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(87) Abstract: Shaped geopolymeric particles, fibers, and articles incorporating at least one geopolymer are provided; the geopoly-
meric particles, fibers, and articles having a structure that is solid, foamed, hollow or with one or more voids. Geopolymers are
formed by alkali activation of an aluminosilicate and/or aluminophosphate material. The end-products are shaped as spheres, flakes,
& fibers, aggregates thereof or articles. Such products are formed at low temperatures; wherein forming includes processing using
& techniques such as spray drying, melt spinning, or blowing. The shaped geopolymeric particles and fibers have high chemical dura-
o bility, high mechanical strength, application-targeted flowability and packing properties, and are specially suited for incorporating
into composite materials, articles, and for use in cementitious, polymeric, pain:, printing, adhesion and coating applications. Shaped
geopolymeric particles, fibers and articles having voids, hollow or foam-like structures are formed by adding one or more blowing

agents.
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TITLE OF THE INVENTION

[0001] Geopolymeric Particles, Fibers, Shaped Articles and Methods of Manufacture

CROSS-REFERENCES TO RELATED APPLICATIONS

[0002] This application claims the benefit of U.S. Provisional Application No. 60/748,037 filed
December 6, 2005.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0003] Not applicable.

BACKGROUND OF THE INVENTION

[0004] Any discussion of the prior art throughout the specification should in no way be
considered as an admission that such prior art is widely known or forms part of common
general knowledge in the field.

[0004a] This invention relates generally to geopolymeric particles and fibers, methods of
making and uses, such particles and fibers for general use and for incorporation into composite
materials, and in particular, to a chemically durable and stable geopolymeric particles and
fibers that may be made in various configurations, including spheres, fibers and flakes and
aggregates thereof.

[0005] Composite materials such as fiber cement typically incorporate many components and
additives to enhance and/or modify the properties or the manufacturing process of the material.
For example, hollow microspheres may be used as density modifiers and processing aids for
many composites, including fiber cement boards and light weight cement slurry. Solid
microspheres are also used in many applications such as fillers and rheology modifiers.
Additionally, fibers (e.g., cellulose fibers and glass fibers) are used in many composites as
reinforcement.

[0006] Conventional microspheres and reinforcement fibers are typically made from glass,
polymers, metal, and/or graphite. Unfortunately, there are several drawbacks associated with
the making of microspheres and fibers out of these materials. For example, the formation of
glass microspheres typically involve the use of high temperature conditions, which increases
cost and is highly inefficient. In addition, many materials used to make conventional fibers and
microspheres cannot typically withstand high service temperatures without significant

degradation.
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[0007] In light of such obstacles, there remains a need for improved microspheres and the like
and methods of making them. It is, therefore, an object of the present invention in at least one
preferred embodiment to overcome or ameliorate one or more of the disadvantages of the prior

art, or to provide one or more useful alternatives.

SUMMARY OF THE INVENTION

(0008] With at least one preferred embodiment of the invention described herein, one or more
disadvantages associated with microspheres and the like and methods of making are
advantageously overcome. In addition, useful alternatives for such conventional microspheres
and methods of making are advantageously provided.

[0008a] Unless the context clearly requires otherwise, throughout the description and the
claims, the words “comprise”, “comprising”, and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense of “including,
but not limited to”.

[0008b] According to a first aspect of the invention, there is provided a shaped geopolymeric
particle having a predetermined configuration, comprising a geopolymer functional building
block, wherein the geopolymer functional building block is derived from geopolymerization of a
selected precursor formulation comprising an amorphous silicate, an alkali activator, and a
rheology modifier, wherein the geopolymerization of the precursor formulation occurs at a non-
elevated temperature of between about 50 and 600°F such that the non-elevated temperature
in conjunction with the preselected precursor formulation modify the viscoelastic behaviour of
the precursor formulation so that the rate of geopolymerization can be controlled to provide
sufficient time for shaping the geopolymer particle into the predetermined configuration.

[0008c] According to a second aspect of the invention, there is provided a shaped
geopolymeric particle comprising a geopolymer, wherein the shaped geopolymeric particle has
one or more voids therein, wherein the shaped geopolymer particle is derived from
geopolymerization of a precursor formulation comprising an aluminosilicate source, an alkali
source, and a blowing agent, wherein the precursor formulation has a preselected viscosity so
that the configuration of the shaped geopolymeric particle can be controlled during
geopolymerization.

[0008d] According to a third aspect of the invention, there is provided a shaped geopolymeric
particle comprising a geopolymer, wherein the shaped geopolymeric particle has a density of
less than about 1.00 g/cc and a preselected configuration, wherein the geopolymer is derived

from a precursor formulation comprising an aluminosilicate or aluminophosphate source, an




2006342007 23 Mar 2012

alkali source, and a cement, said precursor formulation having a viscoelastic region adapted to
allow formation of the preselected configuration in the shaped geopolymeric particle.

[0008e] According to a fourth aspect of the invention, there is provided a shaped geopolymeric
fiber incorporating a geopolymer such that the geopolymer is a functional building block of the
shaped geopolymer fibre, wherein the geopolymer is derived from geopolymerization of a
selected precursor formulation comprising an aluminosilicate source and an alkali source,
wherein the precursor formulation has a preselected viscosity so that the configuration of the

geopolymer can be controlled during geopolymerization.

[0009]) Generally and in one form, provided herein include shaped particles, fibers, and
articles processed from a precursor formulation comprising rapid setting and hardening
inorganic materials (e.g., alkali-activated silicates), rapid setting cements (e.g., alkaline earth
phosphates), and hydraulic pastes (e.g., calcium containing cements). A common attribute of
the shaped particles, fibers and articles is in the method of making them, in which they are
processed at a low temperature (e.g., below the melting temperature of the resultant
composition), herein referred to as cold processing. Precursors may be configured in any
number of end-product forms, including spheres, particles, fibers and flakes and aggregates
thereof, as well us molded shapes. The formed shapes preferably incorporate a geopolymer as
its functional building block. In several embodiments, formed shaped particles, fibers or articles
include at least one void or pore space therein. The geopolymeric particle is typically made by
polymerization of a precursor formulation that has materials capable of forming a geopolymer,;
the precursor formulation comprising at least one alkali-activated silicate such as alumina
silicate. Particles and articles have shapes that include substantially round, donut- shaped,
oval, elongated, tubular, square, polygonal, substantially flat and varying combinations thereof.
Fibers have cross-sectional shapes that include substantially round, donut-shaped, oval,
elongated, tubular, square, polygonal, substantially flat and varying combinations thereof

[0010] In another form, geopolymeric particles and/or fibers are incorporated into one or more
composite materials or articles; the geopolymeric particles or fibers include at least one
geopolymer. In one or more embodiments, the composite article is a fiber-reinforced cement
composite. A composite article may be in the form of a panel, board, post, siding, plank, post,
container or other shaped article such as for buildings. For light-weight shaped articles

