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METHOD FOR MAKING FLY ASH

TECHNICAL FIELD

The present invention generally relates to a method for making fly ash comprising
combusting fuel in the presence of a mineral additive, wherein the mineral additive
comprises at least one silicate, for example at least one aluminosilicate. The present
invention further relates to the fly ash produced by said methods, and the use of the fly
ash produced by said methods as a pozzolan, for example in cementitious

compositions such as Portland cement and concrete.

BACKGROUND OF THE INVENTION

Fly ash is one of the residues made during combustion of fuel (e.g. coal, biofuel) and
comprises the generally spherical and glassy fine particles that rise with the flue gases.
This is in contrast to ash that does not rise with the flue gases, for example ash with
larger particle sizes, which is known as bottom ash. The exact composition of fly ash
varies depending on the particular fuel used and method of combustion, but generally
fly ash comprises silica (SiO,), alumina (Al,O3) and calcium oxide (CaO), all of which
may be present in amorphous and/or crystalline forms. The fly ash may also comprise
one or more of iron oxide (e.g. Fe,0Os), magnesium oxide (MgQO), potassium oxide
(K20), sodium oxide (Na,O) and sulphur trioxide (SO3).

It is generally desirable to capture fly ash before it is released into the atmosphere in
order to reduce pollution. The captured fly ash may be used for numerous applications,
for example in cement, concrete, road construction and filling, underground mining and
waste stabilisation. The composition and properties of the fly ash may be affected by

changing the method by which the fly ash is made.

It is an object of the present invention to provide alternative and/or improved methods
of making fly ash, which may provide alternative and/or improved fly ash, which has a
desirable composition and desirable properties. For example, it is an object of the
present invention to provide methods of making fly ash which produce a fly ash that
has an increased pozzolanic activity and/or a decreased loss-on-ignition (LOI). It is a

1
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further object of the present invention to provide a fly ash that is particularly suitable for
use in cementitious compositions such as cement (e.g. blended cement or Portland

cement) and concrete.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention, there is provided a method of
making fly ash, the method comprising combusting fuel in the presence of a mineral

additive, wherein the mineral additive comprises at least one silicate.

The method may increase the pozzolanic activity of the fly ash and thus may be a
method of increasing the pozzolanic activity of fly ash. The fly ash may, for example,
have a pozzolanic activity that is at least about 5% greater than the pozzolanic activity

of a fly ash made by the same method in the absence of the mineral additive.

The method may decrease the loss-on-ignition (LOI) of the fly ash and thus may be a
method of decreasing the LOI of fly ash. The fly ash may, for example, have a LOI that
is at least about 5% less than the LOI of a fly ash made by the same method in the

absence of the mineral additive.

The method may increase the strength activity index of the fly ash in concrete and thus
may be a method of increasing the strength activity index of the fly ash in concrete. The
fly ash may, for example, have a strength activity index that is at least about 5%
greater than the strength activity index of a fly ash made by the same method in the

absence of the mineral additive.

Thus, in accordance with a further aspect of the present invention, there is provided a
use of a mineral additive comprising at least one silicate to increase the pozzolanic
activity of fly ash and/or to increase the strength activity index of fly ash and/or to
decrease the LOI of fly ash. For example, the mineral additive may be used to increase
the pozzolanic activity of the fly ash and/or to increase the strength activity index of the
fly ash and/or to decrease the LOI of the fly ash by combusting fuel in the presence of

the mineral additive.
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The fly ash “made by the same method in the absence of the mineral additive” may not
meet one or more of the standard requirements for use in concrete (e.g. one or more of
the standard requirements set out in ASTM C618 or EN 450-1:2012, such as the
strength activity index, amount of reactive silica in the amorphous phase, Ca(OH),
demand and/or LOI). The use of a mineral additive comprising at least one silicate as
described herein may, for example, improve one or more of the properties of the fly
ash. The use of a mineral additive comprising at least one silicate as described herein
may, for example, improve one or more of the properties of the fly ash such that one or
more of the standard requirements for use in concrete is/are met. For example, the use
of a mineral additive comprising at least one silicate as described herein may increase
the pozzolanic activity of the fly ash and/or increase the strength activity index of the fly
ash and/or decrease the LOI of the fly ash such that the fly ash meets one or more of
these standard requirements for use in concrete (e.g. the standard requirements set
out in ASTM C618 — 12a or EN 450-1:2012). For example, the use of a mineral additive
comprising at least one silicate as described herein may improve one or more of the
properties of the fly ash such that all of the standard requirements for use in concrete
(e.g. all of the standard requirements set out in ASTM C618 — 12a or EN 450-1:2012)

" are met.

The fly ash “made by the same method in the absence of the mineral additive” may
meet one or more of the requirements for use in concrete (e.g. the standard
requirements set out in ASTM C618 — 12a or EN 450-1:2012, such as the strength
activity index, amount of reactive silica in the amorphous phase, Ca(OH), demand
and/or LOI). The use of a mineral additive comprising at least one silicate as described
herein may, for example, improve the values of these one or more requirements (i.e. in
comparison to the fly ash “made by the same method in the absence of the mineral
additive”).

In accordance with a second aspect of the present invention, there is provided a fly

-ash. The fly ash may, for example, be a fly ash with an increased pozzolanic activity

and/or an increased strength activity index and/or a decreased LOI. The fly ash may,
for example, be obtained by or obtainable by the method of the first aspect of the

present invention.
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In accordance with a third aspect of the present invention, there is provided the use of
a fly ash as a pozzolan. The fly ash may, for example, be a fly ash of the second

aspect of the present invention.

In accordance with a fourth aspect of the present invention, there is provided a
cementitious composition comprising fly ash according to the second aspect of the

present invention.

In accordance with a fifth aspect of the present invention, there is provided a method of
making a cementitious composition comprising obtaining a fly ash made by a method
of the invention (e.g. by making a fly ash by a method of the invention) and

incorporating the fly ash into a cementitious composition.

In certain embodiments of any aspect of the present invention, the fly ash has a

—

abou

—

pozzolanic activity that is at least about 5%, or at least about 10%, or at leas
20% greater than the pozzolanic activity of a fly ash made by the same method in the

absence of the mineral additive.

The pozzolanic activity of the fly ash may, for example, be determined by the amount of
amorphous (glassy) content in the fly ash and/or the amount of available/reactive silica

in the amorphous phase of the fly ash and/or by the Ca(OH), demand of the fly ash.

In certain embodiments of any aspect of the present invention, the fly ash has an
amorphous content (glassy content) that is at least about 5% greater than the
amorphous content of a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may have an amorphous content that is at
least about 10% greater, or at least about 15% greater than the amorphous content of

a fly ash made by the same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has an

amorphous content that is up to about 50% greater than the amorphous content of a fly

ash made by the same method in the absence of the mineral additive. For example, the

fly ash may have an amorphous content that is up to about 40% greater, or up to about

35% greater, or up to about 30% greater, or up to about 10% greater than the
4
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amorphous content of a fly ash made by the same method in the absence of the

mineral additive.

In certain embodiments of any aspect of the present invention, the absolute value of
the amorphous content of the fly ash increases by an absolute value ranging from
about 1 wt% to about 95 wt%, for example from about 10 wt% to about 75 wt%, for
example from about 10 wt% to about 50 wt% in comparison to a fly ash made by the

same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has an
amorphous content ranging from about 5 wt% to about 95 wt%, for example ranging
from about 10 wt% or about 20 wt% or about 40 wt% or about 50 wt% to about 90 wt%
or about 75 wt% or about 60 wi%.

In certain embodiments of any aspect of the present invention, the fly ash comprises at
least about 5% more available silica in the amorphous phase than a fly ash made by
the same method in the absence of the mineral additive. For example, the fly ash may
comprise at least about 6% more, or at least about 7% more, or at least about 10%
more available silica in the amorphous phase than a fly ash made by the same method

in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash comprises up
to about 100% more available silica in the amorphous phase than a fly ash made by
the same method in the absence of the mineral additive. For example, the fly ash may
comprise up to about 90%, or up to about 80%, or up to about 70%, or up to about
50%, or up to about 20% more available silica in the amorphous phase than a fly ash

made by the same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the absolute value of
available silica in the amorphous phase of the fly ash increases by an absolute value
ranging from about 1 wt% to about 75 wt%, for example from about 25 wt% to about 65
wit%, for example from about 25 wt% to about 55 wt% in comparison to a fly ash made

by the same method in the absence of the mineral additive.
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In certain embodiments of any aspect of the present invention, the fly ash comprises
from about 1 wt% to about 100 wt% available silica in the amorphous phase. For
example, the fly ash may comprise from about 25 wt% to about 95 wt%, for example

from about 50 wt% to about 80 wt% available silica in the amorphous phase.

In certain embodiments of any aspect of the present invention, the fly ash has a
Ca(OH), demand that is at least about 5% greater than the Ca(OH), demand of a fly
ash made by the same method in the absence of the mineral additive. For example, the
fly ash may have a Ca(OH), demand that is at least about 10% greater, or at least
about 15% greater, or at least about 20% greater than the Ca(OH), demand of a fly

ash made by the same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has a
Ca(OH), demand that is up to about 800% greater than the Ca(OH), demand of a fly
ash made by the same method in the absence of the mineral additive. For example, the
fly ash may have a Ca(OH), demand that is up to about 400% greater, or up to about
315% greater, or up to about 300% greater, or up to about 100% greater, or up to
about 80% greater, or up to about 60% greater than the Ca(OH), demand of a fly ash

made by the same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the absolute value of
the Ca(OH), demand of the fly ash increases by an absolute value ranging from about
1 to about 1300 mg Ca(OH), per gram of fly ash. For example, the absolute value of
the Ca(OH), demand of the fly ash may increase by an absolute value ranging from
about 650 to about 1300 mg Ca(OH), per gram of fly ash, for example an absolute
value ranging from about 250 to about 650 mg Ca(OH), per gram of fly ash, in
comparison to a fly ash made by the same method in the absence of the mineral

additive.

In certain embodiments of any aspect of the present invention, the fly ash has a
Ca(OH), demand ranging from about 650 to about 1400 mg Ca(OH), per gram of the
fly ash. For example, the fly ash may have a Ca(OH), demand ranging from about 660
to about 1000, for example from about 900 to about 1400 mg Ca(OH), per gram of fly
ash.
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In certain embodiments of any aspect of the present invention, the fly ash has a
strength activity index in concrete that is at least about 5% greater than the strength
activity index in concrete of a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may have a strength activity index in cement
and/or concrete that is at least about 6% greater, or 7% greater, or 8% greater, or 10%
greater than the strength activity index in concrete of fly ash made by the same method

in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has a
strength activity index in concrete that is up to about 80% greater than the strength
activity index of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may have a strength activity index that is up to about
70% greater, for example up to about 50% greater, for example up to about 20%
greater, for example up to about 15% greater than the strength activity index of a fly

ash made by the same method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the absolute value of
the strength activity index of the fly ash in concrete increases by an absolute value
ranging from about 1 to about 80. For example the strength activity index of the fly ash
in concrete may increase by an absolute value ranging from about 10 to about 55, for
example from about 25 to about 80 in comparison to a fly ash made by the same

method in the absence of the mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has a
strength activity index in concrete ranging from about 75 to about 150, for example

from about 75 to about 130, for example from about 75 to about 100.

In certain embodiments of any aspect of the present invention, the fly ash has a loss-
on-ignition (LOI) that is at least about 5% less than the LOI of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may
have a LOI that is at least about 15% less, or at least about 25% less, or at least about
35% less than the LOI of a fly ash made by the same method in the absence of the

mineral additive.
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In certain embodiments of any aspect of the present invention, the fly ash has a loss-
on-ignition (LOI) that is up to about 100% less than the LOI of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may
have a LOI that is up to about 99%, for example up to about 90%, for example up to
about 75%, for example up to about 50%, for example up to about 40%, for example up
to about 30% less than the LOI of a fly ash made by the same method in the absence

of the mineral additive.

In certain embodiments of any aspect of the present invention, the absolute value of
the LOI of the fly ash decreases by an absolute value ranging from about 0.01% to
about 30%, for example from about 5% to about 6.99%, for example from about 23% to
about 30% in comparison to a fly ash made by the same method in the absence of a

mineral additive.

In certain embodiments of any aspect of the present invention, the fly ash has a LOIl
ranging from about 0.01% to about 9%, for example from about 0.01% to about 7%, for

example from about 0.01% to about 4%, for example from about 0.01% to about 2%.

In certain embodiments of any aspect of the present invention, the fly ash has a molar

base/acid ratio of less than 1. For example, the fly ash may be a coal ash.

In certain embodiments of any aspect of the present invention, the fly ash has a molar

base/acid ratio of greater than 1. For example, the fly ash may be woodpellets ash.

