arsenic can exist in −3, 0, +3 and +5 oxidation 
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states in the earth’s crust, in natural waters, it is mostly present in +5 state (arsenate, 

AsO4
3−), but under anaerobic conditions, it is likely to be present in +3 state (arsenite, 

AsO3
3−).109b, 114  Several technologies have been reported for removing arsenic from 

drinking water based on the principles, such as oxidation/precipitation, bioremediation, 

coagulation/precipitation, adsorption, ion exchange, and membrane filtration.109b, 115  Out 

of these, technologies based on adsorption processes are most promising because they are 

cost effective, versatile and simple to set up.116  Among several types of reported 

materials capable of removing arsenic, iron oxides, such as ferrihydrite, amorphous 

hydrous ferric oxide (HFO), hematite and goethite have excellent selectivity towards 

arsenic, which predominantly exist as arsenate and arsenite in ground water.117  High 

adsorption capacities have been achieved by making them in porous forms, for example, 

granular ferric hydroxide (GFH) while keeping the high selectivity.118  However, many of 

the granular iron oxide based media lack mechanical stability and break down into finer 

particles which pose operational problems.115b  Furthermore, GFH suffer from very slow 

diffusion kinetics of arsenic species, with effective intragranular diffusion coefficients 5 

to 7 orders of magnitude smaller than the diffusion coefficients of arsenic species in bulk 

solution.119  Recently nanosized iron oxide loaded high surface area materials like 

granular activated carbons, mesoporous silicas (MCM-41, SBA-15, KIT-6) and 

mesoporous carbons have been developed which showed improved performance due to 

superior kinetics and also exhibited better mechanical properties.120  However, due to 

high surface areas and poor crystallinity, mesoporous silica materials are known to 

undergo dissolution in water releasing soluble silica species which are known to compete 

with adsorption of arsenic species onto the active sites of iron oxides.121  A number of 
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strategies have been developed to improve the hydrolytic stability of mesoporous silica 

materials, out of which incorporating Al into their framework via direct synthesis is 

arguably the most attractive.122  In this study, we detail using synthetic amorphous 

aluminosilicate materials called geopolymers with a Si/Al ratio of 2.0 or 1.5.   

Geopolymers are an emerging class of ceramic-like material that is gaining 

significant attention due to their unusual properties, such as high compressive strengths, 

good heat and chemical resistance, and low environmental impact during production.  

Beyond the conventional applications as building or refractory materials123 or in 

immobilizing toxic wastes,124 new research efforts are being focused towards introducing 

porosity into the material and utilize them in catalysis125 and drug delivery.94, 126  

Recently, we introduced hierarchically meso/macroporous structure into the otherwise 

dense geopolymeric matrix following a simple and readily scalable synthetic 

methodology developed in our lab.104, 127  Having hierarchical pore structure is 

advantageous because the smaller mesopores can be easily accessed through the larger 

macropores, hence improving the diffusion kinetics of fluids onto the active sites.  

Herein, we report using hierarchically porous geopolymer materials having high surface 

areas as supporting media for HFO ‒ an active material introduced via wet impregnation 

for the removal of arsenic.  This also opens up the ways to introduce numerous other 

active materials into the hierarchically porous network of geopolymer materials.  To the 

best of our knowledge this is the first report regarding the use of geopolymer materials 

for arsenic removal. 
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5.2. Experimental 

5.2.1. Synthesis of Nanoporous Geopolymer Material (Base Media)   

In the first step of the synthesis, a potassium silicate solution was prepared by 

dissolving an appropriate amount of KOH pellets (Sigma Aldrich) in deionized water in a 

polypropylene cup placed in a water bath.  A suitable amount of fumed silica (Cabot, 

CA-BO-SIL® EH-5) was then added into the KOH solution and the mixture was stirred 

with a Stir-Pak laboratory mixer for 30 minutes at 800 rpm to give a clear solution.  The 

geopolymer resins were then prepared by mechanically mixing metakaolinite into the 

potassium silicate solution to form a homogenous fluidic liquid.  The metakaolinite was 

produced in advance by calcining kaolinite (Al2Si2O7· H2O, Alfa Aesar) at 750 °C for 10 

h.  Eight different samples were prepared by varying the amounts of water, K/Al ratio 

and Si/Al ratio (Table 4).  The pH of the resins was about 14 for all the compositions.  

Canola oil (The J.M. Smucker Company, Crisco®), paraffin oil (Alfa Aesar) or a mixture 

of both oils (Table 4) was then added to the resin at a 1:1 oil-to-water volume ratio and 

mixed for an additional 15 minutes to give a homogeneous but viscous emulsion.  The 

emulsion was transferred to a polypropylene cup and cured in a laboratory oven at 60 °C 

for 24 h.  The cured monolithic product was then broken into small pieces (approximately 

1×1×1 cm3) and subjected to Soxhlet extraction with n-butanol as a solvent.  The 

resulting nanoporous geopolymer (base media) pieces free of organics were dried 

overnight in the lab oven maintained at 120 °C.  Complete removal of organics was 

confirmed by CHN analysis and Infrared spectroscopy (data not shown). 
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Table 4.  Synthetic parameters of the base media. 

Sample Mole fraction   of water K:Al:Si Oil used Oil ratio 

1 0.68 2:1:2 Canola/Paraffin 50%/50% 

2 0.68 2:1:2 Paraffin 100% 

3 0.73 3:1:2 Canola 100% 

4 0.73 3:1:2 Canola/Paraffin 50%/50% 

5 0.68 1:1:1.5 Canola 100% 

6 0.68 1:1:1.5 Canola/Paraffin 50%/50% 

7 0.68 1:1:1.5 Canola/Paraffin 33%/66% 

8 0.68 1:1:1.5 Paraffin 100% 

 

5.2.2. HFO Impregnation (HFO Media) 

The produced pieces of base media were ground and sieved into particles of size 

ranging between 425 to 600 µm (US mesh 40 x 30), which was required by isotherm 

testing.  Then the impregnation of the base media with HFO was carried out through an 

incipient wetness impregnation technique in the steps: (i) base media was soaked in 

FeCl3·6H2O (Alfa Aesar) dissolved in methanol (2.0 M solution) for 24 h; (ii) the 

resulting particles were filtered and were heated at 85 °C in an ammonia/moisture 

saturated atmosphere for 12 h in order to raise the pH within the pores and therefore 

induce the precipitation of Fe(III) as hydrous ferric oxide; (iii) precipitation was 

completed by further heating the particles in an oven maintained at 85 °C for 12 h before 

drying at 120 °C for 12 h; (iv) the by-products (co-precipitated KCl and NH4Cl) were 

removed from the pores of the composite material by thoroughly rinsing with deionized 

water; (v) the resulting reddish brown particles soaked in Millipore water were ready for 

subsequent arsenic removal experiments. 
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5.2.3. Material Characterization 

Powder X-ray diffraction (PXRD) patterns of the finely ground samples were 

collected using a Siemens D5000 diffractometer (Ni-filtered Cu Kα radiation with a 

wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC-1 position-sensitive 

detector) at a scan speed of 2.0 degrees/min and a step size of 0.016 degrees 2θ.  The 

resolution of the VANTEC-1 position-sensitive detector was 2θ = 0.008 degrees.  

Samples for scanning electron microscopy (SEM) were prepared by placing few pieces of 

the products on a SEM stub using a copper conducting tape.  Samples were then gold 

coated for 100 s and were studied using SEM-XL30 Environmental FEG (FEI) 

microscope operating at 5 kV.  For transmission electron microscopic (TEM) studies, 

colloidal suspensions of ground samples in ethanol were dried on to copper grids and 

were studied using JEOL TEM/STEM 2010F operating at 200 kV.   

N2 sorption isotherms were obtained with a Micrometrics ASAP 2020 volumetric 

adsorption analyzer at 77 K.  Samples were degassed at room temperature for 10 h under 

vacuum until a residual pressure of ≤10 μmHg was reached.  Specific surface areas were 

estimated using Brunauer-Emmett-Teller (BET) equation, in the relative pressure range 

from 0.06 to 0.2.  Pore volumes were calculated from the amount of nitrogen adsorbed at 

a relative pressure (P/Po) of 0.99.  Pore size distributions were obtained using the Barrett-

Joyner-Halenda (BJH) method assuming a cylindrical pore model.  Total pore volume of 

the products was determined by pycnometry with deionized water at 23 ± 2 °C and 

ambient pressure, whose principle relies on the permeation of water through the open 

pore network of solid samples. 
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Fe contents of the HFO impregnated nanoporous geopolymer media were 

determined by using Thermo Scientific iCAP 6300 inductively coupled plasma-optical 

emission spectrometer (ICP-OES).  Prior to the analysis, solid samples were acid-

digested using a CEM MARS 6 microwave reaction system in repeated heating steps at 

180 °C for 30 min with sequential addition of required reagents.  Specifically, 20 – 30 mg 

of catalysts were heated in the reactor first with 3 mL of concentrated HCl solution (34 – 

37 wt%, ACS), and second with a mixture of 3 mL concentrated HNO3 (67 – 70 wt%, 

ACS) and 0.5 mL of HF solution (48 – 51 wt%, ACS).  The digests were later quenched 

with 5 mL of 4.5 wt% H3BO3 solution aided by the microwave reactor. 

5.2.4. Batch Experiments   

The arsenic removal capabilities of the HFO media were carried out using 

multidimensional approach that encompasses batch reactor experiments, isotherm 

modeling (Freundlich isotherm model), continuous flow modeling (Pore Surface 

Diffusion Model (PSDM)) and laboratory scale continuous flow experiments.  

Preliminary screening and comparison of the maximum arsenic adsorption capacities of 

all the different media was conducted using batch reactor tests at pH = 7.6 ± 0.3.  The pH 

value was adjusted by adding hydrochloric acid or sodium hydroxide at room 

temperature.  The initial arsenic concentration in this arsenic only model water was C0 ≈ 

120 μg/L.  The contact time was 72 hours, which was more than sufficient to establish 

pseudo-equilibrium.  Minimum of 8 adsorbent dosages with 15% triplicates, ranging 

from 0.1 mg/L to 11.6 mg/L, were used to obtain data that could be fitted with the 

Freundlich isotherm model given by: 
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𝑞 = 𝐾⁡ ×⁡𝐶𝑒
1/𝑛

               (9) 

where q is the adsorption capacity (mg adsorbate/g adsorbent), K is the Freundlich 

adsorption capacity parameter ((mg adsorbate/g adsorbent) × (L/mg adsorbate)1/n), Ce the 

equilibrium concentration of adsorbate in solution (mg adsorbate/L), and 1/n is the 

Freundlich adsorption intensity parameter (unit less).  The Freundlich isotherm model 

was used to develop the isotherms because it allows for easy assessment of the 

favorability of the adsorption process and use of its parameters in the Pore Surface 

Diffusion Model (PSDM), which was used to assess the performance of the media in a 

full scale packed bed continuous flow configuration.128  The analysis of arsenic 

concentration was conducted using Varian Spectra 50B-GTA 110 Graphite Furnace 

Atomic Absorption Spectrometer.  Parameters in Table 5 describes the water chemistry 

of NSF 53 Challenge water.129  The Rapid Small-Scale Column Tests (RSSCT) were 

designed to mimic a scaled up packed bed reactor.130  Characteristics of RRSCT and 

scaled packed bed system are presented in Table 6. 
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Table 5.  NSF 53 water matrix used in the tests. 

 Ion Concentration (mg/L) Form 

1 As(V) 0.12 Na2HAsO4 

2 ClO4- 0.1 KClO4 

3 F- 1.0 NaF 

4 NO3
- 2.0 NaNO3 

5 PO4
3- 0.04 NaH2PO4·H2O 

6 Dissolved silica 20 Na2SiO3·9H2O 

7 Ca2+ 40 CaCl2 

8 Mg2+ 12 MgSO4·7H2O 

9 SO4
2- 50 MgSO4·7H2O 

5 mM NaHCO3 was used to buffer the water matrix. 

Table 6.  RSSCT parameters and Scaled Packed Bed system used in experimental work 

and modeling. 

Parameter RSSCT Packed bed system 

Bed depth (cm) 6 60 

Bed diameter (cm) 1.1 50 

Bed mass (g) 2.73 56,400 

Flow rate (mL/min) 14.6 3016 

EBCT (min) 0.391 39.1 

Particle radius (mm) 0.05 0.5 

 

5.2.5. Toxicity Characteristic Leaching Procedure 

The toxicity characteristic leaching procedure (TCLP) test of arsenic adsorbed 

solid material was carried out according to the procedure described by the U.S. 

Environmental Protection Agency (EPA) method 1311.131  Here, the arsenic adsorbed dry 

solid material was mixed with the TCLP fluid (sodium acetate plus acetic acid buffer of 

pH 4.93 ± 0.05 by the 1:20 ratio and agitated (speed, 280 ± 5 rpm) for 18 h at 30 °C using 

a mechanical shaker.  Two samples of spent media from column testing, media 3-Fe, 
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were tested to provide duplicate testing validation.  Leached arsenic in the filtered TCLP 

fluid was determined using graphite furnace atomic absorption spectroscopy. 

Table 7.  Pore properties of the media before and after HFO impregnation along with 

iron content, zeta potential and arsenic adsorption capacity values. 

