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There is also a kind of powder which from natural causes produces astonishing results. It
is found in the neighborhood of Baiae and in the country belonging to the towns round
about Mt. Vesuvius. This substance, when mixed with lime and rubble, not only lends
strength to buildings of other kinds, but even when piers of it are constructed in the sea,
they set hard under water.
-Vitruvius, De architectura, “Pozzolana,” Book II, Chapter VI, 1st century B.C.
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SUMMARY

Stricter greenhouse gas emission limits and renewable energy requirements are
expected to further increase the worldwide practices of firing biomass and co-firing
biomass with coal, which are both considered more sustainable energy sources than coalonly combustion. Reuse options for the by-products of these processes (biomass ash and
co-fired fly ash, respectively) remain limited even though they are expected to become
increasingly abundant. Therefore, this research examines new beneficial reuses for these
emerging energy by-products in construction applications.
One potential option is to reuse these ashes as supplementary cementitious
materials (SCMs)—which is a current reuse for coal fly ash—however, biomass and cofired fly ash are not addressed in U.S. standards for fly ash use in concrete (ASTM
C618). This study examined whether a set of biomass and co-fired fly ashes with varying
characteristics comply with ASTM C618 requirements including strength activity, and
supplementary optional physical requirements for air-entraining admixture (AEA)
demand and resistance to alkali-silica reaction and sulfate attack. The impact of these
ashes on early-age hydration kinetics, rheology, setting time and permeability was also
assessed. Furthermore, the pozzolanic reactivity and the microstructural and hydrated
phase development of the cement-ash samples were analyzed. The results show that a
wood biomass ash sample was not satisfactory for use as an SCM. On the other hand, the
findings demonstrate that co-fired fly ashes can significantly improve the strength and
durability properties of concrete compared to ordinary portland cement (OPC), in part
due to their pozzolanicity. Thus, it is recommended that the ASTM C618 standard be
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modified to permit co-fired fly ash sources that meet existing requirements and any
additional requirements deemed necessary to ensure their satisfactory performance when
used in concrete.
Coal fly ash can be alkali-activated to form geopolymers, which are binders that
can be used as an alternative to OPC concrete. This study characterized the early-age
reaction kinetics and rheological behavior of these materials. The results indicate that the
exothermic reactivity of coal fly ash geopolymers is significantly influenced by the
activator solution chemistry. Also, the plastic viscosity and yield stress parameters of fly
ash geopolymer pastes are mainly controlled by the rheology of the activating solution,
the solids volume fraction of the fly ash particles and the formation of an aluminosilicate
gel at early ages. Overall, the early-age behavior of coal fly ash geopolymers is
significantly different compared to cementitious materials, which has important
implications for their workability and placement in the field.
Co-fired fly ash may also be a suitable for synthesizing geopolymers, but there is
poor understanding about their use as an aluminosilicate precursor. In this study, two cofired fly ashes were successfully polymerized, and geopolymer compressive strengths
were generally highest when the ashes were activated with solutions with a molar ratio of
SiO2/(Na2O + K2O) = 1. The results show that geopolymerization is a viable beneficial
end use for these by-product materials. Further characterization of these materials by
scanning transmission X-ray microscopy (STXM) analysis revealed the heterogeneity of
the aluminosilicate phase composition of the co-fired fly ash geopolymer gel at the nanoto micro-scale.
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CHAPTER 1
INTRODUCTION

1.1

Background

The blend of energy sources used for electricity generation around the world has
changed in recent years due to the increased use of renewable fuels and technologies [1].
Still, coal combustion remains the largest source for worldwide electricity production,
providing over 41% of total power in 2011 [2]. In the U.S., coal combustion also
provides the largest fraction of total power (37% in 2012), and energy projections predict
coal will remain a significant source of energy in the future [3]. However, coal is the
most carbon-intensive fossil fuel, and accounted for 44% of world carbon dioxide (CO2)
emissions in 2011 [4]. This has prompted the increased use of carbon-neutral renewable
energy sources. For example, international initiatives such as the Kyoto Protocol have
been implemented to significantly reduce anthropogenic greenhouse gas emissions,
which has stimulated renewable energy development. In the U.S., emissions standards
and renewable energy requirements have become stricter due to new legislation and
regulations at both the federal and state level [3].
As a result of these policies and also changes in resource availability, renewable
fuel use is currently growing at a much faster rate compared to fossil fuel use, supplying
the world with 4.5% of its electricity in 2011 (excluding conventional hydropower), and
12% of U.S. electricity generation in 2012 [2, 3]. Renewable electricity generation is
projected to significantly increase over the coming decades in the U.S. (Figure 1.1). A
large portion of renewable electricity is generated from the use of organic, plant-derived
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materials—collectively termed ‘biomass’—as a fuel. Biomass fuels generated 17% of the
renewable electricity produced in the U.S. in 2012 (excluding conventional hydropower),
and biomass electricity generation is expected to increase by an average of 4.4% each
year until 2040 [3].
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Figure 1.1 Renewable electricity generation in the U.S. by type excluding hydropower
(adapted from the U.S. Energy Information Administration Annual Energy Outlook [3,
5]). Note: MSW = municipal solid waste

The use of biomass fuels (i.e., mostly from wood and herbaceous sources) for
thermal energy production is expected to increase because it is a less-expensive and more
technically feasible option compared to other renewable energy sources [6, 7]. The
increased biomass electricity generation over the coming decades will not only come
from additional biomass combustion, but also from co-firing (i.e., the co-combustion of
coal with biomass), which has been stimulated by state-level policies and increasing
regional cost-competitiveness with coal-only combustion [3].
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Both of these energy sources—biomass firing and co-firing—are more sustainable
compared to coal-only combustion when the consumption of the biomass is less than its
rate of growth [8]. Furthermore, biomass fuel combustion can be considered a CO2neutral process when the amount of CO2 released into the atmosphere is less than or
equal to the amount of CO2 the plants take in during their lifetime [9, 10]. Sulfur oxides
(SOx) and nitrogen oxides (NOx) emissions are also typically decreased with biomass
firing and co-firing because less sulfur and nitrogen is inherent in biomass compared to
coal, but particle emissions can be higher for biomass combustion depending on the firing
conditions [7, 9].
Biomass is easily grown in many environments and regenerates quickly
(especially compared to the time-scale of coal generation), which makes it an attractive
choice as a renewable energy source in many parts of the U.S. and around the world. This
is especially true in the southeastern U.S. where biomass fuel sources are abundant [11].
The biomass resources available in the U.S. for energy production for two types of
biomass feedstock (forest residues and crop residues) are shown in Figure 1.2 and Figure
1.3, respectively. Resource maps for other types of biomass (e.g., mill residues, urban
wood waste) are located at [12]. These maps show the high availability of wood biomass
(i.e., forest residues) in the Southeast, Upper Midwest, Northeast and Pacific Northwest.
These regions are less abundant in herbaceous biomass resources (i.e., crop residues),
which are primarily concentrated in the Midwest. These maps indicate that the types of
biomass used for energy generation will likely vary by region depending on availability.
Although it must be noted that these maps do not include biomass (either wood or
herbaceous) solely grown for combustion energy purposes.
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Figure 1.2: Forest residues feedstock available in the U.S. by county in 2007. This
category primarily includes unused portions of logged trees (source: National Renewable
Energy Laboratory [12]).

Figure 1.3: Crop residues feedstock available in the U.S. by county (five-year average:
2003-2007). This category includes soybeans, cotton, sorghum, barley, oats, rice, rye,
canola, dry edible beans, dry edible peas, peanuts, potatoes, safflower, sunflower,
sugarcane, and flaxseed (source: National Renewable Energy Laboratory [12]).
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In 2011, there were over 300 wood and herbaceous biomass and co-fired power
generating units operating in the U.S. [13], which is a number that is expected to increase
in the future. Biomass firing and co-firing is also increasingly common in other regions
of the world. For example, wood is the largest renewable fuel currently used in Europe in
part because existing coal power plants can be easily converted to either biomass or cofired plants [14]. As a result of the increased use of biomass firing and co-firing for
electricity generation around the world, the production of a new class of by-products
derived from these power plants is also expected to increase.
These new class of by-products are termed ‘biomass ash’ and ‘co-fired fly ash’,
and are derived from biomass-only combustion and coal/biomass co-combustion,
respectively. The engineering properties of these new ash sources are less well-known
compared to ‘coal fly ash’, which is derived from coal-only combustion.
The extensive amount of historical and continuing research on the properties of
coal fly ash and reuse applications for coal fly ash have enabled it to become one of the
most widely beneficially reused waste materials. In 2012, the American Coal Ash
Association estimated that 44.5% of the 51.1 million tons of coal fly ash generated in the
U.S. was beneficially used [15]. More than half of the recycled coal fly ash was used as a
supplementary cementitious material (SCM) in concrete or in blended cement, while the
remainder was utilized in a number of other applications (Figure 1.4). Another growing
beneficial reuse for coal fly ash (not included in these reuse statistics) is to generate
alkali-activated geopolymers, which are alternative binders with similar mechanical and
durability properties to ordinary portland cement concrete [16].
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Figure 1.4: Coal fly ash use in 2012 in the U.S. by application (adapted from data
compiled by the American Coal Ash Association [15])

More than half of the coal fly ash generated in the U.S. is not beneficially reused
primarily due to quality issues (e.g., high carbon). This unused portion is predominantly
disposed of in landfills or ash ponds, which can have disastrous consequences if the ash is
not properly stored. For example, the recent spill of 5.4 million cubic yards of coal fly
ash stored at the TVA Kingston Plant (Kingston, TN) and the smaller, but still
significant, coal fly ash spill at Dan River (Eden, NC) have prompted the U.S.
Environmental Protection Agency to seek heightened scrutiny on the disposal and
beneficial reuse of coal combustion by-products [17, 18]. Therefore, there is a continued
need to develop additional applications and strategies to recycle a greater portion of coal
fly ash than is currently reused.
For biomass ashes and co-fired fly ashes, limited records exist about their
production, reuse or disposal. However, these by-product materials are currently being
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produced in substantial quantities, as evidenced by the amount of electricity that is
currently produced by biofuel combustion and the number of biofuel generating units
currently in operation. In the U.S., reuse applications for biomass ash and co-fired fly ash
are restricted due to their exclusion from the American standard for fly ash use in
concrete (ASTM C618). This is not the case in Europe where co-fired fly ash is allowed
for use in concrete with additional restrictions, because landfill disposal of any type of
ash produced from combustion is discouraged in most EU countries and even prohibited
in the Netherlands [19]. Even though ash landfilling is not prohibited in the U.S., the
disposal of biomass ash and co-fired fly ash is not a sustainable nor benign option, as
evidenced by the recent ash spills. Therefore, new beneficial reuses for these emerging
and increasingly abundant energy by-products will need to be researched.

1.2

Research Motivation

As the U.S. and other regions around the world move toward biomass firing and
co-firing—rather than coal combustion—as a fuel source for electricity generation, the
production of biomass ash and co-fired fly ash is expected to increase. However, reuse
options for these by-product materials remain limited (especially compared to coal fly
ash), in part due to a lack of understanding about their chemistry and structure. However,
these by-products could potentially have a similar composition to coal fly ash, and thus
current beneficial reuse applications for coal fly ash may also be viable options for these
materials.
In particular, biomass and co-fired fly ash might be good candidates to use as
SCMs in concrete. However, the current American standard for fly ash use in concrete
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(ASTM C618) implicitly excludes by-products of coal and biomass co-firing, and does
not consider biomass ashes from wood and herbaceous sources as natural pozzolans. As a
consequence, there is a current disconnect between the ASTM C618 standard and
common practice, because there is anecdotal evidence that co-fired fly ashes are already
being sold in the U.S. fly ash market as ‘coal fly ash’. Furthermore, other countries
(namely in Europe) currently accept co-fired fly ashes in concrete. Thus the future of fly
ash for use in concrete in the U.S. may be at risk unless the standards are changed to
allow these by-products—given that they satisfy chemical and physical requirements
necessary to ensure their performance in concrete.
As more coal power plants convert to co-firing, it is critical for industries that
beneficially reuse coal fly ash to recognize and understand the potential implications of
these changing combustion practices on the quality of fly ash. One such industry is the
producer of geopolymers, which are alternative binders generated by alkali-activating an
aluminosilicate powder such as coal fly ash. Co-fired fly ash could potentially be used as
a precursor for geopolymerization since a significant fraction of co-fired fly ash is
derived from coal combustion, but little research has investigated this reuse option for
these materials. Furthermore, there is a need to better understand key properties of coal
fly ash geopolymers, such as their early-age behavior, before their widespread utilization
is possible.
The use of biomass ash and co-fired fly ash in these two applications will require
additional research to assess how potential differences in their chemical and physical
makeup—compared to coal fly ash—may impact concrete and geopolymer properties.
Since biomass ash compositions are more variable than coal fly ash compositions [20],

8

the use of these ashes could noticeably affect the properties of these two binder-types
compared to the use of coal fly ash. Nonetheless, it is necessary to examine the viability
of potential reuse applications for these by-product materials, because the only alternative
option (i.e., disposal) negatively impacts the environment, the economy and society.

1.3

Research Objectives

The main objectives of this research are to better understand the properties of these
new classes of by-products—biomass ash and co-fired fly ash—and to examine
potentially viable productive reuses for them. Two primary beneficial applications are
investigated as part of this research: (1) their use as SCMs and (2) their use as a precursor
to form geopolymers. The objectives can be classified as follows:

1) To assess the current state-of-the-art on biomass ash and co-fired fly ash
compositions, and their beneficial reuse in concrete and alkali-activated
geopolymers in order to identify areas requiring additional research.
2) To chemically and physically characterize a set of coal, biomass and co-fired
fly ashes, with varying characteristics, and to assess the impact of the fuel
source on ash properties (i.e., to better understand the potential differences in
the structure and chemistry of biomass ashes and co-fired fly ashes in
comparison to coal fly ash).
3) To assess if biomass ashes and co-fired fly ashes can be viably used as SCMs
(i.e., impart benefits to concrete associated with pozzolanic admixtures),
independent of the source of the ash, if they meet the chemical and physical
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requirements stipulated in the ASTM C618 standard. This research will
ultimately evaluate whether the exclusion of biomass ash and co-fired fly ash
from ASTM C618 is justified or if an update to the standard—to reflect current
combustion practices—should be considered.
4) To investigate the early-age properties of alkali-activated coal fly ash
geopolymers to develop a better understanding of the relationship between
reaction kinetics and rheological parameters for these materials.
5) To develop viable alkali-activated geopolymers (i.e., hardened, polymerized
binders) using co-fired fly ash as a precursor, and to characterize the
fundamental properties of these materials and assess how these properties may
be different from coal fly ash geopolymer properties.

1.4

Organization of Dissertation

The structure of the dissertation is outlined as follows:
•

Chapter 2 presents a literature review on the formation and characteristics of coal,
biomass and co-fired fly ash in addition to their use as SCMs in concrete
including their impact on early-age properties, strength and durability. This
review also includes background information on alkali-activated geopolymers,
and the use of biomass ash and co-fired fly ash as precursors.

•

Chapter 3 characterizes a set of coal, biomass and co-fired fly ashes produced
using a range of biomass materials and fuel replacement rates. The bulk chemistry
(both major and minor elements) and physical properties (i.e., particle size and
distribution, specific gravity, specific surface area and morphology) of these ashes
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are discussed. The influence of the biomass fuel properties on ash properties (both
from the combustion of biomass and co-combustion of coal with biomass) is
assessed.
•

Chapter 4 examines whether the biomass and co-fired fly ashes examined here
meet ASTM C618 requirements including strength activity, and supplementary
optional physical requirements for air-entraining admixture (AEA) demand and
resistance to alkali-silica reaction and sulfate attack. This chapter also looks at the
influence of these ashes on early-age hydration kinetics, rheology, setting time,
permeability, pozzolanic reactivity, and microstructural and hydrated phase
development.