In certain embodiments of any aspect of the present invention, the at least one silicate
may be selected from quartz, tridymite, cristobalite, coesite, stishovite, lechatelierite,

chalcedony, diatomite (e.g. opal) and aluminosilicates.

In certain embodiments of any aspect of the present invention, the at least one silicate
is an aluminosilicate. The aluminosilicate may, for example, be selected from the group
consisting of kaolin (e.g. hydrous kaolin or calcined kaolin), halloysite, ball clay, lump
clay, bauxite clay, calcined clay, smectite, bentonite, clayey marl, marl, calcerous marl,
andalusite, kyanite, sillimanite, perlite, mica, chlorite, attapulgite or palygorskite and

pyrophyllite.
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In certain embodiments of any aspect of the present invention, the amount of dry
silicate added to the wet fuel relative to the amount of ash in the dry fuel at 550°C

ranges from about 0.01 to about 10.

In certain embodiments of any aspect of the present invention, the mineral additive
further comprises an alkaline earth metal-containing mineral. For example, the mineral
additive may further comprise a magnesium-containing mineral or a calcium-containing

mineral.

In certain embodiments of any aspect of the present invention, the mineral additive
further comprises one or more of calcium carbonate (e.g. GCC or PCC), limestone,
marble, chalk, dolomite, aragonitic sand, sea shells, coral, cement kiln dust, taic,
brucite, magnesium carbonate, a magnesium carbonate-containing mineral and a

calcium carbonate-containing mineral.

In certain embodiments of any aspect of the present invention, the mineral additive
further comprises a high surface area silicate mineral. For example, the mineral

additive may further comprise diatomaceous earth.

In certain embodiments of any aspect of the present invention, the mineral additive
comprises from about 15 wt% to about 100 wt% silicate. For example, the mineral
additive may comprise from about 15 wt% or from about 20 wi% or from about 40 wi%
to about 100 wt% silicate. For example, the mineral additive may comprise from about
15 wt% or from about 20 wt% or from about 40 wt% to about 85 wt% silicate. For
example, the mineral additive may comprise from about 40 wi% to about 100 wt%

silicate.

In certain embodiments of any aspect of the present invention, the mineral additive
comprises from about 0 wt% to about 100 wt% aluminosilicate. For example, the
mineral additive may comprise from about 15 wi% or from about 20 wi% or from about
40 wt% to about 100 wt% aluminosilicate. For example, the mineral additive may
comprise from about 15 wt% or from about 20 wt% or from about 40 wt% to about 85
wt% aluminosilicate. For example, the mineral additive may comprise from about 40

wt% to about 100 wt% aluminosilicate.
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In certain embodiments of any aspect of the present invention, the fuel comprises one
or more of coal, petroleum coke, lignite, biofuel (e.g. biofuel derived from biomass such
as wheat straw, wood pellets, straw pellets, peat, lignocellulose, waste biomass such
as bagasse, wheat stalks, corn stalks, oat stalks and/or energy biomass such as
grasses of the Miscanthus genus), refuse-derived fuel (e.g. municipal solid waste,

commercial waste, industrial waste, biomass waste and animal waste).

In certain embodiments of any aspect of the present invention, the method of making
fly ash is carried out in a fossil fuel power plant. In certain embodiments, the method of
making fly ash is carried out in a biomass power plant. In certain embodiments, the

method of making fly ash is carried out in a waste-to-energy power plant.

In certain embodiments of any aspect of the present invention, the method of making
fly ash is carried out using one or more of a pulverized-fuel unit, grate-firing unit,

fluidized bed unit (circulating and/or bubbling) and a gasifier.

In certain embodiments of any aspect of the present invention, the mineral additive is
combined with the fuel prior to and/or during combustion. In certain embodiments, the

mineral additive is added over the firing zone.

In certain embodiments of any aspect of the present invention, the combustion is

carried out at a temperature of from about 200°C to about 2300°C.

In certain embodiments of any aspect of the present invention, the combustion is

carried out for a period of time ranging from about 0.1 seconds to about 24 hours.

in certain embodiments of any aspect of the present invention, the fly ash is

incorporated into a cementitious composition.
In certain embodiments of any aspect of the present invention, the cementitious

composition may be Portland cement. In certain embodiments of any aspect of the

present invention, the cementitious composition may be a blended cement.

10
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In certain embodiments of any aspect of the present invention, the cementitious

composition may be concrete.

Certain embodiments of any aspect of the present invention, may provide one or more

of the following advantages:

e Fly ash with increased pozzolanic activity;

e Fly ash with an increased amount of amorphous (glassy) phase;

¢ Fly ash with an increased amount of available silica in the amorphous phase;

e Fly ash with an increased Ca(OH), demand;

¢ Fly ash with a decreased loss-on-ignition (LOI);

¢ Fly ash with a decreased amount of unburnt carbon;

e Fly ash with an increased strength activity index in concrete;

e Fly ash that meets the standard requirements of ASTM C618 — 12a and/or EN
450-1:2012;

e Cementitious compositions (e.g. cement or concrete) with increased strength
(e.g. increased strength activity index);

¢ Cementitious compositions (e.g. cement or concrete) with reduced permeability;
Cementitious compositions (e.g. concrete) with improved resistance to chemical

and/or thermal stress.

The details, examples and preferences provided in relation to any particular one or
more of the stated aspects of the present invention apply equally to all aspects of the
present invention. Any combination of the embodiments, examples and preferences
described herein in all possible variations thereof is encompassed by the present
invention unless otherwise indicated herein, or otherwise clearly contradicted by

context.

11
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DETAILED DESCRIPTION OF THE INVENTION

Method of Making Fly Ash

The present invention provides methods for making fly ash. The methods comprise
combusting a fuel in the presence of a mineral additive, wherein the mineral additive

comprises at least one silicate.

The heat produced by the combustion may, for example, be used to generate electrical
power. The method may, for example, be carried out in an industrial power plant
(power station). For example, the method may be carried out in a fossil fuel power plant
or a biomass power plant or a waste-to-energy power plant. For example, the method
may be carried out in a pulverized fuel power plant, for example a pulverized coal
power plant. For example, the method may be carried out using fluidized bed
combustion (e.g. circulating fluidized bed combustion). The method may, for example,
be carried out using one or more of a pulverized-fuel unit, grate-firing unit, fluidized bed

unit (circulating and/or bubbling) and a gasifier.

The fuel may, for example, comprise one or more of coal, petroleum coke, lignite,
biofuel (e.g. biofuel derived from biomass such as wheat straw, wood pellets, straw
pellets, peat, lignocellulose, waste biomass such as bagasse, wheat stalks, corn stalks,
oat stalks and/or energy biomass such as grasses of the Miscanthus genus), refuse-
derived fuel (e.g. municipal solid waste, commercial waste, industrial waste, biomass
waste and animal waste). Exemplary coal sources include, without limitation, brown
coal, lignite and bitumous coal, such as, for example, eastern bituminous coal, coking

coal, Jurassic coal, Triassic coal, Permian coal, and carboniferous coal.

The fuel and mineral additive may, for example, be combined prior to combustion. For
example, the fuel and mineral additive may be combined before being introduced into a
furnace. For example, the fuel and mineral additive may be mixed and/or blended prior

to combustion, for example prior to introduction into the furnace.

The mineral additive may be added to the furnace after combustion of the fuel has

already started but before it has finished (i.e. during combustion). For example, the fuel
12
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and mineral additive may be combined during combustion. For example, the mineral
additive may be added over the firing-zone in the combustion chamber during
combustion. For example, the mineral additive may be added to a fluidized-bed reactor
system (e.g. a circulating fluidized-bed system). For example, the mineral additive may
be added into a lower portion and/or back end and/or upper portion of a circulating
fluidized-bed reactor. For example, the mineral additive may be added to an ash-slurry
side of an integrated fluidized-bed heat exchanger. The mineral additive may, for

example, be added to the bottom ash stream that is gravity fed to the furnace.

The mineral additive may, for example, be combined with the fuel prior to combustion
or added to the furnace during combustion. Alternatively, the mineral additive may be
combined with the fuel prior to combustion and added to the furnace during

combustion.

The mineral additive may, for example, contact the fuel during combustion. This may,
for example, result in the formation of fly ash with the advantageous properties

disclosed herein.

The combustion may, for example, be carried out at a temperature ranging from about
200°C to about 2300°C. For example, the combustion may be carried out at a
temperature ranging from about 300°C or about 400°C or about 500°C or about 600°C
or about 700°C or about 800°C or about 900°C or about 1000°C to about 1700°C. For
example, the combustion may be carried out at a temperature ranging from about
400°C to about 2200°C or about 2100°C or about 2000°C or about 1900°C or about
1800°C or about 1700°C or about 1600°C or about 1500°C or about 1400°C or about
1300°C or about 1200°C or about 1100°C.

The combustion may, for example, be carried out for a period of time ranging from
about 0.1 seconds to about 24 hours. For example, the combustion may be carried out
for a period of time ranging from about 10 minutes or about 30 minutes or about 45
minutes or about 1 hour or about 2 hours or about 3 hours or about 4 hours or about 5
hours or about 6 hours or about 7 hours or about 8 hours or about 9 hours or about 10
hours or about 11 hours or about 12 hours to about 24 hours. For example, the
combustion may be carried out for a period of time ranging from about 0.1 seconds to

13
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about 24 hours or about 23 hours or about 22 hours or about 21 hours or about 20
hours or about 19 hours or about 18 hours or about 17 hours or about 16 hours or

about 15 hours.

The conditions of the method of combustion may, for example, be selected to provide

the advantageous properties of fly ash described below.

Mineral Additive

The mineral additive used in the methods of the invention comprises at least one
silicate. The mineral additive may, for example, be added to the furnace in dry or slurry

form.

The at least one silicate may, for example, be selected from the group consisting of
quartz, tridymite, cristobalite, coesite, stishovite, lechatelierite, chalcedony, diatomite

(e.g. opal), aluminosilicates and combinations thereof.

The aluminosilicate may, for example, be a hydrous aluminosilicate. The
aluminosilicate may, for example, be selected from the group consisting of kaolin (e.g.
hydrous kaolin or calcined kaolin), halloysite, ball clay, lump clay, bauxite clay, calcined
clay, smectite, bentonite, clayey marl, marl, calcerous marl, andalusite, kyanite,

sillimanite, perlite, mica, chlorite, attapulgite or palygorskite and pyrophyllite.

The mineral additive may, for example, comprise at least one aluminosilicate and
another silicate, for example selected from quartz, tridymite, cristobalite, coesite,
stishovite, lechatelierite, chalcedony and diatomite (e.g. opal). The mineral additive

may, for example, comprise more than one aluminosilicate.

Hereinafter, the invention may tend to be discussed in terms of clay. However, the
invention should not be construed to be limited as such. The description below in

relation to clay may equally apply to any other silicate or aluminosilicate.

The aluminosilicate may, for example, be a hydrous clay. For example, the at least one
aluminosilicate may be a hydrous clay having a moisture content of at least about 5%
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by weight, for example ranging from at least about 5% by weight to at least about 15%

by weight.

Hydrous clay may, for example, include lump clay, for example, hydrous clay that may
be partially dried to a moisture content ranging from at least about 1% by weight to at
least about 50% by weight. For example, the lump clay may be partially dried to a
moisture content ranging from about 4% by weight to about 16% by weight, for
example from about 8% by weight to about 12% by weight, for example from about 9%
by weight to about 11% by weight (e.g. about 10% by weight), or from about 5% by
weight to about 10% by weight, or from about 10% by weight to about 15% by weight.

The lump clay may, for example, comprise hydrous clay agglomerates having a size of
about 1 inch (2.54 cm) or less. For example, the lump clay may comprise hydrous clay
agglomerates having a size of about 3/4 inch or less (1.91 cm or less), for example
about 1/2 inch or less (1.27 cm or iess), for example 1/4 inch or less (0.64 cm or less)

(e.g. to about 1/8 inch (0.32 cm) or less).

For example, the lump clay may comprise hydrous clay agglomerates having a
maximum lump size of not more than about 3 inches (7.62 cm), for example not more

than 2 inches (5.08 cm), for example not more than about 1 inch (2.54 cm).

For example, the lump clay may comprise hydrous clay agglomerates having a
maximum lump size ranging from about 1/4 inch (0.64 cm) to about 2 inches (5.08 cm),

for example from about 1/4 inch (0.64 cm) to about 1 inch (2.54 cm).