2a




WO 2007/119121 PCT/1B2006/004268

comprising geopolymeric particles or fibers, the particle typically comprises at least one void
therein. A shapcd article may be defined by a mold and may include a foam-like structure.
[0011] In still another form, formed geopolymeric particles or fibers are used with
abrasives, paints, chemical and hydraulic fracturing applications, wherein geopolymeric
particles and/or fibers are formed by incorporating at least one geopolymer therein. When
such compositions are in the form of a fiber, they may be used to form a cloth, fabric, sponge
or carpet, as examples.
[0012] In yet another form, a precursor formulation having at least one geopolymer is
manufactured irto one or more shapes, including particles or fibers. A method for forming
such shapes typically comprises providing a precursor formulation and shaping the precursor
to form a geopolymeric particle or fiber or article. The precursor formulation typically
comprises at least one silicate source (e.g., aluminosilicate) and an alkali source (typically as
an hydroxide, silicate or combinations thereof). The precursor formulation may also include a
rheology modifier. In addition or optionally, the precursor formulation may include one or
more suitable blowing agents, one or more calcium-containing compounds (e.g., cementitious
compound, calcium carbonate, lime stone), one or more filler materials (e.g., polymer,
cellulose, carbon-based compound, glass, ceramic fibers, phosphate clay), a colorant, one or
more surface activation agents and combinations thereof. Filler materials, colorants, and/or
surface activation agents may also be incorporated after formation of the composition.
Suitable processes for shaping include thermal spray drying, spray drying, melt spinning or
blowing. The precursor formulation and process parameters may be predetermined to control
material viscosity of the formulation and, thereby, control the shape of the resultant
geopolymeric particle, fiber or article.
[0013] Those skilled in the art will further appreciate the above-noted features and
advantages of the invention together with other important aspects thereof upon reading the
detailed description that follows in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] For more complete understanding of the features and advantages of the present
invention, reference is now made to a description of the invention along with accompanying

figures, wherein:
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[0015] FIGUEE 1 depicts a representative nozzle design used for forming a geopolymeric
fiber;
[0016] FIGURE 2 depicts an optical image of a geopolymeric fiber formed from the nozzle
design of FIGURE 1;
[0017] FIGURE 3 depicts an optical image of two geopolymeric fibers formed from the
nozzle design of FIGURE 1; .
[0018] FIGURE 4 depicts an optical image of shaped geopolymeric microspheres;
[0019] FIGURE 5 depicts a scanning electron micrograph (SEM) image of a polished
section comprising geopolymeric microspheres;
[0020] FIGURE 6 depicts an optical image of geopolymeric particles;
[0021] FIGURE 7 depicts an optical image of a foamed structure of a geopolymeric particle;
[0022] FIGURE 8 depicts an optical image of foamed geopolymeric particles;
[0023] FIGURE 9 depicts an optical image of a matrix of a low density geopolymeric
article;
[0024] FIGURE 10 depicts an optical image of geopolymeric microspheres;
[0025] FIGURE 11 is an SEM image of a polished section of geopolymeric microspheres
made as descnibed in Example 6; and
[0026] FIGURE 12 depicts a backscattered electron image (BEI) showing geopolymeric
microspheres incorporated in a fiber cement matrix.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
[0027] Although making and using various embodiments are discussed in detail below, it
should be appreciated that the present invention provides many inventive concepts that may be
embodied in a wide variety of contexts. The specific aspects and embodiments discussed
herein are merely illustrative of ways to make and use the invention, and do not limit the
scope of the invention.
[0028] In the description which follows like parts may be marked throughout the
specification and drawing with the same reference numerals, respectively. The drawing
figures are not necessarily to scale and certain features may be shown exaggerated in scale or

in somewhat gereralized or schematic form in the interest of clarity and conciseness.
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[0029] As used herein, the term “geopolymer” is a broad term and shall have its ordinary
meaning and shall include, without limitation, a synthetic and substantially amorphous
polymer with a silicoaluminate framework.

[0030] The tean “geopolymeric” is a broad term and will have its ordinary meanings, and
shall include, but is not limited to, a material incorporating at least one geopolymer.

[0031] The term “alkali activation” is a broad term and will be given its ordinary meaning,
and shall includz, but is not limited to, a chemical reaction or group of chemical reactions that
form one or more cross-linking silicoaluminates in the presence of at least one alkali
compound.

[0032] The term “precursor” (also referred to as geopolymeric precursor) is a broad term
and shall be given its ordinary meaning, and will include, but is not limited to, a mixture of
initial or starting ingredients (materials, compounds) capable of being converted into a
geopolymer.

[0033] One or more embodiments of the present invention provide generally shaped
particles and fibers and incorporating a geopolymer as its functional building block. Such
geopolymeric materials serve as excellent reinforcement materials for composites due to the
strength, chemical durability, and fire resistance of the geopolymer and the low cost of making
such geopolymeric particles or fibers.

[0034] Although geopolymers do not have inherently a viscoelastic property, the inventors
have discovered a method of introducing a viscoelastic-like behavior to a precursor
formulation and through a controlled process, the precursor may be shaped into a pre-
determined coniiguration, such as a particle, sphere, flake, fiber and the like and aggregates
thereof. The inventors have also discovered a method of introducing one or more voids, pores
or spaces while forming the precursor formulation into one or more shaped geopolymeric
particles or fibers, thus advantageously providing low-density geopolymeric particles or fibers
having all the valuable attributes associated with the geopolymer, the precursor formulation
and the formed shape. Thus, by providing as a starting material a precursor formulation
having one or more compounds therein capable of converting to a geopolymer, various

attributes of the geopolymeric compounds, such as superior strength, thermal stability, high
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surface smoothness, precision and hardness, are thereby incorporated into the resultant
geopolymeric product.

[0035] The term “‘geopolymer,” first used in the early 1980’s, refers to a synthetic
amorphous polymer typically having a silicoaluminate (Si-Al) framework. The chemical
formula for a gesplymer may be presented as:

M, [-(si0,), - 410,] wH,O (1),
where M is an alkali species and n is the degree of polymerization. This is an aluminosilicate
framework in which the aluminum is mainly in the tetrahedral coordination and the silicon has
a variety of coordination geometries. An alkali metal, M, such as sodium or potassium
provides the charge balance. The structural unit may include a sialate [-Si-O-Al-O-], sialate
siloxo [-Si-0-Al-O-Si-O-] and/or silate disiloxo [-Si-O-Al-O-8i-O-5i-O-].
[0036] Geopolymerization involves a chemical reaction between silicoaluminates and alkali
silicate in a highly alkaline environment. The formation reaction for geopolymerization is
generally known to be a rapid setting and rapid hardening reaction. Because of the rapid
setting and hardening characteristics of geopolymerization, it has previously not been possible
to shape a geopolymeric particle or fiber at the micro-scale level in order to produce useful
products, such as particles or fibers of a predetermined and desired configuration.
[0037] With gzopolymerization, an alkaline solution induces a certain number of Si and Al
atoms to dissolve or hydrolyze from an aluminosilicate feedstock, forming geo-monomers in
solutions, which then poly-condense to form rigid networks under the trigger of an applied
heat. A cross-lirking reaction is enhanced when multiple types of silicoaluminates are used in
combination. The strength of the geopolymeric particles or fibers increase with increased
cross-linking.
[0038] Geopolymeric compounds are chemically durable and stable. The precursor for
geopolymeric compounds comprise at least one amorphous silicate, preferaﬁly in the form of
aluminosilicate. Alumina may be present to form a stable geopolymer. The silicate is
preferably alkali-activated by an alkali compound such as a hydroxide, silicate, or
combinations thereof. The mole ratio of an alkali metal R, to Al may vary from 5 to 0.1, and
more preferably from 3 to 0.2, and more preferably from 2 to 0.5. R may be selected from the

group of alkaline metals, including sodium, potassium, lithium, and combination thereof. The
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mole rﬁtio of Si to Al in the preferred geopolymer may vary from 300 to 1, preferably from 50
to 1, and more preferably from 10 to 1. In some preferred embodiments, the mole ratio of Si
to Al is greater than about 2, more preferably greater than about 3. It is noted that a higher Si
to Al ratio leads to a more flexible geopolymer product, which is particularly advantageous for
products in the form of fibers.

[0039] Examples of suitable aluminosilicates are calcined kaolin type clays (2 SiO,. Al;03).
Phosphate typé clays, alumina silicate minerals and powdered rock type materials may also be
successfully used to form a suitable geopolymer precursor. In addition, other clay materials
(calcined or non-calcined), waste by-products such as fly ash, blast furnace slag, and waste
glass may also be used to formulate a geopolymer precursor. A starting precursor material
may also be a siliceous material, such as diatomaceous earth, silica fume, ground quartz and
add to it an alumina bearing material such as bauxite, alumina, aluminates and‘alumina
hydrates. Suitaible materials become more reactive to alkali activation by size reduction,
calcination and <ehyroxylation. These materials, therefore, have a higher geopolymerization
reaction rate.