•

Chapter 5 examines the early-age behavior of alkali-activated coal fly ash
geopolymers. Specifically, the thermal kinetics of pastes made with various
activating solutions are measured at two temperatures, and key exothermic
features are associated with reaction mechanisms known to occur during
geopolymerization. Also, the flow behavior of geopolymer pastes in the plastic
state is assessed by fitting data obtained from a rotational rheometer to multiple
rheological models.

•

Chapter 6 characterizes alkali-activated coal and co-fired fly ash geopolymers,
synthesized with a range of activating solution chemistries, by strength testing,
infrared spectroscopy, X-ray diffraction, dilatometry, thermogravimetric analysis
and electron microscopy.

•

Chapter 7 examines the distribution, speciation and coordination of six major
elements at the nano- to micro-scale in a biomass ash, a co-fired fly ash and a
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geopolymer gel prepared with the co-fired fly ash using scanning transmission Xray microscopy (STXM) analysis.
•

Chapter 8 presents a summary of the research performed and the main
conclusions and recommendations. Additional research topics are suggested based
upon the outcomes of this research.

12

CHAPTER 2
LITERATURE REVIEW

2.1

Ash Classifications

Ashes derived from the combustion of a fuel source (i.e., either coal, biomass or
the co-combustion of coal with biomass) consist of a highly complex, heterogeneous
mixture of finely divided particles with varying physical characteristics and chemical
compositions. The characteristics of the ash depend not only on the fuel source, but also
on other processing variables and conditions during combustion or co-combustion such
as the pulverization technique, the flue gas temperature, oxygen availability, furnace type
and cooling rate, in addition to ash collection methods, storage and handling. These
variables can have a significant impact on the viability of an ash for productive reuse.
The three main types of ashes investigated in this thesis were produced by coal-only
combustion (coal fly ash - FA), biomass-only combustion (biomass ash – BA) and
coal/biomass co-combustion (co-fired fly ash - CA). It should be noted that the ashes
presented in this thesis are samples of each ash category, and are not meant to be
representative of the full potential range in ash properties or characteristics.

2.1.1

Coal Fly Ash
Coal fly ash is defined by the American Concrete Institute (ACI) as, “the finely

divided residue that results from the combustion of ground or powdered coal and that is
transported by flue gases from the combustion zone to the particle removal system [21].”
It consists of a heterogeneous mix of amorphous and crystalline phases, both organic and
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inorganic. These phases are typically not independent of one another, but rather the
crystalline phases can be within or attached to the glassy matrix [22]. FA is
predominantly composed of particles with a spherical morphology commonly classified
into three categories: (1) solid spheres, (2) hollow spheres (cenospheres) and (3) hollow
spheres containing smaller solid spheres (plerospheres) [23]. During the coal combustion
process, the incombustible minerals in the coal liquefy at temperatures up to 1600°C and
form glassy spherical particles upon rapid quenching [22]. At these temperatures, the
mineral matter may also oxidize, decompose, fuse, disintegrate or agglomerate before
cooling [24]. FA also contains crystalline particles and other amorphous particles such as
unburned carbon as a result of incomplete combustion of the coal. The resulting mix is
such that the size and chemical composition of each FA particle can be completely
unique [25].
The average elemental, volatile and ash contents of 37 different coal samples
classified into three different ranks (i.e., lignite, subbituminous and bituminous) are listed
in Table 2.1. The chemical compositions of the fly ashes produced by these coal samples
are listed in Table 2.2. The SiO2 and Al2O3 contents of FA are mostly derived from the
clay minerals and quartz in the parent coal. Higher rank coals, which have higher carbon
contents and heat/energy values (i.e., anthracite and bituminous), usually contain a higher
percentage of clay minerals in their incombustible fraction compared to lower rank coals,
which have lower carbon contents and heat/energy values (i.e., subbituminous and
lignite) [22]. Thus higher ranking coals tend to be enriched in Si and Al in their glassy
phases. The source of CaO in FA is primarily from calcium carbonates and calcium
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Table 2.1: Ultimate analysis, volatile matter and ash yield of woody and herbaceous biomass vs. coal (source: Vassilev et al. [26])
C

O

48 - 57

32 - 45

52.1

41.2

6.2

0.4

0.08

78.0

3.5

42 - 58

34 - 49

3-9

0.1 - 3

0.01 - 0.6

59 - 86

1 - 20

Grasses (avg)

49.2

43.7

6.1

0.9

0.13

79.0

4.8

Straws (avg)

49.4

43.2

6.1

1.2

0.15

74.3

8.6

Other Herbaceous (avg)

49.9

42.6

6.2

1.2

0.15

75.2

5.7

63 - 87

4 - 30

3-6

0.5 - 3

0.2 - 10

12 - 52

5.7 - 52

Coal (avg)

78.2

13.6

5.2

1.3

1.7

32.8

20.9

Lignite (avg)

64.0

23.7

5.5

1.0

5.8

36.7

34.6

Subbituminous (avg)

74.4

17.7

5.6

1.4

0.9

36.4

26.4

Fuel Type*
Wood (range)
c

Wood (avg )
Herbaceous (range)

Coal (range)

H
N
a
(wt.%, dry ash-free )
5 - 10
0.1 - 0.7

S
0.01 - 0.4

Volatile
Ash
b
(wt.%, dry )
69 - 86
0.1 - 17

Bituminous (avg)
83.1
9.5
5.0
1.3
1.1
30.0
15.7
b
c
Excludes all moisture and ash; Excludes all moisture; avg = average value of the set of data for each biomass or coal classification
*Biomass fuel types
Wood samples: alder-fir sawdust, balsam bard, beech bark, birch bark, elm bark, eucalyptus bark, fir mill residue, forest residue, hemlock bark,
land clearing wood, maple bark, oak sawdust, oak wood, olive wood, pine bark, pine chips, pine pruning, pine sawdust, poplar, poplar bark,
sawdust, spruce bark, spruce wood, tamarack bark, willow wood
Grass samples: arundo, bamboo whole, bana, buffalo gourd, kenaf, miscanthus, reed canary, sorghastrum, sweet sorghum, switchgrass
Straw samples: alfalfa, barley, corn, mint, oat, rape, rice, wheat
Other herbaceous samples: almond hulls, almond shells, coconut shells, coffee husks, cotton husks, grape marc, groundnut shells, hazelnut
shells, mustard husks, olive husks, olive pits, olive residue, palm fibers-husks, palm kernels, pepper plant, pepper residue, pistachio shells,
plum pits, rice husks, soya husks, sugar cane bagasse, sunflower husks, walnut blows, walnut hulls, walnut shells
a
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Table 2.2: Chemical composition of woody and herbaceous biomass ash and co-fired fly ash vs. coal fly ash (wt. %)
(sources: Vassilev et al. [26] and others [19, 27-38])
Ash Type

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

P2O5

TiO2

2 - 68

0.1 - 15

0.4 – 10

6 - 83

1 - 15

0.4 - 12

0.1 - 30

2 - 32

0.7 - 13

0.06 - 1

Wood (avg )

22.2

5.1

3.4

43.0

6.1

2.8

2.9

10.8

3.5

0.3

Herbaceous (range)

2 - 95

0.1 - 15

0.2 - 36

1 - 44

0.2 - 16

0.01 - 15

0.09 - 26

2 - 64

0.5 - 31

0.01 - 2

Grasses (avg)

46.2

1.4

1.0

11.2

4.0

3.7

1.3

24.6

6.6

0.1

Straws (avg)

43.9

2.7

1.4

14.1

4.7

3.0

1.4

24.5

4.1

0.2

Other Herbaceous (avg)

33.4

3.7

3.3

14.9

5.6

3.6

2.3

26.7

6.5

0.2

32 - 68

11 - 35

0.8 - 16

0.4 - 28

0.3 - 4

0.3 - 14

0.09 - 3

0.3 - 4

0.1 - 2

0.6 - 2

Coal (avg)

54.1

23.2

6.9

6.6

1.8

3.5

0.8

1.6

0.5

1.1

Lignite (avg)

44.9

17.1

10.8

13.1

2.5

8.6

0.5

1.5

0.2

0.8

Subbituminous (avg)

54.7

22.9

5.3

7.1

2.1

4.1

1.1

1.7

0.1

1.0

Bituminous (avg)

56.1

24.8

6.7

4.9

1.6

2.2

0.8

1.6

0.2

1.2

Co-fired (range)*

18 - 80

2 - 33

0.1 - 30

1 - 51

0.5 - 19

0.02 - 6

0.1 - 8

1-8

0.002 - 6

0.1 - 2

45.2

20.1

8.2

15.1

3.0

3.2

1.7

2.7

1.6

1.2

18 - 80

6 - 33

3 - 11

1 - 51

0.5 - 5

0.02 - 6

0.1 - 8

1-5

0.002 - 6

0.1 - 2

49.2

23.3

7.1

11.5

2.2

1.9

1.5

1.9

1.5

1.1

19 - 66

2 - 27

0.1 - 30

2 - 51

1 - 19

1-6

0.2 - 4

1-8

1-4

0.2 - 2

3.8

4.5

1.9

3.4

1.8

1.3

Wood (range)
a

Coal (range)

Co-fired (avg)
Wood Co-fired (range)
Wood Co-fired (avg)
Herbaceous Co-fired (range)
a

Herbaceous Co-fired (avg)
41.3
17.0
9.2
18.8
avg = average value of the set of data for each biomass or coal classification

*Biomass fuel types used to produce co-fired fly ashes
Wood co-fired samples: spruce, olive tree, waste wood, furniture waste, wood pellets, sawdust, green hardwood, oak, pine
Herbaceous co-fired samples: sunflower seed hulls, wheat straw, olive kernel, switchgrass
Note: The biomass fuel types used to produce the biomass ashes in Table 2.2 are identical to those listed in Table 2.1
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sulfates in coal, and CaO contents tend to be higher for ashes derived from lignite coal
[22]. Low-calcium coal fly ashes typically contain chemically inert crystalline phases
such as quartz, mullite and hematite while high-calcium fly ashes can contain additional
crystalline phases such as tricalcium aluminate, lime and periclase among others [39, 40].
These additional phases play a significant role when using high-calcium ashes in
concrete. Overall, despite the heterogeneity of FA, extensive research on the
characteristics of all types of FA has enabled it to become one of the most beneficially
reused waste materials in the world. Similar research must be completed for BA and CA
before appropriate options for reuse can be identified.

2.1.2

Biomass Ash
The primary types of biomass that are either directly fired or co-fired with coal

are wood and herbaceous, and thus these two biomass types will be the focus of this
literature review (i.e., when BA and CA are referenced in this chapter it will denote
wood- or herbaceous-derived by-products). Biomass is composed of a mixture of organic
(e.g., cellulose, hemicellulose, lignin), inorganic (e.g., mineral species such as phosphates
and chlorides) and fluid (e.g., moisture and gas) matter from both natural (authigenic and
detrital) and anthropogenic sources [26]. The four main types of ash-forming matter in
biomass include: (1) easily leachable salts, (2) inorganic elements associated with the
organic matter of the biomass, (3) minerals included in the fuel structure and (4)
inorganic materials such as sand, salt or clay [41].
The composition of BA is primarily based on the chemical elements which are
required for plant growth, in contrast to FA which mainly reflects the mineralogical
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composition of the coal fuel [41]. The 16 essential nutrient elements required for plant
growth are listed in Table 2.3. However, biomass is also composed of elements which are
not considered essential nutrients, and these other elements can subsequently be found in
BA. For example, biomass can uptake Si from the soil during plant growth, and opal is a
characteristic authigenic mineral in certain plants [20]. Upon combustion, silicate phases
can remain in the BA due to their high decomposition and melting temperatures.

Table 2.3: Essential nutrients for plant growth (adapted from [42])
Nutrient
Category
Source

Primary

Secondary

Air & Water

Micro

Soil, Lime & Fertilizers

Carbon (C)

Nitrogen (N)

Calcium (Ca)

Boron (B)

Hydrogen (H)

Phosphorus (P)

Magnesium (Mg)

Chlorine (Cl)

Oxygen (O)

Potassium (K)

Sulfur (S)

Copper (Cu)

Element

Iron (Fe)
Manganese (Mn)
Molybdenum (Mo)
Zinc (Zn)

The average elemental, volatile and ash contents of 72 different types of wood
and herbaceous biomass are compared to typical coal types (i.e., 37 total coal samples
classified by 3 coal ranks) in Table 2.1. Despite the variability observed within both the
biomass and coal data, there are still some general trends. Biomass on average has more
oxygen and a greater volatile matter content compared to coal, whereas coal tends to have
a higher carbon content and is slightly more enriched in nitrogen and sulfur. Another
significant difference is ash yield, with coal combustion producing a much higher ash
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content than biomass combustion on average, due to its lower volatile content and higher
carbon content.
BA formation is a complex process consisting of two major components: (1)
volatile ash nucleation and (2) non-volatile ash coalescence. During combustion, the
volatile fraction of the biomass fuel is released to the gas phase and subsequently
nucleated in the boundary layer as fine particles that grow by coagulation, agglomeration
and condensation in the flue gas to a particle size < 1 µm [43]. The non-volatile ash
compounds in the char may melt and coalesce to form residual ash particles (typically
exceeding 5 µm) with a wide range of chemical and physical characteristics depending on
the biomass feed type [7]. Upon cooling, more particles may nucleate from the vapors in
the flue gas to form new compounds. Since potassium is the most abundant volatile
element bound in the carbon structure of biomass, compounds such as KCl, K2CO3 or
K2SO4 likely precipitate [7]. Biomass firing temperatures are typically lower than coalonly firing temperatures because biomass materials can have comparatively lower ash
melting and fusion temperatures depending on their composition [44, 45]. If the ash
melting temperature of the fuel is exceeded, the ash can begin to fuse together and
deposit in the boiler [9].
The chemical compositions of a range of BA types are compared to typical FA in
Table 2.2 (both of these sets of ashes were produced from the fuel sources listed in Table
2.1). From these data obtained from Vassilev et al. [26], the most common elements in
wood biomass on average are ranked:
calcium > silicon > potassium
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while in herbaceous biomass they are ranked:
silicon > potassium > calcium
Compared to FA, BA has elevated levels of CaO, K2O, P2O5 and MgO on average, all of
which contain primary plant nutrient elements. FA is more enriched in primary oxides
(SiO2, Al2O3 and Fe2O3) compared to BA on average. However, it should be noted that
since the values in Table 2.2 are normalized by removing loss on ignition (LOI), the
actual elemental concentrations in certain ashes might be lower than presented here
especially if the ash has a high LOI content. The unburned carbon contents (which is
measured by LOI) can be high for BA, especially if the organic matter (primarily
hemicellulose, cellulose and lignin) in the biomass fuel does not fully decompose during
combustion. As the decomposition temperatures are highly variable for hemicellulose
(150-350°C), cellulose (240-500°C) and lignin (160-900°C) [20], it is possible that a
large fraction of organic matter may remain in the BA after biomass combustion.
In general, BA has more variable physical and chemical characteristics compared
to FA [46]. The BA listed in Table 2.2 have a wider range of chemical compositions
compared to FA especially with regard to SiO2, CaO, K2O and P2O5 contents. Also,
biomass and BA contain more alkalis and chlorine than FA, which can result in boiler
slagging and fouling problems during combustion due to ash deposition and
agglomeration [7]. Furthermore, biomass and BA have phases with more oxygen–
containing functional groups with highly reactive functionalities (-COOH, OCH3 and –
OH), carbonates, phosphates and less aromatic carbon species compared to coal and FA
[26]. These difference might need to be accounted for when assessing the viability of BA
for certain beneficial reuse applications.
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BA characteristics depend on the biomass fuel growth conditions (e.g., sunlight,
weather, soil type), fertilizer usage, harvesting time, storage conditions and geographic
origins, among other parameters, however the biomass species type remains the most
important factor [26]. In the southeastern U.S., most expanded biomass energy will come
from harvested wood (i.e., tops or limbs from timber harvesting, whole trees or pulpwood
sourced from the main stem of a tree) [11], and this harvested wood will be derived from
mostly local sources. Thus the most common biomass used for energy production in the
southeastern U.S. will be wood species from the primary forest-type groups in that
region, which include the bottomland hardwoods, loblolly/shortleaf natural and
plantation, longleaf/slash natural and plantation, upland hardwood-oak hickory and
mixed pin-oak natural and plantation [11]. For other regions in the U.S., the biomass
species used for energy production will be different because the local biomass resources
(both wood and herbaceous) vary significantly across the country (see Figure 1.2 and
Figure 1.3) [12, 47]. However, biomass can also be imported from other regions to use as
an energy source. For example, it is current practice in Europe to import wood pellets
from western Canada and the southeastern U.S. for renewable energy production [14].
Since BA characteristics are strongly influenced by the type of biomass that is used for
combustion, the source and species of the biomass will be an important factor in
determining the viability of a particular BA for productive reuse.