The hydrous clay used herein may take various forms and/or may have undergone
various processes. The hydrous clay may, for example, include one or more of lump
clay, clay that has been shredded and/or crushed, non-beneficiated clay, kaolinite, ball
clay (e.g. clay that includes about 20-80% kaolinite, 10-25% mica, and/or 6-65%
quartz), and clay derived from overburden from a kaolinite mining operation (e.g. clay
derived from material located over kaolinite deposits being mined). For example, the
hydrous clay may be clay derived from crude clay having a moisture content of at least
about 15%.
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The hydrous clay may have a BET surface area of at least about 9 m?/g, for example at

least about 10 m?/g or at least about 15 m?g or at least about 25 m?/g.

As used herein, non-beneficiated clay may include clay that has not been subjected to
at least one process chosen from dispersion, blunging, selective flocculation, ozone
bleaching, classification, magnetic separation, chemical leaching, froth flotation, and

dewatering of clay.

At least a portion of the hydrous clay may, for example, be kaolinite, for example, a
hydrous aluminosilicate having a formula Al,Si,Os(OH),4. For example, at least a portion

of the hydrous clay may include montmorillonitic kaolin.

For example, the hydrous clay may be a combination of hydrous clays. For example, at
least one hydrous clay may be selected to provide bonding strength to the combination
of hydrous clays. For example, at least one hydrous clay may be selected to increase

the coarseness of the hydrous clay combination.

The hydrous clay may, for example, be at least partially converted to a calcined clay in
the furnace. The at least partially calcined clay may, for example, serve to adsorb at

least a portion of alkali present in the furnace.

The mineral additive may, for example, comprise from about 15 wt% to about 100 wt%
silicate. For example, the mineral additive may comprise from about 15 wt% or about
20 wt% or about 25 wt% or about 30 wt% or about 35 wt% or about 40 wt% to about
100 wt% silicate. For example, the mineral additive may comprise from about 15 wt%
to about 95 wt% or about 90 wt% or about 85 wt% or about 80 wt% or about 75 wt% or
about 70 wt% or about 65 wt% or about 60 wt% or about 55 wt% or about 50 wt%
silicate. For example, the mineral additive may comprise from about 25 wt% to about
95 wt% or about 90 wt% or about 85 wt% or about 80 wt% or about 75 wt% or about 70
wi% or about 65 wt% or about 60 wt% or about 55 wt% or about 50 wt% silicate. For
example, the mineral additive may comprise from about 35 wt% to about 95 wt% or
about 90 wt% or about 85 wt% or about 80 wt% or about 75 wt% or about 70 wt% or
about 65 wt% or about 60 wt% or about 55 wt% or about 50 wt% silicate. For example,
the mineral additive may comprise from about 40 wt% to about 95 wt% or about 90
16
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wit% or about 85 wt% or about 80 wi% or about 75 wit% or about 70 wt% or about 65
wt% or about 60 wt% or about 55 wt% or about 50 wt% silicate.

The mineral additive may, for example, comprise from about 0 wt% to about 100 wt%
aluminosilicate. For example, the mineral additive may comprise from about 0.1 wt% or
1 wt% or 5 wt% or 10 wt% or 15 wt% or 20 wt% or 30 wt% or 40 wt% to about 100 wt%
aluminosilicate. For example, the mineral additive may comprise from about 5 wt% to
about 100 wt%, or about 95 wi% or about 90 wt% or about 85 wt% or about 80 wt% or
about 75 wt% or about 70 wt% or about 65 wt% or about 60 wt% or about 55 wt% or
about 50 wt% aluminosilicate. For example, the mineral additive may comprise from
about 15 wt% to about 100 wt%, or about 95 wt% or about 90 wt% or about 85 wt% or
about 80 wt% or about 75 wt% or about 70 wt% or about 65 wt% or about 60 wt% or
about 55 wt% or about 50 wt% aluminosilicate. For example, the mineral additive may
comprise from about 25 wt% to about 100 wt%, or about 95 wt% or about 90 wt% or
about 85 wt% or about 80 wt% or about 75 wt% or about 70 wt% or about 65 wt% or
about 60 wt% or about 55 wt% or about 50 wt% aluminosilicate. For example, the
mineral additive may comprise from about 35 wt% to about 100 wt%, or about 95 wt%
or about 90 wt% or about 85 wt% or about 80 wt% or about 75 wt% or about 70 wt% or
about 65 wt% or about 60 wt% or about 55 wt% or about 50 wt% aluminosilicate. For
example, the mineral additive may comprise from about 40 wt% to about 100 wt%, or
about 95 wt% or about 90 wt% or about 85 wt% or about 80 wt% or about 75 wt% or
about 70 wt% or about 65 wt% or about 60 wt% or about 55 wt% or about 50 wt%

aluminosilicate.

The mineral additive may, for example, comprise one or more additional minerals. For
example, the mineral additive may further comprise an alkaline earth metal-containing
material. For example, the mineral additive may further comprise a magnesium-

containing material and/or a calcium-containing material.

For example, the mineral additive may further comprise one or more of calcium
carbonate (e.g. GCC or PCC), limestone, marble, chalk, dolomite, aragonitic sand, sea
shells, coral, cement kiln dust, talc, brucite, magnesium carbonate, a magnesium

carbonate-containing mineral and a calcium carbonate-containing mineral.
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The mineral additive may, for example, further comprise a high surface-area silicate

mineral such as diatomaceous earth (diatomite or DE).

The mineral additive may, for example, comprise from about 0 wt% or 0.1 wt% to about
99.9 wt% of calcium-containing and/or magnesium-containing minerals. For example,
the mineral additive may comprise from about 0.1 wt% or about 1 wt% or about 5 wt%
to about 60 wt% or 55 wt% or 50 wt% or about 45 wt% or about 40 wt% or about 35
wt% or about 30 wt% or about 25 wt% or about 20 wt% of calcium-containing and/or

magnesium-containing minerals.

The mineral additive may, for example, comprise less than about 40 wt% of calcium-
containing minerals (e.g. calcium oxide). For example, the mineral additive may
comprise less than about 35 wt% or less than about 30 wt% or less than about 25 wt%
or less than about 20 wt% of calcium-containing minerals (e.g. calcium oxide). For
example, the mineral additive may comprise equal to or greater than 0 wi% calcium-
containing minerals (e.g. calcium oxide) or equal to or greater than about 2 wt% or
equal to or greater than about 5 wt% of calcium-containing materials (e.g. calcium

oxide).

The mineral additive and/or at least one silicate (e.g. at least one aluminosilicate) may,
for example, be subjected to at least one physical modification process prior to
introduction into the furnace. For example, physical modification process(es) may serve
to reduce the size of the at least one of the mineral additive to, for example, about 1
inch (2.54 cm) or less. For example, an exemplary physical modification process may
reduce the size of the mineral additive and/or at least one silicate (e.g. at least one
aluminosilicate) to about 3/4 inch or less (1.91 cm or less), for example to about 1/2
inch or less (1.27 cm or less), for example about 1/4 inch or less (0.64 cm or less ) (e.g.
to about 1/8 inch (0.32 cm) or less). For example, the mineral additive and/or at least
one silicate (e.g. at least one aluminosilicate) may comprise hydrous clay agglomerates
having a maximum lump size of not more than about 3 inches (7.62 cm), for example

not more than 2 inches (5.08 cm), for example not more than about 1 inch (2.54 cm).
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Exemplary physical modification processes may include at least one of milling,
hammering, roll crushing, drying, grinding, screening, extruding, triboelectric

separating, liquid classifying, and air classifying.

The mineral additive and/or at least one silicate (e.g. at least one aluminosilicate) may
have a measureable particle size. Particle sizes and other particle size properties
referred to herein, such as particle size distribution (psd) may be measured using a
SEDIGRAPH 5100 instrument as supplied by Micrometrics Corporation. For example,
the size of a given particle may be expressed in terms of the diameter of a sphere of
equivalent diameter that sediments through the suspension, that is, an equivalent
spherical diameter or “esd”. The measureable particle size may indicate the relative

coarseness of the mineral additive.

For example, about 30 wt% to about 50 wt% of the mineral additive and/or at least one
silicate (e.g. at least one aluminosilicate) has a particle size less than about 1 um. For
example about 35% to about 45%, for example from about 30% to about 40%, for
example from about 40% to about 50% of the mineral additive and/or at least one

silicate (e.g. at least one aluminosilicate) has a particle size less than about 1 ym.

For example, from about 60% to about 80% of the mineral additive and/or at least one
silicate (e.g. at least one aluminosilicate) has a particle size less than about 2 um. For
example, from about 65% to about 75%, for example from about 60% to about 70%, for
example from about 70% to about 80% of the mineral additive and/or at least one

silicate (e.g. at least one aluminosilicate) has a particle size less than about 2 um.

The mineral additive and/or the at least one silicate (e.g. at least one aluminosilicate)
may have a measurable +325 washed screen retention of from about 0.5% to about
9%. For example, the +325 mesh wash screen retention may be from about 0.5% to
about 8%, for example from about 0.5% to about 5%, for example from about 0.5% to
about 1.5%, for example from about 4% to about 5%, for example from about 1% to

about 4.5%, for example from about 4.5% to about 9%.

The amount of mineral additive and/or at least one silicate (e.g. at least one

aluminosilicate) introduced into the furnace may be selected based on, for example, an
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amount sufficient to maintain boiler efficiency. One measure of boiler efficiency relates
to boiler steam temperature. For example, the mineral additive may be added in an
amount sufficient to maintain a boiler steam temperature ranging from about 930°C to
1010°C, for example in an amount sufficient to maintain a boiler steam temperature
ranging from about 950°C to about 1010°C, for example in an amount sufficient to
maintain a boiler steam temperature ranging from about 970°C to about 1010°C, for
example in an amount sufficient to maintain a boiler steam temperature ranging from
about 1000°C to about 1010°C.

The amount of mineral additive and/or at least one silicate (e.g. at least one
aluminosilicate) used in the methods described herein may, for example, be calculated
based on stoichiometric and phase diagram considerations. The amount of mineral
additive and/or at least one silicate (e.g. at least one aluminosilicate) used in the
methods described herein may, for example, be determined so that the molar

base/acid ratio of the fuel ash will decrease.

The molar base/acid ratio of the fuel ash may, for example, be calculated using the

following equation:

{moles Fe203) + {moles Cal) + imoles MoO) + {moles NaZOl + {moles K20)
Omoles SIO2) 4 (meles Ti02) + {moles P2O5Y + {moies £+ {moles 503)

Molar bage ~ aoig ratic =

The amount of mineral additive and/or at least one silicate (e.g. at least one
aluminosilicate) used in the methods described herein may, for example, be
determined based on the pozzolanic activity of the ash of the fuel used. For example, a
larger amount of mineral additive and/or at least one silicate (e.g. at least one
aluminosilicate) may be used in a method that uses a fuel having an ash with a low
pozzolanic activity in comparison to a method that uses a fuel having an ash with a

higher pozzolanic activity.

For example, the amount of dry mineral additive (e.g. at least one silicate such as
aluminosilicate) added to the wet fuel relative to the amount of ash in the dry fuel at
550°C (e.g. % dry mineral additive added to the wet fuel / % ash in dry fuel at 550°C)

may range from about 0.01 to about 10. For example, the amount of dry mineral
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additive (e.g. at least one silicate such as aluminosilicate) added to the wet fuel relative
to the amount of ash in the dry fuel at 550°C may range from about 0.1 or about 0.5 or
about 1 or about 2 or about 3 or about 4 or about 5 or about 6 to about 10. For

example, the amount of dry mineral additive (e.g. at least one silicate such as

.aluminosilicate) added to the wet fuel relative to the amount of ash in the dry fuel at

550°C may range from about 5 to about 10 or about 9 or about 8 or about 7 or about 6.

For example, the fuel may be petroleum coke and the amount of dry mineral additive
(e.g. at least one silicate such as aluminosilicate) added to the wet fuel relative to the
amount of ash in the dry fuel at 550°C (e.g. % dry mineral additive added to the wet
fuel / % ash in dry fuel at 550°C) may range from about 0.1 to about 5. For example
from about 0.2, or from about 0.5, or about 1.0 to about 5, for example from about 0.1
to about 5, or about 4, or about 3, or about 2, or about 1.5.

For example, the fuel may be biomass and the amount of dry mineral additive (e.g. at
least one silicate such as aluminosilicate) added to the wet fuel relative to the amount
of ash in the dry fuel at 550°C (e.g. % dry mineral additive added to the wet fuel / %
ash in dry fuel at 550°C) may range from about 0.01 to about 8. For example from
about 0.05 or from about 0.1 or about 0.2, or from about 0.5, or about 1.0 toc about 8,

for example from about 0.1 to about 7, or about 6, or about 5, or about 4, or about 3.