[0040] Alumina phosphates may also be used as the geopolymeric precursor. Here, the
mole ratio of P to Al may vary from 10 to 0.1, and more preferably from 5 to 1. Iron oxide-
containing comrounds (e.g., iron hydroxide) and boron-containing compounds (e.g., boric
acid or borates) may also be added to a geopolymeric precursor formulation. The mole ratio
of Si to Fe or B may vary. In one form it may be 300 to 1.

[0041] It will be appreciated that any alumina silicate or alumina phosphate geopolymeric
precursor may be: processed to form a shaped end-product (e.g., particle, fiber of light weight
shaped article) comprising one or more geopolymeric compounds.

[0042] The average particle size of the silicate and/or aluminosilicate starting material is
preferably under 300 microns, preferably, less than 100 microns, more preferably, less than 20
microns, and in some embodiments is under 5 microns.

[0043] In some preferred embodiments, a precursor for the shaped geopolymeric particles or
fibers additionally and innovatively comprises a blowing agent. Blowing agents are generally
known as materials that release a gas or produce a gas volume under certain trigger

conditions. A blowing agent in a geopolymeric precursor promotes formation of gas voids,
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pores, spaces or a foam-like structure in the geopolymeric particles or fibers. The resulting
geopolymeric product with voids, therefore, has a lower density than one with a substantially
solid structure (i.e., absent or having limited gas voids, pores, spaces or a foam-like structure).
[0044] A blowing agent as used herein is preferably selected to be triggered by a change in
the material property, process or a combination thereof. Examples of suitable trigger
conditions include but are not limit to changes in temperature, pH, physical characteristic of
the material (e.g., viscosity, phase change), an external physical change (e.g., shear rate) and
chemical reaction (induced internally or externally), or combinations thereof. Metal powders,
hydrocarbons ard appropriate organic materials, carbonates/bicarbonates, nitrates/nitrites,
sulfates/sulfites/sulfides, water, and other compounds that may generate gas upon exposure to
high pH, heat, or a chemical reaction may be used as a blowing agent. Finely ground
aluminum metal powder is an example of a blowing agent that produces hydrogen upon
exposure to a high pH solution. Another example of a blowing agent is a gas pocket that
expands upon heating. Yet another example of a blowing agent is chemically-bound water
that coverts to steam upon heating.

[0045] A blowing agent suitable for forming shaped geopolymeric particles and fibers is
selected with disrinctly different criteria than a blowing agent used for forming other types of
particle compositions, such as, for example a glass microsphere formed in a high temperature
furnace. Becauss geopolymerizing reaction temperatures are significantly lower than those
used for melting glass, a suitable blowing agent for use herein, if triggered by temperature,
must also have a trigger temperature much lower than that required for glass. As an example,
carbonated salt is triggered at a temperature below 300 °C, which would not be suitable for a
glass melting process which requires a temperature typically greater than about 800 °C.

[0046] With geopolymerizing reactions, a blowing agent triggered by pH, requires the pH to
be alkaline, often greater than 12, more often 14.

[0047] As desciibed herein, a blowing agent must also be selected and controlled so that it
is triggered while the geopolymeric precursor is undergoing a viscoelastic-like behavior,
typically just before setting and hardening, so that, when desired, voids may be formed and

preserved in the end-product.
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[0048) A geopolymeric precursor is formulated to have a predetermined viscosity and
curing time. In some preferred embodiments, the precursor formulation may further comprise
a rheology modifier. Rheology modifiers are additives capable of changing a viscoelastic-like
behavior of the material, such as flow, deformation, and/or spreadability. The viscoelastic-
like behavior may be present in the precursor formulation itself or during the formation
process. The quantity and type of rheology modifer is selected to achieve a predetermined
viscoelastic-like behavior in the precursor at a predetermined time and for a predetermined
length of time. Rheology modifiers may include natural gums (e.g., guar, starch), modified
natural gums (e.g., cellulose derivatives), synthetic compounds (e.g., acrylic polymers),
inorganic materials (e.g., clays or amorphous silicon dioxide in the form of hydrated or fumed
silica), and commercially available rheology modifiers (e.g., styrene/acrylate, styrene
acylamide, polyacrylate, including ones marketed under such trade names as ACUSOL®,
RHEOLATE®, CARBOSOL®) and combinations thereof. In addition, water, polyethylene
glycol (PEG), and sodium silicate may be useful rheology modifiers. With sodium silicate,
the modifier is typically used in excess of typical amounts used for forming particles or fibers.

[0049] In some preferred embodiments, a geopolymeric precursor further comprises at least
one calcium-containing material, such as calcium carbonate, lime stone, gypsum, blast furnace
slag, kiln dust, calcium oxide, calcium hydroxide, cementitious material and combinations
thereof. In addition, a filler material may be included. Incorporating filler materials improves
economy by lowering cost and may also improve mechanical properties of the precursor and
resultant composition as well as reduce their density. Examples of filler materials are
polymers, cellulose or other natural fibers, and phosphate clays. When desired, a portion of
one or more of the initial precursor materials, such as aluminosilicate, when not entirely
converted during geopolﬁeﬁmtion, will remain in the resultant geopolymeric products (e.g.,
particle or fiber) in the form of a filler.

[0050] Because shaped geopolymeric particles or fibers described herein are derived from a
geopolymeric precursor formulation, the shaped end-products typically have substantially the
same chemical composition as the precursor formulation on a dry basis. This is the result of
mass conservation via the polymerization reaction (with the exception of the evaporation of

water and small quantities of alkali metal through the vapor phase as well as the loss/escape of

9.
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some gas from a blowing agent, when used). Similarly, shaped geopolymeric particles and
fibers inherit substantially all the advantageous properties of typical alkali-activated
aluminosilicates. Shaped products as discussed herein exhibit excellent chemical durability in
both acidic ancd alkaline environments.. In particular, they are found suitable for ‘use in
concrete and cernentitious composites.

[0051] A resultant geopolymeric particle or fiber will have a different structure than its
initial precursor formulation, because geopolymerization provides a cross-linking network. It
is preferable tha: the amount of geopolymer in the resultant composition is greater than 5% by
weight, more preferably 10 wt.%, more preferably 20 wt.%, more preferably 35 wt.%, more
preferably 50 wt.%, and more preferably 70 wt.%, and most preferably 90 wt.%. When
aluminum is present in the precursor formulation, the mole ratio of alkali metal R to Al in the
resultant geopolymeric composition may vary from 5 to 0.1, and more preferably from 3 to
0.2, and more preferably from 2 to 0.5. R typically includes alkaline metals, such as sodium,
potassium, lithium, and combinations thereof.

[0052] In some preferred embodiments, the shaped geopolymeric particle or fiber has a
heterogeneous siructure. When aluminum is present in the precursor, some of the alumina
silicate generally remains unreacted or inactivated. In some embodiments, the resulting
geopolymeric particle or fiber is in a multi-phase form having various crystalline and/or
amorphous phases. For example, some crystalline phases of zeolite may present in small
quantity in a geopolymeric composition, microparticle or fiber.

[0053] Shaped geopolymeric particles and fibers produced herein may be in any of a
number of forms;, such as, but not limited to, a powder, sphere, fiber, filament, substantially
round particle, flake or the like and aggregates thereof. The dimension of a shaped particles
and fibers produced herein may preferably be greater than about 0.1 pm, more preferably
greater than 10 ym, more preferably greater than 30 pm, more preferably greater than 100 pm.
It is noted that when using the term “micro,” such terminology does not limit the dimension of
the particles or fibers produced herein to a micron size. In some preferred embodiments,
resultant geopolymeric particles and fibers may have a dimension of SO0 mm or greater. In
other preferred embodiments, geopolymeric particles and fibers produced as described herein

may have a dimension as small as 10 nm or less. In some embodiments, final shaped
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geopolymeric particles or fibers or other such desired shapes may not be limited in their
overall length and/or dimension.