Sample BET 

surface 

area  

(m2/g) 

Mesopore 

volumea 

(cm3/g) 

Mesopore 

widthb 

(nm) 

Macropore 

volumec 

(cm3/g) 

Bulk 

densityd 

(g/cm3) 

Bulk 

porosityd 

(%) 

Fe 

contente 

(wt %) 

Zeta 

potential 

Q100 

(µg 

As/g 

dry 

media) 

Meso/ 

Macro 

pore 

ratio 

(%) 
Base 

media; 

HFO 

media 

Base 

media; 

HFO 

media 

Base 

media; 

HFO 

media 

1-Fe 42;  98 0.28;  0.24 26;  12 1.21 0.69 67 19.2 6.00 268 20 

2-Fe 8.0; 171 0.05;  0.18 30;  5.0 1.18 0.73 64 17.4 5.20 559 15 

3-Fe 58;  73 0.80;  0.22 53;  10 1.45 0.59 65 20.0 7.40 954 15 

4-Fe 50;  298 0.39;  0.30 39;  5.0 1.22 0.65 67 24.2 6.80 295 25 

5-Fe 59;  75 0.38;  0.42 28;  20 0.85 0.78 66 14.0 5.50 449 49 

6-Fe 75;  234 0.42;  0.35 20;  7.0 0.88 0.81 63 18.4 7.50 467 40 

7-Fe 56;  192 0.43;  0.29 26;  7.0 0.96 0.80 62 16.7 6.70 369 30 

8-Fe 24;  69 0.10;  0.11 19;  6.0 1.31 0.70 69 19.8 8.20 233 8.1 

aFrom the pores with width no larger than 150 nm in the BJH desorption pore distribution.                                               

b4(BJH desorption pore volume)/(BET surface area).                                                                                                              

c(Total pore volume determined by pycnometry) − (BJH desorption pore volume).                                                                 

dFrom total pore volume determined by pycnometry.                                                                                                                

eFrom ICP-OES. 

5.3. Results and Discussion 

5.3.1. Media Characterization 

In previous chapters we demonstrated that the hierarchical pore network with co-

existing distinctive mesopores and macropores can be introduced into the otherwise 

dense geopolymeric material by templating with triglyceride oil.  We also revealed that 

the pore characteristics of these hierarchically porous geopolymers can be controlled by 
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adjusting the synthetic parameters.  Briefly, templating with triglyceride oils (such as 

canola oil) or with oil mixtures whose at least one of the components is a triglyceride that 

is capable of undergoing saponification reaction with the highly alkaline geopolymer 

precursor mixture generates both mesopores and macropores in the final product.  

Whereas, templating with paraffin oil which lacks the ester functional groups to undergo 

saponification reaction generates only the macropores.  Additionally, mesopore volume 

increases with increasing amount of water without altering the mesopore size.  

Furthermore, both mesopore volume and mesopore size increases with increasing K/Al 

ratio between 1.0 and 3.0.  In this study, eight different nanoporous geopolymers (media 

1 ‒ 8) were produced to generate different pore size/structure as shown i n  Table 7.  

Prior to HFO impregnation, the untreated nanoporous geopolymer media 3 and 5 

prepared by adding canola oil, or the media 1, 4, 6 and 7  prepared by adding a mixture of 

canola oil and paraffin oil exhibited mesoporosity as well as macroporosity.  

Mesoporosity can be seen from the N2 sorption isotherms (Figure 25a & b) and BJH 

desorption pore size distribution curves (Figure 25c & d), and the corresponding pore 

properties are listed in Table 7.  Isotherms of these base media shown in Figure 25a & b 

resemble type IV isotherm typical of a material having mesopores.  The fact that these 

isotherms do not saturate at partial pressure, P/Po ≈ 1 indicates the presence of 

macropores (pores wider than 50 nm) as well.  Presence of broad range of mesopores 

which extend into the macropore region can be clearly seen in the BJH desorption pore 

size distribution curves plotted in Figure 25c & d.  Furthermore, Figure 26a & b show 

SEM images of the base media 3 chosen as a representative example of 1, 3, 4, 5, 6 and 7.  

Co-existence of mesopores and macropores is clearly evident from these SEM images.  
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The material exhibits discrete spherical pores whose diameter range from about 5 to 40 

µm (Figure 26a).  A closer look in Figure 26b revealed that the pore wall separating the 

spherical pores has a finer structure throughout the matrix indicating the mesoporosity 

confirmed by N2 sorption analysis.   

 

Figure 25.  Nitrogen sorption isotherms (a & b) and BJH desorption pore size 

distribution curves (c & d), respectively, of untreated media 1 ‒ 4 (left) and 5 ‒ 8 (right). 

On the other hand, untreated media 2 and 8 prepared by adding solitary paraffin 

oil exhibits only a macropore network as seen in N2 sorption isotherm (Figure 25a & b) 

and BJH desorption pore size distribution curves (Figure 25c & d).  Figure 26c & d 

shows SEM images of the base media 2 as a representative example.  Spherical 
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macropores (20 to 50 µm) are clearly visible from Figure 26c but a closer look at the 

pore walls revealed additional macropores of smaller size (~2 µm) in Figure 26d.  

Transmission electron microscopy (Figure 28a) revealed that all the base media without 

any exception consisted of a gel like nanostructure of the material which is made up of 

nanoparticles that are strongly fused together at their necks. 

 

Figure 26.  SEM images of untreated media 3 (a & b), and 2 (c & d) as representative 

examples. 

After HFO impregnation, all media had uniform reddish-brown color all over the 

sample including internal surfaces, which indicates homogeneous impregnation of HFO.  

Furthermore, all samples exhibited open mesopores and macropores as confirmed by N2 
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sorption (Figure 27) and scanning electron microscopic studies (data not shown), 

respectively revealing that the pores are not clogged upon impregnation.  BET surface 

area increased and mesopore diameter decreased for all the media without any exception 

(Table 7), probably due to surface roughening of the pore walls, proving that HFO was 

successfully impregnated within the mesopores.  A similar trend was reported by 

Bandyopadhyay et al. upon introducing TiO2 nanoparticles into the pores of mesoporous 

MCM-48 by wet impregnation method.132  Regarding to pore volume change after HFO 

impregnation, pore volume due to previously mesopores decreases but at the same time 

some of the macropores are reduced in size and start to contribute towards mesopore 

volume.  Therefore, no clear trend in the mesopore volume change was observed.  This 

was clearly noticed in media 2-Fe, whose mesopore volume increased by more than 

three-fold from 0.05 cm3/g to 0.18 cm3/g upon HFO impregnation rather than decreasing.  

TEM studies of the media revealed that HFO is present as nanoparticles of approximate 

diameter of 4 nm (Figure 28b), which explains the increment in surface areas upon 

impregnation.  However, it is worth mentioning that the presence of bigger aggregates of 

HFO, particularly within the larger macropores cannot be ruled out.  Furthermore, 

elemental mapping using STEM (Figure 28d) with a spatial resolution of 3 nm showed 

homogeneously distributed of iron in media 3-Fe.     
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Figure 27.  Nitrogen sorption isotherms (a & b) and BJH desorption pore size 

distribution curves (c & d) of HFO impregnated media 1-Fe ‒ 4-Fe (left) and 5-Fe ‒ 8-Fe 

(right). 

Figure 29 shows the powder XRD pattern of media 3 before and after 

impregnation as a representative sample.  Powder XRD analysis (Figure 29) suggested 

that the impregnation yielded non-crystalline ferric species (hence amorphous hydrous 

ferric oxide or simply HFO).  The base media themselves were amorphous and the 

largely featureless “hump” centered at approximately 27° – 30° in 2θ seen in their 

powder XRD patterns is the unique feature of geopolymers.133 
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Figure 28.  TEM images of untreated media 3 (a) and HFO impregnated media 3-Fe (b), 

along with the dark field STEM image of media 3-Fe (c) and the corresponding elemental 

mapping image (d).  Red represents iron, green represents aluminum, and blue represents 

silicon.   
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5.3.2. Evaluation of HFO Media for Arsenic Removal Capabilities 

Figure 30a summarizes the isotherms obtained from the batch reactor tests data in 

arsenic only model water.  All media, with exception to SBIR-5, exhibited Freundlich 

isotherm intensity parameters ranging between 1.1 and 1.3, which suggests that these 

media may be suitable for treatment of waters exhibiting higher than typical arsenic 

concentrations.  3-Fe exhibited highest adsorption capacity, followed by 2-Fe.  The 

PSDM predictions (Figure 30b), obtained at Cinfluent = 120 μg As/L in arsenic only water, 

show the same trend.  3-Fe was able to treat about 5 m3 of water containing 120 μg As/L 

arsenic per 1 kg of media before effluent concentration of 10 μg As/L (MCL standard for 

As) was reached.  Under the same conditions, 2-Fe was able to treat only about 2.5 m3 

water/kg media. 

 

Figure 29.  Powder X-ray diffraction patterns of untreated media 3 (black) and HFO 

impregnated media 3-Fe (red) as representative examples. 
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The lower arsenic adsorption capacity of the other media resulted in rapid 

breakthrough of the media as the adsorption sites located on the outer surface become 

quickly occupied with arsenic.  The gradual increase in the breakthrough curve following 

the rapid region was not observed for many of the low capacity media suggesting that the 

available adsorption sites inside the media particles may not be available for adsorption 

because of pore blocking or simply because their numbers were low.  Such gradual 

breakthrough later in the run is clearly apparent for 3-Fe as the intraparitcle mass 

transport becomes the limiting transport mechanism due to diffusion of arsenic ions 

deeper into the particle to find available and accessible adsorption sites.  

 

Table 8.  Freundlich isotherm parameters for 3-Fe. 

Water matrix Freundlich capacity 

parameter (K)* 

Freundlich intensity 

parameter (1/n) 

R2 pH 

As only water  5.23 1.13 0.989 7.6 ± 0.2 

NSF 53 water 3.52 1.12 0.999 7.6 ± 0.2 

 

 

Since 3-Fe exhibited highest arsenic adsorption capacity in the arsenic only model 

water, it was further tested to assess its performance in NSF 53 challenge model water 

which is used to surrogate laboratory groundwater for assessing arsenic adsorption of 

media in realistic conditions.  Batch experiments were conducted at the same 

experimental conditions, except for the change in the model water matrix, to assess the 

effect of the competing ions (silica and phosphate) onto the arsenic removal performance 

of the media.  Table 8 summarizes the adsorption isotherms coefficients for 3-Fe under 
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equilibrium conditions with and without competing ions.  The Freundlich intensity 

parameter (1/n) did not change when competing ions were introduced (1.13 versus 1.12, 

respectively), implying that the introduction of competing ions (silica and phosphate) did 

not affect the adsorption sites energy.  The lower Freundlich adsorption coefficient (K) is 

to be expected for the NSF 53 challenge model water because of the adsorption of the 

competing ions, which reduce the number available sites for arsenic to adsorb. 

 

Figure 30.  Experimental isotherm data summary (a) and PSDM modelled breakthrough 

curves (b) of HFO media with arsenic only water matrix. 

The breakthrough curve for RSSCT conducted in NSF 53 challenge model water 

is presented in Figure 31 together with a breakthrough curve modeled to mimic the same 

experimental conditions, except in arsenic only model water.  The RSSCT was designed 

to mimic a scaled up packed bed reactor with characteristics presented in Table 6.  The 

packed bed reactor provides a same breakthrough curve as the one experimentally 

obtained.  Similarly, the modeled breakthrough curve that is presented for the RSSCT is 

identical to the modeled breakthrough curve for the packed bed reactor described in 

Table 6.  Studies have validated the model for prediction of breakthrough curves in 
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model waters with no competing ions, so no continuous flow column test were necessary 

in the arsenic only model water.128, 130 

Both columns reached 95% breakthrough at approximately the same bed volumes 

(BV); however, the overall adsorption capacity of the media is lower in NSF 53 challenge 

model water.  In absence of arsenic competing ions, the model predicted that 

approximately 2,200 BV can be treated before a breakthrough of 10 μgAs/L is reached 

(Ce/C0 ~ 0.085).  The number of treated BV decreases by almost a factor of 3 as a result 

of ions with arsenic.  So a packed bed reactor, as represented by the RSSCT, can treat 

about 700 BV before a breakthrough of 10 μg As/L is reached under realistic conditions.  

This difference in arsenic adsorption capacity is a direct result of the adsorption of 

competing ions (silica and phosphate).  The high silica concentration causes rapid 

saturation of the available adsorption sites located near the outer layers of the media 

particle, which is illustrated by the rapid breakthrough in Figure 30b.  Then, the gradual 

breakthrough is expected as the only available sites left for the arsenic and competing 

ions is deeper regions of the particle and the intraparticle mass transport is the limiting 

mechanism. 
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Figure 31.  Breakthrough curves for RSSCT with NSF 53 challenge model water (solid 

circles) and modelled RSSCT with arsenic only water (line) for 3-Fe. 