For example, the fuel may be coal and the amount of dry mineral additive (e.g. at least
one silicate such as aluminosilicate) added to the wet fuel relative to the amount of ash
in the dry fuel at 550°C (e.g. % dry mineral additive added to the wet fuel / % ash in dry
fuel at 550°C) may range from about 0.01 to about 1. For example from about 0.05 or
from about 0.1 or from about 0.2, or from about 0.3, or about 0.4, or about 0.5 to about
1, for example from about 0.1 to about 0.9, or about 0.8, or about 0.7, or about 0.6, or
about 0.5, or about 0.4.

Fly Ash

The present invention provides fly ash and methods for making fly ash. The fly ash of

the invention may, for example, be obtained by or obtainable by the methods of the

invention. The fly ash of the invention and the fly ash made by the methods of the
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invention may, for example, be according to any embodiment described herein,

including all combinations thereof.

The fly ash “made by the same method in the absence of the mineral additive” may not
meet one or more of the standard requirements for use in concrete (e.g. one or more of
the standard requirements set out in ASTM C618 or EN 450-1:2012, such as the
strength activity index, amount of reactive silica in the amorphous phase, Ca(OH),
demand and/or LOI). The use of a mineral additive comprising at least one silicate as
described herein may, for example, improve one or more of the properties of the fly
ash. The use of a mineral additive comprising at least one silicate as described herein
may, for example, improve one or more of the properties of the fly ash such that one or
more of the standard requirements for use in concrete is/are met. For example, the use
of a mineral additive comprising at least one silicate as described herein may increase
the pozzolanic activity of the fly ash and/or increase the strength activity index of the fly
ash and/or decrease the LO! of the fly ash such that the fly ash meets one or more of
these standard requirements for use in concrete (e.g. the standard requirements set
out in ASTM C618 — 12a or EN 450-1:2012). For example, the use of a mineral additive
comprising at least one silicate as described herein may improve one or more of the
properties of the fly ash such that all of the standard requirements for use in concrete
(e.g. all of the standard requirements set out in ASTM C618 — 12a or EN 450-1:2012)

are met.

The fly ash “made by the same method in the absence of the mineral additive” may
meet one or more of the requirements for use in concrete (e.g. the standard
requirements set out in ASTM C618 — 12a or EN 450-1:2012, such as the strength
activity index, amount of reactive silica in the amorphous phase, Ca(OH), demand
and/or LOI). The use of a mineral additive comprising at least one silicate as described
herein may, for example, improve the values of these one or more requirements (i.e. in
comparison to the fly ash “made by the same method in the absence of the mineral
additive™).

The fly ash may, for example, have an increased pozzolanic activity, for example, in

comparison to a fly ash made by the same method in the absence of the mineral

additive. For example, the fly ash may have a pozzolanic activity that is at least about
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5% greater than the pozzolanic activity of a fly ash made by the same method in the
absence of the mineral additive. For example, the fly ash may have a pozzolanic
activity that is at least about 10% or at least about 15% or at least about 20% or at
least about 25% or at least about 30% or at least about 35% or at least about 40% or at
least about 45% or at least about 50% greater than the pozzolanic activity of a fly ash

made by the same method in the absence of the mineral additive.

The fly ash may, for example, have a pozzolanic activity that is up to about 800%
greater than the pozzolanic activity of a fly ash made by the same method in the
absence of the mineral additive. For example, the fly ash may have a pozzolanic
activity that is up to about 700% or up to about 600% or up to about 500% or up to
about 400% or up to about 300% or up to about 200% or up to about 100% greater
than the pozzolanic activity of a fly ash made by the same method in the absence of
the mineral additive. For example, the fly ash may have a pozzolanic activity that is up
to about 90% or up to about 80% or up to about 75% or up to about 70% or up to about
60% or up to about 50% or up to about 40% or up to about 30% or up to about 20% or
up to about 10% greater than the pozzolanic activity of a fly ash that is made by the

same method in the absence of the mineral additive.

The pozzolanic activity of the fly ash may, for example, be determined by the
amorphous (glassy) content of the fly ash and/or the amount of available (reactive)
silica in the amorphous phase of the fly ash and/or by the Ca(OH), demand of the fly

ash.

The fly ash may, for example, have an amorphous content (glassy content) that is at
least about 5% greater than the amorphous content of a fly ash made by the same
method in the absence of the mineral additive. For example, the fly ash may have an
amorphous content that is at least about 10% greater, or at least about 15% greater, or
at least about 20% greater, or at least about 25% greater, or at least about 30% greater
than the amorphous content of a fly ash made by the same method in the absence of

the mineral additive.

The fly ash may, for example, have an amorphous content that is up to about 50%
greater, for example up to about 45% greater, for example up to about 40% greater, for
23



10

20

25

30

WO 2016/059231 PCT/EP2015/074055

example up to about 35% greater, for example up to about 33% greater, for example
up to about 30% greater, for example up to about 25% greater, for example up to about
20% greater, for example up to about 15% greater, for example up to about 10%
greater than the amorphous content of a fly ash made by the same method in the

absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have an amorphous content that is at least about 5% greater than
the amorphous content of a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may be an ash having a molar base/acid
ratio of less than 1 (e.g. coal ash) and have an amorphous content that is at least about
10% greater or at least about 15% greater or at least about 20% greater than the
amorphous content of a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have an amorphous content that is up to about 30% greater than
the amorphous content of a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may be an ash having a molar base/acid
ratio of less than 1 (e.g. coal ash) and have an amorphous content that is up to about
25% greater, for example up to about 20% greater, for example up to about 15%
greater, for example up to about 10% greater, for example up to about 8% greater than
the amorphous content of a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have an amorphous content that is at least about 5%
greater than the amorphous content of a fly ash made by the same method in the
absence of the mineral additive. For example, the fly ash may be an ash having a
molar base/acid ratio of greater than 1 (e.g. woodpellets ash) and have an amorphous
content that is at least about 10% greater or at least about 15% greater or at least
about 20% greater or at least about 25% greater or at least about 30% greater or at
least about 35% greater or at least about 40% greater than the amorphous content of a

fly ash made by the same method in the absence of the mineral additive.
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The fly ash may, for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have an amorphous content that is up to about 50%
greater, for example up to about 45% greater, for example up to about 40% greater, for
example up to about 35% greater, for example up to about 33% greater, for example
up to about 30% greater, for example up to about 25% greater than the amorphous

content of a fly ash made by the same method in the absence of the mineral additive.

The absolute value of the amorphous content of the fly ash may, for example, increase
by at least an absolute value of about 1 wi% in comparison to a fly ash made by the
same method in the absence of the mineral additive (e.g. if the absolute value of the
amorphous content of the fly ash made by the same method in the absence of the
mineral additive was 10 wt%, the fly ash made by combusting fuel in the presence of
the mineral additive would have an amorphous content of at least about 11 wt%). For
example, the absolute value of the amorphous content of the fly ash may increase by
an absolute value of at least about 5%, for example at least about 10 wit%, for example
at least about 15 wt%, for example at least about 20 wt%, for example at least about 25
wt%, for example at least about 30 wt%, for example at least about 35 wt%, for
example at least about 40 wt%, for example at least about 50 wt% in comparison to a

fly ash made by the same method in the absence of the mineral additive.

The absolute value of the amorphous content of the fly ash may, for example, increase
by an absolute value up to about 95 wt% in comparison to a fly ash made by the same
method in the absence of the mineral additive (e.g. if the absolute value of the
amorphous content of the fly ash made by the same method in the absence of the
mineral additive was 10 wt%, the fly ash made by combusting fuel in the presence of
the mineral additive would have an amorphous content of up to about 105 wt%). For
example, the absolute value of the amorphous content of the fly ash may increase by
an absolute value of up to about 90 wt%, for example up to about 85 wt%, for example
up to about 70 wt%, for example up to about 65 wt%, for example up to about 60 wt%
in comparison to a fly ash made by the same method in the absence of the mineral
additive. For example, the absolute value of the amorphous content of the fly ash may
increase by an absolute value of up to about 50 wt%, for example up to about 45 wt%,
for example up to about 40 wt%, for example up to about 35 wt% in comparison to a fly

ash made by the same method in the absence of the mineral additive.
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The amorphous phase may constitute from about 5 wi% to about 95 wt% of the fly ash.
For example, the amorphous phase may constitute from about 10 wt% or about 15 wt%
or about 20 wt% or about 25 wt% or about 30 wt% or about 35 wt% or about 40 wt% or
about 45 wt% or about 50 wt% to about 95 wt% of the fly ash. For example, the
amorphous phase may constitute from about 5 wt% to about 90 wt% or about 85 wt%
or about 80 wt% or about 75 wt% or about 70 wt% or about 65 wt% or about 60 wt% or
about 55 wi% or about 50 wt% or about 45 wt% or about 40 wt% or about 35 wt% or
about 30 wit% or about 25 wt% or about 20 wit% of the fly ash.

The amount of amorphous phase in the fly ash may be determined, for example, by
guantitative X-Ray Diffraction as obtained by acquiring an X-Ray diffractogram on < 40
pm unoriented fly ash powder with 30% zincite as internal standard and modelling the

diffractogram by Topas software (Bruker).

The fly ash may, for example, comprise at least about 5% more available silica in the
amorphous phase than a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may comprise at least about 6% more, or at
least about 7%, or at least about 8% more or at least about 9% more or at least about
10% more available silica in the amorphous phase than a fly ash made by the same
method in the absence of the mineral additive. For example, the fly ash may comprise
at least about 15% more or at least about 20% more or at least about 25% more
available silica in the amorphous phase than a fly ash made by the same method in the

absence of the mineral additive.

The fly ash may, for example, comprise up to about 100% more available silica in the
amorphous phase than a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may comprise up to about 90% more, for
example up to about 80% more, for example up to about 70% more, for example up to
about 60% more, for example up to about 50% more, for example up to about 40%
more, for example up to about 30% more, for example up to about 20% more, for
example up to about 15% more, for example up to about 10% more available silica in
the amorphous phase than a fly ash made by the same method in the absence of the

mineral additive.
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The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and comprise at least about 5% more available silica in the amorphous
phase than a fly ash made by the same method in the absence of the mineral additive.
For example, the fly ash may be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and comprise at least about 6% or at least about 7% or at least about
8% or at least about 9% or at least about 10% more available silica in the amorphous

phase than a fly ash made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and comprise up to about 70 wt%, or up to about 60 wt% or up to about
50 wt% or up to about 40 wt% or up to about 30 wt% or up to about 20 wt% or up to
about 15 wt% or up to about 10 wt% more available silica in the amorphous phase than

a fly ash made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of more than 1
(e.g. woodpellets ash) and comprise at least about 5% more available silica in the
amorphous phase than a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may be an ash having a molar base/acid
ratio of more than 1 (e.g. woodpellets ash) and comprise at least about 10% more, for
example at least about 20% more, for example at least about 30% more, for example
at least about 40% more, for example at least about 50% more available silica in the
amorphous phase than a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example be an ash having a molar base/acid ratio of more than 1
(e.g. woodpellets ash) and comprise up to about 100% more, for example up to about
90% more, for example up to about 80% more, for example up to about 70% more, for
example up to about 60% more, for example up to about 50% more, for example up to
about 40% more, for example up to about 30% more, for example up to about 20%
more available silica in the amorphous phase than a fly ash made by the same method

in the absence of the mineral additive.

The absolute value of available silica in the amorphous phase of the fly ash may, for
example, increase by an absolute value of at least about 1 wt% in comparison to a fly
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ash made by the same method in the absence of the mineral additive (e.g. if the
absolute value of the available silica in the amorphous phase of the fly ash made by
the same method in the absence of the mineral additive was 10 wt%, the fly ash made
by combusting fuel in the presence of the mineral additive would comprise at least
about 11 wt% available silica in the amorphous phase). For example, the amount of
available silica in the amorphous phase of the fly ash may increase by an absolute
value of at least about 5 wt%, for example at least about 10 wi%, for example at least
about 20 wt%, for example at least about 25 wi%, for example at least about 30 wi%,
for example at least about 35 wt%, for example at least about 40 wt%, for example at
least about 45 wt%, for example at least about 50 wt%, for example at least about 55
wt% in comparison to a fly ash made by the same method in the absence of the

mineral additive.