[0054] The presence of a geopolymer may be detected and quantified in the final shaped
product by any suitable technology. One such technology includes Fourier Transform Infrared
Spectroscopy (FTIR). It has been found previously that geopolymetric matrices are identified
by FTIR at a peak at ~460 cm™' (assigned to in-plane bending of Al-O and Si-O linkages) and
a peak at ~1000 cm™ (representing fusion of both Al-O and Si-O asymmetric stretching).
While other peaks are also useful, these two peaks serve as the primary fingerprint for
" identifying geopolymer matrices and may indicate the extent of polysialation.

[0055] Solid-state Magic-Angle Spinning Nuclear Magnetic Resonance Technique (MAS
NMR) is also suitable for identifying polymerization of geopolymers. The 2’Al spectrum of a
geopolymeric compound shows a strong resonance at around S8 ppm, which is an indication
of the predomirant tetrahedral Al in a well-ordered geopolymer structure. XRD may also be
used to determine the amount of crystalline and amorphous phases present in the composition.
[0056] In one or more embodiments, shaped geopolymeric particles and fibers produced as
| described herein are hollow or have one or more voids, typically comprising pores, spaces or a
foam-like structure. A void may be centrally located and/or include air voids around the
central void. To provide voids, hollow or foam-like structures, a geopolymeric precursor
formulation includes a blowing agent (previously described). The shaped geopolymeric
particle or fiber with a void(s), hollow or foam-like structure advantageously has a lower
density and different sound, heat and load transfer mechanism than a similar sized particle
having a substantially solid structure. Shaped geopolymeric particles or fibers having voids,
hollow or foam-like structures, therefore, provide multiple functions because of such
properties, and are, thereby, suitable for a wide range of applications, such as for density
modificiation, packing, sound proofing, and insulation. Whereas a solid geopol?meric
material generally has a density of greater than 2.00 g/cc, geopolymeric products having one
or more voids as described herein advantageously offer a density of less than about 1.70 g/cc,
more preferably 1.00 g/cc, more preferably 0.45 g/cc, more preferably 0.35 g/cc, more
preferably 0.30 g/cc, most preferably 0.25 g/cc.
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[0057] One preferred corfiguration of a shaped geopolymeric particle is that of a hollow
microsphere. A hollow geopolymeric microsphere may have a substantially spherical shape
defined by a wall surrounding a void space. The wall thickness preferably ranges from 0.1 to
45%, more preferably from 1 to 35%, more preferably from 10 to 25% of the microsphere
diameter. The void space may be preferably centrally or non-centrally located within the
microsphere so that the wall thickness is substantially uniform all around the microsphere
providing eve.n load distribution to the microsphere when used.

[0058] Another preferred configuration for a geopolymeric particle is a substantially
spherical shape with more than one intemnal void. In some embodiments, a geopolymeric
particle or fiber may have a foam structure. Voids may be in an open or closed structure.
Having void spaces within hollow and/or foam-like structures directly reduce the density (e.g.,
effective averagz density and bulk density) of the shaped geopolymeric particle or fiber.
Indeed, while a solid geopolymeric material generally has a density of greater than 2.00 g/cc,
a shaped geopolymeric material with voids, hollow and/or foam-like structure advantageously
has a density of less than about 1.70 g/cc, more preferably 1.00 g/cc, more preferably 0.45
g/cc, more preferably 0.35 g/cc, more preferably 0.30 g/cc, most preferably 0.25 g/cc.

[0059] A shaped geopolymeric material produced as described herein may also be
engineered to have a non-spherical shape in which the aspect ratio is greater than about 1.0 in
at least one dimensional plane. More preferably, the aspect ratio is greater than 1.10, more
preferably greater than 1.20, more preferably greater than 1.40, more preferably greater than
1.70, more preferably greater than 2.10, more breferably greater than 2.50. For example, a
donut shape may be formed using a thermal spraying process. The donut shape is formed
when there is a rapid and large water evaporation during processing, which may be engineered
by controlling the inlet and outlet temperatures of the spraying process and the water content
of the precursor formulation. A multi-edged shape may be obtained by firstly forming a fiber
using a spinning or extrusion process, using a suitable multi-edged die design, then secondly
chopping the fiber into short lengths to form the particles. A multi-edged shape may also be
formed by intersscting multiple fibers from multiple angled fiber-forming dies just before

completion of the geopolymerization reaction; setting and hardening, and then chopping the
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intersected and intertwined fibers into short multi-edged particles. Both continuous and
chopped fibers nay be produced. '

[0060] Yet another shape includes spikes on the surface of the formed geopolymeric
particles or fibers. One method of forming such a shape includes initially forming a
geopolymeric microsphere, then subjecting the microsphere to a high pH, high temperature
and high presswre environment, such as that in an autoclave. Under these conditions, parts of
the geopolymeric microsphere are leached away and other parts may convert to one or more
crystalline phases, such as those of zeolites, leaving a particle with a spiky morphology and
shape.

[0061]) Preselected configurations may include éubstantially, round, spherical, donut-shaped,
oval, elongated, tubular, square, polygonal and varying combinations thereof. Shapes may be
also be sheet-like. A variety of engineered shapes are advantageous for one or a number of
useful applications. For instance, spiked or multi-edged geopolymeric particles provide
enhanced locking property within a matrix. Particles are often useful in filler applications.
[0062]) Shaped geopolymeric particles and.or fibers are particularly useful in layered
structure, wherein at least one of the layers comprises the geopolymeric product, such as in an
exterior layer as. a coating or cladding or in an enclosure shell or core layer. In another
preferred embodiment, the geopolymeric compound is in the core layer, enclosed or cladded
by at least one layer of a different material. Shaped geopolymeric particles and fibers may,
themselves, be rnulti-layered. In all the above conditions, the resulting shaped particles or
fibers have substantially all the inherent properties of the geopolymeric compounds used in
the precursor formulation while also have other advantageous attributes, such as that provided
by the shape, itself. For example, some shapes offer superior interlocking properties in the
material, in the composite matrix, or surface inertness.

[0063) When cne or more shaped geopolymeric particles and/or fibers are incorporated in a
composite, the composite may be in any desirable form, such as a panel, board, post, siding,
plank, or other suitably shaped article. Shaped geopolymeric particles or fibers may be
incorporated for their shape, property as well as for use as a filler, coating, substrate for
pigment (e.g., colorant in road signs), and in cement slurries, to provide a few examples.

Shaped geopolymeric products, when in the form of a fiber, may be used in fiber reinforced
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composite materials, such as in a polymer-, metal-, and cement-matrix fiber reinforced
composite. Such compositions are suited for use in place of glass, ceramic and/or carbon
fibers when desired.

[0064) Some preferred embodiments provide shaped geopolymeric particles and/or fibers
for one or rﬁore functional uses, such as an abrasive, for polishing and/or hydraulic fracturing
applications. Such geopolymer compositions advantageously have shape, size, density, and
surface propertics suitable for superior flowability. As an example, spherical or éubstantially
round microparticles with a smooth surface area and a low density offer superior flowability
for liquid polishing applications. In one preferred embodiment, geopolymeric compositions in
the form of one or more fibers are incorporated for making a cloth, fabric, sponge, carpet or
the like. Such a cloth or sponge incorporating geopolymeric fibers may be used alone or in
combination with additional materials for packing, filter, gasket, insulation, for high
temperature uses and/or fire-proofing applications.

[0065] Also provided are light weight shaped articles, each incorporating one or more
shaped geopolyraeric particles and/or fibers with or without voids therein. The voids may be
substantially discrete voids (e.g., pores, spaces), a network or a foam-like structure. In a
preferred embodiment, a precursor formulation for use in light weight articles will comprise at
least one blowing agent, the blowing agent promoting formation of voids, networks and/or
foam-like structures, which advantageously reduce the apparent density. of the resultant
articles. Such light weight articles may be in any of a number of forms, such as, but not
limited to, a panel, board, post, plank, pipe, container, fire-proof safe, hardware, filing
cabinets, exterior shells for vehicles or air planes.