5.3.3. Evaluating Stability and Disposability Options of Spent Adsorbent 

Finally, the stability of the spent adsorbent (spent 3-Fe) was evaluated and its 

disposal options were examined by performing a Toxicity Characteristic Leaching 

Procedure (TCLP).  TCLP determines the propensity of the selected media to leach 

arsenic after landfill disposal.  In order for the media not to be labeled as hazardous, as 

defined in 40 CFR §26.24 Table 1, the waste media must meet the definition of toxicity 

for waste code D004 (arsenic), exhibiting an arsenic concentration less than 5 mg 

As/L.131  Two samples of spent media from column testing, 3-Fe, were tested to provide 

duplicate testing validation.  Table 9 outlines the results of the TCLP tests.  The arsenic 

concentration of the filtrate was determined to be about 44 µg As/L, 100x below the EPA 

limit of 5 mg As/L required to meet the toxicity characteristic.  Based on the results, the 
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spent media does not qualify as hazardous materials and can be disposed as a solid waste.  

This result is expected based on strong chemical bonding formed between Arsenic 

species with developed media. 

Table 9.  Toxicity Characteristic Leaching Procedure (TCLP) results for spent 3-Fe. 

Sample Initial pH Final pH As concentration 

(µg/L) 

Standard deviation 

Control  4.93 4.93 Not determined ‒ 

3-Fe trial-1  5.36 44.4 1.49 

3-Fe trial-2  5.38 43.3 1.35 

TCLP As concentration = 43.9 µg/L 

 

5.4. Conclusions 

Composite materials of hierarchically porous geopolymer and HFO having high 

surface areas and interconnected meso/macropores were successfully developed via wet 

impregnation for the removal of arsenic from contaminated waters.  X-ray studies 

indicate that HFO introduced into the pores is amorphous in nature and did not seem to 

alter the structure of the nanoporous geopolymers.  All the media have shown arsenic 

removal capability with varying capacities.  Specifically, 3-Fe, the best performing media 

which contained ~20 wt% Fe could remove 954 µg of Arsenic per gram of dry media 

from Arsenic only water matric.  The media could also remove Arsenic from NSF 53 

challenge model water containing competing ions such as silica and phosphates, 

signifying that they can also perform with realistic waters.  Both in the absence and 

presence of competing ions, Freundlich isotherm model was followed for batch reactions.  

The adsorption sites energy seems to remain unaltered while the arsenic removal capacity 
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appears to be decreased upon introducing competing ions.  Moreover, results from 

RSSCT column testing and modelling showed that 3-Fe can treat 2,200 bed volumes and 

about 700 bed volumes before a breakthrough of 10 µg As/L is reached from Arsenic 

only water matrix and under realistic conditions.  Furthermore, TCLP studies have shown 

that the concentration of arsenic leached out of the spent 3-Fe media is more than 100 

times below the EPA limit of 5 mg As/L classifying it as a non-hazardous material that 

can be disposed as a solid waste.  It is concluded that the new hierarchically porous 

geopolymer-based composites can be good candidates for cost-effective removal of 

arsenic from contaminated water under realistic conditions owing to their favourable 

adsorption capacity and very low leachability.  Research efforts to scale-up and further 

reduce the cost of production processes are undergoing and will be reported elsewhere.  

This study also opens up the ways to introduce various active species, such as catalysts 

and adsorbents into the hierarchically porous network of geopolymers and designing 

many more novel composite materials. 
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CHAPTER 6 

6. DISPERSIBLE GEOPOLYMER PARTICLES 

6.1. Introduction 

Polymers have changed the world and today they are indispensable in many 

branches of industry.  In the commercial production of plastics, elastomers, man-made 

fibers, adhesives, and surface coatings, a tremendous variety of polymers are used.  

Global production of plastics is continuously growing for more than 50 years as a result 

of new technological advancements in polymer science, and in 2012 it rose to 288 M 

tonnes ‒ a 2.8% increase compared to 2011.134  Over the last two decades, particle-filled 

or reinforced polymer composites have become very attractive owing to their low cost 

and widespread industrial applications.  Polymer composites are manufactured 

commercially for a variety of applications such as sporting goods, aerospace components, 

automobiles, etc.135  Most usage of elastomers would be impractical without reinforcing 

them with certain fillers, such as carbon blacks (CBs) and structured silica.  The 

reinforcement is often defined as the “improvement in abrasion, tear, cutting and rupture 

resistance, in stiffness and hardness of vulcanized compounds through the incorporation 

of finely divided (mineral) particles”.136  An array of powdered minerals can be used as 

fillers for elastomers but not all provide reinforcement, and essentially two classes of 

powdered minerals have been found to deliver significant reinforcing capabilities: CBs 

and high-structure silica. 

Minerals used to reinforce the elastomers (i.e., rubber), may have several particle 

sizes and their reinforcement effect depends strongly on their particle sizes as shown 
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pictorially in Figure 32.  Particles bigger than 10,000 nm are generally avoided because 

they can reduce the performance rather than extend or reinforce.  Fillers with particles 

between 1000 and 10,000 nm are used primarily as diluents and mostly have no 

significant effect, either positive or negative, on rubber properties.  Reinforcement is 

readily attained with particles smaller than 100 nm but particle structure appears to be a 

more decisive factor, while particles with intermediate sizes (between 100 ‒ 1000 nm) are 

semi-reinforcing at best.  Two classes of minerals have been found to offer significant 

reinforcing capabilities to rubber for tire applications, CBs, and silica.  High-resolution 

electron microscopic studies have shown that the primary particles of CBs are solid 

spheres that are 10 ‒ 90 nm in diameter.  Depending on their initial manufacturing 

process, primary particles of CBs exist in various forms of aggregation.  The extent to 

which aggregates form complex three-dimensional entities is often referred as a 

“structure”.137  Several of these aggregates may further form loose agglomerates linked 

by van der Waals interactions. 
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Figure 32.  Classification of fillers according to their average particle size, adapted from 

Mostafa.138 

A low structure CB may consist fewer than 20 primary particles per aggregate, 

while a high-structure one may have high number (up to 200) of particles.  Reinforcing 

silica, either precipitated or “fumed” grades, display a similar intricate assemblies, from 

primary spherical particles that fuse chemically into bigger aggregates, to loose 

agglomerates linked by weak van der Waals forces.  Precipitated silica is most 

widespread due to the cheaper production costs.  It is produced by the controlled 

neutralization of sodium silicate solution by either concentrated sulfuric, hydrochloric or 

carbonic acids.  Reaction conditions are manipulated according to the particle size 

requirements.139  There is no standard classification for reinforcing silica which are in 

effect distinguished with respect to their specific surface area.  At similar reinforcing 

capabilities, silica specific area are larger than for their CB equivalent, in line with the 
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irrespective bulk specific gravity, i.e., 2.2 g·cm−3 for silica, 1.8 g·cm−3 for CB as depicted 

in Figure 33.  

 

Figure 33.  Relevant dimensions in elastomer-filler interactions, adapted from 

Mostafa.138 

In addition to the size and structure, the third reinforcing parameter, surface 

activity of the particles is also an important factor.  Surface activity, in the simplest terms 

means the affinity for and ability to bond to the rubber matrix.  In a chemical sense it is 

correlated to the type and nature of chemical groups present on the surface of the 

reinforcing particle.  In a physical sense, differences in surface energy define the capacity 

and energy of adsorption.  High surface activity along with large surface area and high 

structure would lead to an intimate elastomer-filler contact.  In the case of CBs the filler–

polymer interaction is mainly of physical nature, i.e., physisorption.  Silica surfaces are 

hydrophilic, but still react as acids due to the presence of silanol groups and are capable 

of forming hydrogen bonds.  The affinity and activity of silica fillers in relation to 
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elastomers can be improved by treatment of the silica particle surface with an 

organosilane via a reaction called silanization.  Mercaptosilane is usually the most cost-

effective choice and the treatment is typically in situ, with the silane added to the mill 

after the silica and before other additives that can interfere with the silica-silane reaction.  

As useful as mercaptosilane may be, its odor is generally objectionable.  The effective, 

but less efficient (requires about twice the loading), testrasulfide is the usual alternative, 

although it comes with other undesired glitches.140 

CB was the first taken as a reinforcing filler in 1904, and since then carbon black 

has been a quintessential ingredient in automobile tires and various other rubber 

products.140  Introduced in the 1992 by Michelin, silica is one of the key ingredients in 

energy-saving tires so-called green tires.  According to Rhodia, up to now, by using the 

best grade silicas it is possible to reduce rolling resistance by approximately 25%, 

bringing about a reduction in fuel consumption and automobile CO2 emissions by an 

estimated 5%.  Despite the promises and proposed solutions, silica is not yet widely 

accepted as filler for tire to completely replace the CB as a result of its poor dispersion in 

rubber, and the economics of synthesizing top grade silica.141 

In the 1950s and 1960s, amorphous synthetic aluminosilicates were used in large 

volumes as acid catalysts.  Starting from 1970, these products were gradually replaced by 

more effective zeolites, and research on amorphous aluminosilicates shifted towards 

other applications such as, intermediates in the production of microporous and ceramic 

materials, and reinforcing fillers for rubber, ink and paper.142  Silica and aluminosilicates, 

when compared with carbon black, offer not only improved mechanical properties as a 

reinforcing filler in polymer applications, but also the possibility of the reinforced 
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polymer being translucent or neutral in color.  The substitution of Si in the SiO2 matrix 

by Al as in synthetic amorphous aluminosilicate, creates a negative charge on the SiO2 

framework with an associated cation (Na+, for example, as shown in Figure 34) being 

bound to a nearby oxygen atom to maintain the charge neutrality.  These negatively 

charged sites can be beneficially used for surface functionalization with surfactants 

making aluminosilicate particles organophillic and therefore achieve better dispersion in 

non-polar polymeric mixtures.  Surface modification with surfactant molecules can 

possibly be carried out in a single pot ‒ during or after the synthesis.   

Several grades of synthetic amorphous aluminosilicates have been 

commercialized by J. M. Huber Corporation under the trademark Zeolex® and Hydrex®.  

They are generally synthesized at room temperature or slightly elevated temperatures by 

controlled addition of aluminum sulfate (or alum) solution to a solution of sodium silicate 

while maintaining the pH between 9 and 12.43a, b, 46  The precipitated aluminosilicate 

particles are then separated via filtration or centrifugation and purified by repeated 

washing.  These products are currently accepted as being highly suitable for rubber 

compounding and paper making in the patent literature.  However, one major problem 

that has been cited is that these products are unstable for long term storage and shipping, 

and tend to settle down in strata probably due to gelling of the particles.  Strategies to 

increase their long term stability have also been proposed.43c  Furthermore, these products 

are often contaminated by co-precipitated sulfates (up to 5 wt %) during the synthesis. 
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Figure 34.  Surface structure of synthetic amorphous sodium aluminosilicate, adapted 

from Upadyay.44 

Herein, by modifying the chemistry of geopolymerization, we report a unique 

synthetic approach to produce highly dispersible aluminosilicate particles ‒ dispersible 

geopolymer particles or simply DGP here after.  Geopolymers are synthetic amorphous 

aluminosilicates prepared almost all the time in monolithic form but they are innately 

nanomaterials with a dense xerogel-like microstructure consisting of highly fused three-

dimensional network of spherical primary particles of the sizes ranging from 10 ‒ 50 nm, 

which are in turn made up of disordered corner-sharing AlO4 and SiO4 tetrahedra.27  The 

synthesis of geopolymers starts with a highly concentrated, viscous aluminosilicate 

precursor solution (called “geopolymer resin”) with an alkali concentration over 10 M 

and a mole fraction of water less than 0.7.  Heating the resin gently at an ambient 

conditions results in hard monolithic geopolymer materials.  The amount of alkali 

(NaOH) used is equal in mole number to that of aluminum (i.e. Na/Al = 1) such that 

charge neutrality is maintained in the final products.  By using excess amount of water 

(mole fraction of water = 0.73) and alkali (Na/Al =3) we were able to prevent the 

extensive fusing of primary geopolymer particles and therefore produce DGP which are 

structurally similar to CBs and structured silica.  In this work, the structure and 
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dispersibility of DGP are investigated and the results are compared and contrasted with 

CBs, reinforcing structured-silica and commercial aluminosilicates, namely, Zeolex® and 

Hydrex®. 

Table 10.  Selected properties of dispersible geopolymer particles obtained from various 

synthetic conditions. 

aPressure range P/Po = 0.05 ‒ 0.20.                                                                                                                                                    

bt-plot method in the thickness range of 0.35 nm to 0.50 nm.                                                                                                 

cSSABET – SSAmicro.                                                                                                                                                                   

dSingle point desorption nearest P/Po = 0.98.                                                                                                                               

eVtotal − Vmicro.                                                                                                                                                                             

f4(BJH desorption pore volume)/(BET surface area).                                                                                                      

gDetermined from the micropore surface area with respect to 13X.                                                                                      

hAverage size = 6000/(SSABET × ρ), where ρ = 2.1 g/cm3 is the density determined by pycnometry. 