The absolute value of available silica in the amorphous phase of the fly ash may, for
example, increase by an absolute value of up to about 75 wi% in comparison to a fly
ash made by the same method in the absence of the mineral additive (e.g. if the
absolute value of the available silica in the amorphous phase of the fly ash made by
the same method in the absence of the mineral additive was 10 wt%, the fly ash made
by combusting fuel in the presence of the mineral additive would comprise up to about
85 wt% available silica in the amorphous phase). For example, the amount of available
silica in the amorphous phase of the fly ash may increase by an absolute value of up to
about 70 wt%, for example up to about 65 wt%, for example up to about 60 wit%, for
example up to about 55 wt%, for example up to about 50 wt%, for example up to about
45 wt% in comparison to a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, comprise from about 1 wt% to about 100 wt% available
silica in the amorphous phase. For example, the fly ash may comprise from about 5
wt% or about 10 wt% or about 15 wt% or about 20 wt% or about 25 wt% or about 30
wt% or about 35 wt% or about 40 wt% or about 45 wt% or about 50 wt% available silica
in the amorphous phase. For example, the fly ash may comprise up to about 90 wt% or
about 80 wt% or about 75 wt% or about 70 wt% or about 60 wt% or about 50 wt% or
about 40 wt% or about 30 wt% or about 25 wt% or about 20 wt% available silica in the

amorphous phase. The fly ash may, for example, comprise from about 25 wt% to about
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95 wt% available silica in the amorphous phase, for example from about 30 wt% or
from about 35 wt% to about 95 wt% or about 90 wt% or about 80 wt%. The fly ash
may, for example, comprise from about 50 wi% to about 80 wt%, for example from
about 55 wt% to about 75 wt%, for example from about 60 wt% to about 70 wt%

available silica in the amorphous phase of the fly ash.

The amount of available silica in the amorphous phase of the fly ash may be
determined, for example, by computation from the whole chemical analysis of the fly
ash as obtained by ICP-MS (NF EN 14582 and NF EN ISO 11885) and from the
quantitative X-Ray Diffraction as obtained by acquiring an X-Ray diffractogram on < 40
Hm unoriented fly ash powder with 30% zincite as internal standard and modelling the
diffractogram by Topas software (Bruker). The chemical composition of the amorphous
phase may be computed and by computing the molar base/acid ratio in the amorphous
phase and the wt% SiO,, it is possible to compute the wt% available (reactive) SiO,
(that is not linked to base). For example, the amount of available silica in the
amorphous phase of the fly ash may be determined by the methods described in EN
197-1.

The fly ash may, for example, have a Ca(OH), demand that is at least about 5%
greater than the Ca(OH), demand of a fly ash made by the same method in the
absence of the mineral additive. For example, the fly ash may have a Ca(OH), demand
that is at least about 10% greater, or at least about 15% greater, or at least about 20%
or at least about 25% greater or at least about 30% greater or at least about 35%
greater or at least about 40% greater or at least about 45% greater or at least about
50% greater than the Ca(OH), demand of a fly ash made by the same method in the

absence of the mineral additive.

The fly ash may, for example, have a Ca(OH), demand that is up to about 800%
greater than the Ca(OH), demand of a fly ash made by the same method in the
absence of the mineral additive. For example, the fly ash may have a Ca(OH), demand
that is up to about 700% greater, for example up to about 600% greater, for example
up to about 500% greater, for example up to about 400% greater, for example up to
about 300% greater, for example up to about 200% greater, for example up to about
100% greater than the Ca(OH), demand of a fly ash made by the same method in the
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absence of the mineral additive. For example, the fly ash may have a Ca(OH), demand
that is up to about 350% greater, for example up to about 320% greater, for example
up to about 315% greater, for example up to about 300% greater, for example up to
about 250% greater, for example up to about 200% greater, for example up to about
150% greater, for example up to about 100% greater, for example up to about 90%
greater, for example up to about 80% greater, for example up to about 70% greater, for
example up to about 60% greater, for example up to about 50% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral
additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a Ca(OH), demand that is at least about 10% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may be an ash having a molar base/acid ratio of less
than 1 (e.g. coal ash) and have a Ca(OH), demand that is at least about 15% greater,
for example at least about 20% greater or at least about 25% greater or at least about
30% greater or at least about 35% greater or at least about 40% greater or at least
about 45% greater or at least about 50% greater than the Ca(OH), demand of a fly ash

made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a Ca(OH), demand that is up to about 300% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may be an ash having a molar base/acid ratio of less
than 1 (e.g. coal ash) and have a Ca(OH), demand that is up to about 250% greater,
for example up to about 200% greater, for example up to about 150% greater, for
example up to about 100% greater, for example up to about 90% greater, for example
up to about 80% greater, for example up to about 70% greater, for example up to about
60% greater, for example up to about 50% greater than a fly ash made by the same

method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of more than 1

(e.g. woodpellets ash) and have a Ca(OH), demand that is at least about 5% greater

than the Ca(OH), demand of a fly ash made by the same method in the absence of the
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mineral additive. For example, the fly ash may be an ash having a molar basefacid
ratio of more than 1 (e.g. woodpellets ash) and have a Ca(OH), demand that is at least
about 10% greater, for example at least about 20% greater or at least about 30%
greater or at least about 40% greater or at least about 50% greater or at least about
60% greater or at least about 70% greater or at least about 80% greater or at least
about 90% greater or at least about 100% greater than the Ca(OH), demand of a fly

ash made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of more than 1
(e.g. woodpellets ash) and have a Ca(OH), demand that is up to about 800% greater
than the Ca(OH), demand of a fly ash made by the same method in the absence of the
mineral additive. For example, the fly ash may have a Ca(OH), demand that is up to
about 700%, for example up to about 600% greater, for example up to about 500%
greater, for example up to about 400% greater, for example up to about 300% greater,
for example up to about 200% greater, for example up to about 100% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may have a Ca(OH), demand that is up to about
350% greater, for example up to about 320% greater, for example up to about 315%
greater, for example up to about 300% greater, for example up to about 250% greater,
for example up to about 200% greater, for example up to about 150% greater, for
example up to about 100% greater, for example up to about 90% greater, for example
up to about 80% greater, for example up to about 70% greater, for example up to about
60% greater, for example up to about 50% greater than the Ca(OH), demand of a fly

ash made by the same method in the absence of the mineral additive.

The absolute value of the Ca(OH), demand of the fly ash may, for example, increase
by an absolute value of at least about 1 mg Ca(OH), per gram of fly ash in comparison
to a fly ash made by the same method in the absence of the mineral additive (e.g. if the
absolute value of the Ca(OH), demand of the fly ash made by the same method in the
absence of the mineral additive was 100, the fly ash made by combusting fuel in the
presence of the mineral additive would have a Ca(OH), demand of at least about 101
mg Ca(OH), per gram of fly ash). For example, the Ca(OH), demand of the fly ash may
increase by an absolute value of at least about 50, for example at least about 100, for

example at least about 125, for example at least about 150, for example at least about
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200, for example at least about 250 mg Ca(OH), per gram of fly ash in comparison to a
fly ash made by the same method in the absence of the mineral additive. For example,
the absolute value of the Ca(OH), demand of the fly ash may increase by at least
about 300, for example at least about 350, for example at least about 400, for example
at least about 450, for example at least about 500, for example at least about 550, for
example at least about 600, for example at least about 650, for example at least about
700, for example at least about 750 mg Ca(OH), per gram of fly ash in comparison to a

fly ash made by the same method in the absence of the mineral additive.

The absolute value of the Ca(OH), demand of the fly ash may, for example, increase
by an absolute value of up to about 1300 mg Ca(OH), per gram of fly ash in
comparison to a fly ash made by the same method in the absence of the mineral
additive (e.g. if the absolute value of the Ca(OH), demand of the fly ash made by the
same method in the absence of the mineral additive was 100, the fly ash made by
combusting fue! in the presence of the mineral additive would have a Ca(OH), demand
of up to about 1400 mg Ca(OH), per gram of fly ash). For example, the Ca(OH),
demand of the fly ash may increase by an absolute value of up to about 1200, for
example up to about 1100, for example up to about 1000, for example up to about 900,
for example up to about 800, for example up to about 700, for example up to about
600, for example up to about 550, for example up to about 500 mg Ca(OH), per gram
of fly ash in comparison to a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, have a Ca(OH), demand ranging from about 350 mg
Ca(OH), per gram of fly ash to about 1500 mg Ca(OH), per gram of fly ash. The fly ash
may, for example, have a Ca(OH), demand ranging from about 660 mg Ca(OH), per
gram of fly ash to about 1400 mg Ca(OH), per gram of fly ash. For example, the fly ash
may have a Ca(OH), demand ranging from about 700, for example from about 800, for
example from about 900 mg Ca(OH), per gram of fly ash to about 1400, for example to
about 1350, for example to about 1300 mg Ca(OH), per gram of fly ash. For example,
the fly ash may have a Ca(OH), demand ranging from about 910 to about 1310 mg
Ca(OH), per gram of fly ash. For example, the fly ash may have a Ca(OH), demand

ranging from about 950, for example from about 1000, for example from about 1100
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mg Ca(OH), per gram of fly ash to about 1300, for example to about 1250, for example
to about 1200, for example to about 1100 mg Ca(OH), per gram of fly ash.

The Ca(OH), demand of the fly ash may be measured, for example, by the modified
Chapelle test. Details of the modified Chapelle test can be found in Largent, R. Bull.
Liasons Lab. Pont Chauses, Vol. 93, 1978, pp 63 and described in the NF P18-513.

The fly ash may, for example, have a strength activity index in concrete that is at least
about 5% greater than the strength activity index in concrete of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may
have a strength activity index in concrete that is at least about 6% greater, or 7%
greater, or 8% greater, or 9% greater, or 10% greater, or 15% greater than the strength
activity index in concrete of fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, have a strength activity index in concrete that is up to
about 80% greater than the strength activity index in concrete of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may
have a strength activity index in concrete that is up to about 70% greater, or up to
about 60% greater, or up to about 50% greater, or up to about 40% greater, or up to
about 30% greater, or up to about 20% greater, or up to about 15% greater than the
strength activity index in concrete of fly ash made by the same method in the absence

of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a strength activity index in concrete that is at least about 5%
greater than the strength activity index in concrete of a fly ash made by the same
method in the absence of the mineral additive. For example, the fly ash may be an ash
having a molar base/acid ratio of less than 1 (e.g. coal ash) and have a strength activity
index in concrete that is at least about 6% greater, or 7% greater, or 8% greater, or 9%
greater, or 10% greater than the strength activity index in concrete of a fly ash made by

the same method in the absence of the mineral additive.
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The fly ash may for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a strength activity index in concrete that is up to about 70%
greater than the strength activity index concrete of a fly ash made by the same method
in the absence of the mineral additive. For example, the fly ash may be an ash having
a molar base/acid ratio of less than 1 (e.g. coal ash) and have a strength activity index
in concrete that is up to about 60% greater, or about 50% greater, or about 40%
greater, or about 30% greater, or about 20% greater, or about 15% greater, or about
10% greater, or about 9% greater than the strength activity index in concrete of a fly

ash made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have a strength activity index in concrete that is at least
about 5% greater than the strength activity index in concrete of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may be
an ash having a molar base/acid ratio of greater than 1 (e.g. woodpellets ash) and
have a strength activity index in concrete that is at least about 6% greater, or 7%
greater, or 8% greater, or 9% greater, or 10% greater than the strength activity index in

concrete of a fly ash made by the same method in the absence of the mineral additive.

The fly ash may for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have a strength activity index in concrete that is up to
about 80% greater than the strength activity index in concrete of a fly ash made by the
same method in the absence of the mineral additive. For example, the fly ash may be
an ash having a molar base/acid ratio of less than 1 (e.g. coal ash) and have a strength
activity index in concrete that is up to about 60% greater, or about 50% greater, or
about 40% greater, or about 30% greater, or about 20% greater, or about 15% greater,
or about 10% greater, or about 9% greater than the strength activity index in concrete

of a fly ash made by the same method in the absence of the mineral additive.

The absolute value of the strength activity index of the fly ash in concrete may, for
example, increase by an absolute value of at least about 1 in comparison to a fly ash
made by the same method in the absence of the mineral additive (e.g. if the strength
activity index in concrete of the fly ash made by the same method in the absence of the
mineral additive was 10, the fly ash made by combusting fuel in the presence of the

34



10

15

20

25

30

WO 2016/059231 PCT/EP2015/074055

mineral additive would have a strength activity index of at least about 11). For example,
the absolute value of the strength activity index of the fly ash in concrete may increase
by an absolute value of at least about 2, for example at least about 5, for example at
least about 10 in comparison to a fly ash made by the same method in the absence of
the mineral additive. For example, the strength activity index of the fly ash in concrete
may increase by an absolute value of at least about 15, for example at least about 20,
for example at least about 25, for example at least about 30, for example at least about
35, for example at least about 40 in comparison to a fly ash made by the same method

in the absence of the mineral additive.