[0066] The method of making shaped geopolymeric particles and fibers described herein is
discussed further, which include alkali activated silicates with or without rapid setting and
hydraulic cements. Shaped geopolymeric particles and fibers are made in two primary phases:
a first phase, in which a precursor formulation with a geopolymeric compound is provided and
a second phase, in which the precursor formulation is used to form the shaped geopolymeric
end product.

[0067] In the first phase, a precursor formulation is provided by combining at least an

aluminosilicate source and an alkali source in the form of a hydroxide, silicate or combination
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thereof. By preselecting a desired formulation, the viscosity may be controlled, thereby
controlling the shape of the resultant mateterial by. In the second phase, a geopolymerization
reaction occurs in which the geopolymeric precursor formulation is processed by a specific
method that further controls viscosity, such as thermal spraying, melt spinning or a blow
process. Shaping and/or forming of voids as well as drying (curing) occur during the second
phase. Preselecting process parameters control material viscosity directly by affecting process
time and curing time. - Hence, precursor formulations and process parameters are
predetermined to achieve a desired shaped geopolymeric particle or fiber. In some preferred
embodiments, the material viscosity is controlled to a sufficiently low value during the second
phase to allow appropriate shaping of the resultant product. In addition, curing time is
sufficiently long to allow the shape to form before the resulting product is set and cured.
[0068] In the first phase, it is essential that the precursor formulation have a viscoelestic
region that may be exploited to form, shape and solidify the formulation in sequence. This is
akin to glass that exhibits viscoelesticity, is shaped in the molten state and then solidifies to
retain substantially the same shape when cooled below the glass softening temperature. And
this is different from a sol-gel formation where shaping is formed by molding a very low
viscosity compound into a final shape. Sol-gel formation may resemble forming a shaped ice
cube from a watzr and sand mixture. One way of controlling the viscoelastic-like behavior of
the precursor is by slowing down the reaction rate of polymerization during the second phase.
A slower reaction rate has been found to result in a more organized polymer structure in the
resultant product. One way to control the reaction rate is by controlling the reaction
temperature. It has been found that the higher the reaction temperature, the higher the reaction
rate. It has further been found that the reaction rate may also be controlled by dictating that
particle size distribution in the precursor formulation. A finer particle size in the precursor
has a higher surface area, and therefore a higher contact area for a reaction to take place,
which leads to a faster reaction rate. The reaction rate may also be controlled by controlling
the concentration. of the alkali solution provided for activation. It has been found that the
higher the alkali concentration, the faster the reaction rate.

[0069] In one preferred embodiment, starting materials. for the precursor are batched

separately and mixed in line in the first phase, wherein the starting materials include
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aluminosilicate(s), alkali activator(s), and optionally blowing agent(s). As an example, an
aluminosilicate material may be depicted as part A and an alkali activator as part B. A
blowing agent rnay be batched separately from another raw material stream as part C. As an
alternative, the blowing agent may optionally be a component of part A or part B. When a
blowiﬁg agent is not included, dense solid compositions are formed.

[0070] In one preferred method, part A and part B are batched into a feed line and
homogenized thru an in-line mixer. Part C is then added to the mixture of A and B. In the
second phase, a resulting slurry may be processed (e.g. sprayed into a reactor, exposed to
blowing and/or spinning) to form hollow spheres or particles with voids. Alternatively, the
resulting slurry is air dried or dried using a suitable techniques known to one of ordinary skill
in the art, the processed product which may then undergo a size reduction by milling, grinding
or a similar and suitable techniques known to one of ordinary skill in the art to form a
geopolymeric end-product, such as particles in a powder form. In yet another embodiment,
the second phas: may involve blowing and/or spinning the precursor into fibers in a heated
chamber to remove excess water and to cure the fibers.

[0071] As described herein, the second phase may be carried out in batch mode, continuous
mode, or semi-continuous mode. In still another embodiment, the first and second phase may
be carried out siraultaneously.

[0072] In the second phase, geopolymerization may be carried out at a non-elevated
temperature. A, suitable temperature range is between about 50 and 600 °F. The
geopolymerization process may also be carried out at lower temperatures, such as room
temperature. In addition, the second phase may be staged (e.g., using one or a number of
temperatures in stages). In one example, a second phase may include a temperature of 70 °F
in which viscoelastic behavior and shaping occurs, then 110 °F to accelerate geopolymer
formation after shaping, followed by 300 °F for final drying of excess water. As such, one or
more temperatures are selected to help control the rate of geopolymerization.

[0073] When undergoing the drying portion of the second phase, the geopolymerization
reaction must first be complete. This is because geopolymerization reactions favor the
presence of some: moisture. It has been found that when drying occurred too early (before

- geopolymerization was complete), the resulting geopolymer composition did not form into
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geopolymeric ricroparticles or fibers, but formed a fine, dry crumble of raw materials.
Without being bound by theory, it is speculated that moisture mobilizes alkali metal cations,
allowing them to move to the correct position and to balance the charge for the aluminum in
the tetrahedral configuration.

[0074] In one preferred embodiment, a precursor formulation is provided in the first phase.
Optionally and as an alternative, a precursor formulation is provided with one or more
additional materials (e.g., additives), that include, but are not limited to one or more blowing
agents, one or more rheology modifiers (e.g., cellulose derivatives, acrylic polymers, clays,
hydrated or fumed silica, commercial rheology modifiers), one or more calcium-containing
compounds (selected preferentially from a cementitious compound, calcium carbonate, lime
stone, gypsum or combination thereof), and one or more filler materials (e.g., polymers,
cellulose or other natural fibers, phosphate clays minerals, fine silicates such as silica fume,
carbon based materials, etc). Such additives may be provided in the first phase or second
phase, may be present in the aluminosilicate source or the alkali source or a combination
thereof.

[0075] When providing a precursor and a blowing agent, the blowing agent is preferably
selected to include a trigger that produces a gas that is entrapped in the viscous geopolymer
material and results in cellulation. The term “cellulation” as used herein refers to the
formation of one: or more voids, pore structure or foam-like structure. The cellulation process
may occur in the bulk of the viscous polymer before or during the second phase. In another
embodiment, cellulation occurs in a continuous manner, thus, in phase 1 and phase 2 (i.e.,
prior to, during and post processing/formation of the resultant product).

[0076] According to the improved methods described herein, following formation of
discrete geopolymeric end-products (e.g., particles, fibers) in their desired shape and structure,
the products rapidly harden by a geopolymerization reaction to retain their shape thereafter,
even with subsequent collection and handling operations.

[0077] Shaped geopolymeric particles and fibers may be formed in the second phase using
processes such as spraying and thermal spraying, which atomizes a precursor slurry to form
discrete particles or agglomerates. Atomization in a spraying device produces near round and

generally spherical particles. With addition of a blowing agent, the particles hollow shaped
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particles are formed. When a blowing agent is not used, substantially solid spheres result from
thermal spraying. Surprisingly, thermal spraying was found by the current inventors to be
particularly useful, because viscosity of the geopolymeric precursor may be kept low enough
for forming shaped particles. In addition, the applied heat promotes evaporation of excess
water and polymerization and hardening of the shaped particles in a controlled manner. With
thermal spraying, heat may also trigger the blowing agent (when present). In one preferred
embodiment when a blowing agent is present, hardening preferably occurs after, and more
preferably immediately after, a triggering of the blowing agent. The controlled timing of
hardening after triggering ensures that any desired voids, pore networks or foam-like
structures are retained in the resultant shaped geopolymeric particles, thus taking full
advantage of the blowing agent. For example, a slurry of a geopolymeric precursor may be
atomized in a spray dryer where the applied heat triggers the blowing agent(s) in the precursor
to form a gas, thus generating gas voids or spaces in the material structure. The applied heat
also activates polymerization and hardening of the precursor material, and retains voids in the
resulting geopolvmeric particle or fiber. The amount and type of the blowing agent, as well as
the spraying conditions may be configured to produce a desired void structure in the shaped
geopolymeric particle or fiber. The inventors have discovered that the most efficient
cellulation takes place when the geopolymeric precursor is in a viscoelestic regime (e.g., a
majority of gas evolved by the blowing agent is captured within the cellulating particle).