2.1.3

Co-fired Fly Ash
The impact of co-firing biomass with coal on ash composition has not been well-

researched, and the properties of CA are less understood compared to BA and FA.
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Nevertheless, it is likely that the chemical and physical properties of co-fired fly ash will
depend on the ash contents and compositions of the coal and biomass in addition to the
amount of biomass that is co-fired [7]. However, the relationship between these
parameters and their effect on the ash composition is not clear. The properties of CA are
not additive values in relation to the individual components of the burned mixture
because of the complex interactions and new phases that are formed upon combustion
[45]. For example, the higher temperatures reached during co-firing (due to the higher
calorific value of coal) compared to typical biomass combustion may result in more
intensive phase transformations and higher volatilization of elements from the secondary
biomass materials [26]. Misra et al. [48] has shown that the chemical composition and
crystalline components of wood ash from a variety of species is significantly affected by
firing temperatures, especially with regard to the volatilization of certain elements such
as K at high temperatures. The combustion temperature also significantly affects the ash
yield from biomass (i.e., biomass ash yield decreases with increasing temperature) [26].
On the other hand, co-firing can occur at temperatures lower than coal combustion alone
(<1600°C) due to the high moisture contents of some biomass fuels. These lower firing
temperatures might also affect the composition of the ash derived from the coal fraction
during co-firing compared to coal-only combustion.
The chemical characteristics of 44 different CA samples previously analyzed in
literature [19, 27-38] are compared with a wide range of BA and typical FA samples in
Table 2.2. Twenty-nine of these ashes were derived from wood biomass (types are listed
in Table 2.2) co-fired with coal at replacement rates of 3-66%. Fifteen of these ashes
were derived from herbaceous biomass (types are listed in Table 2.2) co-fired with coal at
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replacement rates of 5-25%. LOI values were removed from the CA oxide analyses and
the remaining elemental components were normalized to 100% to compare with BA and
FA values in Table 2.2. LOI values for the co-fired fly ashes ranged from 0.4-12.1%. The
lack of information on parent coal or parent biomass fuels and their ash contents for
many of the samples makes it difficult to draw major conclusions from the data. Still, it is
likely the CA compositions are more highly dependent on the source coal compositions
due to the higher ash content and higher co-fired percentage of coal compared to biomass
for most of the samples. Even though the CA chemical compositions have a wide range,
they are less variable than BA with regard to certain components such as Na2O, K2O and
P2O5. Even so, CA could be enriched in some of the elements more commonly found in
BA (compared to FA) since a portion of the CA is derived from the biomass fuel.
A ternary diagram of the average alumina, silica and calcium oxide contents of the
FA, BA and CA ashes presented in this literature review is shown in Figure 2.1. This
diagram reveals three distinct classifications of ashes based upon these oxides values.
The wood biomass ashes (WBA) have low silica, low alumina and high calcium oxide
contents. The herbaceous biomass ashes (HBA) have high silica, low alumina and low
calcium oxide contents. Finally, the coal and co-fired fly ashes (FA and CA) have high
silica, medium alumina and low calcium oxide contents. Thus, there is a significant
difference in the average composition of both types of BA compared to FA and CA. On
the other hand, the CA have a much more similar composition to FA than BA, reflecting
the primarily aluminosiliceous content of CA. Since FA is mostly reused in concrete as a
supplementary cementitious material (SCM), and given the similarity in composition
between CA and FA, this is likely a potential reuse option for CA. The use of BA as an
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SCM may also be a reuse option for these materials, because even though BA have a
dissimilar composition compared to FA on average, certain BA outlier samples may have
a composition more akin to FA.

Wood
Grasses
Other Herbaceous
Straws
Lignite
Subbituminous
Bituminous
Wood Co-fired
Herbaceous Co-fired

SiO2

25
75

50

HBA
50

FA,CA
75

25

WBA

CaO
25

50

75

Al2O3

Figure 2.1: Ternary diagram for different ash types showing differences in their average
composition. The wt. % of three primary oxides (CaO, SiO2 and Al2O3) were normalized
to sum to 100% using the average values presented in Table 2.2. FA = coal fly ashes, CA
= co-fired fly ashes, HBA = herbaceous biomass ashes, WBA = wood biomass ashes

2.2

Coal, Biomass and Co-fired Fly Ash for Use in Concrete

Two of the primary constituent phases of portland cement—tricalcium silicate
(C3S) and dicalcium silicate (C2S)—form calcium silicate hydrates (C-S-H) and calcium
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hydroxide (CH) upon hydration as described by these reactions in cement chemistry
notation1 [49]:

2C3S + 6H → C-S-H + 3CH
(2.1)
2C2S + 4H → C-S-H + CH

C-S-H is the amorphous to crystalline main product of portland cement hydration and the
primary strength-giving phase of hydrated cement [50]. CH (also known as portlandite) is
the second most abundant reaction product, and is identifiable by its hexagonal plateshaped crystals [51]. The strength-contribution of CH is much less than C-S-H due to its
lower surface area and sometimes large crystalline structure (which can be more prone to
cleavage) among other factors [52]. CH can also present durability concerns when it
leaches from the paste resulting in increased porosity and permeability, and is also prone
to chemical attack. Low-calcium pozzolans, which in themselves have little to any
cementitious properties, chemically react with CH in the presence of moisture to form
cementitious products:

Pozzolan + CH + H → C-S-H

(2.2)

This reaction is advantages in cementitious systems because the CH phase is consumed to
form strength-providing secondary C-S-H that fills up capillary spaces, thus reducing
permeability [52]. The pozzolanic reaction is slow at ambient temperatures in comparison

C=CaO, S=SiO2, H=H2O, A=Al2O3, F=Fe2O3, Š=SO3, Č=CaCO3, CH=Ca(OH)2, C-S-H=CxS2Hy where x
and y vary
1

25

to the hydration of C3S or C2S, and the lime liberated through cement hydration may
never be completely exhausted [49]. Al2O3 released from the pozzolans can also react to
form additional monosulfate (C4AŠH12) and hydrogarnet (C3AH6) phases, and
monocarbonate (C4AČH11) and hemicarbonate (C4AČ0.5H12) phases in the presence of
calcium carbonate [50, 53].
FA is categorized as a type of artificial pozzolan because its primary phase—
amorphous aluminosilicate glass—reacts similarly to natural pozzolans (e.g., volcanic
ashes, diatomaceous earth), but it is derived from an industrial process. The effect of
using FA as an SCM on concrete properties has been extensively researched, but limited
research has been conducted on reuse pathways for BA and CA. However, recent studies
have begun to study their reuse in concrete as a partial replacement of cement, and these
studies are presented in Table 2.4 and Table 2.5.2

2.2.1

Early-Age Properties

2.2.1.1 Heat of Hydration
The highly exothermic early-age hydration kinetics of cementitious materials can
be linked to important long-term strength and durability properties of concrete. For
example, a high heat of hydration can indicate high early strength, but sometimes can
result in decreased durability performance [54]. On the other hand, a lower heat of
hydration has the opposite effect by reducing early strength, but increasing the lifespan of
the concrete through improving long-term durability performance. The addition of FA

2

Rice husk ash is not included in this thesis as a BA because it typically has a significantly different
chemical composition (i.e., high SiO2 content) compared to most other wood and herbaceous biomass
sources, and has been frequently studied for use as a pozzolanic material.
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Table 2.4: Concrete studies using biomass ash
Study

Cheah et al.

Elinwa et al.

Maschio et al.

Naik et al.

Rajamma et al.

Udoeyo et al.

[55, 56]

[57, 58]

[59]

[46]

[60, 61]

[62, 63]

1

1

2

5b

2

2

Wood

Sawdust

Wood (fir chips)

Wood products (bark,
twigs, knots and chips)

Eucalyptus waste

Wood waste/Sawdust

Coal Type

na

na

na

unknown

na

na

Biomass Replacement of
Coala (%)

100

100

100

unknown

100

100

5, 10, 15, 20 and 25

5, 10, 15, 20, 25 and
30

5, 10, 20 and 30

50-90

10, 20 and 30

5, 10, 15, 20, 25 and
30

-Compression
strength
(3, 7, 28 and 90 days)

-Compressive
strength
(3, 7, 14 and 28 days)

-Compressive
strength
(28 and 180 days)

-Compressive strength
(3, 7, 14, 28
and 91 days)

-Compressive
strength
(28-day)

-Compressive strength
(3, 7, 14, 28
and 90 days)

-Flexure strength
(3, 7, 28 and 90 days)

-Slump

-SEM

-Strength activity
(3, 7 and 28 days)

-Flexural strength
(28-day)

-UPV (pulse velocity)

-Setting time

-XRD

-Water requirement

-SEM

-Flexural strength
(1, 7, 14, 21
and 28 days)

-Flow test

-Soundness

-Rheological study

-Autoclave expansion

-XRD

-SEM

-Water absorption

-Bleedwater

-TGA

-Water absorption

-Air permeability

-Settlement

-ASR

-Slump

-Water absorption

-Setting time

-Calorimetry

-Setting time

-Carbonation

-Water permeability

-Setting

References
Number of Biomass Ashes
Biomass Type

Ash Replacement of
Cement (wt. %)

Tests Performed

-Shrinkage

-XRD
the replacement percentage by weight of coal with biomass or the thermal share of biomass in the feedstock; bIt is unclear whether these ashes are biomass ashes or cofired fly ashes; na = not applicable

aRepresents
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Table 2.5: Concrete studies using co-fired fly ash
Dockter et al.

Fouad et al.

Johnson et al.

Saraber et al.b

Tkaczewska et al.

Wang et al.c

[37]

[33]

[38]

[19, 30, 64, 65]

[35, 66]

[32, 67-72]

Number of
Co-fired Ashes

6

4

2

4

1

4

Biomass Type

Wood waste,
Sunflower hulls

Wood

Wood pellets

Wood, Paper
sludge

Wood

Bituminous

Bituminous

Lignite

Blend (European)

Bituminous

3, 5, 8 and 40

4, 5, 8 and 10

15 and 65

8.8 and 25

10

10, 20 and 100

unknown

16.7-50

20 and 40

30 and 33.3

20, 25 and 40

25 and 35

Study
References

Coal Type
Biomass
Replacement of
Coala (%)
Ash Replacement of
Cement (wt. %)

Tests Performed

Switchgrass, Sawdust,
Wood
Galatia, Powder River
Basin

-ASR expansion

-Workability

-Compressive strength

-Reactive SiO2

-Calorimetry

-Compressive strength

-Sulfate resistance

-Air content analysis
-Setting time
-Compressive strength
(3, 7, 28, 56, 91

(1, 3, 7, 28 and 90 days)
-Freeze-thaw durability
-AEA addition
-Micromineralogy

-XRD
-Setting time
-Activity index
-Soundness

-TGA
(2, 28, 90
and 180 days)
-XRD

(1, 3, 7, 28, 56, 91
and 365 days)
-Flexural strength
(56-day)

-Compressive

-ASR expansion

and 365 days)

-Workability

-Flexural strength

(slump test

(28-day)

and flow table)

-RCPT

-Freeze-thaw

-Freeze-thaw durability

durability

-Porosity

-RCPT (56-day)

-AEA interaction

-SEM

-Relative dynamic

strength
(2, 28, 90
and 180 days)

-TGA
-SEM, ESEM, EDX
-Freeze-thaw durability

-Elastic modulus

modulus of elasticity

-Chloride

-AEA demand

penetration

-Water demand
-Setting
aRepresents the replacement percentage by weight of coal with biomass or the thermal share of biomass in the feedstock; bThis research was used in part justify the changes to
the EN-450 standard—only the wood biomass co-fired fly ash samples are included in this table; cOne wood biomass ash was analyzed in this study
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(especially low-calcium ash) is particularly suited to lower hydration heat due to the
dilution effect. This phenomenon occurs when replacement of cement with FA lowers the
overall heat of hydration due to the lower exothermic heat release of the cement reaction
at early ages [73-75]. However, if the heat release is normalized per gram of cement, the
replacement of cement with an inert filler (FA can be considered inert at very early ages)
can increase hydration heat relative to the cement content due to the filler effect [76].
Little research has been conducted to determine whether BA or CA cementitious
systems exhibit a similar behavior. Rajamma et al. [60] found that two biomass ashes
derived from eucalyptus waste reduced the hydration peak compared to cement alone
(likely a dilution effect), but the hydration peak was slightly accelerated. The study links
this acceleration to the high alkaline and chlorine content of the ashes. However, it may
also be a result of the high water demand of these ashes. Another study [35, 66] found
that wood biomass CA retarded cement hydration and lowered the heat evolved after 72 h
compared to a FA, but this was likely a result of the significantly different chemical and
physical properties between the two ashes. Therefore, there is still a need to better
understand the impact of BA and CA on the early-age hydration kinetics of cementitious
systems.