Sample 
SSABET

a
 

(m2/g) 

SSAmicro
b 

(m2/g) 

SSAext
c 

(m2/g) 

Vtotal
d 

(cm3/g) 

Vmicro
b 

(cm3/g) 

Vmeso
e 

(cm3/g) 

Average 
Pore Sizef 

(nm) 

PXRD phase 
Average 
Particle  

sizeh (nm) 

DGP-W          

Oven dried 53 7 46 0.22 0.003 0.22 17 Amorphous 54 

Freeze 

dried 
60 9 51 0.22 0.004 0.22 14 Amorphous 48 

          

DGP-A          

Oven dried 101 5 96 0.37 0.001 0.37 16 Amorphous 28 

Freeze 

dried 
148 18 130 0.40 0.007 0.39 11 Amorphous 19 

          

Z12-A  

(freeze 
dried) 

340 108 231 0.58 0.05 0.53 7 
Amorphous + 

FAU (16 %)g 
– 

Z18-A  

(freeze 

dried) 

392 207 185 0.68 0.10 0.58 7 
Amorphous + 
FAU (31 %)g 

– 

Z24-A  
(freeze 

dried) 

431 236 196 0.70 0.11 0.59 7 
Amorphous + 

FAU (36 %)g 
– 
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6.2. Experimental 

6.2.1. Synthesis of DGP (Dispersible Geopolymer Particles) 

Deionized water was used throughout the synthesis and purification.  In a typical 

synthesis, 9.114 g of NaOH pellets (Reagent grade, ≥ 98%, Sigma Aldrich, Product# 

S5881, Lot# SLBH8376V) and 23.411 g of water glass (~62.9 wt% H2O, 10.6 % Na2O, 

26.5 % SiO2; Reagent grade, Sigma Aldrich, Product# 338443, Lot# MKBH9050V) were 

dissolved in 16.382 g of water in a polypropylene beaker.  Once cooled down, 11.467 g 

of metakaolin (MetaMax® from BASF, Lot# 10408G023)106 with average particle size of 

1.3 µm was slowly added into the solution while stirring.  The resulting mixture was 

homogenized with a mechanical mixer (IKA® RW 60 digital mixer) at 800 rpm for about 

40 min to obtain a visually homogeneous and free flowing resin (“geopolymer resin”) 

with the following final molar composition: 

3.0Na2O : 1.0Al2O3 : 4.0SiO2 : 32.4H2O 

The geopolymer resins were poured into 50 ml ultrahigh performance 

polypropylene centrifuge tubes leaving a headspace of 10 to 15 ml and after tightly 

closed with lids, the tubes were placed in a laboratory oven at 60 °C for an appropriate 

durations.  Samples heated at 60 °C for 6, 12, 18 and 24 h are denoted as DGP, Z12, Z18 

and Z24, respectively.  After heating, the loosely aggregated powder products were 

dispersed in deionized water via homogenization at 6000 rpm (IKA® T25 Digital 

ULTRA-TURRAX® homogenizer) for about 10 min to give a homogeneous dispersion 

with a consistency close to milk.  It was noticed that the products were ultrafine particles 

(nanoparticles) which could not be isolated via simple vacuum filtration.   
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For products which were purified by repeated washing with water, product 

dispersions in water were purified and isolated by repeated centrifugation (4000 rpm or 

2156 RCF for 10 min) and redispersion in water until the pH decreased to about 8.  For 

the products those were purified with an acid wash, ~2 M hydrochloric acid (34 – 37 

wt%, ACS grade, BDH) solution was added in a drop wise manner while stirring with a 

magnetic stirrer until the pH of the dispersions decreased to about 8.  As the pH 

approached close to 8, solid particles started to precipitate.  The solid particles were then 

isolated via centrifugation (4000 rpm or 2156 RCF for 5 min) and were washed thrice 

with repeated centrifugation and redispersion in fresh deionized water to get rid of any 

inorganic salts present, NaCl, for example.  Water washed and acid washed samples are 

labelled with their three letter codes as described in previous section followed by –W and 

–A, respectively.  For example, DGP-W represents a samples prepared by heating at 60 

°C for 6 h and purified via water washing, and Z12-A denotes a sample prepared by 

heating at 60 °C for 12 h and purified via acid washing.  The product precipitates were 

either (1) stored wet at room temperature in tightly sealed polypropylene tubes with 

added water so that the surface of the products do not dry out upon storing for long 

periods of time, or (2) oven dried in a laboratory oven at 95 °C overnight, or 3) freeze 

dried over two days ‒ and were stored in sealed glass vials at room temperature for 

further analysis. 

6.2.2. Materials Characterization 

Powder X-ray diffraction (PXRD) patterns of the finely ground samples were 

collected using a Siemens D5000 X-ray Diffractometer (Ni-filtered Cu Kα radiation with 

a wavelength of 1.5406 Å, operated at 40 kV and 30 mA, VANTEC-1 position-sensitive 
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detector) at a scan speed of 2.0 degrees/min and a step size of 0.016 degrees 2θ.  The 

resolution of the VANTEC-1 position-sensitive detector was 2θ = 0.008 degrees.   

Scanning Electron Microscopy (SEM) imaging of powdered samples was 

performed with a SEM-XL30 Environmental FEG (FEI) microscope.  The analysis was 

performed with 15 kV acceleration voltage and a spot size of 3.  For SEM, finely ground 

dried sample powders were sprinkled on to the SEM stub affixed with copper conducting 

tape and the samples were then gold coated for 75 s right before imaging. 

Transmission Electron Microscopy (TEM) imaging was performed on a JEOL 

TEM/STEM 2010F (Schottky Field Emission source, accelerating voltage 200 kV).  For 

TEM the dried powders were quickly sprinkled on to the copper grid covered with a 

holey carbon film right before sample loading. 

Brunauer-Emmett-Teller (BET) surface areas were estimated with a Micrometrics 

ASAP 2020 volumetric adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior 

to the analysis, samples (about 500 mg) were degassed at 250 °C for at least 12 h under 

vacuum until a residual pressure of ≤10 μmHg was reached.  The specific area (SSABET) 

was calculated according to the BET equation, using nitrogen adsorption isotherms in the 

relative pressure range from 0.01 to 0.2.143  Specific surface area of micropores (SSAmicro) 

and the micropore volume (Vmicro) are calculated by applying t-plot method in the 

thickness range of 0.35 nm to 0.50 nm and, Harkins and Jura thickness equation.  

External surface area (SSAext) is estimated as the difference between specific surface 

areas obtained from BET equation and t-plot method.  For the calculation of mesopore 

size distribution, desorption branch was considered and the total pore volume (Vtotal) was 

obtained from the amount of nitrogen adsorbed at a relative pressure (P/Po) of 0.99, 
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assuming complete pore saturation.  Mesopore size distributions were obtained using the 

Barrett-Joyner-Halenda (BJH) method assuming a cylindrical pore model.144 

Bulk densities of samples were measured by means of pycnometry using water as 

a solvent.  The load and temperature effect on the pore properties of selected products 

were measured on circular pellets.  The pellets for the measurements were prepared by 

pressing about 0.2 g of powdered samples in a 10 mm die using a hydraulic press under a 

pressure of 90,000 psi or 620 MPa.  The circular pellets were then heated in air at desired 

temperature for 6 h. 

Elemental compositions and atomic ratios of silicon to aluminum (Si/Al) of the 

dried products were determined by using Thermo Scientific iCAP 6300 inductively 

coupled plasma-optical emission spectrometer (ICP-OES).  Prior to the analysis, solid 

samples were acid-digested using a CEM MARS 6 microwave reaction system in 

repeated heating steps at 180 °C for 30 min with sequential addition of required reagents.  

Specifically, 20 – 30 mg of catalysts were heated in the reactor first with 3 mL of 

concentrated HCl solution (34 – 37 wt%, ACS), and second with a mixture of 3 mL 

concentrated HNO3 (67 – 70 wt%, ACS) and 0.5 mL of HF solution (48 – 51 wt%, ACS).  

The digests were later quenched with 5 mL of 4.5 wt% H3BO3 solution aided by the 

microwave reactor. 



  114 

 

Figure 35.  Stacked powder X-ray diffraction patterns of MetaMax® (black) compared 

with samples DGP-A (red) and DGP-W (blue).  Small impurity of anatase (*) (TiO2 at 

~25.3 degrees 2θ; PDF card # 00-021-1272) is present in all three samples. 

Dynamic Light Scattering (DLS) and zeta potential measurements of the sample 

dispersions in deionized water at 25 °C were performed on Malvern Nano-ZS instrument 

equipped with a multi-purpose titrator (MPT-2).  The wavelength of the laser was 633 nm 

and the refractive index of the material was chosen to be 1.47.  DLS measurements were 

performed after diluting the products to ~50 ppm with water.  Before measurement, 

sample dispersions were prepared by hand shaking for 10 sec followed by ultrasonicating 

for 5 min.  Titrations were performed on ~50 ppm sample dispersions between a pH 

ranges of ~12.0 to ~3.5 ‒ lower than which the aluminosilicate particles may dissolve.  
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Freshly prepared solutions of NaOH (0.01 M) and HCl (0.01 M) were fed into the MPT-2 

titrator which adjusted the pH accurately. 

 

Figure 36.  Stacked powder X-ray diffraction patterns of samples DGP-A, Z12-A, Z18-A 

and Z24-A (bottom to top) compared with the simulated powder pattern of NaX zeolite 

with faujasite (FAU) structure and (*) anatase (TiO2 at ~25.3 degrees 2θ; PDF card # 00-

021-1272). 

6.3. Results and Discussion 

Powder X-ray diffraction analysis (Figure 35) confirmed that MetaMax®, the 

precursor used in the synthesis is amorphous with a small crystalline peak at ~25.3 

degrees 2θ corresponding to TiO2 (anatase; PDF card # 00-021-1272) which is present as 

a small impurity.  As seen in Figure 35, the amorphous hallow of MetaMax® centered at 
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~22 degrees 2θ is replaced by a new amorphous hump centered at 28 ‒ 30 degrees 2θ 

upon activating with NaOH and sodium silicate, and heating at 60 °C for 6 hours in the 

case of samples DGP-W and DGP-A.  This new amorphous hump is a signature of a 

powder X-ray pattern of geopolymeric sample.  It is clear from the powder X-ray analysis 

of DGP-W and DGP-A samples that different methods of purification (water wash versus 

acid wash) had no effect on the crystallinity of the final products.  Upon increasing the 

heating time to 12 hours, crystalline peaks corresponding to zeolite with FAU (faujasite) 

structure started to appear (Figure 36) demonstrating that the onset of FAU 

crystallization occurred between 6 and 12 hours of heating.  The percent crystallinity 

determined from the micropore surface area with respect to 13X (a commercial FAU 

obtained from Sigma-Aldrich) was 16% after 12 hours.  Further increase in the heating 

time to 18 and 24 hours caused increment in the crystallinity to 31 and 36%, respectively 

at the expense of some of the amorphous material.  The FAU peaks seen in Figure 36 are 

rather broad signifying the presence of nanocrystals.  Beyond 24 hours the crystallinity 

corresponding to FAU did not increase, however a competing SOD (sodalite) phase 

started to appear.  Heating durations at 60 °C beyond 24 hours is outside the scope of the 

current chapter but will be discussed in depth in the following chapter.  Separately, in an 

attempt to reduce the synthesis period, heating at 90 °C was attempted but crystalline 

zeolitic phases such as SOD (sodalite), LTA (Linde Type A) and FAU (Faujasite) 

appeared as early as one hour.  From these initial studies it was clear that heating 

temperature of 60 °C and heating duration of 6 hours are appropriate to produce 

amorphous geopolymer particles i.e. DGP.  Since the main focus of this chapter is 
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amorphous geopolymer particles, samples DGP-W and DGP-A were further analyzed for 

their morphologies, dispersibility, and fragility under external pressure. 

 

Figure 37.  N2 sorption isotherms (a) and BJH pore size distributions (b) of the samples 

prepared from geopolymer resin heated for 6 h at 60 °C, namely, DGP-A-freeze dried 

(blue), DGP-A-oven dried (olive), DGP-W-freeze dried (red) and DGP-A-oven dried 

(black).  For all samples, solid spheres and open circles represent adsorption and 

desorption branches, respectively. 

Figure 37a shows the nitrogen sorption isotherms of samples prepared at 60 °C, 

namely, DGP-W and DGP-A after both oven drying and freeze drying.  All samples 

exhibited type IV isotherms, typical of materials having mesopores.  Insufficient N2 

uptake at low partial pressures ruled out the presence of any micropores or zeolitic phases 

in other words, which is consistent with PXRD analysis.  Isotherms did not show any 

signs of saturation at a partial pressure, P/Po ≈ 1.0, indicating the presence of macropores 

as well, in addition to mesopores.  Furthermore, presence of type H1 hysteresis at high 

relative pressures (P/Po ≥ 0.6) and absence of saturation at a partial pressure, P/Po ≈ 1, 

likewise represented the presence of mesopores and macropores, respectively.145  
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Presence of a range of mesopores which extend into the macropore region is clearly seen 

from their BJH desorption pore size distribution curves shown in Figure 37b.  BET 

surface areas of these samples (listed in Table 10) ranged from 53 to 148 m2/g indicating 

that they are nanoparticulate.  TEM analysis (Figure 38) revealed that the primary 

particles smaller than 100 nm are aggregated to form bigger grape-like bundled particles 

that are several hundreds of nanometers.  Morphologically these grape-like bundles are 

similar to carbon blacks with high structure.146  Furthermore, the spaces between the 

primary particles seen in TEM correspond well with the pore sizes determined by BJH 

analysis making it clear that the meso/macro-pores revealed by N2 sorption analysis are 

inter-particle voids rather than intra-particulate pores.  Inter-particle void volume ranging 

from 0.22 – 0.39 cm3/g was observed while the bulk density was determined to be 2.1 

g/cm3.  This means that ~46 – 82% of the aggregate volume is empty space, i.e. the solid 

fraction of the primary aggregates is quite small (~0.54 – 0.18).  Relatively big pores 

(>10 nm) coupled with large void volumes exhibited by the primary aggregates makes 

these ideally suited as nano-fillers for polymers and paper industry as well as reinforcing 

rubber.  The SEM analysis (Figure 39a & b) showed that the aggregates are further 

condensed into bigger micron-sized agglomerates when samples are dried into powders.  