[0078]) Atomized droplets of the slurry are dried in a spray dryer for a predetermined
residence time. The residence time may affect the average particle size, the particle size
distribution and the moisture content of the resultant products. The residence time is
preferably controlled to give one or more preferred characteristics, as described above. The
residence time may be controlled by water content of the slurry, slurry droplet size (total
surface area), drying gas inlet temperature, gas flow pattern within the spray dryer, and
particle flow path within the spray dryer. Preferably, the residence time in a spray dryer is in
the range of about 0.1 to 10 seconds, although relatively long residence times of greater than
about 2 seconds are generally more preferred. Preferably, the inlet temperature in the spray
dryer is in a range of about 200 to 600 °C and the outlet temperature is in a range of about 90
to 350 °C.
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[0079] It has been found that by controlling the spray drying conditions, the average particle
size of the particles and the particle size distribution may be controlled. For example, a rotary
atomizer has been found to produce a more uniform particle size distribhtion than a pressure
nozzle. Furthermore, rotating atomizers allow higher feed rates,‘ suitable for abrasive
materials, with negligible blockage or clogging. In some embodiments, a hybrid of known
atomizing techmiques may be used in order to achieve particles having the desired
characteristics. Spray drying advantageously produces materials having a narrow particle size
distribution. Consequently, resultant engineered geopolymeric particles processed by spray
drying will have a narrow particle size distribution and consistent properties for subsequent
use. Particles according to certain preferred embodiments of the present invention may have
open or closed porosity after thermal spraying and hardening.

[0080] It is further possible to spray the geopolymer in a controlled atmosphere chamber to
facilitate hardening and shaping of the droplets. The chamber atmosphere may be rich in a
gas or vapor that catalyzes polymerization. For example, a chamber atmosphere may be rich
in CO,, or steam.

{0081] According to another method of the present invention, multiple geopolymeric
compounds, or a geopolymeric compound and other materials are co-sprayed to form
multilayer composite particles. This may be achieved by viscous encapsulation or elastic
layer rearrangement to form sealed skin hollow, porous or solid particles. The co-spraying
materials prefersbly have different viscosities. In one preferred embodiment, the viscous
geopolymer that contains the blowing agent forms the porous core surrounded by a solid
cladding of a second geopolymer. The second geopolymer has preferably a lower viscosity
than the core geopolymer to promote an even exterior layer.

[0082] In one preferred embodiment, the second phase involves blowing/spinning/drawing
the geopolymeric: precursor of the first phase into fibers or process the precursor to make
flakes. The fiber strands may be continuous or chopped. Standard fiber forming techniques
may be used to manufacture geopolymeric fibers. The formation mechanism according to the
preferred method of the present invention is again by rapid drying, and polymerization of the
viscous geopolymeric compounds. In one embodiment, the viscous geopolymer is spun to

form short fibers. In another embodiment, the fibers are formed by blowing compressed air
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against a stream of viscous geopolymer liquid in a conventional fiber blowing equipment used
routinely in the glass fiber industry. The fiber dimensions and aspect ratio may be fully
controlled for any specific application. ‘

[0083] In one preferred embodiment, the second phase involves forming a light weight
shaped article :from the precursor material formulation of the first phase by any suitable
techniques. The precursor material preferably comprises at least a blowing agent. In one
preferred embocliment, phase two of the method involves pouring the precursor material of the
first phase into a mold, then air dried or oven dried to form the shaped article. In another
preferred embodiment, the precursor material is cured then cut to desired shape and size to
form the shaped article. In another preferred embodiment, both phases are carried out
simultaneously using suitable techniques known to one of ordinary skill in the art, for example
using a screw extruder, with optional heating. The novel use of a blowing agent with one or
more geopolymeric compounds promotes formation of voids, pore network and/or foam-like
structure, advaniageously reduces the apparent density of the resulted articles. The light
weight geopolymeric shaped articles may be of various forms, such as, but not limited to,
panel, board, plank, post, pipe, container, fire-proof safe, filing cabinets, and exterior shells
for vehicles or air planes.

[0084] To produce geopolymeric fibers, it is preferable that the precursor material is
prepared in the form of a slurry or paste suitable for producing stable jet length. It has been
found that the condition of the stable jet length for conventional fibers also applied to the
formation of geopolymeric fibers. Known theory of stable jet length for conventional fiber
formation is given by a combination of Weber number and Reynolds number, which are
characterized by the jet velocity, diameter, slurry density, viscosity, and surface tension. A
precursor in the form of a slurry is formulated to have a desired density, viscosity and surface
tension to produc: a selected stable jet length condition. For instance, additional fillers, such
as ground fly ash, may be added to alter the slurry density and viscosity. A surfactant or
different fluid may be added to the slurry to change the slurry surface tension and viscosity. It
is preferable that the precursor slurry for making geopolymeric fibers have the Reynolds
number of lower than about 1500, more preferably lower than about 1000, and most

preferably lower than about 800.
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[0085] Hollow geopolymeric fibers may be formed by a precision nozzle in which the
ingredients are mixed together at the point at which they leave the nozzle. One phenomenon
that can be utilized in fiber drawing involves the imbalance between the pressure distribution
in a spinning fluid and the stationary base plate. The fluid next to the base is stationary and
therefore the centrifugally-derived pressure gradient is not balanced by the motion; therefore,
heavy particulates move towards the centre of the base plate. This concentrates the solids and
brings them close together, allowing the reaction to take place.

[0086] Another nozzle design that can be used for forming geopolymeric fibers as shown in
FIGURE 1. The nozzle design as shown injects the precursor slurry through a die surrounding
an air injection, thus forming a round hollow fiber. FIGUR.ES.Z and 3 show some examples
of fibers formed from a nozzle design of FIGURE 1.

[0087] Of particular note, geopolymeric formulations as disclosed and manufactured herein
may result in the formation of a geopolymeric flake. As used herein, unless otherwise noted, a
flake is also a particle that has a breadth and a uniform thickness to a some extend, wherein
the breadth is substantially larger than the thickness. In many embodiments, a flake has an
irregular outer profile in plan view.

[0088] Flakes may be prepared, for example, by forming a thin geopolymeric sheet and then
dividing the sheet into smaller particles. One method of forming a geopolymeric sheet is by
delivering a geopolymeric precursor through counter-rotating rollers. The process may be
subjected to heat to enhance the geopolymerization reaction. In one preferred embodiment,
the methods described above produce a geopolymeric sheet and resultant flakes having a
cross-sectional dimension corresponding to the spacing of the rollers, which in some cases,
may be on the orcer of about 1-3 um.

[0089] Another suitable method involves extruding the geopolymeric precursor through an
appropriately sized die, using a suitable temperature and atmosphere for geopolymerization.
By such methods, the thickness of the geopolymeric end-product is determined by the spacing
of the rollers or by the geometry of the die. According to such methods of producing
geopolymeric flakes, the thickness of the flakes may be infinitely varied and any desired value
to suit the final use requirements for the flakes. Many uses for flakes typically require a

thickness of less than about 1000 um. As such, flakes are generally produced having a
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thickness of less than about 1000 um, and in other embodiments, the thickness is less than
about 500 um, 2250 pm, 100 pm, 50 pm, 20 pum, 10 pm, S pm, 2 pm, and 1 pm.

[0090] In yer another method for producing geopolymeric flakes, a slurry of the
geopolymeric precursor is sprayed into the air. For example, the slurry may be sprayed
through an appropriately shaped nozzle that forms geopolymeric flakes into a suitable shape.
[0091] Geopolymeric flakes produced according to any suitable methods described herein
may be further processed to result in a desired dimension by one or more crushing techniques,
such as ball milling, for example (or other suitable processes); the technique generally
designed to reduce the geopolymeric flake to a smaller size. In one specific embodiment,
flakes are processed to have a breadth of between about 10 and 10,000 pm and a thickness of
between about 1 to 10 pm.