2.2.1.2 Rheological Behavior
The use of FA as an SCM can improve the plasticity and cohesiveness of concrete
due to its lower specific gravity compared to cement, which results in a greater paste
volume fraction when replacing cement with FA on a mass basis. Also, the workability of
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concrete is improved by the addition of the spherical FA particles, which behave like
friction-reducing ball bearings [77].
BA has also been shown to significantly affect rheological behavior when used in
cementitious systems. Workability measured by either slump or mortar flow was
negatively impacted by the addition of BA derived from multiple wood biomass sources
including eucalyptus and sawdust, with increasing ash addition further decreasing
workability [55, 57, 58, 60, 63]. The high water absorption of this ash-type likely
decreased the amount of water available in the mix, which decreased workability [46, 55,
63, 69]. The addition of BA derived from fir chips grown in Italy has also been shown to
increase the viscosity of a cement-ash mortar compared to a plain cement control mortar
in part due to the presence of KCl and K2SO4, which resulted in accelerated hydration
[59]. Also, it has been found that the addition of admixtures such as superplasticizers
might be necessary to obtain satisfactory flow and cohesion when incorporating certain
types of BA from sawdust [55].
The impact of CA on rheological behavior is less clear compared to FA. CA
derived from co-combustion of switchgrass with coal has been shown to slighty increase
water demand compared to plain cement, but no correlation was made to workability
[69]. Other studies [33, 65] have found that the workability and water demand of mortars
and concrete using CA were similar to that of either FA or plain cement mixes. Given the
potential differences in the chemical and physical properties of CA compared to FA, it
will be necessary to better understand the impact these materials can have on early-age
workability when used as SCMs.
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2.2.1.3 Setting Time
The use of FA (both low- and high-calcium ashes) typically delays setting time
due to less initial hydration of the cement paste [78]. A similar phenomenon has also
been observed for BA (i.e., from sawdust and wood biomass), which delayed the initial
and final set compared to plain cement [62, 69]. Some studies have also shown that the
delay in setting time is correlated to the amount of sawdust BA in the mixture, with
higher ash contents further delaying set [57, 58]. However, other studies have shown that
either the setting time of mixtures with eucalyptus waste BA decreased due to high water
absorption of the ash [60] or that the addition of BA significantly varied setting time
(either increased or decreased) depending on the physical and chemical properties of the
ash [46].
In previous research, the replacement of cement with CA either increased setting
time or did not significantly impact setting time compared to plain cement [30, 33, 69].
One study found no difference in setting times between FA and CA (green hardwood)
from the same source [33]. However, another study found that the elevated soluble
phosphates content of some CA derived from biomass pellets, cacao and palm shells and
wheat husk likely increased setting times [64]. This retardation occurs when the
phosphates react with liberated Ca2+ during early hydration and precipitate on cement
grains inhibiting further hydration [50]. These mixed results suggest that the impact of
BA and CA on fresh concrete properties is far from fully understood.
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2.2.2

Strength
The slow pozzolanic reaction of low-calcium FA increases the strength of

concrete at later ages (> 28 days) depending on the curing conditions [52]. In general, FA
is considered to be an inert material during the early stages of hydration. This dormant
period exists while the pore solution reaches a pH of at least 13.2 necessary to begin
corroding the glass structure of the fly ash [79]. Also, calcium silicate and calcium
aluminate hydration products precipitate on the FA, which can further inhibit the
breakdown of the glass structure at early ages. Once the FA begins to react, the SiO2
released from the fly ash is consumed to form additional C-S-H with a lower Ca/Si ratio
during the pozzolanic reaction further increasing the strength and decreasing the porosity
of the cement paste [51]. In general, FA with higher calcium contents, Class C fly ashes,
exhibit a higher rate of reaction than low-calcium Class F fly ashes, but later-age strength
gain (and durability) can be sacrificed if high-calcium ashes are used [22].
The pozzolanicity of BA can be significantly less than FA depending on their
chemical composition (especially SiO2 and Al2O3 contents). Studies have shown that the
strength (both compressive and flexural) of cementitious mixtures were lowered at earlyand late-ages after incorporating BA from sawdust, fir chips, eucalyptus and wood
biomass, with a postive correlation between increasing ash content and lower strength
[55, 57-60, 62, 63, 69]. Such results have prompted the suggestion that BA, depending on
its composition, be only used at low percentages of replacement or that it may be better
suited as an additive to create controlled low-strength materials or be used as a filler
material [46].
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On the other hand, CA have been shown to behave similarly to FA with regard to
strength gain. Studies have shown that substituting cement with CA produced with wood
pellets, switchgrass, sawdust and other wood sources improved later-age strength (both
compressive and flexural) compared to a cement control [30, 32, 38, 69]. Another study
found similar concrete strengths between mixes made with FA and CA (green hardwood)
from the same power plant [33]. However, Tkacewska et al. [35, 66] found mixed
strength results—one CA from a wood biomass exhibited less compressive strength
compared to a normal siliceous FA, whereas another CA (also from a wood biomass) mix
had strengths greater than the normal FA and even the cement control at later ages. It is
unclear from those studies whether the inclusion of biomass or changes in the processing
and combustion conditions or raw coal composition was the source of this outcome.

2.2.3

Durability

2.2.3.1 Permeability
Permeability is one of the most important durability properties of concrete as it is
directly related to the ingress of ions, water and various deleterious materials that are the
origin of many forms of attack on concrete. The same mechanisms responsible for
strength gain in FA concrete are also responsible for its decreased permeability. The
pozzolanic reaction densifies the ITZ (interfacial transition zone) at the cement pasteaggregate interface and refines the bulk concrete microstructure at later ages [80].
There has been little research on the permeability of BA concrete, however one
study has shown that the permeability of a wood BA concrete was nearly the same as a
cement control at 56 days as measured by the rapid chloride permeability test (RCPT)
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[68]. CA concrete permeability has also not been well-researched. Nevertheless, two
studies have shown that CA produced from co-firing coal with green hardwood and
switchgrass reduced the permeability of concrete (measured by RCPT) compared to a
control cement-only mix at later ages to values similar to a Class F FA concrete [33, 68].

2.2.3.2 Alkali-Silica Reaction Expansion
Alkali-silica reaction (ASR) is a deleterious reaction between amorphous silica in
certain reactive aggregates and the highly alkaline cement paste, which forms an
expansive gel in the presence of sufficient moisture. The addition of FA can suppress
expansion of ASR through multiple mechanisms including the reduction of permeability
due to the pozzolanic reaction, the formation of additional adsorption sites for alkalibinding, lowering the alkali content of concrete due to a dilution effect, reducing the free
calcium in the pore solution and limiting the dissolution of amorphous silica from
aggregates by providing additional aluminum which can absorb on the reactive aggregate
phases [81, 82]. FA containing high amounts of CaO are not as effective at reducing pore
solution alkalinity, and are thus less effective at mitigating ASR expansion compared to
low-calcium FA [83, 84].
The influence of BA and CA sources on ASR expansion is not well-understood.
One recent study [61] found that ternary blends of treated eucalyptus waste BA and
metakaolin (MK) significantly improved ASR expansion mitigation, however binary
blends with the same BA only provided a small improvement over the cement control.
Another study [32] found that ashes derived from co-firing coal with switchgrass and
sawdust were able to substantially reduce expansion compared to a cement control,
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however available alkali contents were increased. In another study, most CA samples
decreased ASR expansion compared to a cement control [37]. However, one CA with a
high CaO content (28%) that was co-fired with an unidentified biomass type at 40%
replacement of coal had higher expansion relative to the control. These mixed results
warrant further research on the topic, especially given the variable alkali contents of some
of the ashes.

2.2.3.3 Sulfate Resistance
Sulfate attack is a durability concern for cementitious systems involving the
reaction of sulfate ions from the external environment with hardened cement paste. The
two main types of damage emanate from the late formation of gypsum, which results in
loss of adhesion and strength, and ettringite, which results in expansion and cracking
[52]. FA with low CaO contents have been shown to increase sulfate resistance through
the pozzolanic reaction [85]. No previous research has assessed the impact of BA on
sulfate attack. One study found that CA (co-fired with sunflower hulls and wood and
furniture waste) improved sulfate resistance compared to a cement control (the study was
only reported up to 8 weeks), however another CA with a high CaO content exhibited a
greater expansion compared to a cement control (note: this is the same CA that failed the
ASR expansion test). Therefore more research is needed to determine whether these types
of ashes can be used to prevent this deleterious reaction.
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2.2.3.4 Air-Entrainment Demand
One major durability issue encountered when utilizing FA in concrete occurs
when its unburned carbon content interferes with air-entraining admixtures (AEAs).
AEAs are used to generate a small and well-distributed air-void system in concrete to
prevent damage from freezing-and-thawing cycles and salt scaling [86]. With the addition
of FA, AEAs can be adsorbed on the surface of the carbon rendering them ineffective in
stabilizing the air bubbles and inhibiting the production of an adequate air void system.
The amount of carbon particles, the total carbon surface area, the accessibility of the
surface area and the chemical nature/polarity of the surface are properties that are known
to strongly influence AEA adsorption [87, 88].
The high carbon contents observed in certain BA and CA may interact with
AEAs. One study found that wood BA increased AEA demand compared to a cementonly mix, however this increase in demand was lower than for other FA with lower
carbon contents [68]. Other research has found that CA from wood pellets had no
significant impact on air content or freeze-thaw durability when used to substitute cement
[33, 38]. In fact, one study found a correlation between increasing wood co-firing and
decreasing AEA demand [33]. Still, another study found that the addition of any ash
(coal, biomass or co-fired) increased AEA demand, but was not correlated to the co-firing
amount [68, 69]. However, all of these studies utilized CA with relatively low carbon
contents (measured by LOI) so the impact of high carbon CA on AEA demand is still
unknown.
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2.2.4

Summary
This group of studies explores the use of certain BA and FA in concrete, but there

is still not a strong consensus about the impact of these materials on concrete properties.
This is in part due to the lack of a comprehensive study that not only compiles existing
data on this topic, but also provides scientific analysis on observed trends. There is also a
dearth of information in the literature on the biomass types that have been used in these
studies—many use “wood” or “biomass”, but this is not satisfactory given the large
diversity of BA compositions as illustrated in Table 2.2. Also, much of the research on
BA and CA for use in concrete utilizes ashes produced in regions outside of the U.S.,
which indicates these ashes were likely produced using different biomass species than
would be typically used in the U.S. as fuel sources.3 Therefore, there is a need for a more
complete study on this topic to better understand the effects of using these ashes as
SCMs.

2.3

2.3.1

Current Standards for Fly Ash Use in Concrete

ASTM C618
The chemical and physical requirements required for fly ash use in concrete as

defined by ASTM C618-12a [89] and the companion document ASTM C311 [90] are
listed in Table 2.6 and Table 2.7. The supplementary optional physical requirements are

3

Biomass fuel sources may also be imported from other regions in the world. For example, it is common
practice in Europe to import biomass from North America for combustion [14]. As a result, some BA and
CA studies, such as those conducted in Europe, may have used biomass sources from the U.S.
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listed in Table 2.8. BA and CA are not addressed in ASTM C618, which currently
defines fly ash as:

“the finely divided residue that results from the combustion of ground or
powdered coal and that is transported by flue gasses.”

In ASTM C618, Class F fly ashes are classified as having higher primary oxide
contents compared to Class C fly ashes. Typically, Class C fly ashes also have higher
calcium oxide (CaO) contents compared to Class F fly ashes although a CaO limit is not
stipulated. The Canadian standard (CSA A3001 [91]) defines stricter classifications for
CaO content: Class F (less than 15% CaO by mass), Class C-Intermediate (between 1520% CaO by mass) and Class C-High (greater than 20% CaO by mass).

2.3.2

EN-450
While the American standards do not currently address CA for use in concrete,

the European Standards EN 450-1:2012 [92] and EN 450-2:2005 [93] permit fly ash
produced by burning pulverized coal, with or without co-combustion materials. Fly ashes
derived from co-combustion were first permitted in Europe in 2007 after nearly fifteen
years of research on CA had been conducted in the Netherlands, the result of an initiative
to reduce CO2 emissions through biomass replacement of coal [94]. Initially, prestandards were formulated to assess CA based on equivalent performance (the
performance of CA was compared with FA derived from 100% coal generated in the
same power station with the same coal). However, it was later determined that through
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Chemical Requirements

Table 2.6: Chemical requirements for fly ash in ASTM C618
Class F

Silicon dioxide (SiO2) plus aluminum oxide (Al2O3) plus iron oxide (Fe2O3), min, %
Sulfur trioxide (SO3), max, %
Moisture content, max, %
Loss on ignition, max, %

Physical Requirements

Class C

ASTM Standard

50
5
3
6

C114 / D4326
C114 / D4326
C114
C114

Class C

ASTM Standard

34

34

C430

75
75
105

75
75
105

C109
C109
C109

0.8

0.8

C151

5
5

5
5

C188
C430

70
5
3
6

Table 2.7: Physical requirements for fly ash in ASTM C618
Class F

Fineness:
Amount retained when wet-sieved on 45 μm (No. 325) sieve, max, %
Strength Activity Index:
With portland cement, at 7 days, min, percent of control
With portland cement, at 28 days, min, percent of control
Water requirement, max, percent of control
Soundness:
Autoclave expansion or contraction, max, %
Uniformity requirements:
Density, max variation from average (established by the ten preceding tests), %
Percent retained on 45 μm (No. 325), max variation, percentage points from average
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Table 2.8: Optional supplementary physical requirements for fly ash in ASTM C618
Supplementary Optional Physical Requirements
Class F Class C
Increase of drying shrinkage of mortar bars at 28 days, max, difference, in %, over control
Uniformity requirements:
The quantity of AEA required to produce an air content of 18.0 vol % shall not vary from the
average by more than, %
Effectiveness in controlling alkali-silica reaction:
Expansion of test mixture as percentage of low-alkali cement control, at 14 days, max, %
Effectiveness in contributing to sulfate resistance:
Procedure A: Expansion of test mixture:
For moderate sulfate exposure after 6 months exposure, max, %
For high sulfate exposure after 6 months exposure, max, %
Procedure B:
Expansion of test mixture as percentage of sulfate resistance cement control after at least
6 months exposure, max, %
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ASTM Standard

0.03

0.03

C157

20

20

C185

100

100

C441

0.10
0.05

0.10
0.05

C1012
C1012

100

100

C1012

understanding the impact of co-combustion on the properties and quality of fly ash, the
performance of CA in concrete could be directly related to its mineralogical and chemical
composition, thus nullifying the ‘equivalent performance’ concept [30].
The European standard was changed to allow co-fired fly ash after its use in
concrete was substantiated by research and successful experiences in practice [65, 95].
The current version of EN 450-1 (enforced in 2012) mandates that “the minimum
percentage, by dry mass, of coal shall be not less than 60% or 50% if the co-combustion
material is only from green wood. The maximum proportion of ash derived from cocombustion materials shall not be greater than 30% by dry mass when calculated from
Equation (2.3)”:

M

100 ∗

K ∗A
K ∗A
⋯
K ∗A
K ∗A
K ∗A

K ∗A
⋯ K ∗A

(2.3)

where:
M is the proportion of co-combustion ash in total fly ash, in % by mass;
Ai is the ash content of co-combustion material no. i, in % by mass;
n

is the number of co-combustion materials being used;

Ac is the ash content of coal, in % by mass;
Ki and Kc are respectively the proportions of co-combustion material(s) and coal being
fired;
and where: (Kc + K1 + K2 + … + Kn) = 1 and Kc ≥ 0.6, or 0.5 if the co-combustion
material consists of green wood only.
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Permitted secondary materials include certain solid bio fuels (including wood),
animal meal, municipal sewage sludge, paper sludge, petroleum coke and virtually ash
free liquid and gaseous fuels. Green wood is defined as “wood originating from trees,
bushes and shrubs created with processing wood as cross-cut ends, planings, saw dust
and shavings used in the forms of dust, chips and pellets.” The general chemical and
physical requirements stipulated by EN 450-1 (see Table 2.9) include additional limits
compared to ASTM C618 such as maximum chloride and free calcium oxide contents
and three classes for LOI values among others. Another major difference is that EN 4501 only permits siliceous fly ash—containing less than 10% reactive calcium oxide—for
use in concrete. Calcareous fly ash may be used in concrete only as a constituent of
blended cements. If the reactive calcium oxide content is greater than 15% it must meet
additional compressive strength and expansion limit criterion. Furthermore, EN 450-1
explicitly accepts fly ash that has been processed, for example by classification, selection,
sieving, drying, blending, grinding or carbon reduction, or by combination of these
processes, in adequate production plants.
EN 450-1 also contains additional chemical and physical requirements for cocombustion fly ashes (see Table 2.10). These include a minimum amount of reactive
silicon dioxide and a maximum amount of alkalis, soluble and total phosphate, and
magnesium oxide plus a maximum initial setting time length. A representative sample of
co- combustion fly ash using the highest intended amount of co-combustion material is
used to determine compliance to the given criteria. To aid in determining these limits, CA
compositions for a variety of biomass materials were simulated using a mass balance
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Table 2.9: Chemical and physical requirements for fly ash in EN 450-1
Assessment Property
Unit
Limit
Class A
≤5
Loss on Ignition (LOI)
Class B % by mass
≤7
Class C
≤5
Workability
≤ 40 (Cat. N)
Fineness Fraction > 45 µm
% by mass
≤ 12 (Cat. S)
Water Requirement (for Cat. S only)
%
≤ 95
∑(SiO2 + Al2O3 + Fe2O3)
Strength
Development Activity Index
Alkali-Silica
Reaction
Soundness/
Durability

% by mass
28-Day
90-Day

%

≥ 70
≥ 75
≥ 85

Reactive Calcium Oxide (CaO)

% by mass

≤ 10

Sulfuric Anhydride (SO3)

% by mass

≤3

mm

≤ 10

% by mass

≤ 0.1

Soundness (only if free CaO > 1.5%)
Chloride (Cl-)

Table 2.10: Additional requirements for co-combustion fly ashes in EN 450-1
Assessment Property
Unit
Limit
Soluble Phosphate (P2O5)
Initial
Hydration

Total Phosphate
Initial Setting Time

Strength
Reactive SiO2
Development
Alkali-Silica
Total Content of Alkalis (Na2Oeq)
Reaction
Soundness/
Magnesium Oxide (MgO)
Durability
*Only for initial type test
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mg/kg

≤ 100*

% by mass

≤5

min

≤ twice as long as
cement-only

% by mass

≥ 25*

% by mass

≤5

% by mass

≤ 4*

model [96]. The limiting criterion for CA produced with green wood and biomass pellets,
for example, was found to be the maximum co-combustion fuel/ash limit. For CA
produced with cacao shells and palm kernels, the limiting criterion were found to be
Na2Oeq and P2O5, respectively. However, it should be noted that many of these limits
were developed for biomass materials which are not considered in this study (e.g.,
municipal sewage sludge, poultry dung). Nevertheless, the EN-450 standard could serve
as a reference guide as the ASTM C618 document continues to evolve and adapt to the
growing changes in fly ash production and usage.