It is noteworthy that the size of these agglomerates is much smaller in comparison to 

those observed in the case of Hydrex® (Figure 39c), an aluminosilicate commercialized 

by J. M. Huber Corporation.147 
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Figure 38.  TEM images of amorphous aluminosilicate samples prepared at 60 °C for 6 

hours, 6h-W (a) and 6h-A (b). 

Additionally, it can be seen from Table 10 that the BET surface areas, and to a 

lesser extent BJH pore volumes of oven dried samples of both DGP-W and DGP-A are 

smaller than freeze dried samples because aggregation/agglomeration/particle-fusion is 

more severe when liquid water is driven off via evaporation at high temperatures in a 

conventional oven as opposed to removal of frozen water by sublimation and desorption 

under vacuum in the case of freeze drying.  Although two to three times more expensive 

than traditional drying processes, freeze drying is an industrial process used for drying 

biomolecules, food, drugs, nanoparticles, etc., where minimal structural distortion upon 

drying is desired.148 
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Figure 39.  SEM micrographs of DGP-A (a & b), and commercial aluminosilicate, 

Hydrex® (c), modified from Laine.147 

Moreover, the average particle sizes of DGP-W calculated from BET surface 

areas (listed in Table 10) is in good agreement with those revealed by TEM imaging 

(Figure 40a, c & e).  Whereas, there is a disagreement between the particle sizes 

obtained from BET and TEM for DGP-A.  Closer look at the TEM images of DGP-A 

shown in Figure 40b, d & f  revealed that the grape-like aggregates consisted of primary 

particles with two different size ranges, i.e. ~50 – 60 nm sized bigger particles along with 

~15 – 20 nm sized smaller particles.  For such an inhomogeneous samples discrepancy 

between BET and TEM is expected since BET provides the average size of all the 

particles put together.  Reasonably, particle size obtained from BET (19 nm) is in 

between the bigger and smaller particles.  Elemental analysis of both DGP-W and DGP-

A using ICP-AES determined their Si/Al ratio to be very close to unity confirming the 

successful removal of excess Na+ ions upon purification.  On the other hand, Si/Al ratio 

of water washed DGP-W and acid washed DGP-A samples was 1.33 and 1.75, 

respectively, both lower than the nominal ratio of 2.0.  It is speculated here that only 

~2/3rd of the nominal silica gets incorporated into the geopolymer primary particles and 

the rest is present most likely in the form of dissolved silicate and gets washed away 
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gradually during the repeated water washing owing to the very high alkalinity of the 

mother liquors.  Since geopolymers are stable in basic solutions, it is presumed that 

geopolymer particles resist dissolution during purification and only unincorporated silica 

is preferentially dissolved and washed away.  On the contrary, in the case of DGP-A, pH 

of the dispersion was first dropped to ~8, at which point unreacted silicates would 

precipitate out possibly as precipitated silica,149 before repeated washing with water was 

performed.  At pH < 10, solubility of silica is known to be drastically reduced, which 

probably led to inefficient removal of unincorporated silica.150  It is also reminded that 

commercial precipitated silica is produced by the controlled neutralization of sodium 

silicate solution by either concentrated sulfuric, hydrochloric or carbonic acids.  

Therefore, due to the higher Si/Al ratio and presence of additional smaller ~15 – 20 nm 

sized particles in DGP-A when compared with 6h-W, it can be speculated that the smaller 

(~15 – 20 nm) particles are precipitated silica.  Although not performed, Electron Energy 

Loss Spectroscopy (EELS) in conjugation with imaging in the Scanning Tunneling 

Electron Microscopy (STEM) would be one appropriate analytical technique to validate 

this hypothesis. 
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Figure 40.  TEM images of freeze dried samples DGP-W (a, c & e) and DGP-A (b, d & 

f) with increasing magnification from top to bottom. 
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The solid content of the paste like, non-fluidic products (DGP-W and DGP-A) 

obtained upon purification and centrifugation was ~22 wt% with rest being water.  Even 

after long term storage, samples could be readily re-dispersed into fluidic dispersions 

upon dilution with deionized water (say 10 wt%) and stirring by hand with a metal 

spatula for approximately 20 – 35 sec, followed by manual agitation for further 15 sec.  

This observation demonstrates that DGP particles are stable with long shelf-life and do 

not gel upon long term storage, unlike Zeolex® and Hydrex® aluminosilicate particles.43c  

Figure 41 shows the particle size distribution of ~50 ppm dispersion of DGP-W after 10 

min of ultrasonication to break up the loose agglomerates.  Single peaks with rather 

narrow distributions were observed.  In addition, resemblance of size distribution curves 

by intensity (Figure 41a) and by volume (Figure 41b) strongly indicate that the bigger 

particles (seen under SEM) do not exist even in scarcity.  This is because size distribution 

by volume is much more sensitive to the presence of even a few bigger particles than 

does the size distribution by number.  The average particle size from the peaks was 

calculated to be 399 ± 59 nm with a FWHM (full-width at half maxima) of 142 ± 33 nm.  

Average particle size calculated from DLS measurements corresponds very well with the 

sizes of grape-like bundles observed under TEM (Figure 40b).  SEM, TEM and DLS 

results strongly suggest that micron-sized particles that exist in the powder form are loose 

agglomerates that readily break-up into finer aggregates (100’s of nm) upon dispersing 

the powders in water.  The aggregates are in turn made-up of strongly glued primary 

particles (50 ‒ 60 nm) that could not be broken even after ultrasonication.   
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Figure 41.  Particle size distribution curves of DGP-W sample by intensity (a) and 

volume (b).  Measurements were repeated 3 times in succession. 

In addition to exhibiting good dispersibility with a narrow particle size 

distribution at near neutral conditions, it is also very important for the particles to be 

stable under acidic and basic conditions.  In order to evaluate the behavior of DGP 

particles under acidic and basic conditions, both zeta potential and particle sizes of DGP-

W sample were monitored as a function of pH, as shown in Figure 42a.  Zeta potential of 

DGP-W remained highly negative (absolute value > 40 mV) and the particle sizes 

remained unaffected (320 ± 31 nm) between the pH range of 12.0 ‒ 5.7 demonstrating 

that the particles are stable in this pH region and do not undergo aggregation and/or 

agglomeration.  The gradual decrement in the zeta potential down to a pH value of 4.0 

which is also accompanied by a steady increase in the particle size to a maximum of 1091 

± 81 nm at pH = 4.0 suggests aggregation/agglomeration in this region.  Unusual trend in 

both zeta potential and particle sizes below pH 4.0 could be due to the fact that 

aluminosilicates are known to undergo dissolution under exceedingly acidic conditions.  

A similar, if not exact trend in zeta potential values is observed for aluminosilicate 
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modified silica sols as well.151  On the other hand, zeta potential of silica progressively 

decreases in the entire pH region of 10.0 to 3.0 signifying their instability compared to 

aluminosilicates (Figure 42b). 

 

Figure 42.  Particle size (red solid diamonds) and zeta potential (green solid spheres) of 

DGP-W as a function of pH, from this study (a), and zeta potential of unmodified (black 

open circles) and aluminosilicate modified silica sol (black open diamonds) as a function 

of pH (b), modified from Otterstedt.151 

Since the compounding of fillers with polymer melt (rubber for tire, for example) 

is done under a high pressure, it is essential for the nanoparticulate fillers to withstand 

high pressures.  To test the tolerance of our products to high pressures, both oven and 

freeze dried DGP-A samples were pressed into circular pellets at 90,000 psi or 620 MPa 

and their pore properties were measured employing N2 sorption analysis.  Specific 

surface areas, pore volumes and average pore widths before and after pressing pellets are 

compared in Table 11.  Although the surface area and pore volume, and average pore 

size to a lesser extent decreased for both the samples upon pelletizing as one would 

expect, more than 60 % of the porosity in these samples is retained indicating that the 
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samples do not crumble completely under the extreme pressure of 620 MPa.  It is worth 

mentioning that the typical industrial standard procedure (ASTM D3493) of measuring a 

materials resistance to pore collapsing is performed under a pressure of only 165 MPa,152 

which is 3.75 times smaller than the pressure used in this study.  Sintering properties of 

the materials were also evaluated by subjecting the pressed pellets to heat treatment at 

several different temperatures and measuring their pore properties after each subsequent 

heating step as summarized in Table 11.  Upon heating, all the pellets without any 

exception appeared shiny to a naked eye but also exhibited cracks which were noticeable 

under an optical microscope.  The surface area of both freeze dried and oven dried 

samples decreased from 82 m2/g to 4.9 m2/g and from 54 m2/g to 15 m2/g, respectively, 

upon heating at 700 °C, as expected due to the sintering of nanoparticles and therefore 

pore collapsing at elevated temperatures.  The pore collapse with increasing temperature 

is also seen by following the gradual decrease in the pore volume in all samples but 

freeze dried DGP-A, where the pore volume increased slightly from 0.21 cm3/g to 0.25 

cm3/g after heating at 400 °C for 6 h.  This unusual increment can be understood on the 

basis that as the particles get sintered, pores get wider and the slight increase in pore 

volume might be because of the presence of the wider pores.  In any case, a clear trend of 

increasing average pore widths is seen with increasing temperature for both freeze dried 

and oven dried DGP-A samples confirming the pore collapse.  This heat treatment study 

demonstrated that DGP is suitable for high temperature applications as well.  Although 

not shown here, even after heating at 700 °C for 6 h, samples were still amorphous with 

no hint of crystallization or structural change observed by powder X-ray diffraction 
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(PXRD) measurements.  This observation is in line with literature i.e. geopolymers do not 

crystallize below 1000 °C.153 

Table 11.  Pore characteristics of selected sample pellets subjected to various heat 

treatments. 

aPressure range P/Po = 0.05‒0.20.                                                                                                                                            

bSingle point desorption nearest P/Po = 0.99.                                                                                                                            

c4(BJH desorption pore volume)/(BET surface area).                                                                                                           

dAverage size = 6000/(SSABET × ρ), where ρ = 2.1 g/cm3 is the density determined by pycnometry. 

6.4. Conclusions 

We have demonstrated that it is possible to synthesize highly dispersible 

geopolymer/ amorphous-aluminosilicate particles by a simple modification of the 

Sample 
Sample 

Form 

Temperature  

(°C) 

BET Surface Areaa  

(m2/g) 

Pore 
Volumeb 

(cm3/g) 

Average Pore Sizec  

(nm) 

Average 
Particle  

sized (nm) 

DGP-A  

(freeze 
dried) 

      

Powder 25 148 0.39 11 22 

Pellet 25 82 0.21 10 35 

Pellet 400 72 0.25 14 40 

Pellet 500 63 0.23 15 48 

Pellet 600 32 0.22 28 102 

Pellet 700 4.9 0.05 41 752 

DGP-A  

(oven dried) 

      

Powder 25 101 0.37 16 30 

Pellet 25 54 0.30 15 57 

Pellet 400 52 0.29 22 58 

Pellet 500 47 0.25 23 65 

Pellet 600 39 0.23 25 75 

Pellet 700 15 0.11 34 204 
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geopolymerization process.  The simplicity of the modified geopolymerization process 

bodes well for the large volume production of DGP.  By means of N2 sorption, SEM and 

TEM we characterized the morphology of DGP to be grape-like bundles similar to high 

structure CBs and reinforcing structured-silica.  As a result of large surface area and high 

structure, DGP possesses tremendous reinforcing potential.  Moreover, highly negatively 

charged surface of the DGP brings in excellent surface activity making it an ideal 

candidate for surface modification in order to increase filler-matrix compatibility, and 

therefore further enhance the reinforcing potential.  The translucent or color neutral 

property of DGP can only expand its potential as a reinforcing agent in polymeric 

applications, as well as a pigment in paper industry, for instance.  Remarkably, unlike 

commercial aluminosilicates such as Zeolex® and Hydrex®, pastes and dispersions of 

DGP do not undergo gelation upon long term storage.  We also demonstrated that DGP 

are stable in a rather wide pH range of 12.0 ‒ 5.7 below which gradual agglomeration 

was noted.  Like CBs and reinforcing silica, grape-like bundles of DGP are fused into 

loosely held agglomerates when dried into powders as revealed by SEM and DLS studies.  

Additionally, DGP powders are shown to survive large external pressures indicating that 

the pressures used during compounding to make composites would not be problematic.  