[0092] According to still another method of producing geopolymeric flakes, geopolymeric
particles or spheres are produced (as described elsewhere herein) and the resulting particles or
spheres are crushed or otherwise fractured to result in semi-spherical flakes. Semi-spherical
flakes will naturally have a curvature in one or more directions; notwithstanding, the flakes
may be dimensioned such that the flakes exhibit a desired functional or aesthetic
characteristics. ‘One approach to simulating a planar flake (such as those produced from a
large flat sheet of’ geopolymeric) is to reduce the breadth of the flake to a small size relative to
the starting sphere diameter. As the ratio of flake breadth to sphere diameter approaches zero,
the flakes approach a planar geometry.

[0093] In one preferred embodiment, a sphere having a diameter of between about 30 and
1000 pm is fractured to produce flakes having a breadth of between about 5 and 200 pum in
size. The thickness of the resulting flakes is dependent upon the wall thickness of the sphere,
and in many embodiments, the thickness of the resulting flakes may be on the order of about
0.5 um to about 10 pm.

[0094]) Several methods for manufacturing flakes from materials such as organic polymers
and glass are taught in the relevant literature, some of which are suitable for including herein.
The unique geopolymeric formulations and control of geopolymerization reaction as disclosed
herein are then included to provide unique geopolymeric flakes.

[0095] Example 1.
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[0096] In a first example, a precursor is formulated to have a predetermined curing time for
a given intended process condition. All precursors in this example were formulated from
Metakaolin clay, sodium hydroxide, sodium silicate and water, but provided in different
proportions, using different proécssing temperatures, and/or with different curing times.

[0097] At least four geopolymeric precursor formulations were prepared, each by mixing 15
g of sodium hydroxide pellets with 32.5 g of liquid PQ Corporation N-type sodium silicate,
followed by the addition of water to form a mixture. The amount of water for each
formulation is shown in TABLE 1. Heat was generated due to the exothermic reaction of
sodium hydroxide with water. The mixtures were then cooled to a given temperature, as
shown in TAELE 1, and followed by the addition of 40 g of metakaolin clay. The
composition of the clay, as determined by XRF, is shown in TABLE 2. Each formulation had
a different cure time, as shown in TABLE 3.

[0098] TABLE 1. Formulations 1A to 1D (in grams)

Formulation Sodium Sodium Water Temperature of Metakaolin
Hydroxide Silicate (mL) Alkali silicate, when (2)
(8 | (N-type) (g) added (°C)
A 15 325 10 100 40
B 15 325 25 75 40
C 15 32.5 25 25 40
D 15 32,5 50 25 40

[0099] TABLI: 2. Composition of metakaolin clay
Si0; | ALO | Fe,03 | CaO | MgO | Na;O | K0 | LOI

3
552.2 1414 |00.5 |00.1|00.3 |00.01]10.7|30.8

[00100] TABLE 3. Cure time (in minutes)
Formulation A B C D
Cure time (minutes) 2 4 30 60

[00101] As shown above, B and C both have the same formulation but different temperatures
when metakaolin was added, which resulted in different curing time. Samples C and D, on

the other hand, had the same temperature when metakaolin was added, but different amdunts
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of water in the formulation, resulting in different curing time. Therefore, as illustrated in this
example, both the formulation and process parameters were manipulated to achieve a
predetermined curing time.

[00102] Example 2.

[00103]) This example illustrates a method of making substantially spherical geopolymeric
particles. A precursor was made by mixing 150 g of sodium hydroxide pellets with 325 g of
liquid PQ Corporation N-type sodium silicate, followed by the addition of 400 g of water to
form a mixture. Heat was generated due to the exothermic reaction of sodium hydroxide with
water. The mixture was cooled to 25 °C and then added with 400 g of metakaolin clay. The
mixture was thoroughly mixed using a mechanical mixer. The precursor mixture was in a
slurry form and atomized into discrete droplet particles in a spray dryer. The applied heat in
the spray dryer evaporated the excess water and activated polymerization and hardening. The
droplet particles were converted to dried geopolymeric spherical and near round particles.
The resulting geopolymeric particles are shown in FIGURE 4. The resulting geopolymeric
particles were found to have excellent properties, including flowability, strength, and
durability, and hence perform as an excellent reinforcement filler.

[00104] Furthermore, and surprisingly, it was noted that few of the particles contained
rounded voids in their structure, for example as shown in FIGURE 5. The rounded shape of
the void suggested that a gas volume was created or increased, and then restrained and
retained by the hardening action. Without being bound by theory, it may be speculated that
chemically-bound water was released due to heat and formed vapor spaces, that were retained
as rounded void spaces in the formed particles. As such, this example further indicates that a
geopolymeric precursor may be engineered to incorporate one or more blowing agents to form
light weight gecpolymeric particles with specified degrees of hollowness or foam-like
structures.

[00105] Example 3.

[00106] In this example 4 g of zinc metal powder was deliberately incorporated as a blowing
agent into the precursor formulation of Example 1. As a blowing agent, zinc metal powder
autogenously reacts with water, releasing hydrogen gas. Following the same method of

making of Examrgle 1, the resulting product was light weight geopolymeric microspheres, in
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which most of the spheres contained rounded voids inside them. A representative example of
the geopolymeric end-product of this example is shown in FIGURE 6.

[00107] Example 4.

[00108] This example illustrates a method of making geopolymeric particles having a foam-
like structure using aluminum metal powder as a blowing agent. A precursor was prepared by
mixing 15 g of sodium hydroxide pellets with 32.5 g of liquid N-type sodium silicate followed
by the addition of 25 g of water to form a mixture. Heat was generated due to the exothermic
reaction of sodinm hydroxide with water. This mixture was cooled to 25 °C, then added with
40 g of metakaolin clay and thoroughly mixed using a mechanical mixer. The blowing agent,
0.4 g aluminum metal powders, was then added to the precursor mixture S minutes after the
addition of the alkali silicate. The aluminum powder reacted vigorously and exothermically
with water, releasing heat and hydrogen gas. The mixture, therefore, showed a bubbling
behavior as if boiling because some of the hydrogen gas was breaking through and escaping
from the mixturz’s free surface. Polymerization and hardening occurred autogenously due to
the released heat, without additional applied heat. After hardening, the precursor mixture had
converted to light weight geopolymeric particles and aggregates, the particles and aggregates
having a foam-like structure. The aluminum powder, being highly reactive with water,
generated hydrogen gas so vigorously that the precursor, while hardening, was broken up into
aggregates, small pieces and discrete fine particles. An example of a resulting foam-like
structure and particles as shown in FIGURE 7 and FIGURE 8, respectively.

[00109] Example S.

[00110] This example illustrates a method of making light weight geopolymeric shaped
articles with voids therein. The same precursor formulation as described in Example 3 was
used, except that 0.4 g of zinc metal was used as a blowing agent instead of the aluminum
powder. The precursor mixture was placed in a mold and left to harden autogenously. In this
example, the zinc powder reaction with water less vigorously than that of the aluminum
powder in Example 3. As such, the precursor material was not broken up into pieces but
formed an article of the desired shape as configured by the mold. The article was light weight

since it containec multiple micro-voids throughout its structure; the voids primarily due to the
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release of the hydrogen gas. The voids-containing structure of the shaped article is as shown
in FIGURE 9.

(00111] Example 6.