2.4

2.4.1

Alkali-Activated Geopolymers

Geopolymer Technology
One growing technology that beneficially reuses waste and industrial by-products

is to generate sustainable alternative binders through alkali-activation. These materials,
which are synthesized by the reaction of an aluminosilicate powder with a highly
concentrated alkaline solution, were first termed ‘geopolymers’ by Davidovits in the
1970s [97]. Aluminosilicate geopolymeric gels, also known as ‘inorganic polymers’,
have a Si-O-Al framework where the silicon and aluminium cations are tetrahedrally
coordinated and linked by oxygen bridges, creating a net negative charge that is
neutralized through the addition of alkali cations [98]. These binders have broad
applications in the construction field as a cost-effective and durable alternative to
ordinary portland cement (OPC) concrete [16]. Furthermore, the absence of a high
temperature calcination step during geopolymer synthesis significantly reduces its
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embodied CO2, by estimates of up to 80% compared to OPC concrete [99], although it is
necessary to consider the CO2 emissions in the production of the activator in conducting
such calculations.
Geopolymers can exhibit a wide variety of properties and characteristics
depending on the raw material selection and processing conditions. A wide range of
aqueous alkali hydroxide and/or silicate solutions can be used as activators. Sodium (Na)
and potassium (K) are the most commonly used alkalis, but Li, Rb and Cs have also been
used for geopolymerization [100]. The type of activator solution used has a substantial
impact on the engineering properties of a geopolymer, which will be further discussed
later. The environmental impact of alkali silicate activating solutions can be quite high
especially with regard to CO2 emissions [101]. However, research [102] has shown that it
is possible to create alkali silicate solutions utilizing waste products (e.g., rice husk ash
and silica fume) as a source of silica, thus reducing its high environmental impact.
The three primary raw materials used as a precursor to develop geopolymers are
slags, calcined clay (namely MK) and FA either used solely or in combination [103].
Blast furnace slag, which is higher in Ca and lower in Al compared to MK and FA, can
be used to produce binders with fast strength development through the formation of
hydration products including C-(A)-S-H (Al-substituted calcium silicate hydrates) and
hydrotalcite [104]. MK—especially with high silica contents—can be alkali-activated to
form high-strength binders, but its high water demand due to its plate-like morphology
can lead to drying shrinkage and cracking among other problems [105]. Compared to MK
geopolymers, FA geopolymers—which will be the main focus of this review—have
superior workability and significantly less water demand [106]. These qualities in
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addition to their good strength and durability properties have allowed FA to become one
of the most widely used precursors for alkali-activation.

2.4.2

Coal Fly Ash Alkali-Activation
The heterogeneous nature of coal fly ashes and their wide distribution of chemical

and physical properties has a significant impact on their reaction potential and the
composition of geopolymeric products formed during their alkali-activation [103].
Regarding the reactivity of a FA, research has shown that ashes with higher network
modifiers (i.e., alkaline earth and alkali metals) produce higher-strength geopolymers
[103]. This finding is supported by Zachariasen’s random network theory of glass, which
states that as the ratio of network modifiers to formers increases, its resistance to
chemical attack decreases [107]. Low-calcium Class F ashes have been the primary focus
of research in literature for use as a precursor and will be the focus of this review;
however, high-calcium Class C ashes are also a viable option for geopolymerization
[108]. The aluminosilicate glass in FA contains vitreous silica- and alumina-rich phases,
along with crystalline silica phases (see Figure 2.2b). Although all of these phases
eventually react, the vitreous phases react much quicker and contribute the most to the
formation of geopolymer products [106].
Duxson et al. [98] describes the reaction mechanisms of geopolymerization as
illustrated in Figure 2.2a (however, it should be noted that these processes actually
happen simultaneously). This reaction can be grouped into two main stages: (1)
aluminosilicates are dissolved into the alkaline solution and (2) the gel is formed from the
supersaturated solution and reorganized until a three-dimensional aluminosilicate
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(1)

(2)

(b)

(c)

(a)

Figure 2.2: (a) Conceptual geopolymerization model from Duxson et al. [98]; (b)
Diagrammatic representation of SiO2 structures both (1) crystalline and (2) amorphous
from Vogel [107]; (c) Two-dimensional structural model representing N-A-S-H gel
developed by Criado [109]

network is formed. When FA particles come in contact with the alkaline solution, water is
consumed as the aluminosilicate bonds are attacked releasing aluminate and silicate
species into solution. This chemical attack on the particles occurs bi-directionally from
the outside-in and the inside-out producing reaction products both inside and outside the
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FA spheres until the particles are either partially or fully consumed [110]. The aluminate
and silicate species then form a gel through condensation, which subsequently
reorganizes into a more cross-linked and hardened gel network.
The sodium aluminosilicate gel that is formed is called N-A-S-H (or K-A-S-H if
using a potassium activator) and is a mixture of amorphous and nanocrystalline (e.g.,
zeolites) components [111]. This gel is ‘bi-phasic’ containing (1) the aluminosilicate
binder and (2) the water that is eventually released during the reaction process, which
ends up in the pores of the gel [98]. A model of N-A-S-H gel developed by Criado is
shown in Figure 2.2c [109]. The microstructure and properties of this gel depend on
many factors including the composition of the FA and activator in addition to other
processing variables. Also, the availability of the aluminum and the rate of its release
(even more so than for silicon) is critical in determining the mechanical and durability
properties of the gel [103, 112]. By understanding the mechanisms of this gel formation
and its impact on microstructural development it is possible to generate alkali-activated
FA binders that exhibit dimensional stability, high strength and superior durability.
For example, the engineering properties of geopolymer concrete are influenced by
the ratio of (silica and alkali)-to-aluminum content in the gel. For the purpose of creating
a substitute for OPC concrete, the composition range must be between 1 < Si/Al < 5, and
with (Na or K)/Al ratios near one [99]. Geopolymers too rich or poor in silica tend to
have low strength, low thermal stability and weak chemical resistance, whereas
geopolymers that are too rich in alkalis have the tendency to dissolve in water [99].
Provis et al. [113] developed a compressive strength contour map shown in Figure 2.3 by
activating a good-quality Class F fly ash with sodium silicate solutions with varying
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Figure 2.3: Contour plot of compressive strength for a Class F coal fly ash activated with
a range of sodium silicate solutions from Provis et al. [113]

SiO2/Na2O contents and a range of liquid-to-ash mass ratios. The map shows that an
optimum mix design for strength can be developed for a given FA source, depending on
its initial chemical and physical characteristics. Both curing temperature and time also
play an important role in determining the strength and durability of the final product.
Heat curing and longer curing periods substantially increase the chemical reactions
occurring in the gel resulting in increased strength [114].
Although many aspects of geopolymer concrete technology have been researched,
there are still some major obstacles that currently limit its wide-scale commercial use as a
replacement for OPC concrete [115]. Nevertheless, further research on the durability
properties of these inorganic polymers and the development of design standards for their
use in non-structural and structural applications will help it become a more ubiquitously
utilized construction material.
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2.4.3

Biomass Ash and Co-fired Fly Ash Alkali-Activation
The viability of using BA or CA as a precursor to form alkali-activated

geopolymers is still relatively unknown. In one study, a high-calcium BA derived from
eucalyptus forest waste was alkali-activated using a mixture of sodium hydroxide and
sodium silicate solutions (a range from 8-18 M NaOH and a 2:1 Na2SiO3:NaOH ratio)
[116]. Additions of MK were also assessed at replacement rates up to 40% the weight of
BA. A 2:3 activator:binder ratio was used for all samples. Specimens were cured for
60°C for two days and 20°C for eight days before being tested for compressive strength.
The BA was successfully geopolymerized, but strengths were relatively low (~14-18
MPa) for BA alone. Strengths were improved to 36-38 MPa with the substitution of 40%
MK. XRD analysis revealed the formation of C-S-H and calcium alumina silicates in gels
formed with or without the presence of MK. Other studies [117, 118] have also
successfully geopolymerized rice husk ash, but this BA type is not included in this thesis.
Two studies [37, 119] have investigated the alkali-activation of CA. Dockter et al.
[37] mixed two CA (one derived from 23% replacement of coal with sunflower hulls and
the other from 40% replacement of coal with an unknown biomass) with 3 M KOH and 3
M NaOH. XRD was used to analyze the reaction products, which included portlandite
(Ca(OH)2) and tobermorite (Ca5Si6(OH)18·5H2O) for both KOH and NaOH activatedashes in addition to zeolites—merlinoite and another potassium-rich zeolite for the KOH
activated sample, and a sodium-rich zeolite (Zeolite P1) for the NaOH activated sample.
Nugteren et al. [119] successfully geopolymerized one CA derived from 14%
replacement of coal with a mix of wood and palm pits with blast furnace slag using a
potassium silicate solution (0.8 K2O:1 SiO2 molar ratio). The CA was successfully
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geopolymerized with the addition of slag, and produced pastes with compressive
strengths of over 100 MPa.
However, the impact of the differences in ash properties observed between BA,
CA and FA (as previously discussed) on the gel product characteristics and the
engineering properties of the binder have not been determined. This is especially
important because of the large range of aluminosiliceous contents observed in these ashes
in addition to their variable calcium contents. Furthermore, the high carbon in some BA
and CA may also affect their reactivity through either physical or chemical mechanisms.
Therefore, it is necessary to investigate the molecular structure and chemistry of
geopolymer gels produced by these new waste materials to better understand their impact
on the fundamental properties of alkali-activated inorganic polymers.
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CHAPTER 3
CHARACTERIZATION OF COAL, BIOMASS AND CO-FIRED FLY
ASH SAMPLES

3.1

Sample Testing Matrix

In this thesis, sixteen different ash samples which can be generally classified into
three types depending upon their source, are examined: (1) ordinary coal combustion fly
ashes (FA); (2) ashes derived from biomass combustion (BA); and (3) ashes derived from
co-firing (i.e., co-combustion of coal with biomass) (CA). The ash materials were
obtained from eight different U.S. power plants, identified as Plants A-H in Table 3.1.

Table 3.1: Locations of power plants from which ash samples were obtained
Power Plant
Location
Capacity (MW)
Power Plant ID
Bowen
Euharlee, GA
3,499
A
E.C. Gaston
Wilsonville, AL
2,013
B
Gadsden
Gadsden, AL
138
C
McNeil
Burlington, VT
50
D
Greene County
Demopolis, AL
568
E
Watson
Gulfport, MS
750
F
Pittsylvania
Hurt, VA
83
G
Port Wentworth
Port Wentworth, GA
73
H

The co-fired fly ashes examined were produced by full-scale co-combustion trials
in which bituminous coal was fired with a range of wood types varying in weight
percentage replacement of coal, energy content and moisture content under similar
processing conditions to the companion coal-only trial (see Table 3.2). Therefore, for the
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Table 3.2: Combustion properties of coal, biomass and co-fired fly ash samples
Wt.a (%)

Type

Moistureb (%)

Energyc (%)

Ash (%)

Type

Ash (%)

BA
Fraction
(%)

A-FA-0*#

-

-

-

-

-

Bituminous
(low S, Ca)

na

-

B-FA-0*

-

-

-

-

-

na

-

B-CA-4*#

4

Clean Chipped Pine

49.20

1.14

0.24

11.53

0.087

B-CA-8.2*

8.2

Pine Sawdust

48.06

3.17

0.36

10.73

0.299

C-FA-0*

-

-

-

-

-

C-CA-10

10

Hardwood, Green, Coarse

64.00

4.00

0.94

C-CA-15*#

15

Hardwood, Green, Coarse

31.00

6.20

0.94

-

-

-

-

-

E-CA-4.9

4.9

Whole-tree Chipped Pine

61.70

1.50

0.27

E-CA-5.5

5.5

De-limbed Chipped Pine

59.74

1.85

-

-

-

-

Sample

E-FA-0

F-FA-0

Biomass

Coal

Bituminous
(low S, Ca)

Pulverizing
Process

Furnace
Typed

na

na

Bowl Mill

250 MW
OWF

Bowl Mill

65 MW
TF

Bowl Mill

250 MW
OWF

Ball and
Tube Mill

250 MW
OWF

Bituminous
(low S, Ca)

4.36

0.647
1.024

15.31

-

14.99

0.093

0.25

16.31

0.089

-

6.54

-

5.01

0.251

6.54

0.233

Bowl Mill

500 MW
OWF

Bituminous
(low S, Ca)

Bituminous
(low S, Ca)

F-CA-5-1

5

Whole-tree Chipped Pine

52.97

1.83

0.24

F-CA-5-2

5

Whole-tree Chipped Pine

53.92

1.91

0.29

na

na

na

-

-

-

-

na

na

na

na

-

-

-

-

na

na

na

na

-

-

-

-

na

D-BA-100*

100

G-BA-100

100

H-BA-100

100

aRepresents

Forrest, Sawmill, Urban
Wood Waste
Logging, Paper Mill,
Sawmill Waste
Sawmill Waste

bMoisture

cPercent

the replacement percentage by weight of coal with biomass in the feedstock;
content before co-combustion with coal;
of total BTUs produced
during co-combustion with coal; dOWF = opposed wall-fired, TF = tangentially-fired; *Denotes use in SCM study; #Denotes use in geopolymer study; na = data not available
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CA samples a companion FA sample exists, produced under similar conditions but with a
different energy source. The pure biomass ashes (BA) were derived from firing a mixture
of waste wood (see Table 3.2).
A sample naming scheme is shown in Table 3.2 using the generic placeholders
“X-YA-##”, where the designator “X” represents the plant at which the ash was
produced, “YA” the type of ash (i.e., FA, CA or BA) and “##“ represents the replacement
percentage by weight of coal with biomass in the feedstock in its wet moisture state. The
biomass ash (BA) fraction represents the percentage of ash from the added biomass fuel
in the resulting co-fired fly ash. This was calculated based on the assumption that the ash
production rate (%) of each separate energy source (i.e., coal or biomass) was the same
during co-combustion using Equation (3.1):

Fb %

Wb ∗ Ab ∗ 100
Wb ∗ Ab Wc ∗ Ac

(3.1)

where Fb = % biomass ash fraction, Wb = % wt. of biomass, Ab = % ash production of
biomass, Wc = % wt. of coal and Ac = % ash production of coal. The BA fractions for
these co-fired fly ashes ranged between 0.087-1.024%. The C-CA-15 sample had the
highest biomass ash fraction, but it was still significantly lower than the coal fly ash
fraction for that co-fired fly ash. However, it must be noted that this calculation assumes
a very simplified combustion process, and that actual ash fractions for the biomass and
coal might be different after co-combustion as discussed in Chapter 2. Nevertheless, the
combustion of biomass typically has a much lower ash yield compared to coal [41], and
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the expected biomass ash fraction in co-fired fly ash would likely be lower than the coal
ash fraction even at higher biomass replacement rates than presented here.