The absolute value of the strength activity index of the fly ash in concrete may, for
example, increase by an absolute value of up to about 80 in comparison to a fly ash
made by the same method in the absence of the mineral additive (e.g. if the strength
activity index in concrete of the fly ash made by the same method in the absence of the
mineral additive was 10, the fly ash made by combusting fuel in the presence of the
mineral additive would have a strength activity index of up to about 90). For exampile,
the strength activity index of the fly ash in concrete may increase by an absolute value
of up about 75, for example up to about 70, for example up to about 85, for exampie up
to about 60, for example up to about 55, for example up to about 50, for example up to
about 45 in comparison to a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, have a strength activity index in concrete ranging from
about 75 to about 150. For example, the fly ash may have a strength aclivity index in
concrete ranging from about 80 to about 140, for example ranging from about 85 to
about 130. For example, the fly ash may have a strength activity index in concrete
ranging from about 85 to about 135, for example from about 90 to about 130, for

example from about 95 to about 125, for example from about 100 to about 120.

The strength activity index may, for example, be measured by the method described in
ASTM C311 or EN 450-1:2012 (e.g. by the method described in ASTM C109, C109M,
C150, C618 or EN 196-1:2005). The strength activity index may, for example, be the
strength activity index at 28 days.
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The fly ash may, for example, have a loss-on-ignition (LOI) that is at least about 5%
less than the LOI of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may have a LOI that is at least about 10% less, or at
least about 15% less, or at least about 20% less, or at least about 25% less, or at least
about 30% less, or at least about 35% less, or at least about 40% less than the LOI of

a fly ash made by the same method in the absence of the mineral additive.

The fly ash may, for example, have a loss-on-ignition (LOI) that is up to about 100%
less than the LOI of a fly ash made by the same method in the absence of the mineral
additive. For example, the fly ash may have a LOI that is up to about 99% less, or up to
about 95% less, or up to about 90% less, or up to about 85% less, or up to about 80%
less, or up to about 70% less, or up to about 72% less, or up to about 70% less, or up
to about 60% less, or up to about 50% less, or up to about 40% less, or up to about
30% less, or up to about 28% less, or up to about 25% less than the LOI of a fly ash

made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a LOI that is at least about 15% less, for example at least
about 16% less or at least about 17% less or at least about 18% less or at least about
19% less or at least about 20% less than the LOI of a fly ash made by the same

method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of less than 1
(e.g. coal ash) and have a LOI that is up to about 90% less, for example up to about
80% less, for example up to about 70% less, for example up to about 60% less, for
example up to about 50% less, for example up to about 40% less, for example up to
about 35% less, for example up to about 30% less or up to about 28% less or up to
about 25% less than the LOI of a fly ash made by the same method in the absence of

the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have a LOI that is at least about 30% less than the LOI of
a fly ash made by the same method in the absence of the mineral additive. For
example, the fly ash may be an ash having a molar base/acid ratio of greater than 1
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(e.g. woodpellets ash) and have a LOI that is at least about 35% less or at least about
40% less or at least about 45% less or at least about 50% less than the LOI of a fly ash

made by the same method in the absence of the mineral additive.

The fly ash may, for example, be an ash having a molar base/acid ratio of greater than
1 (e.g. woodpellets ash) and have a LOI that is up to about 100% less, for example up
to about 99% less, for example up to about 90% less, for example up to about 80%
less, for example up to about 75% less, for example up to about 72% less, for example
up to about 70% less than the LOI of a fly ash made by the same method in the
absence of a mineral additive. For example, the fly ash may be an ash having a molar
base/acid ratio of greater than 1 (e.g. woodpellets ash) and have a LOI that is up to
about 60% less, for example up to about 50% less, for example up to about 45% less,
for example up to about 40% less than the LOI of a fly ash made by the same method

in the absence of the mineral additive.

The absolute value of the LOI of the fly ash may, for example, decrease by an absolute
value of at least about 1% in comparison to a fly ash made by the same method in the
absence of the mineral additive (e.g. if the absolute value of the LOI of the fly ash
made by the same method in the absence of the mineral additive was 10%, the fly ash
made by combusting fuel in the presence of the mineral additive would have a LOI of at
least about 9%). For example, the LOI of the fly ash may decrease by an absolute
value of at least about 2%, for example at least about 5% in comparison to a fly ash
made by the same method in the absence of the mineral additive. For example, the LOI
of the fly ash may decrease by an absolute value of at least about 5.5%, for example at
least about 6%, for example at least about 6.5% in comparison to a fly ash made by the
same method in the absence of the mineral additive. For example, the LOI of the fly
ash may decrease by an absolute value of at least about 10%, for example at least
about 15%, for example at least about 20%, for example at least about 23%, for
example at least about 24%, for example at least about 25% in comparison to a fly ash

made by the same method in the absence of the mineral additive.

The absolute value of the LOI of the fly ash may, for example, decrease by an absolute

value of up to about 30% in comparison to a fly ash made by the same method in the

absence of the mineral additive (e.g. if the absolute value of the LOI of the fly ash
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made by the same method in the absence of the mineral additive was 40%, the fly ash
made by combusting fuel in the presence of the mineral additive would have a LOI of
up to about 10%). For example, the LOI of the fly ash may decrease by an absolute
value of up to about 29.99%, for example up to about 29%, for example up to about
28%, for example up to about 27%, for example up to about 25%, for example up to
about 20%, for example up to about 15%, for example up to about 10% in comparison
to a fly ash made by the same method in the absence of the mineral additive. For
example, the LOI of the fly ash may decrease by an absolute value of up to about 7%,
for example up to about 6.99%, for example up to about 6.5%, for example up to about
6.0% in comparison to a fly ash made by the same method in the absence of the

mineral additive.

The fly ash may, for example, have a LOI ranging from about 0.01% to about 9%. For
example, the fly ash may have a LOI ranging from about 0.01% to about 8% or about
7% or about 6% or about 5% or about 4%. For example, the fly ash may have a LOI
ranging from about 0.1% to about 3.5%, for example ranging from about 0.5% to about
3.0%, for example from about 0.5% to about 2.5%, for example from about 0.5% to
about 2.0%. For example, the fly ash may have a LOI ranging from about 0.01% to
about 2.0%, for example from about 0.1% to about 1.5%, for example from about 0.5%
to about 1.0%.

The LOI may, for example, be measured by the method described in EN 450-1:2012 or
EN 196-2 or ASTM C314.

The fly ash may, for example, comprise a decreased amount of unburnt carbon, for
example, in comparison to a fly ash produced by the same method in the absence of
the mineral additive. For example, the fly ash may comprise at least about 5% less
unburnt carbon than a fly ash produced by the same method in the absence of the
mineral additive. For example, the fly ash may comprise at least about 10% or at least
about 15% or at least about 20% or at least about 25% or at least about 30% or at least
about 35% or at least about 40% or at least about 45% or at least about 50% less
unburnt carbon than a fly ash produced by the same method in the absence of the

mineral additive.

38



10

15

20

25

30

WO 2016/059231 PCT/EP2015/074055

The fly ash may, for example, comprise up to about 100% less unburnt carbon than a
fly ash produced by the same method in the absence of the mineral additive. For
example, the fly ash may comprise up to about 95% or up to about 90% or up to about
85% or up to about 80% or up to about 75% or up to about 70% or up to about 65% or
up to about 60% or up to about 55% less unburnt carbon than a fly ash produced by

the same method in the absence of the mineral additive.

The “fly ash made by the same method in the absence of the mineral additive” is the
fly ash made by exactly the same method as the method of the invention except that
the method does not involve combusting the fuel in the presence of the mineral additive
used in the method of the invention (e.g. a mineral additive comprising at least one
silicate such as an aluminosilicate). For example, the method may be carried out in
exactly the same type of power plant using the same fuel and the reaction may be
carried out at the same temperature for the same period of time. For example, the
method may be carried out in the absence of any mineral additive. For example, the
method may be carried out in the absence of a mineral additive described herein but in

the presence of a different mineral additive.

The fly ash may, for example, have any one or more of the chemical requirements or
physical requirements or supplementary optional physical requirements described in
ASTM C618-12a or EN 450-1:2012, the contents of which are incorporated herein by
reference. For example, the fly ash may have all of the chemical and physical
requirements identified in Tables 1 and 2 of ASTM C618-12a. For example, the fly ash
may have all of the chemical and physical requirements identified in Tables 1 and 2 of
ASTM C618-12a and one or more of the supplementary optional physical requirements
identified in Table 3 of ASTM C618-12a. As indicated in ASTM C618-12a, the chemical
and physical requirements may be measured in accordance with the requirements of
the test methods described in ASTM C311.

The fly ash may, for example, have any one or more of the chemical requirements or

physical requirements or supplementary optional physical requirements of Class F fly

ash described in ASTM C818-1a. For example, the fly ash may have all of the chemical

and physical requirements identified in Tables 1 and 2 of ASTM C618-12a of Class F

fly ash. For example, the fly ash may have all of the chemical and physical
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requirements identified in Tables 1 and 2 of ASTM C618-12a and one or more of the
supplementary optional physical requirements identified in Table 3 of ASTM C618-12a
of Class F fly ash.

The fly ash may, for example, have any one or more of the chemical requirements or
physical requirements or supplementary optional physical requirements of Class C fly
ash described in ASTM C618-1a. For example, the fly ash may have all of the chemical
and physical requirements identified in Tables 1 and 2 of ASTM C618-12a of Class C
fly ash. For example, the fly ash may have all of the chemical and physical
requirements identified in Tables 1 and 2 of ASTM C618-12a and one or more of the
supplementary optional physical requirements identified in Table 3 of ASTM C618-12a
of Class C fly ash. The fly ash may, for example, have any one or more of the chemical
requirements or physical requirements or supplementary optional physical
requirements of Class N fly ash described in ASTM C618-1a. For example, the fly ash
may have all of the chemical and physical requirements identified in Tables 1 and 2 of
ASTM C618-12a of Class N fly ash. For example, the fly ash may have all of the
chemical and physical requirements identified in Tables 1 and 2 of ASTM C618-12a
and one or more of the supplementary optional physical requirements identified in
Table 3 of ASTM C618-12a of Class N fly ash.

For example, the fly ash may have at least 70.0% silicon dioxide (SiO,) plus aluminium
oxide (Al,O,) plus iron oxide (Fe,O3) and/or a maximum of 5.0% sulphur trioxide and/or
a maximum moisture content of 3.0% and/or a maximum loss-on-ignition of 6.0%. For
example, the fly ash may have maximum fineness of 34% (% retained when wet-sieved
on 45 pym (No. 325) sieve) and/or a minimum of 75% strength activity index with

Portland cement at 7 days and/or 28 days and/or a maximum of 105% water

requirement and/or a maximum of 0.8% autoclave expansion or contraction and/or a

maximum variation of density of 5% from average and/or a maximum variation of %
retained on a 45 pm (No. 325) sieve of 5% from average. These properties are
measured as described in ASTM C618-12a.

For example, the fly ash may have at least 50.0% silicon dioxide (SiO;) plus aluminium
oxide (Al,O3) plus iron oxide (Fe,O3) and/or a maximum of 5.0% sulphur trioxide and/or
a maximum moisture content of 3.0% and/or a maximum loss-on-ignition of 6.0%. For
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example, the fly ash may have maximum fineness of 34% (% retained when wet-sieved
on 45 pm (No. 325) sieve) and/or a minimum of 75% strength activity index with
Portland cement at 7 days and/or 28 days and/or a maximum of 105% water
requirement and/or a maximum of 0.8% autoclave expansion or contraction and/or a
maximum variation of density of 5% from average and/or a maximum variation of %
retained on a 45 pm (No. 325) sieve of 5% from average. These properties are
measured as described in ASTM C618-12a.

For example, the fly ash may have at least 70.0% silicon dioxide (SiO,) plus aluminium
oxide (Al,O3) plus iron oxide (Fe,O;) and/or a maximum of 4.0% sulphur trioxide and/or
a maximum moisture content of 3.0% and/or a maximum loss-on-ignition of 10.0%. For
example, the fly ash may have maximum fineness of 34% (% retained when wet-sieved
on 45 uym (No. 325) sieve) and/or a minimum of 75% strength activity index with
Portland cement at 7 days and/or 28 days and/or a maximum of 115% water
requirement and/or 2 maximum of 0.8% autoclave expansion or contraction and/or a
maximum variation of density of 5% from average and/or a maximum variation of %
retained on a 45 pym (No. 325) sieve of 5% from average. These properties are
measured as described in ASTM C618-12a.