Further studies are desired to design a better purification process than time and energy 

intensive centrifugation reported here. 
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CHAPTER 7 

7. EXCEPTIONAL CARBON DIOXIDE SORPTION PROPERTIES OF 

HIERARCHICAL FAUJASITE ZEOLITES HAVING A HIGH 

CRYSTALLINITY 

7.1. Introduction 

The 2014 United Nation’s report on climate change urges global action before 

2020 to curb global warming driven by increasing emissions − 80 percent of them from 

the burning of fossil fuels.154  Carbon capture and storage, or sequestration (CCS) from 

large point sources like power plants and other large industrial sites, such as cement kilns, 

steel mills, refineries, ethanol fermenters, and fertilizer manufacturing is widely 

considered as a near-term option for reducing anthropogenic CO2 emissions.155  

Nonetheless, these CCS applications are proving to be quite slow to develop on a scale 

that fits all coal and gas power plants.  Climate change predictions suggest that CO2 

reduction technologies must be operating by 2020.  Mainstream economic estimations 

state that CCS is a medium-term, low-cost option that needs to be equipped now and that 

even a decade of delay in tackling climate change will be economically severe.73 

Despite the most urgent call for action ever in recent years, CCS technology that 

exists today is very expensive and energy intensive.156  Among a variety of separation 

technologies including membrane separation, absorption, cryogenic distillation, and 

others, adsorption with solid sorbents appears to be one of the most promising CO2 

capture strategies.157  Development of low-cost regenerable sorbents that have high 

selectivity for CO2 over N2, high adsorption capacity for CO2 and require lower 
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regeneration energy is critical for the success of the more affordable technologies such as 

vacuum, pressure or temperature swing adsorption (VSA/PSA/TSA) process.158  Zeolites 

such as NaX, NaY and zeolite A are inexpensive and yet offer high CO2 uptake and 

reasonable selectivity due to the high electrical field gradients in their micropores which 

is induced by the negatively charged framework and the charge balancing cations.159  

Unfortunately, adsorption of CO2 in zeolites is not easily reversible and the zeolite 

adsorbents can be fully regenerated only by heating the adsorbent (around 623 K) in high 

vacuum, which is too energy-demanding to apply in practice.160  Control of micropore 

window by partial ion exchange has been effective in increasing the selectivity, but at the 

expense of uptake rate.161  Significant progresses are required to advance zeolites as ideal 

CO2 adsorbents. 

Herein, we report synthesis of hierarchical Faujasite zeolites that possess a high 

crystallinity and their exceptional CO2 sorption properties.  Hierarchical zeolites 

exhibiting additional meso-/macroporosity in general provide an important opportunity, 

as realistic applications of rapid VSA/PSA/TSA processes demand rapid diffusion rates 

of CO2.  Ideally, intracrystalline diffusion time decreases quadratically with decreasing 

the particle size,162 and yet such predicted improvement has not been seen in previous 

works, which may be attributed to imperfection of crystallinity and/or the presence of 

amorphous surface layers.161a  By achieving a high crystallinity, we demonstrate that 

hierarchical zeolites not only show faster molecular diffusion but also can have higher 

capacities, much more improved CO2-over-N2 and CO2-over-CH4 selectivities, and a 

negligible capacity loss during regeneration under vacuum, which makes them an ideal 

adsorbent for practical VSA/PSA/TSA processes. 
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The synthesis of the hierarchical FAU (Faujasite) zeolites was carried out using a 

new reactive emulsion method in which geopolymer synthetic chemistry is combined 

with the principle of soap making reactions (saponification).104, 163  Geopolymers are an 

emerging class of amorphous alkali aluminosilicates which are traditionally viewed as 

high compressive strength construction materials and as a green replacement of Portland 

cement due to the less CO2 emission during production.19a, 164  The synthesis of 

geopolymers starts with a highly concentrated, viscous aluminosilicate precursor solution 

(called “geopolymer resin”) with an alkali concentration over 10 M and a mole fraction of 

water less than 0.7.  Heating the resin gently at an ambient conditions results in hard 

monolithic geopolymer materials.  The compositions of the geopolymer resin correspond 

to the amorphous gel region in the reaction composition diagrams of zeolite synthesis.165  

Indeed, the resulting geopolymer monoliths exhibit a dense xerogel-like microstructure 

consisting of highly fused three-dimensional network of roundly-shaped nanoparticles of 

the sizes ranging from 10 to 50 nm, which are in turn made up of disordered corner-

sharing AlO4 and SiO4 tetrahedra.166  Previous studies have shown that applying 

hydrothermal conditions to such geopolymer resins leads to sodalite (SOD) or zeolite A 

(LTA) with large crystal sizes.167  While the synthetic method is advantageous for a high 

production yield, it has not been extensively used in zeolite synthesis because it does not 

generally allow a high crystallinity and good control of the particle sizes as well as 

synthetic flexibilities attainable in other synthetic methods. 
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Figure 43.  Scheme for the reactive emulsion templating of geopolymer with vegetable 

oil.  A = alkali metal. 

7.2. Experimental 

7.2.1. Synthesis of Hierarchical FAU Zeolite  

Deionized water was used throughout the synthesis and purification.  In a typical 

synthesis, 9.114 g of NaOH pellets (Sigma Aldrich) and 23.411 g of water glass (Sigma 

Aldrich) were dissolved in 16.382 g of water in a polypropylene beaker.  Once cooling 

down, 11.467 g of metakaolin (MetaMax® from BASF) was slowly added into the 

solution while stirring.  The resulting mixture was homogenized with a mechanical mixer 

(IKA® RW 60 digital mixer) at 800 rpm for about 40 min to obtain a visually 

homogeneous and free flowing resin (“geopolymer resin”) with the following final molar 

composition: 

3.0Na2O : 1.0Al2O3 : 4.0SiO2 : 32.4H2O 

For those samples prepared by the addition of canola oil, 30 mL of canola oil (The 

J.M. Smucker Company, Crisco®) was added to the geopolymer resin and the mechanical 
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stirring at 800 rpm was continued for additional 10 min to give a homogeneous “resin-oil 

blend”. 

The geopolymer resins or resin-oil blends were poured into 50 ml polypropylene 

tubes and after tightly closed with lids, the tubes were placed in a laboratory oven at 60 

°C or 90 °C for an appropriate period of heating time.  After the heating, the products, 

having a consistency of pastes, were taken out from the tubes and washed first with hot 

water (90 °C) multiples times.  The final products were collected via vacuum filtration 

using a filter paper (Whatman™ Grade 1; particle retention of 11 μm) and washed with 

cold water until the pH of the filtrates was about 8.  They were then dried in a laboratory 

oven at 110 °C overnight and were stored in sealed glass vials at room temperature for 

further analysis. 

For the products prepared without adding oil, it was noticed that the products 

were ultrafine particles (nanoparticles) which could not be isolated via simple vacuum 

filtration.  Therefore, the product pastes were first dispersed in water and purified by 

repeated centrifugation (6000 rpm for 10 min) and redispersion in water until the pH 

decreased to a constant value (about 8).  The precipitates were then dried in a laboratory 

oven at 110 °C overnight and were stored in sealed glass vials at room temperature for 

further analysis.   

7.2.2. Characterization Methods 

Powder X-ray diffraction (PXRD) patterns of the dried samples were collected on 

Bruker D8 specialized powder X-ray diffractometer (Ni-filtered Cu Kα radiation with a 

wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC-1 position-sensitive 

detector) at a scan speed of 2.0 degrees/min and a step size of 0.016 degrees 2θ.  The 
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resolution of the VANTEC-1 position-sensitive detector was 2θ = 0.008 degrees.  

Scherrer’s equation was applied to [111], [133] and [246] diffraction peaks (2θ = ~6, ~16 

and ~27°, respectively) to estimate the average crystallite size of the FAU zeolites.58b, 168  

Scanning Electron Microscopy (SEM) imaging of powdered samples was 

performed with a SEM-XL30 Environmental FEG (FEI) microscope.  The analysis was 

performed with 15 kV acceleration voltage and a spot size of 3.  For SEM, finely ground 

dried sample powders were sprinkled on to the SEM stub affixed with copper conducting 

tape and the samples were then gold coated for 75 s right before imaging. 

Transmission Electron Microscopy (TEM) imaging was performed on a JEOL 

TEM/STEM 2010F (Schottky Field Emission source, accelerating voltage 200 kV).  For 

TEM studies, sample powders were first dried at 250 °C for at least 12 h under vacuum 

until a residual pressure of ≤10 μmHg was reached.  The dried powders were then 

quickly sprinkled on to the copper grid covered with a holey carbon film right before 

sample loading. 

Brunauer-Emmett-Teller (BET) surface areas were estimated with a Micrometrics 

ASAP 2020 volumetric adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior 

to the analysis, samples (about 300 mg) were degassed at 250 °C for at least 12 h under 

vacuum until a residual pressure of ≤10 μmHg was reached.  The specific surface area 

(SSABET) was calculated according to the BET equation, using nitrogen adsorption 

isotherms in the relative pressure range from 0.01 to 0.2.98  Specific surface area of 

micropores (SSAmicro) and the micropore volume (Vmicro) are calculated by applying t-plot 

method in the thickness range of 0.35 nm to 0.50 nm and, Harkins and Jura thickness 

equation.  External surface area (SSAext) is estimated as the difference between specific 
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surface areas obtained from BET equation and t-plot method.  For the calculation of 

mesopore size distribution, desorption branch was considered and the total pore volume 

(Vtotal) was obtained from the amount of nitrogen adsorbed at a relative pressure (P/Po) of 

0.99, assuming complete pore saturation.  Mesopore size distributions were obtained 

using the Barrett-Joyner-Halenda (BJH) method assuming a cylindrical pore model.99   

Elemental compositions and atomic ratios of silicon to aluminum (Si/Al) of the 

zeolite samples were determined by inductively coupled plasma-optical emission 

spectrometry (ICP-OES) using Thermo Scientific iCAP 6300 spectrometer.  Prior to the 

analysis, solid samples were acid-digested using a CEM MARS 6 microwave reaction 

system in repeated heating steps at 180 °C for 30 min with sequential addition of required 

reagents.  Specifically, 20 – 30 mg of samples were heated in the reactor first with 3 mL 

of concentrated HCl solution (34 – 37 wt%, ACS), and second with a mixture of 3 mL 

concentrated HNO3 (67 – 70 wt%, ACS) and 0.5 mL of HF solution (48 – 51 wt%, ACS).  

The digests were later quenched with 5 mL of 4.5 wt% H3BO3 solution aided by the 

microwave reactor. 

Free hydroxide ion concentration in the reaction mixtures was measured after 

ultrasonicating the samples that were in the form of thick pastes for five minutes in 

deionized water (24 times by volume) to give a final pH value between 11 and about 13.  

The pH values were measured with a HACH® H160 pH meter equipped with a HACH® 

non-glass ISFET pH stainless steel probe.  The pH meter was calibrated with at least 3 

standard buffers before every measurement and all measurements were made in 

triplicates of samples.  The pH of the initial samples were calculated by using a dilution 

factor of 25. 
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7.2.3. Evaluation of Sorption Properties 

CO2 adsorption measurements were obtained volumetrically using an ASAP 2020 

analyzer (Micromeritics).  Prior to measurements, samples were degassed at 300 °C for 

10 h before measurement.  Measurements were performed at 0, 10, 20, 30, 40 and 60 °C 

within a relative pressure region of 0.0004 – 0.99 P/Po.  Temperatures were controlled by 

a CF31 cryo-compact circulator (Julabo Labortechnik GmbH, Seelbach, Germany) 

during the measurement.  The equilibrium adsorption−desorption cycles were measured 

in the CO2 pressure regime of 0.011 to 100 kPa.  The kinetics of adsorption of CO2 on the 

micron-sized and hierarchical zeolite X samples were investigated by a 

thermogravimetric analyzer (TGA) using a Setaram TAG 24 instrument (SETARAM 

Instrumentation, Caluire, France). 

7.3. Results and Discussion 

Figure 43 shows schematic diagrams for the reactive emulsion process employed 

in this work.  When a geopolymer resin is mixed with vegetable oil in a high shear mixer, 

the triglycerides, the major component in the oil,97 saponify in the highly alkaline 

geopolymer resin to generate carboxylate surfactants (soap molecules) in situ.  The soap 

and glyceride generated from the saponification are water-soluble and are incorporated 

into the geopolymer gel matrix.  Any excess oil forms oil droplets which become 

embedded in the geopolymer resin.  Notably, it has been found in our work that the oil in 

the droplets continues to saponify to completion during heating (usually no higher than 

90 °C).  All the soap and glyceride molecules can be easily extracted from the product 

with water.  While the precise role of the organic molecules is not clear yet, the presence 
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of the surfactants has allowed formation of hierarchical meso-/macroporous 

geopolymer.104, 163  

 

Figure 44.  SEM (a & b) and TEM (c & d) images of the sample from geopolymer resin 

with canola oil heated at 60 °C for 54 hours.  The scale bars in (a) and (b) are 50 and 1 

μm, respectively. 

Remarkably, it was discovered in this work that when using NaOH, hierarchical 

FAU zeolites could be synthesized with a high degree of crystallinity/microporosity, 

without significantly modifying the original reactive emulsion synthetic condition.  
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Figure 44 shows SEM and TEM images of the product produced from the geopolymer 

resin with the molar composition of 3Na2O : 1Al2O3 : 4SiO2 : 32H2O, mixed with canola 

oil (50/50 water/oil) that was heated at 60 °C for 54 hours.  The product exhibits discrete, 

roundly-shaped macropores (10 – 200 μm in diameter), the reminiscent of the oil 

droplets, dotting a matrix of highly nanostructured aggregates in nature (Figure 44a & 

b).  The TEM images indicate that the aggregates consist of nano-sized plate-like 

crystallites showing well-developed lattice fringes (Figure 44c & d).  Textural pores in 

the ranges of mesopores are clearly seen among the nanocrystallites.  The XRD pattern of 

the sample matches well with a FAU structure (Figure 46) and the elemental analysis 

results show Si/Al = 1.7 (Table 12). 