3.1.1

Ash Samples Used for Productive Reuse Studies
A subset of seven ash samples representing all three types of ashes (FA, CA and

BA) were tested for use as supplementary cementitious materials (SCMs). These ashes
were selected to represent a broad range of biomass replacement rates, and chemical and
physical properties. These samples are denoted with an asterisk in Table 3.2.
A smaller subset of three FA and CA ashes (denoted by a # in Table 3.2) were
tested for use as a precursor to produce alkali-activated geopolymers. The two CA
samples were selected to represent a range of biomass replacement rates. A commercially
available coal Class F fly ash (A-FA-0) was used as a benchmark comparison for both
studies.

3.2

Properties of Coal, Biomass and Co-fired Fly Ashes

The physical and chemical properties of the sixteen ash samples were analyzed
using a suite of techniques. For a more in-depth discussion on the characterization of
these ashes please refer to research by Yeboah et al. [120, 121].

3.2.1
3.2.1.1

Bulk Chemistry
Oxide Analysis
Samples were digested in lithium borate (LiBO2 + Li2B4O7) at > 1020 °C and the

resulting fused beads were analyzed by X-ray fluorescence spectrometry using a Philips
PW-2400 XRF instrument. The oxide analysis of the ashes is presented in Table 3.3.
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Table 3.3: Summary of XRF oxide analysis, loss on ignition (LOI) and total organic carbon (TOC) results (as received)
Major
Oxides
(wt. %)

AFA-0

BFA-0

BCA-4

B-CA8.2

C-FA0

C-CA10

C-CA15

EFA-0

E-CA4.9

E-CA5.5

FFA-0

F-CA5-1

F-CA5-2

D-BA100

G-BA100

H-BA100

SiO2

55.28

42.77

42.84

43.95

46.95

48.57

47.06

45.32

48.03

47.85

60.65

62.61

61.64

7.38

10.63

1.74

Al2O3

27.21

25.62

26.21

26.45

22.90

23.37

23.08

23.39

24.41

24.71

19.48

19.14

19.58

1.16

2.06

0.27

Fe2O3

7.98

14.67

13.87

13.18

9.82

9.04

8.66

14.01

10.19

11.73

7.01

6.13

6.67

0.57

0.85

0.09

Σ(Oxides)

90.47

83.06

82.92

83.58

79.67

80.99

78.80

82.72

82.63

84.29

87.14

87.88

87.89

9.11

13.54

2.10

CaO

1.26

3.83

4.01

3.76

0.49

0.74

0.77

1.13

1.24

1.22

2.85

2.83

2.74

28.29

14.47

1.16

MgO

1.23

1.27

1.25

1.25

0.71

0.77

0.76

1.18

1.16

1.20

1.53

1.39

1.49

2.89

1.78

nd

SO3

0.07

0.48

0.44

0.52

0.04

0.05

0.08

0.06

0.07

0.10

0.34

0.29

0.38

1.92

1.10

0.44

Na2O

0.47

0.51

0.52

0.53

0.19

0.23

0.26

0.68

0.80

0.62

1.92

1.98

1.76

0.48

0.17

nd

K2O

3.02

2.13

2.08

2.09

2.13

2.22

2.24

2.42

2.43

2.58

1.51

1.47

1.51

5.86

3.42

0.13

Na2Oeq

2.46

1.91

1.89

1.90

1.59

1.69

1.73

2.27

2.40

2.32

2.91

2.95

2.76

4.34

2.42

nd

P2O5

0.19

0.60

0.65

0.65

0.34

0.42

0.53

0.33

0.34

0.37

0.19

0.19

0.19

2.18

0.98

0.07

TiO2

1.41

1.26

1.31

1.31

1.36

1.46

1.43

1.07

1.14

1.14

0.83

0.80

0.82

0.09

0.17

0.01

Mn2O3

0.06

0.06

0.06

0.06

0.03

0.03

0.03

0.12

0.09

0.10

0.07

0.06

0.07

1.03

0.44

0.05

Cr2O3

0.05

0.07

0.06

0.06

nd

nd

nd

0.05

0.05

0.05

0.07

0.06

0.04

nd

0.01

0.04

ZnO

0.01

0.01

0.01

0.01

nd

nd

nd

0.01

0.01

0.01

0.01

0.00

0.01

0.10

0.00

nd

V2O5

0.07

0.08

0.08

0.07

nd

nd

nd

0.06

0.06

0.06

0.05

0.05

0.05

nd

nd

nd

ZrO2

0.05

0.07

0.07

0.07

nd

nd

nd

0.04

0.04

0.04

0.04

0.05

0.04

nd

nd

nd

SrO

nd

nd

nd

nd

0.05

0.06

0.05

nd

nd

nd

nd

nd

nd

0.09

nd

0.04

LOI

1.40

5.87

5.47

5.23

14.99

13.05

15.03

8.95

9.43

7.40

3.11

2.42

2.75

47.96

63.93

95.96

Sum

99.76

99.28

98.92

99.19

99.99

100

99.98

98.82

99.49

99.18

99.66

99.47

99.73

100

100

100

TOC
1.06
Note: nd = non-detect

4.99

4.58

4.26

13.56

10.92

13.99

8.67

9.39

7.67

2.21

2.28

2.13

22.41

47.44

80.53
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The alumina and silica contents for most co-fired fly ashes are slightly higher and
iron contents are lower compared to their companion coal fly ash samples (e.g., C-CA-15
and its companion C-FA-0). However, it is unknown whether these compositions differ
because of the biomass fraction or due to other factors. On average, the aluminosilicate
content of wood biomass ash is lower than coal fly ash [26], which was evidenced by the
low aluminosilicate contents of the three BA samples tested in this study. Therefore, it is
unlikely that the biomass ash fraction contributed to this increased aluminosilicate
content, but rather it may be a result of differing processing and combustion variables.
Nevertheless, the primary oxide values of the co-fired fly ashes are within the range
expected for ordinary coal fly ash. On the other hand, the biomass ashes had very low
primary oxides, and no amorphous fraction was detected in these ashes by X-ray
diffraction (XRD) [120].
Although wood biomass ash is typically depleted in aluminosilicate content
compared to coal fly ash, it is enriched in potassium, as this is the most abundant volatile
element bound in raw biomass [7]. This was observed with the D-BA-100 and G-BA-100
ashes, which have high K levels (partly in the form of K2SO4 in D-BA-100 [121]). For
the co-fired fly ash samples, the C- and E-series have slightly higher K contents
compared to companion coal fly ashes, but the opposite is true for the B- and F-series.
The concentration of K in woody BA has been shown to deplete at high temperatures (>
900°C) [48]. Likely, most of the K from the biomass fraction in these ashes volatilized
during co-combustion—which could have affected the K concentration in the resulting
ash—because the temperatures reached during this process are significantly higher than
900°C (unlike biomass combustion, which typically occurs at lower temperatures). Also,

57

K-containing minerals—potentially derived from the biomass fuel—were not detected in
any coal or co-fired fly ash [120]. Regardless, alkali contents (expressed as total soda
equivalent) for the co-fired fly ashes are within the range of values found for typical coal
fly ashes [122], and near or below levels found in the high-quality commercial coal fly
ash (A-FA-0). Furthermore, all of the alkali contents (Na2Oeq) of the co-fired fly ashes
are below the limit established in EN-450 (i.e., ≤ 5% by mass).
The D-BA-100 and G-BA-100 samples are enriched in Ca, Mg and Mn compared
to ordinary coal fly ash in part because all three of these elements are essential biomass
nutrients (listed in Chapter 2). H-BA-100 is not enriched in these elements because it is
primarily composed of unburned carbon. XRD revealed that calcite is the only Cacontaining crystalline phase in the D-BA-100 and G-BA-100 ashes [121].
Ca contents in co-fired fly ashes are slightly elevated in the C- and E-series
compared to their companion coal fly ash samples. XRD analysis did not detect any Cacontaining crystalline components in any of the coal or co-fired fly ashes [120], which
indicates that either levels were too low for detection or that the Ca in these ashes is part
of an amorphous phase, likely a calcium-modified aluminosilicate [123]. The lack of any
detected crystalline Ca phases suggests that the Ca contributed to these ashes by the
biomass fraction is minor (as wood BA are primarily crystalline), although there is the
potential that Ca from the melted BA phases may have coalesced with the amorphous
phase of the coal fly ash upon cooling. Nevertheless, the Ca contents in all of the coal and
co-fired fly ashes were low overall, and some co-fired fly ashes had lower Ca than their
companion coal fly ash sample (B- and F-series).
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The MgO contents of all of the coal and co-fired fly ashes are well below the limit
specified for co-fired fly ash in EN-450 (i.e., ≤ 4% by mass), and Mn2O3 contents are
almost negligible especially compared to D-BA-100 and G-BA-100. For these elements,
there is no strong correlation between biomass co-firing and a change in their
concentration either overall or within series of samples from the same power plant. The
phosphate and chloride contents of the ashes will be discussed separately in the next
section of this chapter.

3.2.1.2

Acid-Soluble Chloride and Phosphate
The acid-soluble chloride and phosphate contents of the ash and cement samples

used for the SCM study are provided in Table 3.4. Using a procedure similar to the
method specified in ASTM C1152 [124], a small amount of each sample was placed in
nitric acid (1+1), boiled and subsequently filtered. The filtrate was analyzed by a
Metrohm 761 Compact IC. In contrast to coal fly ashes, phosphates and chlorides are
important to the formation of most biomass combustion products, and are characteristic
components of BAs as they are both essential plant nutrients [20]. The acid-soluble
chloride content of the D-BA-100 ash is significantly higher than all of the coal and cofired fly ashes. However, there does not appear to be a correlation between co-firing and
chloride contents for these samples, which all have chloride contents much lower than the
cement sample and on par with the high-quality coal fly ash (A-FA-0).
On the other hand, co-firing with wood does appear to potentially increase
phosphate levels (wt. %) compared to companion coal fly ash samples from Plant B, C
and E. The co-fired fly ashes in the B- and C-series also have higher acid-soluble
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phosphate levels than their companion coal fly ashes. The phosphate content (wt. %) of
the D-BA-100 and G-BA-100 ashes are also high (i.e., greater than any coal or co-fired
fly ash). However, a large amount of phosphate in the D-BA-100 ash is not acid-soluble.
Phosphates are characteristic of biomass, and may not undergo a phase transformation
during combustion due to their high decomposition and melting temperatures [20].
Therefore, even the high temperatures reached during co-combustion (compared to pure
biomass combustion) may not volatilize the phosphates provided by the secondary
biomass fuel. As a result, the phosphate content of co-fired fly ash could be increased
compared to coal fly ash. Nevertheless, the coal and co-fired fly ashes still satisfy the
total phosphate (i.e., ≤ 5% by mass) limit stipulated in EN-450.

Table 3.4: Acid-soluble chloride and phosphate content of ash and cement samples
Sample

A-FA-0

Chloride
0.045
(mg/g sample)
Phosphate
0.750
(mg/g sample)
Note: nd = non-detect

3.2.1.3

B-FA-0 B-CA-4

B-CA-8.2 C-FA-0

C-CA-15 D-BA-100

Cement

0.042

0.040

0.039

0.040

0.045

3.138

0.107

2.359

2.839

2.933

1.097

1.635

0.097

nd

Unburned Carbon
Loss on ignition (LOI) was determined gravimetrically using a LECO TGA 601.

Samples were held to a constant weight at 107°C to determine free moisture content, and
then weighed before and after ignition at 950°C to determine LOI (which comprises both
CO2 and H2O) similar to the procedure provided in ASTM C311 [90]. Residual organic
carbon content was measured with a Shimadzu Total Organic Carbon (TOC) analyzer.
The LOI of the biomass ashes are very high, which indicates there is a large amount of
residual volatile matter in these samples. Likely boiler temperatures for the BAs were
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lower than those for the coal and co-fired fly ash samples resulting in an incomplete
firing of the raw biomass. The discrepancy between the LOI (higher) and TOC (lower)
values for the BAs reveal that a signification fraction of the LOI mass loss is associated
with other forms of volatile components such as CaCO3, rather than residual organic
carbon. Therefore, it is important to recognize that LOI may not be a good measure of
organic carbon content when evaluating the suitability of biomass ashes for reuse,
because these volatile phases (e.g., CaCO3) are more abundant than in coal-derived fly
ashes.
On the other hand, the TOC and LOI values for the coal and co-fired fly ashes are
similar, which confirms these LOI values are a good measure of the unburned carbon
content in these ashes. Many of the coal and co-fired fly ashes used in this study were
produced at older, smaller plants (i.e., Plant B, C and E), which tend to be less efficient at
burning fuel, resulting in by-product materials with greater unburned carbon levels.
However, coal fly ashes produced at these older plants with the same coal and similar
processing conditions had similar or higher LOI compared to their companion co-fired fly
ashes, suggesting that biomass replacement of coal did not impact carbon content for
these sources.

3.2.2

Physical Properties
Table 3.5 lists the physical properties of the coal, biomass and co-fired fly ash

samples, which are discussed in the following sections.

61

Table 3.5: Summary of physical properties of ash samples
Sample
A-FA-0
B-FA-0
B-CA-4
B-CA-8.2
C-FA-0
C-CA-10
C-CA-15
E-FA-0
E-CA-4.9
E-CA-5.5
F-FA-0
F-CA-5-1
F-CA-5-2
D-BA-100
G-BA-100
H-BA-100

Biomass
Content
(wt. %)

Median
Particle Size
(µm)

Specific
Gravity

SSA
N2 @ 77K,
(m2/g)

0
0
4
8.2
0
10
15
0
4.9
5.5
0
5
5
100
100
100

16.2
29.9
26.9
23.3
17.3
10.6
11.4
21.6
23.2
18.8
14.0
17.9
19.9
168
640
1440

2.63
2.47
2.45
2.39
2.15
2.22
2.20
2.37
2.28
2.39
2.54
2.48
2.46
1.87
1.62
1.03

1.3
4.6
2.5
3.5
7.5
4.9
6.1
8.1
9.2
8.9
3.0
3.4
3.2
12.7
180
687

3.2.2.1 Particle Size Distribution
Coal and co-fired fly ash particle size distributions (PSDs) were measured by a
Sympatec RODOS T4.1 using dry dispersion laser diffraction (particles were detected in
the range of 1-350 µm in diameter). The biomass ashes were too coarse for laser
diffraction, so dry sieving was used to measure the PSDs of these samples using 20 sieve
sizes. Figure 3.1 shows the PSDs for all ashes. The median particle sizes for the coal and
co-fired fly ashes ranged from 11.4-29.9 µm, and from 168-1440 µm for the coarser
biomass ashes. The larger particle size of the three BAs are likely a result of the initial
feedstock type, incomplete combustion and lower firing temperatures. The as-received D62

BA-100 sample was physically processed (as described in Chapter 4), which reduced its
median particle size to 35.3 µm. For the coal and co-fired fly ashes used for the SCM
study, co-firing appears to increase the fineness and subsequently decrease the median
particle size of the ash compared to the companion coal fly ash in each series. However,
examination of the larger set of co-fired fly ashes reveals that biomass co-firing does not
consistently increase or decrease fineness, but rather these characteristics appear to be
similar for samples derived from the same boiler.