[00112] This example illustrates a method of making geopolymeric hollow microspheres
using a spray dryer. The formulation consists of 29.65 wt.% of metakaolin clay, 4.27 wt.% N-
type sodium silicate, 5.24 wt.% D-type sodium silicate, 8.50wt.% SHP (sodium
hexametaphosphate), 5.58 wt.% sodium hydroxide, 1.19 wt.% aluminum powder, 18.00% of
sodium hydroxide. The formulation is added to water to form a slurry with a solids content of
27.3 wt.%. The slurry was then spray dried by atomizing nozzle in a spray dryer. The spray
dryer had an inlst air temperature of 500 °C and outlet air temperature of 270 °C. The end-
product collected from the spray dryer was examined using optical image and SEM, an
example of which is depicted in FIGURES 10 and 11. As may be seen from the figure, the
geopolymeric particles are in the configuration of hollow microsphere. FTIR spectra of
metakaolin and the end-product were obtained, showing significant transformation from the
raw material to a geopolymeric containing particle.

[00113] The geopolymeric particles as microspheres formed from this example were
incorporated intc a fiber cement formulation containing essentially silica sand, cement, fiber
and water to form a fiber cement pad. The pad was formed in a mold and subjected to an
autoclaving condition similar to that used in forming fiber cement building products to allow
cement hydration, curing, setting and hardening. The pad was examined under SEM as
depicted in FIGURE 12. FIGURE 12 shows that the geopolymeric microspheres survived the
autoclave condition, showing substantially intact hollow spherical configuration within the
fiber cement matrix.

[00114] There are many advantages associated with the novel use of geopolymers instead of
glass, conventional ceramics, and polymers to manufacture particles and fibers. One such
advantage is to eliminate melting and high temperature processing associated with melting
and subsequent forming methods. Another advantage is that geopolymeric products as
described herein, not only have excellent strength, but are able to withstand high service
temperatures, for example greater than 600 °C, whether in air or reducing or in an oxidizing

atmosphere, and without significant degradation, which is unlike polymers, graphite and most
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commercial glasses. As a result, geopolymeric products as provided herein are excellent for
fire proofing uses as well as providing chemically stability, strength, high versatility and
economic advartages for production and incorporation into other products.

[00115] Additional objects, advantages and novel features of the invention as set forth in the
description, will be apparent to one skilled in the art after reading the foregoing detailed
description or may be learned by practice of the invention. The objects and advantages of the
invention may be realized and attained by means of instruments and combinations described

and particularly pointed out here.
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CLAIMS

1. A shaped geopolymeric particle having a predetermined configuration, comprising a
geopolymer functional building block, wherein the geopolymer functional building block is
derived from geopolymerization of a preselected precursor formulation comprising an
amorphous silicate, an alkali activator, and a rheology modifier, wherein the geopolymerization
of the precursor formulation occurs at a non-elevated temperature of between about 50 and
600°F such that the non-elevated temperature in conjunction with the preselected precursor
formulation modify the viscoelastic behaviour of the precursor formulation so that the rate of
geopolymerization can be controlled to provide sufficient time for shaping the geopolymer
particle into the predetermined configuration.

2. A shaped geopolymeric particle comprising a geopolymer, wherein the shaped geopolymeric
particle has one or more voids therein, wherein the shaped geopolymer particle is derived from
geopolymerization of a precursor formulation comprising an aluminosilicate source, an alkali
source, and a blowing agent, wherein the precursor formulation has a preselected viscosity so
that the configuration of the shaped geopolymeric particle can be controlled during
geopolymerization.

3. A shaped geopolymeric particle comprising a geopolymer, wherein the shaped geopolymeric
particle has a density of less than about 1.00g/cc and a preselected configuration, wherein the
geopolymer is derived from a precursor formulation comprising an aluminosilicate or
aluminophosphate source, an alkali source, and a cement, said precursor formulation having a
viscoelastic region adapted to allow formation of the preselected configuration in the shaped
geopolymeric particle.

4. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shaped

geopolymeric particle has an average cross-sectional diameter of 300 microns or less.

5. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the overall

dimension of the shaped geopolymeric particle is greater than about 0.1 um.

6. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein a surface of
the shaped geopolymeric particle is selected from the group consisting of substantially smooth,

substantially rough, spiked, porous and varying combinations thereof.

7. A shaped geopolymeric particle according to claim 1 or claim 2, wherein the shaped

geopolymeric particle has a density of less than about 2.0 g/cc.
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8. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the amount of
the geopolymer is at least about or greater than 5% by weight of the shaped geopolymeric
particle.

9. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shaped
geopolymeric particle further comprise one or more additives.

10. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shaped
geopolymeric particle is hollow.

11. The shaped geopolymeric particle according to claim 1 or claim 3, wherein the shaped

geopolymeric particle has one or more voids therein.

12. A shaped geopolymeric particle according to claim 2 or claim 11, wherein the shaped

geopolymeric particle has one or more voids on a surface.

13. A shaped geopolymeric particle according to claim 2 or claim 11, wherein the one or more
voids provide a structure selected from the group consisting of hollow, porous, foam-like and
varying combinations thereof.

14. A shaped geopolymeric particle according to any one of claims 2 and 10 to 13, wherein the
shaped geopolymeric particle has a density of between 0.25g/cc to 0.35g/cc.

15. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shaped
geopolymeric particle has a wall thickness between about 0.1 to 45% of an average cross-
sectional diameter of the shaped geopolymeric particle. '

16. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the particle
is a flake.

17. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shape is
selected from the group consisting of substantially round, donut-shaped, oval, elongated,
tubular, square, polygonal, substantially flat and varying combinations thereof.

18. A shaped geopolymeric particle according to claim 1 or claim 2, wherein the shaped

geopolymeric particle is multi-layered.

19. A shaped geopolymeric particle according to claim 3, wherein a surface of the shaped

geopolymeric particle is multi-layered.
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20. A shaped geopolymeric particle according to any one of claims 1 to 3, wherein the shaped

geopolymeric particle is incorporated into one or more composite articles.

21. A shaped geopolymeric particle according to claim 1, wherein the shape is provided in a
mold.

22. A shaped geopolymeric fiber incorporating a geopolymer such that the geopolymer is a
functional building block of the shaped geopolymeric fiber, wherein the geopolymer is derived
from geopolymerization of a selected precursor formulation comprising an aluminosilicate
source and an alkali source, wherein the precursor formulation has a preselected viscosity so

that the configuration of the geopolymer can be controlled during geopolymerization.

23. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
has an average cross-sectional diameter of 300 microns or less.

24. A shaped geopolymeric fiber according to claim 22, wherein the overall dimension of the

shaped geopolymeric fiber is greater than about 0.1 um.

25. A shaped geopolymeric fiber according to claim 422, wherein a surface of the shaped
geopolymeric fiber is selected from the group consisting of substantially smooth, substantially

rough, spiked, porous and varying combinations thereof.

26. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
has a density of less than about 2.0 g/cc.

27. A shaped geopolymeric fiber according to claim 22, wherein the amount of the geopolymer
is at least about or greater than 5% by weight of the shaped geopolymeric particle.

28. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
further comprise additives.

29. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
is hollow.

30. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
has one or more voids therein.

31. A shaped geopolymeric fiber according to claim 30, wherein the one or more voids provide
a structure selected from the group consisting of hollow, porous, foam-like and varying
combinations thereof.
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32. A shaped geopolymeric fibre according to any one of claims 29 to 31, wherein the shaped
geopolymeric fibre has a density of between 0.25g/cc to 0.35g/cc.

33. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
has a wall thickness between about 0.1 to 45% of an average cross-sectional diameter of the
shaped geopolymeric fiber.

34. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
is chopped.

35. A shaped geopolymeric fiber according to claim 22, wherein the cross-sectional shape is
selected from the group consisting of substantially round, donut-shaped, oval, elongated,

tubular, square, polygonal, substantially flat and varying combinations thereof.
36. A shaped geopolymeric fiber according to claim 22, wherein the fiber is multi-layered.

37. A shaped geopolymeric fiber according to claim 22, wherein the shaped geopolymeric fiber
is incorporated into one or more composite articles.

38. A shaped geopolymeric particle or a shaped geopolymeric fiber substantially as herein
described with reference to any one of the embodiments of the invention illustrated in the
accompanying drawings and/or examples.
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FIG. 8

FIG. 7
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