 

Figure 45.  Nitrogen sorption isotherms (a), and BJH desorption pore distributions (b) of 

the samples prepared from geopolymer resin with (red) and without (green) canola oil 

heated at 60 °C, with commercial 13X reference zeolite (black). 

The observed nanostructures are consistent with the N2 sorption behavior of the 

product (Figure 45a), exhibiting an isotherm that is a combination of types I and IV, as 

typical of a material having both micropores and mesopores.  While the type H1 
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hysteresis at high relative pressures (P/Po ≥ 0.6) is a signature of mesopore presence,169  

the gas intake does not saturate at partial pressure, P/Po = 1, indicating the presence of 

macropores.145  Presence of broad range of mesopores which extend into the macropore 

region can be clearly seen in the BJH desorption pore size distribution curve plotted in 

Figure 45b.  The commercial 13X zeolite exhibits a type I nitrogen sorption isotherm 

that is typical of a sample having micropores only.  A small sharp peak centered at 4 nm 

observed for both samples in Figure 45b but not seen in the BJH adsorption pore size 

distribution curves (data not shown) could be an artifact arising from the inapplicability 

of Kelvin equation (basis of BJH model) in the microporous region, i.e. for pores < 2 nm 

in width.170  Cavitation and capillary desorption effects can be ruled out because of the 

absence of sudden closure of the hysteresis loop in the isotherms at a partial pressure of 

0.4 – 0.5.171  The hierarchical FAU showed a mesopore volume of 0.22 cm3/g and a 

surface area of 121 m2/g.  The calculated micropore volume and surface area were 0.30 

cm3/g and 635 m2/g, respectively, while 0.31 cm3/g and 663 m2/g were found for the 

13X.  The estimated crystallinity of the sample from the microporosity was 96% with 

respect to the 13X. 
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Figure 46.  XRD patterns of samples (3.0 Na2O : Al2O3 : 4.0 SiO2 : 32.4 H2O and canola 

oil/H2O (v/v) = 1.0) heated at 60 °C for 12, 24, 30, 36, 48 and 54 hours, with the 

simulated patterns of FAU (Si/Al = 1.7) (a), and 90 °C for 12, 24, 30, 36, 48 and 54 

hours, with the simulated patterns of FAU (Si/Al = 1.6 ) (b), along with (*) anatase 

(PDF#00-021-1272). 
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We examined the conversion of the geopolymer gel into the hierarchical FAU for 

a total period of 54 hours, by quenching a sample at different times of heating.  In Figure 

46a, the XRD pattern of the sample heated at 60 °C for 12 hours shows a broad 

amorphous peak centered around 28°, typical of geopolymer also seen at pre-

crystallization stages of zeolite synthesis, in addition to a small peak at 25.3° assigned to 

anatase (TiO2) present as a minor impurity in the metakaolin (Metamax®).  The FAU 

reflection peaks start to appear after 24 hours of heating and as the heating continues, 

their intensities increase at the expense of the broad amorphous peak.  After 48 hours, the 

amorphous peak becomes negligible and the XRD pattern no longer changes, indicating 

the ending of crystallization.  The corresponding TEM images (Figure 47) corroborate 

these findings, in that at first the product exhibits a typical geopolymer gel structure with 

roundly-shaped, fused gel particles of 20 to 50 nm in diameter (but with a large textural 

porosity)104 and that upon continuous heating, they gradually turn into nanostructured 

crystals with well-defined edges and lattice fringes to completion.  Unlike in typical 

crystallization process, however, the TEM images indicate that the particles do not grow 

in size during the heating, and in fact the particles appear to keep the original volume 

while developing angular structures.  The average crystallite sizes from Scherrer’s 

equation are ~20 nm from all the XRD patterns, showing no crystal growth during 

heating, despite the increased crystallinity (Table 12).  The gradual increase in the 

crystallinity can be seen also in the trend of the micropore surface area and volume.  

Similar results were found from the synthesis at a higher temperature (90 °C), only with a 

faster crystallization and better crystallinity (Figure 46 and Table 12). 
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Figure 47.  TEM images of the samples in Figure 46a prepared by heating at 60 °C for 

12 hours (a and b), 24 hours (c and d), 36 hours (e and f), 48 hours (g and h), and 54 

hours (i and j). 

Interestingly, when canola oil is not mixed in the geopolymer resin, the same 

synthetic procedure results in a product that is highly mesoporous but with a limited 

microporosity with a FAU structure, as deduced from the XRD patterns (Figure 48) and 

N2 sorption isotherm and BJH curve for the product (Figure 45).  The calculated 

micropore volume and surface area were 0.13 cm3/g and 279 m2/g, respectively, with a 

mesopore volume of 0.71 cm3/g and an external surface area of 218 m2/g.  The estimated 

crystallinity from the microporosity was 42% with respect to the 13X.  The microporosity 

was not improved even after 20 days of heating but instead a competing SOD phase 

started to appear after 10 days, whose presence became more prominent afterwards.  

Upon increasing the heating temperature to 90 °C, mixed phases of FAU and LTA were 

obtained along with a small amount of SOD even at very early stages (within 2 hours).  

After 3 days of heating, highly crystalline SOD was the only phase observed, which is 

consistent with previous studies.167 
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Figure 48.  XRD patterns of samples (3.0 Na2O : Al2O3 : 4.0 SiO2 : 32.4 H2O) heated 

without oil at 60 °C for 1, 2, 10 and 20 days, with the simulated patterns of FAU (Si/Al = 

1.3), (+) SOD  (PDF#00-046-0866) and (*) anatase (PDF#00-021-1272). 

The detailed role of the canola oil is not clear in achieving the observed high 

microporosity.  We have found that the saponification reaction of the canola oil reduces 

the free OH− ion concentration to about 1 M within six hours during the heating (Figure 

49).  In the absence of the oil, however, the concentration in the geopolymer resin 

decreases initially to 3.5 M but increases back to 6 M in six hours.  It has been well 

established that the initial concentrations of the reactants as expressed conversely by the 

water content in the mixture are critical in determining the species produced and that 

FAU crystallizes in a rather narrow range of pH values, values between 12.3 and 13.8 

with low pH values enabling formation of high silica FAU (NaY) and high pH values 

assisting the formation of low silica FAU (NaX).172  While the high pH condition is still 
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important for nucleation, however, our results indicate that it hinders achieving a high 

degree of microporosity of FAU at 60 °C, let alone the problem of the phase instability of 

FAU at higher temperatures, in our synthetic procedure.  In contrast, the pH decrease by 

saponification delays the crystallization at first but helps gradual improvement of the 

crystallinity without increasing the crystal sizes.  It also stabilizes the FAU phase even at 

higher temperatures during crystallization without increasing particle sizes. 

 

Figure 49.  Free hydroxide ion concentration (M) versus heating time (hours) for the 

samples heated at 60 °C without (green) and with (red) canola oil. 
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Table 12.  Pore properties along with their Si/Al ratio and crystallite size of hierarchical 

zeolites obtained from various synthetic conditions. 

aDetermined by ICP-AES.                                                                                                                                                

bDetermined from the micropore surface area with respect to 13X.                                                                                      

cAverage size (standard deviation in parenthesis) determined by applying Scherrer’s equation to [111], [133] and [246] 

reflection peaks. 

Zeolite NaX is one of the most promising and widely studied sorbents for carbon 

capture with high CO2 adsorption capacity.159b, 173  Herein, commercial micron-sized (3-5 

µm) NaX zeolite crystals, namely 13X were used as a benchmark for comparisons of 

CO2, N2 and CH4 adsorption capacity, CO2-over-N2 and CO2-over-CH4 selectivities, and 

Sample 
SSABET 

(m2/g) 

SSAmicro 

(m2/g) 

SSAext 

(m2/g) 

Vtotal 

(cm3/g) 

Vmicro 

(cm3/g) 

Vmeso 

(cm3/g) 
Si/Ala 

Crystallinityb 

(%) 

Crystallite  

sizec (nm) 

13X 

(Sigma-

Aldrich) 

694 663 31 0.34 0.31 0.03 1.42 ― 2000 – 5000 

60 °C        
 

 

12h 38 0.04 38 0.18 0.001 0.18 1.84 0 ― 

24h 90 52 38 0.21 0.02 0.19 1.80 8 20 (7) 

36h 205 159 45 0.24 0.07 0.17 1.81 24 22 (5) 

48h 729 599 130 0.53 0.28 0.25 1.75 90 21 (6) 

54h 756 635 121 0.52 0.30 0.22 1.74 96 21 (5) 

90 °C 
         

6h 666 555 112 0.47 0.26 0.22 1.56 84 20 (8) 

24h 703 600 103 0.47 0.28 0.19 1.57 90 22 (7) 

36h 760 663 97 0.52 0.31 0.21 1.62 100 25 (6) 

48h 709 616 93 0.49 0.29 0.20 1.64 93 25 (6) 

54h 734 643 91 0.50 0.30 0.20 1.64 97 27 (3) 

          

No oil, 60 °C  
1 day 

496 279 218 0.82 0.13 0.71 1.33 42 ― 
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CO2 uptake kinetics with highly crystalline hierarchical faujasite sample, 60°C-54h 

prepared in this study.  CO2  adsorption isotherms measured at various temperatures  

(Figure 50) demonstrate that hierarchical zeolite 60°C-54h  exhibits high CO2 uptake 

capacity.  The steady decrease in the uptake capacity with increasing temperature is 

expected for zeolite sorbents and is consistent with other reports.161b, 174  At 20 °C, 60°C-

54h adsorbs 5.9 mmol/g of CO2.  N2 and CH4 adsorption capacities are much lower than 

CO2 at 20 °C for both 60°C-54h (Figure 51a) and 13X zeolite (Figure 51b).  This is 

mainly due to stronger interaction of CO2 molecules of larger polarizability and 

quadrupole moment with the surfaces of the ionic faujasite cages.161c, 175  Moreover, CO2 

uptake capacity of 60°C-54h is comparable to that of 13X (Figure 51b) and coincides 

well with their BET surface areas.  The high CO2 adsorption capacity compared to N2 and 

CH4 suggest that hierarchical zeolite 60°C-54h can offer high CO2-over-N2 and CO2-

over-CH4 selectivity from various CO2-N2 and CO2-CH4 gas mixtures. 
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Figure 50.  Pure component CO2 adsorption isotherms for hierarchical zeolite 60°C-54h 

at 10, 20, 30, 40 and 60 °C. 

 

Figure 51.  Pure component adsorption isotherms of CO2 (solid spheres), CH4 

(diamonds) and N2 (side-facing triangles) on hierarchical zeolite 60°C-54h (a), and 

commercial 13X reference zeolite (b).  All isotherms were measured at 20 °C. 
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Selectivity of a sorbent towards one versus the other can be defined in many 

ways.  The simplest is the ideal CO2-over-N2 selectivity ( ) which can be 

estimated for a gas mixture of 15 mol % CO2 and 85 mol % N2, a typical composition of 

power-plant flue gas burning coal,176 as the ratio of equilibrium mole fraction of CO2 

adsorbed at 15 kPa ( ) over the equilibrium mole fraction of N2 adsorbed at 85 kPa 

( ): 

𝑆𝐶𝑂2⁡ ⁡𝑁2⁄ =
𝑥𝐶𝑂2⁡
15 ·85

𝑦𝑁2⁡
15 ·15

               (10) 

Similarly CO2-over-CH4 selectivity ) can be estimated in a gas 

mixture that contains 50 mol% CO2 and 50 mol% CH4.  Such an estimate is applicable in 

the context of biogas upgrading, for example.  Defined in this way, the CO2-over-N2 and 

CO2-over-CH4 selectivities for 60°C-54h are 72 and 12, respectively.  More physically 

correct estimates of the selectivity, from one component adsorption data, make use of 

Ideal Adsorbed Solution Theory (IAST) developed by Myers and Prausnitz.177  IAST has 

been used to predict the gas adsorption from CO2‒N2 and CO2‒CH4 gas mixtures on 

zeolites and metal organic frameworks (MOFs) and estimate the CO2-over-N2 and CO2-

over-CH4 selectivities.178  In this work, the description of the experimental data to the 

theory at the pressures and temperatures of interest are suitably small, ~5% of the 

experimental error that is considered negligible.  The gas‐gas and gas-substrate 

interactions are assumed to be ideal at low pressure used in the calculation to justify 

using ideal adsorbed solution theory to predict CO2-over-N2 and CO2-over-CH4 

selectivities.  Using IAST, it is possible to define a two phase model selectivity as the 
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ratio of mole fraction of CO2 in the adsorbed state ( ) over the mole fraction of CO2 

( ) in the gas phase divided by the same relative fractions for N2 ( , ) or CH4 

( , ). 