100

A-FA-0

90

B-FA-0
B-CA-4

Percent passing (%)

80

B-CA-8.2

70

C-FA-0
C-CA-10

60

C-CA-15

50

E-FA-0

40

E-CA-4.9
E-CA-5.5

30

F-FA-0

20

F-CA-5-1

10

F-CA-5-2
D-BA-100

0
0.001

0.01

0.1
Particle size (mm)

1

10

G-BA-100
H-BA-100

Figure 3.1: Particle size distributions for all coal fly ash, biomass ash and co-fired fly ash
samples
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3.2.2.2

Specific Gravity
The specific gravities of all samples were measured by kerosene displacement in

triplicate (ASTM C188 [125]). Values listed in Table 3.5 range from 2.15-2.63 for the
coal and co-fired fly ashes, and from 1.03-1.87 for the biomass ashes. The specific
gravity of the D-BA-100 sample increased to 2.24 after processing. Co-firing does not
appear to impact specific gravity. However, there does appear to be a correlation between
specific gravity and ash carbon content (as measured by TOC or LOI), with an increase in
carbon associated with a decrease in specific gravity likely due to the low density of
carbon.

3.2.2.3

Specific Surface Area (SSA)
Specific surface areas were determined by nitrogen adsorption at 77K

(Micromeritics, ASAP 2020 Physisorption Analyzer) using BET theory. Surface areas
listed in Table 3.5 range from 1.27-9.15 m2/g for the coal and co-fired fly ashes. The
biomass ashes have higher and more variable surface areas ranging from 12.7-687 m2/g.
The SSA of the D-BA-100 sample was increased to 19.1 m2/g after processing. For the
coal and co-fired fly ash samples used in the SCM study, co-firing appears to decrease
the SSA for these samples. However, in the larger set of samples biomass co-firing did
not consistently increase or decrease the SSA of co-fired fly ashes compared to their
companion coal fly ash. Rather, higher SSAs are correlated to higher carbon contents due
to the high internal porosity of unburned carbon, and SSA values are not necessarily
affected by the fuel source.
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3.2.2.4

Morphology
Prepared gold-sputtered ash samples were examined in a Zeiss Ultra60 FE-SEM

(field-emission scanning electron microscope) at varying magnifications under high
vacuum with an accelerating voltage of 5 kV. Long, fibrous particles with intact cell
structures and high aspect ratios in addition to agglomerated fused woody particles were
observed in the D-BA-100 ash shown in Figure 3.2. This further indicates that the raw
biomass used to produce this ash was not fully combusted. Figure 3.3 reveals that the
particles of the co-fired fly ash (B-CA-4) are mainly spherical, which is the characteristic
morphology of the largely glassy fraction of coal fly ash. However, a small portion of
remnant particles with similar woody morphology to the BA particles were also observed
in the co-fired fly ash intermixed with the spherical particles. However, it must be noted
that unburned carbon particles with similar shapes were also found in coal fly ash.
Nevertheless, this indicates that co-firing may affect ash morphology, but to a small
extent.
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Figure 3.2: SEM images of biomass ash (D-BA-100) at three magnifications (note that
this is the physically processed sample as described in Chapter 4)
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Figure 3.3: SEM images of co-fired fly ash (B-CA-4) at three magnifications
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3.2.3

Compliance of Samples with ASTM C618 Requirements
The coal and co-fired fly ashes all have primary oxide contents (the summation of

SiO2, Al2O3 and Fe2O3) greater than 70% and total calcium contents expressed as calcium
oxide lower than 10%, and would be categorized as Class F under ASTM C618 based
upon their composition. The chemical requirements for Class F fly ash stipulated in
ASTM C618 include: (1) primary oxides greater than 70%; (2) sulfur trioxide levels less
than 5%; (3) moisture contents less than 3%; and (4) LOI less than 6% by weight. The
CA from the B- and F-series meet the LOI limit, but the CA from the C- and E-series do
not. However, the FA from the C- and E-series also do not meet the LOI limit, which
indicates that the high LOI in these samples is not a result of the biomass but rather more
related to the combustion conditions at those plants.
The sulfur trioxide levels are also well below the limit for all coal and co-fired fly
ashes. Typically, biomass has less sulfur than coal [9, 26], so it is unlikely that co-firing
with biomass would directly increase these values. Table 3.6 lists two additional
characteristics of the subset of ashes used for the SCM study that are stipulated in ASTM
C618: (1) moisture content (i.e., < 3%) and (2) fineness (i.e., < 34% retained on the No.
325 sieve). All of these coal and co-fired fly ashes meet both of these limits.

Table 3.6: Additional parameters stipulated in ASTM C618
Sample

a

A-FA-0

B-FA-0

B-CA-4

B-CA-8.2

C-FA-0

C-CA-15

D-BA-100

Moisture Content
(wt. %)

0.18

0.23

0.19

0.28

0.59

0.55

5.14

> 45 µma (wt. %)

18.20

17.20

17.52

18.19

19.86

20.10

34.88

Amount retained after wet sieving on No. 325 (45 µm) sieve

68

The biomass ashes are outliers in terms of composition relative to the coal and cofired fly ashes both chemically and physically. The only chemical requirement met by the
D-BA-100 sample is the sulfur trioxide limit. The as-received D-BA-100 sample also did
not meet the moisture content or fineness limit, but it passed these requirement after
processing (moisture content was reduced to ~0% and 25.3% of the ash was retained on
the No. 325 sieve). It should be recognized that the composition of biomass ashes are
highly variable, and that only three source are represented in this study. Thus, it is
possible that other biomass ash sources could meet more ASTM C618 limits than the
biomass ashes presented here.

3.3

Conclusions

A set of 16 coal, biomass and co-fired fly ashes with a broad distribution of
chemical and physical properties were examined. Some of the key findings include:


While coal-derived fly ashes used in concrete or geopolymers are often
characterized by aluminosilicate contents above 50% by mass, LOI less than 6%
and a spherical morphology, the biomass ashes characterized in this study have
low aluminosilicate contents, high unburned carbon and coarse fibrous particles.
Two of the biomass ashes have high calcium contents (i.e., 14.5% and 28.3%),
primarily in the form of calcite. The biomass ashes are also enriched in K, Ca, P,
C, Cl, Mg and Mn, which are some of the essential elemental nutrients required
for biomass growth. The limit for Cl- in EN-450 (Table 2.9) was exceeded by the
one biomass ash tested for this parameter.

69



The co-fired fly ash samples have a composition more similar to coal fly ash than
biomass ash (especially when comparing samples produced at the same plant).
The coal and co-fired fly ashes have comparable primary oxides and calcium
contents. For these samples, no strong correlation was found between biomass cofiring and a change in the concentration of most of the elements the BA were
found to be enriched in either overall or within series of samples from the same
power plant. However, co-firing with wood does appear to slightly increase
phosphate levels, perhaps due to the high decomposition and melting
temperatures of phosphate phases, although all of the coal and co-fired fly ashes
tested in this study have phosphate levels below the total phosphate limit
stipulated in EN-450 (i.e., ≤ 5% by mass). Increased phosphate levels could
potentially affect setting time in cementitious systems.



Some of the coal and co-fired fly ashes have high LOI and TOC values, however
unburned carbon contents do not appear to be related to co-firing amounts.



The particle size distributions, fineness, specific gravity and specific surface areas
of the co-fired fly ashes are similar to companion coal fly ashes. These physical
properties were primarily influenced by the combustion conditions and, as a
result, the unburned carbon content of the ash. No consistent trends were observed
between co-firing and a change in these physical properties.



The morphology of co-fired fly ashes were found to be slightly different than coal
fly ashes due to the addition of the secondary biomass material, as evidenced by
the presence of wood-like particles in these ashes.
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The biomass ashes were non-compliant with many of the ASTM C618 physical
and chemical limits tested in this chapter. On the other hand, certain co-fired fly
ashes were found to be compliant with all of the ASTM C618 physical and
chemical limits tested in this chapter. Only the LOI limit was exceeded for some
of the co-fired fly ashes, but their companion coal fly ashes also exceed that limit,
so it does not appear that the fuel source is the underlying cause but rather the
combustion conditions primarily affected this characteristic.

Most of the properties of the co-fired fly ashes tested in this study (e.g.,
aluminosilicate contents, unburned carbon contents) appear to be more related to the
production variables (e.g., pulverization process, oxygen levels and furnace temperature)
and the feed coal properties rather than the properties of the raw biomass. Although
biomass ashes can have significantly different characteristics compared to coal fly ash, as
shown here, it is likely that the biomass ash fraction in these co-fired fly ashes is low
compared to the coal ash fraction. Even so, some properties of the co-fired fly ash (e.g.,
phosphate contents, morphology) may have been influenced by the secondary biomass
fuel.
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CHAPTER 4
THE USE OF BIOMASS AND CO-FIRED FLY ASH AS
SUPPLEMENTARY CEMENTITIOUS MATERIALS IN CONCRETE

4.1

Introduction

This study examines whether biomass and co-fired fly ashes can meet ASTM
C618 requirements including strength activity, and supplementary optional physical
requirements for air-entraining admixture (AEA) demand and resistance to alkali-silica
reaction and sulfate attack. The impact of these ashes on additional concrete properties
not stipulated in the standard are also assessed including early-age hydration kinetics,
rheology, setting time and permeability. Furthermore, the pozzolanic reactivities of the
ash samples are measured, and the microstructural and hydrated phase development of
the ash-cement matrices are analyzed. Trends between ash composition and morphology
are linked to findings in an attempt to better understand the impact of these by-products
on concrete properties, and to determine whether their exclusion from the ASTM
standard is justified or if an update to the standard—to reflect current combustion
practices—should be considered.

4.2

4.2.1

Experimental Procedure

Materials
In this study seven different ash samples are examined, which were selected from

the larger set of characterized ash samples presented in Chapter 3 to represent a
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distribution of biomass replacement percentages. The chemical and physical properties of
these ashes are discussed in Chapter 3. All ash and cement samples were passed through
a No. 30 sieve (0.6 mm opening) to remove any large clumps. Additionally, the biomass
ash sample was oven-dried before use due to its high as-received moisture content. The
properties of the physically processed (i.e., sieved and dried) D-BA-100 sample are listed
in Table 4.1 and Table 4.2. The particle size distributions of the ash samples used in this
study (including the processed D-BA-100 ash) are shown in Figure 4.1. The PSD and
median particle size of the D-BA-100 ash was measured using isopropyl alcohol solvent
for particle dispersal. Processing of the D-BA-100 sample significantly changed its
physical properties (i.e., increased specific gravity and SSA, reduced particle size), but
only nominally changed its chemical properties.
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Figure 4.1: Particle size distributions for coal, biomass and co-fired fly ashes
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Table 4.1: Oxide analysis of physically processed D-BA-100 sample (%)
LOI
43.8

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oeq P2O5 TiO2 Mn2O3 ZnO SUM
8.9

1.4

0.6

24.5

2.8

3.7

0.6

10.3

7.4

2.1

0.1

0.5

0.1

99.4

Table 4.2: Physical properties of physically processed D-BA-100 sample
Sample
D-BA-100
Specific Gravity (kerosene)
Specific Gravity (helium)
Median Particle Size (µm)
BET SSA (m2/g)

2.24
2.30
35.3
19.1

For all tests performed, ashes were used at a rate of 25% by weight of cement,
except for the petrographic study, which used a 30% replacement weight. To increase the
workability of the D-BA-100 mixes a commercially available polycarboxylate high-range
water-reducing (HRWR) admixture was added, except for isothermal calorimetry testing.
High doses (1.6-2.7 times the maximum recommended dosage depending on the mix
design) were necessary only in the D-BA-100 mixes to achieve a cohesiveness and flow
that was deemed satisfactory by visual inspection. The same commercially available
ASTM C150 [126] Type I/II portland cement was used for all testing (Table 4.3 and
Table 4.4). The crystalline phase composition of the cement determined by quantitative
X-ray diffraction analysis (XRD-Bruker D8 Advance) using the Rietveld method with
TOPAS software is (% by mass): 57.6% alite, 20.6% belite, 3.1% aluminate and 12.9%
ferrite, 3.1% periclase, 1.1% bassanite, 0.6% portlandite, 0.4% gypsum, 0.2% calcite,
0.1% arcanite, 0.1% anhydrite and 0.1% lime.

Table 4.3: Oxide analysis of cement (%)
LOI

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oeq P2O5 TiO2 Mn2O3 ZnO SUM

1.3

20.5

4.7

3.3

63.1

3.3

2.8

0.1
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0.5

0.4

0.1

0.3

0.2

0.1

100

Table 4.4: Physical properties of cement
Sample
Cement
Specific Gravity (kerosene)
Specific Gravity (helium)
Median Particle Size (µm)

4.2.2

3.22
3.16
10.1

Test Methodology
The test methods used to assess the viability of biomass and co-fired fly ashes for

use as SCMs in this chapter are listed in Table 4.5. For each concrete assessment (four
classifications), the tested properties and the specific methods used to analyze each
property are provided.

Table 4.5: Methods used to test the suitability of biomass and co-fired fly ashes for use as
SCMs
Assessment

Early-Age
Behavior

Property

Test Method

Standard

Rate of cement
hydration

Isothermal calorimetry

ASTM C1679

Rotational rheometry

na

Mini-slump

na

Mortar flow

ASTM C1437

Setting time

Time of setting by Vicat needle

ASTM C191

Rheology

Materials
Characterization

Pozzolanic reactivity

Thermogravimetric analysis

na

Hydrated phases

Quantitative X-ray diffraction

na

Microstructure

Scanning electron microscopy

na

Mechanical
Properties

Compressive strength

Mortar strength activity

ASTM C311

Permeability

Rapid chloride permeability test

ASTM C1202

Alkali-silica reaction
resistance

Accelerated mortar bar test

ASTM C1260

Quantitative elemental analysis

na

Sulfate attack resistance

Mortar bar expansion test

ASTM C1012

Air-entrainment
demand

Foam index test

na

Petrographic analysis

na

Durability

Note: na = not applicable
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4.2.2.1 Isothermal Calorimetry
The heat of hydration of plain cement and binary blend pastes was measured by
isothermal calorimetry (ASTM C1679 [127]) using a commercial calorimeter maintained
at 25°C. The water-to-cementitious material ratio (w/cm) was 0.40 for all mixes; both
biomass and co-fired fly ashes were considered as part of the cementitious material
fraction (cm) in calculation of w/cm throughout this study. Each test was performed in
duplicate and data was collected for 24 h.

4.2.2.2 Rheological Measurements
Cement pastes were prepared using a constant w/cm = 0.40. The ashes were used
to replace 25% by weight of cement, which is equivalent to a 34-35% replacement by
volume. Since the fly ash replacement was performed on a constant weight basis, the
solids volume fractions (SVFs) are different for each paste (Table 4.6), based upon their
specific gravities measured by a Micromeritics AccuPyc II 1340 Gas Pycnometer with
helium.