For example, the fly ash may have a maximum of 0.03 % increase of drying shrinkage
of mortar bars at 28 days over control and/or the quantity of air-entraining agent
required to produce an air content of 18.0 vol% of mortar may not vary from the
average established by the ten preceding tests or by all preceding tests if less than ten
by more than 20 % and/or the expansion of test mixture as a percentage of low-alkali
cement control at 14 days may be a maximum of 100 % and/or the expansion of test
mixture for moderate sulphate exposure after 8 months exposure may be a maximum
of 0.10 % and/or the expansion of test mixture for high sulphate exposure after 6
months exposure may be a maximum of 0.05 % and/or the expansion of test mixture
as a percentage of sulphate resistance cement control after at least 6 months exposure
may be a maximum of 100 %. These properties are measured as described in ASTM
C618-12a.
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Uses of the Fly Ash

The present invention provides the use of fly ash as a pozzolan. This means that it has
little or no cementitious (e.g. binding) effect itself, but will react with calcium hydroxide
in the presence of water to form compounds possessing cementitious properties. The
present invention also provides the use of fly ash in a cementitious compaosition such
as cement (e.g. Portland cement or blended cements) or concrete. For example, the fly
ash may be used as a pozzolan in said cementitious composition. Thus, there is also
provided herein a cementitious composition such as cement (e.g. Portland cement or

blended cements) or concrete comprising fly ash.

There is further provided herein a method of making a cementitious composition such
as cement or concrete. The method may, for example, comprise providing a fly ash
described herein (e.g. made by the method described herein), and combining said fly
ash with a calcium-based and/or silicate-based material, wherein the fly ash acts as a
pozzolan to form a cementitious composition. The calcium-based and/or silicate-based

material may, for example, be Portland cement.

The fly ash may, for example, be a fly ash obtained by or obtainable any method
described herein, including all embodiments thereof. The fly ash may, for example, be
as described above. For example, the fly ash may, for example, be a fly ash with a

particular pozzolanic activity.

When making a cementitious composition according to the present invention, the
components of the composition may suitably be added to the composition in any order
and/or combination. For example, the fly ash may be mixed with the calcium-based
and/or silicate-based material (e.g. Portland cement) to form a cementitious
composition. This cementitious composition may subsequently be added to a granular
aggregate material to make a concrete composition. Alternatively, Portland cement and
the fly ash may be added separately to a granular material (in any order) to make a

concrete composition.

The cementitious composition may, for example, be cement. The cementitious
composition may, for example, comprise Portland cement and the fly ash. Portland
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cement is a fine powder produced by grinding Portland cement clinker, calcium
sulphate and up to about 5 wit% minor constituents according to the appropriate
standards. Portland cement clinker is a hydraulic material which consists of at least two
thirds by mass of calcium silicates, the remainder comprising aluminium and iron
containing clinker phases and other compounds. The ratio of CaO to SiO, may typically
not be less than 2 and the MgO content may not exceed 5% by mass. Typical
constituents in mass percent of Portland clinker are tricalcium silicate (45-75%),
dicalcium silicate (7-32%), tricalcium aluminate (0-13%), tetracalcium aluminoferrite (O-
18%), gypsum, i.e. calcium sulphate {2-10%) and in Portland cement are calcium oxide
(61-67%), silicon oxide (19-23%), aluminium oxide (2.5-6%), ferric oxide (0-6%). The
Portland cement may, for example, be ordinary Portland cement (OPC). The Portland
cement may, for example, be white Portland cement. For example, the Portland
cement may be ASTM C150 Portland cement (e.g. any one or more of types I, 11, Ill, 1V,
V, la, lla, llia, H(MH) and I[(MH)a). For example, the Portland cement may be EN 197
(e.g. any one or more of classes |, ll, lll, IV and V). The Portland cement may, for
example, include those components that satisfy British Standard BS12 (EN 197-
1:2000). The use of the fly ash described herein as a pozzolan may, for example,
reduce the amount of Portland cement that is needed/used in cementitious

compositions such as concrete.

Concrete is a composite material comprising a granular aggregate material embedded
in a hard matrix of material (e.g. a binder composition such as cement). Concrete may,
for example, comprise any one or more of gravel, crushed stone, sand, cement binder,
water, chemical additives, mineral additives, and other additives, such as, for example,
fibers. The composite is formed by combining the components in accordance with
established practice and standards, depending on the type of concrete required and its
intended use. Aggregates can be up to 20 mm in size, for example, about 10 mm in
size. Examples of chemical additives are superplasticisers, air entrainers, retarders,

accelerators, pigments and corrosion inhibitors.

The concrete compositions may, for example, be selected from one or more of high
performance concrete, high strength concrete, lightweight concrete, precast and
poured-mold concrete, slab concrete, self-compacting concrete, glass fiber reinforced
concrete and special concretes for hostile environment.
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The concrete compositions may, for example, comprise from about 5 wt% to about 75

wt% fly ash. For example, the concrete compositions may comprise from about 10 wt%
to about 65 wt% fly ash, for example from about 20 wt% to about 55 wt% or 50 wt% fly
ash. For example from about 25 wt% to about 50 wt% fly ash.

Example 1

EXAMPLES

Fly ash was made by combusting a fuel comprising 80% Central Appalachian High S-

Fe and 20% PRB High K, Na coal in the presence of a hydrous aluminosilicate in a 300

MWe PC furnace under negative pressure. The furnace was fed with 2600 tonnes of

fuel per day and 0.6 to 1.6% of dry hydrous aluminosilicate was used based on the

total weight of fuel. The hydrous aluminosilicate was made in slurry form and injected

onto the coal conveyor belt before bunkering. The combustion produced approximately

10% ash based on the total amount of fuel used, approximately 15% of which was

bottom ash and 85% of which was fly ash.

The % ash content in dry fuel at 550°C, strength activity index, % amorphous content

of the ash, % available silica in the amorphous phase of the ash, Ca(OH), demand and

LOI of the ash was determined by the methods described above.

The results are shown in Table 1.

Table 1.
Pozzolanic Activity
% % Available | 00T
Svat % Mineral | % Ash | Strength ° o Avaliable | mand
stem ilica i
y Additive on | (d.b. | Activity | Amerphous | Silicain (mg per Lol
[+)
Dry Fuel 550°C) Index Phase Amorphous g of fly (%)
Content Phase
ash)
Coal 0 11.5 78 64 39.50 245 8.97
type 1.6 11.5 80 62 42.60 406 7.23
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Example 2

Fly ash was made by combusting a fuel comprising calcium and potassium rich fuel
pellets having an ash content from about 0.2 wt% to about 1.1 wt% in the presence of
hydrous aluminosilicate in a 300 MWe PC boiler. The furnace was fed with 150 tonnes
of fuel per hour and either 0 or 1 % of dry hydrous aluminosilicate based on the total

weight of fuel.
The % ash content in dry fuel at 550°C, strength activity index, % amorphous content
of the ash, % available silica in the amorphous phase of the ash, Ca(OH), demand and

LOI of the ash was determined by the methods described above.

The results are shown in Table 2.

Table 2.
Pozzolanic Activity
% \ . . Ca(OH),
Svst Mineral | % Ash | Strength g % Available demand
stem ilicai
y Additive | (db. | Activity | Amorphous)  Silicain ) LO!
[+]
onDry | 550°C) Index Phase Amorphous g of fly (%)
Content Phase
Fuel ash)
0 0.55 72 51 0.00 195 24.11
Woodpellets 1 055 79 61 21.07 391 | 1129
type
Example 3

Fly ash was made by combusting 100% lllinois Basin coal in the presence of a hydrous
aluminosilicate in a 1300 MWe PC furnace under negative pressure. The furnace was
fed with 11000 tonnes of fuel per day and 1% of dry hydrous aluminosilicate was used
based on the total weight of fuel. The hydrous aluminosilicate was made in slutry form

and injected onto the coal conveyor belt before bunkering. The combustion produced
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approximately 10% ash based on the total amount of fuel used, approximately 15% of

which was bottom ash and 85% of which was fly ash.
The % ash content in dry fuel at 550°C, strength activity index, % amorphous content
of the ash, % available silica in the amorphous phase of the ash, Ca(OH), demand and

LOI of the ash was determined by the methods described above.

The results are shown in Table 3.

Table 3.
Pozzolanic Activity

% % Available | C\O T2

System % Mineral % Ash | Strength ° ¢ demand
h ilica i LOl

Additiveon | (db. | Activity | AMOTPRous | Sillcain e

h [/
Dry Fuel | 550°C) | Index Phase | Amorphous | iy (%)
Content Phase
ash)

Coal 0 9.1 94 76 39.12 380 3.55
type 1 11.5 93 75 43.47 520 2.44
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The following numbered paragraphs define particular embodiments of the present

invention:

1. A method of making fly ash, the method comprising:
combusting fuel in the presence of a mineral additive to produce a fly ash;

wherein the mineral additive comprises at least one silicate.

2. The method of paragraph 1, wherein the fly ash has a pozzolanic activity that is
at least about 5% greater, for example at least about 10% greater, for example at least
about 20% greater than the pozzolanic activity of a fly ash made by the same method

in the absence of the mineral additive.

3. The method of paragraph 1 or 2, wherein the fly ash has a pozzolanic activity that
is up to about 800% greater, for example up to about 400% greater, for example up to
about 300%, for example up to about 100% greater than the pozzolanic activity of a fly

ash made by the same method in the absence of the mineral additive.

4. The method of any one of paragraphs 1 to 3, wherein the fly ash has a loss-on-
ignition (LOI) that is at least about 5% less, for example at least about 10%, for
example at least about 15% less, for example at least about 20% less, for example at
least about 25% less, for example at least about 30% less, for example at least about
35% less than the LOI of a fly ash made by the same method in the absence of the

mineral additive.

5. The method of any one of paragraphs 1 to 4, wherein the fly ash has a loss-on-
ignition (LOI) that is up to about 100% less, for example up to about 99% less, for
example up to about 90% less, for example up to about 75%, for example up to about
50% less, for example up to about 40% less, for example up to about 30% less than

the LOI of a fly ash made by the same method in the absence of the mineral additive.

6. The method of any one of paragraphs 1 to 5, wherein the absolute value of the
LOI of the fly ash decreases by an absolute value ranging from about 0.01% to about
30%, for example from about 0.01% to about 23%,for example from about 0.01% to

about 6.99%, for example from about 0.01% to about 5%, for example from about 5%
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to about 6.99%, or for example from about 23% to about 30% in comparison to a fly

ash made by the same method in the absence of the mineral additive.

7. The method of any one of paragraphs 1 to 6, wherein the fly ash has a LOI
ranging from about 0.01% to about 9%, for example from about 0.01% to about 7%, for

example from about 0.01% to about 4%, for example from about 0.01% to about 2%.

8. The method of any one of paragraphs 1 to 7, wherein the fly ash has an
amorphous (glassy) content that is at least about 5% greater, for example at least
about 10% greater, for example at least about 15% greater than the amorphous
(glassy) content of a fly ash made by the same method in the absence of the mineral

additive.

9. The method of any one of paragraphs 1 to 8, wherein the fly ash has an
amorphous content that is up to about 50% greater, for example up to about 40%
greater, for example up to about 35% greater, for example up to about 30% greater, for
example up to about 10% greater than the amorphous content of a fly ash made by the

same method in the absence of the mineral additive.

10. The method of any one of paragraphs 1 to 9, wherein the absolute value of the
amorphous content of the fly ash increased by an absolute value ranging from about 1
wt% to about 95 wt%, for example from about 10 wt% to about 75 wt%, for example
from about 10 wt% to about 50 wt%, for example from about 1 wt% to about 10 wit%,
for example from about 1 wt% to about 50 wt%, for example from about 50 wt% to
about 90 wt% in comparison to a fly ash made by the same method in the absence of

the mineral additive.

11. The method of any one of paragraphs 1 to 10, wherein the fly ash has an
amorphous content ranging from about 5 wt% to about 95wi%, for example ranging
from about 10 wt% or 20 wt% or 40 wt% or 50 wt% to about 90 wt% or about 75 wt% or
about 60 wt%.

12.  The method of any one of paragraphs 1 to 11, wherein the fly ash comprises at
least about 5% more, for example at least about 6% more, for example at least about
7% more, for example at least about 10% more available silica in the amorphous phase

than a fly ash made by the same method in the absence of the mineral additive.
48



WO 2016/059231 PCT/EP2015/074055

13. The method of any one of paragraphs 1 to 12, wherein the fly ash comprises up
to about 1000% more, for example up to about 90% more, for example up to about
80% more, for example up to about 70% more, for example up to about 50%, for
example up to about 20% more available silica in the amorphous phase than a fly ash

made by the same method in the absence of the mineral additive.

14. The method of any one of paragraphs 1 to 13, wherein the absolute value of
available silica in the amorphous phase of the fly ash increases by an absolute value
ranging from about 1 wt% to about 75 wt%, for example from about 1 wt% to about 25
wt%, for example from about 1 wt% to about 55 wt%, for example from about 25 wt%
to about 55 wt%, for example from about 55 wt% to about 75 wt% in comparison to a

fly ash made by the same method in the absence of the mineral additive.

15. The method of any one of paragraphs 1 to 14, wherein the fly ash comprises
from about 1 wit% to about 100 wi% available silica in the amorphous phase, for
example from about 25 wt% to about 95 wt%, for example from about 50 wt% to about
80 wt%..