·

·
               (11) 

·

·
               (12) 

 IAST Selectivities,  and , for hierarchical sorbent 60°C-54h 

shown in Figure 52a & b are 790 and 230, at 20 °C and 100 kPa pressure with a capacity 

to adsorb ~5.4 mmolg-1 and ~5 mmolg-1 of CO2, respectively.  This excellent selectivity 

for CO2 from binary mixtures would result in very high purity for the captured CO2 in the 

desorbed enriched product stream.  A review of the literature revealed that CO2-over-N2 

and CO2-over-CH4 IAST selectivities are the highest yet reported in the context of 

zeolites159c (for example, CO2-over-N2 selectivities of 530 and 660 for CaA179 and NaKA 

(17% K+),180 respectively). 
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Figure 52.  Adsorption selectivity as calculated using IAST at 20 °C of CO2-over-N2 : 

15:85 for hierarchical zeolite 60°C-54h (olive hexagons) and commercial 13X reference 

zeolite (black hexagons) (a), and CO2-over-CH4 : 50:50 for hierarchical zeolite 60°C-54h 

(olive pentagons) (b). 

IAST predicts that the major adsorbed molecules are of CO2 on 60°C-54h (Figure 

52) at all pressures from a gas mixture of 15 mole % CO2 and 85 mole % N2.  The IAST 

estimates that the uptake capacity for CO2 is reduced only slightly from 5.9 mmol/g to 

5.4 mmol/g in the presence on N2, but uptake capacity for N2 is reduced significantly by 

the presence of comparatively small amounts of CO2 in the gas mixture and increasing 

the CO2-over-N2 selectivity to ~800 at 100 kPa.  Binary adsorption of CO2 and N2 from a 

gas mixture of 15 mole % CO2 and 85 mole % N2 has been determined experimentally on 

commercial 13X zeolite and preferential CO2 adsorption from binary mixture of CO2 and 

N2 has been observed.112b, 173d, 181  Grand canonical Monte Carlo simulations (GCMC) for 

binary adsorption of CO2 and N2 on silicalite-1, ITQ 3 and ITQ 7 materials showed an 

enhanced competitive adsorption of CO2 as compared with the single component 

adsorption predictions as CO2 displace less strongly adsorbed N2.  The GCMC simulation 
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results were comparable to IAST prediction.182  In the case of 60°C-54h, the reduced 

uptake of N2 in the presence of CO2 gas can be attributed to stronger CO2 interaction with 

the surfaces of the ionic cages than N2, due to its larger electric quadrupole moment183 

(−14.3 × 10-40 C m2) than N2 (−4.7 × 10-40 C m2).  The comparison of IAST estimates of 

CO2 and N2 uptake with commercial 13X powder (Figure 52a & b) confirms that zeolite 

60°C-54h with hierarchical structure shows superior CO2-over-N2 and CO2-over-CH4 

selectivity.  

 

Figure 53.  Five cycles of CO2 adsorption (solid spheres) and desorption (open spheres) 

on hierarchical zeolite 60°C-54h using vacuum swing regeneration mode from pure 

component at 273 K. 

Whereas the hierarchical faujasite sorbent reported here exhibit very good 

performance with respect to CO2 selectivity, its amenability to recycling and conditions 
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suitable for regeneration must also be addressed.  The former was validated via cyclic 

adsorption–desorption experiments conducted at 20 °C.  60°C-54h sorbent could be 

regenerated by simple evacuation without the need for applying heat.  Figure 53 shows 

the cyclic CO2 sorption capacity of hierarchical zeolite for five cycles.  Extraordinarily, 

the capacity of CO2 adsorption of 60°C-54h did not diminish irreversibly after the first 

cycle, which is typically a 15% decrement for 13X and other zeolites after first cycle.161c, 

184  The reduction in CO2 uptake after first cycle is typically associated with 

chemisorption of CO2 on zeolites and cannot be overcome without regeneration via 

prolonged heating at temperatures above 300 °C.160, 185  However, 60°C-54h sorbent can 

be regenerated without heating by simply subjecting it to near vacuum conditions.  As a 

related consequence, we found that the heat of CO2 adsorption of 60°C-54h is ~35 

kJ/mole which is lower than that reported for zeolites and lies in the range of 

physisorption process.  Furthermore, the heat of CO2 adsorption of 35 kJ/mol for 

hierarchical zeolite sorbent 60°C-54h calculated from variable temperature isotherms is 

consistent with the steepness of the CO2 adsorption isotherms.  The relatively constant 

heat of adsorption (data not shown) indicates homogeneous binding sites over the full 

range of CO2 loading.  The lower heat of CO2 adsorption on 60°C-54h compared to 13X 

could be a consequence of its higher Si/Al ratio (1.74 compared to 1.42 for 13X; Table 

12).  Zeolites with higher Si/Al ratio are less hydrophilic and are known to exhibit both 

lower CO2 adsorption energy and lower overall uptake.159b  Incredibly, 60°C-54h with 

higher Si/Al ratio uptakes comparable amount of CO2 to that of 13X, if not slightly 

higher.  In any case, the low value of heat of adsorption suggests that most of the CO2 

molecules are physisorbed which favor efficient, reversible adsorption–desorption 
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processes ‒ that is, strong but still reversible sorption.  To put this in perspective, Maring 

and Webley estimated the optimal heat of adsorption of CO2 for PSA applications to be 

between 35 and 45 kJ/mol regardless of N2 heat of adsorption.159a 

 

Figure 54.  Kinetics of adsorption of CO2 from pure component by hierarchical zeolite 

60°C-54h (olive circles) and commercial 13X reference zeolite (black circles) measured 

at 298 K and 100 kPa. 

The kinetics of CO2 measured using thermogravimetric data (Figure 54) showed 

that the initial uptake of CO2 is rapid and it took about a minute for hierarchical faujasite 

sorbent 60°C-54h to attain 40% (~2.1 mmolg-1) of its maximum CO2 uptake capacity.  

On the other hand, micron-sized 13X crystals realized 40% of its CO2 uptake capacity in 

twice as much time (~two minute) displaying slower kinetics.  This could be the 

consequence of not only the reduced diffusion path lengths in the case of zeolite 60°C-
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54h with hierarchical structure owing to the presence of nanocrystals, but most 

importantly due to their high crystallinity which is not often the case with zeolites 

exhibiting such nanostructures.  However, the reduction of adsorption kinetics beyond 

40% of the capacity could be due to thermal effects, where an increase in temperature 

influences the adsorption kinetics.  The role of thermal effects have been discussed in 

several zeolitic system.186 

 

Figure 55.  Kinetics of adsorption of CO2 measured at 25 °C and 100 kPa from binary 

components on hierarchical zeolite 60°C-54h (a), and commercial 13X reference zeolite 

(b). 

To confirm the synergistic nature of the thermodynamics and kinetics for CO2 

capture, competitive adsorption kinetic studies from gas mixtures were conducted and are 

presented in Figure 55.  We note that the CO2 non-equilibrium uptake at equal times 

from mixtures of CO2 and N2 gas, most notably mixture containing only 5 mol% of CO2, 

follows the behavior obtained from pure CO2 fairly well.  In addition, at equilibrium the 

total CO2 uptake from the CO2-containing gas mixtures agrees perfectly with the 

equilibrium uptake for pure CO2.  These distinctive findings show that when 60°C-54h is 
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contacted with CO2-containing gas mixtures, CO2 adsorbs more strongly and faster than 

N2, thus occupying all the available space and sorption sites and consequently excluding 

other gas molecules.  Most importantly, 60°C-54h meets the demanding attributes 

required for economical and efficient CO2 post-combustion separation better than any 

commercial or reported zeolites.  Furthermore, rapid and preferential adsorption of CO2 

molecules from gas mixtures containing small fraction of CO2 (5 mol% CO2) presents 

our hierarchical faujasite as a potential sorbent for natural gas upgrading as well. 

7.4. Conclusions 

We have demonstrated a new synthetic route to produce hierarchical faujasites by 

coupling geopolymer chemistry with a saponification reaction.  For the first time ever, we 

disclosed that it is possible to crystallize highly crystalline zeolites from geopolymeric 

compositions.  In addition to comparable microporosity and therefore crystallinity to the 

micron sized zeolite 13X (~2 µm), the produced hierarchical faujasites exhibited large 

external surface areas arising from accompanying intercrystalline meso and macropores.  

We also demonstrated that the hierarchical faujasite 60°C-54h could adsorb CO2 with 

exceptional selectivity and recyclability in the context of several industrially relevant 

CO2 separation applications, such as post-combustion (flue gas, CO2/N2) and natural gas 

upgrading (natural gas clean-up, CO2/CH4).  At 20 °C and 100 kPa, hierarchical zeolite 

60°C-54h had high capacity for CO2 adsorption from pure component (~5.9 mmol/g) as 

well as binary mixtures of CO2/N2 (~5.4 mmol/g) and CO2/CH4 (~5.0 mmol/g), and very 

high CO2-over-N2 and CO2-over-CH4 selectivities of 790 and 230, respectively.  

Extraordinarily, unlike any other zeolites reported to date, the cyclic CO2 capacity of 
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60°C-54h was retained completely even after 5 cycles without regeneration by heat in 

between (vacuum only).  The rate of adsorption of CO2 by 60°C-54h from pure 

component as well as mixed-gases is also faster than that observed for 13X.  The 

structural features and exceptional mixed-gas sorption properties of the hierarchical 

faujasites reported here show that it is now possible to completely recycle zeolite without 

applying heat to facilitate effective rapid CO2 separation and capture. 
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CHAPTER 8 

8. CONCLUSIONS AND RECOMMENDATIONS 

The main outcome of this thesis has been expanding the geopolymerization 

chemistry and therefore produce three new nanostructured aluminosilicate materials ‒ 

geopolymers with hierarchically meso-/macroporous structures, dispersible geopolymer 

particles, and hierarchical faujasite zeolites with a high crystallinity.  The synthetic 

techniques developed in this study are all simple modifications of geopolymerization 

process while being scalable and remaining cost-effective.  Although these materials have 

superior properties to the equivalent commercially available and currently reported 

materials, they are still a work in progress and there is much room for improvement.  This 

chapter will summarize the conclusions drawn throughout this thesis and make 

recommendations for future work.   

Chapter 3 demonstrated that synthesis of hierarchically porous geopolymers is 

possible by employing a simple emulsion templating with triglyceride oil.  By extensive 

characterization, these products were shown to have coexisting distinctive mesopores and 

macropores.  Chapters 3 and 4 showed that the pore properties of these products can be 

controlled by changing the compositional parameters such as oil type, and Si, Al, alkali 

and water contents in the precursor solution.  Further studies are necessary to clarify the 

precise role of those compositional parameters.  However, the phase diagrams 

constructed in chapter 4 allows a simplistic, unambiguous identification of compositions 

for the formation of hierarchically porous geopolymers with specific pore properties.  It is 
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recommended for the future investigations to include non-compositional parameters such 

as time and temperature of curing.   

In Chapter 5, hierarchically meso-/macroporous geopolymers prepared in chapters 

3 and 4 were modified with amorphous hydrous ferric oxide (HFO).  These geopolymer 

composites were shown to be effective media for the removal of arsenic from 

contaminated water under realistic conditions.  Additionally, the spent media was 

classified as a non-hazardous material that can be disposed as a solid waste.  This study, 

as an example of adsorption based applications, verified the structural integrity of 

hierarchically porous geopolymers under characteristic physical and chemical stresses of 

such processes.  We therefore recommend these materials as supports for adsorption and 

catalytic applications, and many others. 

 

Chapter 6 described another modification of the geopolymerization process by 

which it is possible to synthesize highly dispersible geopolymer particles (DGP).  DGP 

were shown to exist as grape-like bundles, a morphology similar to high structure carbon 

blacks (CBs) and structured-silica, thereby emphasizing their tremendous potential in 

polymer reinforcing.  This is further highlighted by the fact that DGP were able to 

survive external pressures larger than what is typically used during polymer/rubber 

compounding.  Furthermore, DGP were also shown to exhibit superior stability compared 

to commercial aluminosilicates such as Zeolex® and Hydrex® towards long term 

storage.  It is worth mentioning that although the synthesis is straightforward, further 

studies are desired to design a better purification process than relatively time and energy 

intensive centrifugation presented here.  Future investigations should further target 
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surface functionalization of DGP by taking advantage of its highly negatively charged 

surface, and thereby broaden its compatibility with organic solvents and matrices.   

Chapter 7 demonstrated yet another synthetic modification of geopolymerization 

process, which made it possible to produce highly crystalline hierarchical faujasite 

zeolites for the first time ever.  The produced hierarchical zeolites exhibited superior pore 

properties than commercially available 13X in that, hierarchical zeolites displayed large 

mesoporosity in addition to the microporosity comparable to 13X.  Moreover, these 

hierarchical zeolites were superior to commercially available 13X in the context of CO2 

separation from industrially important gas mixtures ‒ in terms of capacity, selectivity, 

recyclability and kinetics.  However, the low Si/Al ratio of these faujasite zeolites mean 

they are not suitable for catalytic applications such as cracking and isomerization of 

hydrocarbons ‒ two leading industrial processes for which faujasites are known to be the 

best.  To this end, future efforts are highly recommended to increase the Si/Al ratio to an 

appropriate value.   

In summary, it can be concluded that the geopolymerization is a process that is 

extensively studied for many applications but with a rather limited flexibility in terms of 

synthetic variations.  By attempting initial exploration of synthetic variations, we opened 

up the opportunities for future researchers to develop many other new materials from 

geopolymer chemistry.   
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