16. The method of any one of paragraphs 1 to 15, wherein the fly ash has a Ca(OH),
demand that is at least about 5% greater, for example at least about 10% greater, for
example at least about 15% greater, for example at least about 20% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral

additive.

17. The method of any one of paragraphs 1 to 16, wherein the fly ash has a Ca(OH),
demand that is up to about 800%, for example up to about 400%, for example up to
about 315%, for example up to about 300%, for example up to about 100%, for
example up to about 150%, for example up to about 100%, for example up to about
80%, for example up to about 60% greater than the Ca(OH), demand of a fly ash made

by the same method in the absence of the mineral additive.

18. The method of any one of paragraphs 1 to 17 wherein the absolute value of the

Ca(OH), demand of the fly ash increases by an absolute value from about 1 to about

1300 mg Ca(OH), per gram of fly ash, for example from about 1 to about 250, for

example from about 250 to about 650, or for example from about 650 to about 1300,
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for example from about 800 to about 1300 mg Ca(OH), per gram of fly ash, in
comparison to a fly ash made by the same method in the absence of the mineral

additive.

19. The method of any one of paragraphs 1 to 18, wherein the fly ash has a Ca(OH);
demand ranging from about 660 to about 1400 mg Ca(OH), per g of fly ash, for
example from about 660 to about 1000 mg Ca(OH), per gram of fly ash, for example
from about 900 to about 1400 mg Ca(OH), per gram of fly ash.

20. The method of any one of paragraphs 1 to 19, wherein the fly ash has a strength
activity index that is at least about 5% greater, for example at least about 6% greater,
for example at least about 7% greater, for example at least about 8% greater, for
example at least about 10% greater than the strength activity index of a fly ash made

by the same method in the absence of the mineral additive.

21. The method of any one of paragraphs 1 to 20, wherein the fly ash has a strength
activity index that is up to about 80%, for example up to about 70%, for example up to
about 50%, for example up to about 20% greater, for example up to about 15% greater
than the strength activity index of a fly ash made by the same method in the absence of

the mineral additive.

22. The method of any one of paragraphs 1 to 21, wherein the absolute value of the
strength activity index of the fly ash in concrete increases by an absolute value ranging
from about 1 to about 80, for example from about 1 to about 10, for example from
about 1 to about 25, for example from about 10 to about 55, for example from about 10
to about 25, for example from about 25 to about 80, for example from about 55 to about
80 in comparison to a fly ash made by the same method in the absence of the mineral

additive.

23. The method of any one of paragraphs 1 to 22, wherein the fly ash has a strength
activity index ranging from about 75 to about 150, for example from about 75 to about

130, for example from about 75 to about 100.

24. The method of any one of paragraphs 1 to 23, wherein fly ash made by the same

method in the absence of the mineral additive does not meet one or more of the

standard requirement of ASTM C618 — 12a or EN 450-1:2012 but the fly ash made by
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the method of any one of paragraphs 1 to 23 does meet the corresponding one or more
standard requirements of ASTM C618 —~ 12a or EN 450-1:2012.

25. The method of paragraph 24, wherein the fly ash made by the same method in
the absence of the mineral additive does not meet one or more of the standard
requirement of ASTM C618 — 12a or EN 450-1:2012 but the fly ash made by the
method of any one of paragraphs 1 to 23 does meet all of standard requirements of
ASTM C618 — 12a or EN 450-1:2012.

26. The method of any one of paragraphs 1 to 25, wherein the fly ash is an ash

having a molar base/acid ratio of greater than 1 (e.g. woodpellets ash).

27. The method of any one of paragraphs 1 to 26, wherein the fly ash is an ash

having a molar base/acid ratio of less than 1 (e.g. coal ash).

28. The method of any one of paragraphs 1 to 27, wherein the at least one silicate is
selected from the group consisting of quartz, tridymite, cristobalite, coesite, stishovite,

lechatelierite, chalcedony, diatomite (e.g. opal) and aluminosilicates.

29. The method of paragraph 28, wherein the aluminosilicate is selected from the
group consisting of kaolin, halloysite, ball clay, lump clay, bauxite clay, calcined clay,
smectite, bentonite, clayey marl, marl, calcerous marl, andalusite, kyanite, sillimanite,

perlite, mica, chlorite, attapulgite or palygorskite and pyrophyllite.

30. The method of any one of paragraphs 1 to 29, wherein the amount of dry silicate
added to the wet fuel relative to the amount of ash in the dry fuel at 550°C ranges from
about 0.01 to about 10.

31. The method of any one of paragraphs 1 to 30, wherein the mineral additive
further comprises an alkaline earth metal-containing mineral, for example a

magnesium-containing mineral or a calcium-containing mineral.

32. The method of any one of paragraphs 1 to 31, wherein the mineral additive
further comprises one or more of calcium carbonate (e.g. GCC or PCC), limestone,
marble, chalk, dolomite, aragonitic sand, sea shells, coral, cement kiln dust, talc,
brucite, magnesium carbonate, a magnesium carbonate-containing mineral and a

calcium-carbonate containing mineral.
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33. The method of any one of paragraphs 1 to 32, wherein the mineral additive

further comprises a high surface area silicate mineral such as diatomaceous earth.

34. The method of any one of paragraphs 1 to 33, wherein the mineral additive
comprises from about 15 wit% to about 100 wt% total silicate, for example from about
20 wt% or from about 40 wt% to about 85 wi% silicate.

35. The method of any one of paragraphs 1 to 34, wherein the mineral additive
comprises from about 0 wt% to about 100 wt% aluminosilicate, for example from about
15 wt% or from about 20 wt% or from about 40 wt% to about 85 wt% aluminosilicate.

36. The method of any one of paragraphs 1 to 35, wherein the mineral additive
comprises less than about 40 wt%, for example less than about 30 wt%, for example

less than about 20 wt% calcium oxide.

37. The method of any one of paragraphs 1 to 36, wherein the fuel comprises one or
more of coal, petroleum coke, lignite, biofuel (e.g. biofuel derived from biomass such as
wheat straw, wood pellets, straw pellets, peat, lignocellulose, waste biomass such as
bagasse, wheat stalks, corn stalks, oat stalks and/or energy biomass such as grasses
of the Miscanthus genus), refuse-derived fuel (e.g. municipal solid waste, commercial

waste, industrial waste, biomass waste and animal waste).

38. The method of any one of paragraphs 1 to 37, wherein the method is carried out

in a fossil fuel power plant.

39. The method of any one of paragraphs 1 to 37, wherein the method is carried out

in a biomass power plant.

40. The method of any one of paragraphs 1 to 37, wherein the method is carried out

in a waste-to-energy power plant.

41. The method of any one of paragraphs 1 to 40, wherein the mineral additive is

combined with the fuel prior to or during combustion.

42. The method of any one of paragraphs 1 to 41, wherein the mineral additive is

added over the firing zone.
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43. The method of any one of paragraphs 1 to 42, wherein the mineral additive

contacts the fuel during combustion.

44. The method of any one of paragraphs 1 to 43, wherein the combustion is carried

out at a temperature ranging from about 200°C to about 2300°C.

45. The method of any one of paragraphs 1 to 44, wherein the combustion is carried

out for a period of time ranging from about 0.1 seconds to about 24 hours.
46. Afly ash having any one of the properties defined in paragraphs 2 to 27.

47. The fly ash of paragraph 46 obtained by or obtainable by the method of any one
of paragraphs 1 to 45.

48. Use of the fly ash of paragraph 46 or 47 as a pozzolan.

49. The use of paragraph 48, wherein the fly ash is incorporated into a cementitious

composition.

50. The use of paragraph 49, wherein the cementitious composition is cement (e.g.

blended cement or Portland cement) or concrete.
51. A cementitious composition comprising fly ash according to paragraph 46 or 47.

52. The cementitious composition of paragraph 51, wherein the cementitious

composition is cement (e.g. blended cement or Portland cement) or concrete.

53. A method of making a cementitious composition, the method comprising
providing a fly ash made by the method of any one of paragraphs 1 to 45 and
combining the fly ash with a calcium-based and/or silicate-based material, wherein the

fly ash acts as a pozzolan to form the cementitious composition.

54. The method of paragraph 53, wherein the calcium-based and/or silicate-based

material is Portland cement.

55. The method of paragraph 53 or 54, wherein the cementitious composition is

concrete and the method further comprises combining the fly ash and/or calcium-based
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and/or silicate-based cement and/or cementitious composition with a granular

aggregate material.
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CLAIMS

1. A method of making fly ash, the method comprising:
combusting fuel in the presence of a mineral additive to produce a fly ash;
wherein the mineral additive comprises at least one silicate; and

wherein the fly ash

A. has a pozzolanic activity that is at least about 5% greater, for example
at least about 10% greater, for example at least about 20% greater than
the pozzolanic activity of a fly ash made by the same method in the

absence of the mineral additive; and/or

B. has a loss-on-ignition (LOI) that is at least about 5% less, for example
at least about 15% less, or at least about 25% less, or at least about
35% less than the LOI of a fly ash made by the same method in the

absence of the mineral additive.

2. The method of claim 1, wherein the fly ash has an amorphous content that is at
least about 5% greater, for example at least about 10% greater, for example at least
about 15% greater than the amorphous content of a fly ash made by the same method

in the absence of the mineral additive.

3. The method of claim 1 or claim 2, wherein the fly ash comprises at least about
5%, for example at least about 6%, for example at least about 7%, for example at least
about 10% more available silica in the amorphous phase than a fly ash made by the

same method in the absence of the mineral additive.

4. The method of any one of claims 1 to 3, wherein the fly ash has a Ca(OH).
demand that is at least about 5% greater, for example at least about 10% greater, for
example at least about 15% greater, for example at least about 20% greater than the
Ca(OH), demand of a fly ash made by the same method in the absence of the mineral

additive.
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5. The method of any one of claims 1 to 4, wherein the fly ash has a strength activity
index in concrete that is at least about 5% greater, for example at least about 6%
greater, or at least about 7% greater, or at least about 8% greater, or at least about
10% greater than the strength activity index in concrete of fly ash made by the same

method in the absence of the mineral additive.

8. The method of any one of claims 1 to 5, wherein the at least one silicate is
selected from the group consisting of quartz, tridymite, cristobalite, coesite, stishovite,
lechatelierite, chalcedony, diatomite (e.g. opal), aluminosilicates and combinations

thereof.

7. The method of any one of claims 1 to 6, wherein the at least one silicate is an
aluminosilicate, for example selected from the group consisting of kaolin, halloysite,
ball clay, lump clay, bauxite clay, calcined clay, smectite, bentonite, clayey mari, marl,
calcerous marl, andalusite, kyanite, sillimanite, perlite, mica, chlorite, attapulgite or

palygorskite and pyrophyliite.

8. The method of any one of claims 1 to 7, wherein the amount of dry silicate added
to the wet fuel relative to the amount of ash in the dry fuel at 550°C ranges from about
0.01 to about 10.

9. The method of any one of claims 1 to 8, wherein the mineral additive comprises
from about 15 wt% to about 100 wt% total silicate, for example from about 20 wt% or
from about 40 wt% to about 85 wt% total silicate.

10. The method of any one of claims 1 to 9, wherein the fuel comprises one or more
of coal, petroleum coke, lignite, biofuel (e.g. biofuel derived from biomass such as
wheat straw, wood pellets, straw pellets, peat, lignocellulose, waste biomass such as
bagasse, wheat stalks, corn stalks, oat stalks and/or energy biomass such as grasses
of the Miscanthus genus), refuse-derived fuel (e.g. municipal solid waste, commercial

waste, industrial waste, biomass waste and animal waste).

11.  The method of any one of claims 1 to 10, wherein the method is carried out in a

fossil fuel power plant or a biomass power plant or a waste-to-energy power plant.
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12. The method of any one of claims 1 to 11, wherein the mineral additive is
combined with the fuel prior to and/or during combustion and/or added over the firing

zone.
13. A fly ash obtained by or obtainable by the method of any one of claims 1 to 12.

14. The fly ash of claim 13, wherein the fly ash is according to any one of claims 2 to
6.

15. Use of the fly ash of claim 13 or 14 as a pozzolan.

16. The use of claim 15, wherein the fly ash acts as a pozzolan in a cementitious

composition, for example cement or concrete.

17. A cementitious composition, for example concrete, comprising fly ash according

to claim 13 or 14.

18. A method of making a cementitious composition, for example concrete, the
method comprising providing a fly ash made by the method of any one of claims 1 to
12 and combining the fly ash with a calcium-based and/or silicate-based material (e.g.
Portland cement) and optionally a granular aggregate material, wherein the fly ash acts

as a pozzolan to form the cementitious composition.
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