Table 4.6: Solids volume fraction (SVF) for pastes and mortars
Sample

B-CA-4 B-CA-8.2

B-FA-0

Specific Gravity
(helium)

2.30

2.26

2.27

2.28

2.29

2.33

2.30

3.16

Paste SVF

0.463

0.464

0.464

0.464

0.463

0.462

0.450

0.441

Mortar SVF
(including sand)

0.741

0.741

0.741

0.741

0.741

0.741

0.733

0.737

0.416

0.416

0.414

0.416

0.394

Mortar SVF
0.416
0.417
0.417
(excluding sand)
a
Includes HRWR in volume fraction calculation
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C-FA-0

C-CA-15 D-BA-100a Cement

A-FA-0

All pastes were mixed using a high shear blender following the procedure
described in ASTM C1738 [128]. Prior to mixing with water, the combined cement and
ash powders were pre-blended for 5 min in a Turbula mixer in a sealed jar (a Turbula 3D
mixer allows a material contained in jar to be tumbled and rolled at the same time).
Rheological properties of the prepared pastes were measured using a rotational rheometer
(HAAKE MARS modular advanced rheometer system). The pastes were placed on a
serrated parallel plate (35 mm diameter) set with a nominal 0.82 mm gap and maintained
at 23°C in a humid environmental chamber to prevent water evaporation. Pastes were
homogenized by increasing the shear rate up to 51.2 s-1. Afterward, the shear rate was
increased from 0 s-1 to 36.6 s-1 before decreasing in 15 steps. At each step equilibrium
was reached in less than 20 s. The induced shear stresses were measured at 15 intervals
during both the increasing and decreasing rotational velocity periods. The descending
data (the two lowest shear rate data points were excluded for all mixes) were fitted to a
linear equation using ordinary least squares regression according to a Bingham model as
described by Equation 4.1:

τ

τ0

ηγ

(4.1)

where the slope of the line is a measure of the plastic viscosity, η, while the intercept is
the yield stress, τ , and τ is the measured shear stress at a shear rate of γ. Tests were run
in triplicate, and the paste was replaced for each measurement.

77

4.2.2.3 Mini-Slump
The mini-slumps of cement and ash pastes (the same mixes used for rheological
measurements) were measured following the procedure developed by Kantro [129]. To
perform this test, paste was placed in a mini-slump cone (Øbase = 40 mm, Øtop = 20 mm,
height = 60 mm) and gently lifted to form a pad. The flow of the paste was determined by
the area of this pad, calculated using the average of four diametrical measurements made
within approximately 30 s of the cone removal.

4.2.2.4 Mortar Flow
Mortars of plain cement and binary blends were used to assess flowability.
Material proportions given in ASTM C109 [130] were used: one part cement to 2.75
parts fine aggregate and a w/cm of 0.485. Ottawa 20-30 sand conforming to ASTM C778
[131] was used as the fine aggregate (SG = 2.63). Mortars were mixed following the
procedure provided in ASTM C305 [132]. Mortar flow, or the percent increase in the
average diameter of the mortar calculated as a percentage of the original mold base
diameter, was measured as described in ASTM C1437 [133]. The solids volume fractions
(SVF) for mortar mixes are listed in Table 4.6.

4.2.2.5 Setting Time
The Vicat apparatus was used to measure the initial and final time of setting of the
mixes following the procedure provided in ASTM C191 [134]. A w/cm of 0.35 was used
for all mixes to obtain a paste with a consistency appropriate for the method.
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4.2.2.6 Thermogravimetric Analysis (TGA)
Pastes were prepared using a w/cm = 0.485 for consistency with other test
methods performed (e.g., mortar strength and RCPT). The samples were cast in sealed
cylindrical molds, and rotated during the first 24 h to avoid bleeding and segregation.
After 24 h, samples were removed from the molds and placed in a moist environment
maintained at room temperature until testing.
Hydration of pastes was stopped after 1, 7, 28, 56, 91 and 200 days of curing by
freeze-drying small chunks (< 1 mm) of each paste in liquid nitrogen for 15 min before
vacuum-drying the samples at -48°C and 0.2 mBar for 24 h. Freeze-drying was selected,
because it is considered the most appropriate method to arrest hydration for chemical
composition analysis by TGA [135]. The small chunks were then pulverized into a fine
powder for analysis. The powder (10-20 mg) was placed in a platinum pan in a Hitachi
TG/DTA 7300 instrument under a constant flow of nitrogen gas. All samples were held at
105° for 30 min to release any free water before subjecting them to a temperature
increase up to 1100ºC at a rate of 10°C/min. Weight loss was measured as a function of
temperature. TGA was also performed on all raw ashes using the same procedure.
From this weight loss curve, the calcium hydroxide (CH) and bound hydrate
water (H) content of the pastes were calculated at each specified age using procedures
similar to those presented in [76, 136]. Thermal analysis was chosen to measure CH,
because it is considered the most accurate method available [137]. CH content was
measured as the weight loss associated with the decomposition of CH normalized by the
ignited weight of the sample as in Equation 4.2:
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CH

w400 ‐ w460 M Ca OH
w500
MH O

(4.2)

where M is the molar mass (74 g/mol for Ca(OH)2 and 18 g/mol for H2O). The exact
boundaries of the temperature intervals for the CH loss were measured from the
derivative curve (DTG). The bound hydrate water content was measured as the weight
loss due to the decomposition between the boiling temperature and 500°C as in Equation
4.3:

H

w105 ‐ w500
w500

(4.3)

Samples tested in triplicate at 91 and 200 days had coefficients of variation less than 2%
for CH content and less than 3% for bound hydrate water.

4.2.2.7 Hydrated Paste Characterization
Quantitative X-ray diffraction (QXRD) was performed on freeze-dried pastes at all
ages using a Bruker D8 Advance instrument. The pastes were freeze-dried using the same
procedure as described for TGA. The crystalline phase composition was determined
using the Rietveld method with TOPAS software. An internal standard (calcium fluoride)
with a known concentration was used to measure amorphous content. Gold-sputtered
pastes (freeze-dried at 7 and 91 days) were observed in a Zeiss Ultra60 FE-SEM (fieldemission scanning electron microscope) at varying magnifications under high vacuum
with an accelerating voltage of 5 kV.
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4.2.2.8 Strength Activity
Mortars of plain cement and binary blends were used to assess mortar cube
strength activity as described by ASTM C618 [89] using the same mix designs used for
mortar flow tests. The strength activity index—measured by the compressive strength of
six mortar cubes at each age—was recorded at 7, 28, 56 and 91 days for all mixes.

4.2.2.9 Rapid Chloride Permeability Test
The total charge passed through plain cement and binary blend concrete was
measured following procedures specified in ASTM C1202 [138] at 28 and 91 days. The
concrete mix designs (Table 4.7) were developed using the mix proportioning method
provided in ACI 211.1 [139] and the aggregate properties listed in Table 4.8. A w/cm of
0.485 was used for consistency with other test methods performed in this study.

Mix

Table 4.7: Concrete mix designs for RCPT
Fine
Coarse
Cement Fly Ash
Aggregate
Aggregate
(kg)
(kg)
(kg)
(kg)

Water
(kg)

HRWR
(mL)

Plain Cement

2.88

-

5.90

7.07

1.43

-

A-FA-0

2.16

0.72

5.82

7.07

1.43

-

B-FA-0

2.16

0.72

5.79

7.07

1.43

-

B-CA-4

2.16

0.72

5.77

7.07

1.43

-

B-CA-8.2

2.16

0.72

5.78

7.07

1.43

-

C-FA-0

2.16

0.72

5.75

7.07

1.43

-

C-CA-15

2.16

0.72

5.73

7.07

1.43

-

D-BA-100

2.16

0.72

5.48

7.07

1.43

100
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Table 4.8: Aggregate properties for RCPT concrete mix designs
Property
Coarse
Fine
Type
Bulk SSD SG

#67 Crushed Granite
2.75

Ottawa 20-30 Sand
2.63

0.045
0.685

0.156
0.010

Moisture Content (%)
Absorption Capacity (%)

4.2.2.10 Alkali-Silica Reaction Expansion
The procedures described in the standard accelerated mortar bar test (AMBT),
ASTM C1260 [140], and in the similar standard for mortars containing SCMs, ASTM
C1567 [141], were used to assess expansion in mortars containing a reactive aggregate.
Mix designs consisted of one part cement to 2.25 parts graded fine aggregate and a w/cm
of 0.47. Mortars were prepared using a reactive sand from Texas primarily composed of
chert, quartz and feldspar. A length comparator was used to measure expansion every two
days until 14 days, and approximately every five days thereafter until 28 days. Note that
measurements were taken for twice the standard AMBT time length.
ASTM C1260 describes that expansion measurements from the AMBT can be
interpreted such that: (1) any value less than 0.1% at 14 days indicates a nonreactive
aggregate; (2) any value greater than 0.2% at 14 days indicates an aggregate that is
potentially susceptible to ASR damage; and (3) any value between 0.1-0.2% may be an
innocuous or deleterious aggregate and should be subjected to further testing.

4.2.2.11 Quantitative Elemental Analysis
Quantitative elemental analysis was used to determine if ash samples with
relatively higher carbon contents have the ability to adsorb alkalis from the pore solution.
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Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to
measure the sodium uptake capacity of each ash sample when stirred in a sodium
hydroxide solution. Mixtures were prepared by adding 12 g of 0.7 M NaOH solution—
representing the pore solution of a typical concrete—to 1.2 g of ash in a polypropylene
vial. These slurries were then agitated on a suspension mixer for 24 h before being
vacuum filtered through a 0.7 µm glass fiber filter. The filtrate solutions were then
diluted 25X and stored in sealed polypropylene vials until analysis by ICP-OES. The
ICP-OES Perkin Elmer Spectrometer Optima 7300DV used to analyze the diluted sorbate
has a dual plasma view that offers both a radial mode (to detect elements of larger
quantities) and an axial mode (to detect trace elements). Three characteristic wavelengths
to detect Na (330.237 nm, 588.995 nm and 589.592 nm) were selected to produce the
most accurate measurements. The instrument was calibrated using Na standard stock
solution in a nitric acid matrix diluted to 2000, 1000, 100, 10 and 1 ppm. Measurements
were performed in triplicate for each sample.

4.2.2.12 Sulfate Resistance Test
The sulfate resistance of plain cement and binary blend mortars were evaluated by
procedures specified in ASTM C1012 [142]. The same mix designs and methods used for
the strength activity mortar cubes were implemented. Expansion was measured at 1, 2, 3,
4, 8, 13 and 17 weeks, and once a month from 6-18 months after the mortar bars were
placed in the sulfate solution.
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4.2.2.13 Foam Index Test
The foam index test is a commonly used field test for determining the
acceptability of a particular fly ash for use in concrete with respect to air-entraining
admixture (AEA) demand. The procedure for the foam index test used in this experiment
was derived from work done by Harris et al. [143-145] to develop an ASTM standard test
method to predict AEA dosage in concrete containing fly ash. The commercial AEA
(Daravair 1000) used in this experiment was an aqueous solution of neutralized resin
acids and rosin acids. In this test, 5 g of FA, 18 g of cement and 45 mL water were placed
into a 125 mL cylindrical capped jar. The mixture was shaken for 30 s and 0.06 mL of
11.5 vol. % AEA solution was added. The mixture was then vigorously shaken for 10 s
and the stability of the foam was observed. The AEA solution was subsequently added by
one 0.06 mL drop at a time until the specific foam index (SFI) was reached. The SFI is
the minimum amount of AEA solution needed to produce a foam that is stable (bubbles
exist over the entire surface) for 20 s (see Figure 4.2).

(a)

(b)

Figure 4.2: Images of (a) unstable foam surface and (b) stable foam surface 20 s after
shaking was completed
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4.2.2.14 Petrographic Analysis
The surface of cement and ash pastes were analyzed to determine air content.
Pastes were made using a w/cm = 0.4 and ashes were used at a rate of 30% by weight of
cement (note this rate is different from the other tests in this study). A commercial AEA
(Daravair 1000) was added to each paste using a dose of 150 mL/100 kg of cementitious
material. The paste was formed into cubes and cured in saturated lime water for 7 days
before testing. For each cube, multiple sections were sliced and the surfaces were
polished smooth. A black marker was then applied to the surface and talc powder was
used to fill in the air voids following a similar procedure to [146]. For this air void
analysis, thirty fields of view were taken per sample using an optical microscope. A
binary image of each field of view was then created.
Air bubbles were separated into different size fractions using the assumption that
entrained air bubbles directly formed as a result of the AEA addition had a diameter
between 50-1000 µm and naturally occurring entrapped air bubbles had diameters > 1000
µm. Using ImageJ software—and the assumption that air bubbles are predominantly
spherical—these air void types were filtered into their respective size fractions in addition
to removing static in the image as seen in Figure 4.3.
A smaller frame was placed into the image to account for edge effects. The area
fraction of the air voids was calculated for each image and averaged across each sample.
Classical stereology theory holds that as the sampling area increases, the area fraction
will converge to equal the volume fraction following stochastic principles. Using this
concept, the area of the air voids seen in the 2D images equals the volume fraction of the
air voids in the 3D microstructure.
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(a)

(b)

1 mm

(c)

Figure 4.3: Binary image processing technique used to transform (a) the cement paste
surface to (b) the binary image to (c) the filtered binary image

4.2.2.15 Sacrificial Admixture
The use of a sacrificial admixture to reduce the AEA demand of cement-ash mixes
was tested. Increasing concentrations of 2-Phenoxyethanol (C6H5OCH2CH2OH,
J.T.Baker) were added to a cement and ash (C-CA-15) slurry. 2-Phenoxyethanol was
chosen based upon its successful use as a sacrificial admixture in previous research [147].
At each concentration, the SFI value of the slurry was measured using the previously
described procedure.
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4.3

Results and Discussion

In this section, the impact of biomass and co-fired fly ashes on concrete properties
including early-age hydration kinetics, rheology, setting time, pozzolanic reactivity,
hydrated phase development, microstructural development, compressive strength activity,
permeability, alkali-silica reactivity, sulfate resistance and air-entrainment demand is
assessed.

4.3.1

Rate of Early-Age Hydration
The highly exothermic early-age hydration kinetics of cementitious systems, as

measured by isothermal calorimetry, can be used to understand early- and late-age
properties of cement-based materials. Figure 4.4 shows the rate of heat evolution and the
cumulative heat evolved for all mixes. Note that the legend for Figure 4.4b lists the rank
of each ash from highest to lowest for total heat evolved after 24 h. Values for all are
normalized per gram of cementitious material (i.e., mass of cement and ash). As
expected, all of the mixes incorporating 25% ash—for all sources—generated less heat
than the OPC control mix due to the dilution effect [75]. This phenomenon occurs when
less cement (which is highly exothermic) is available for hydration due to the substitution
of 25% of the cement with FA, CA or BA. For example, in the A-, B- and C-series mixes
there is a reduced slope in the acceleratory region compared to the plain cement likely
due to less C3S being hydrated.4 However, if the curves are normalized per gram of

4

Note that after the initial steeply descending portion of each curve due to initial cement dissolution, the
main exothermic peak correlating to the hydration of C3S is observed, followed by a shoulder peak on the
descending portion of this curve associated with the hydration of C3A [148]. These features can be seen on
all coal and co-fired fly ash heat evolution curves presented in Figure 4.4a.
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cement, all of the pastes incorporating ash had a higher cumulative heat after 24 h
compared to the cement control due to the filler effect as described in Chapter 2.
Early-age hydration kinetics involve many simultaneous complex processes
making it difficult to correlate the results with the chemical and physical properties of the
ashes. Still, the data suggest that the addition of ashes with a smaller median particle size
results in a slightly increased C3A peak intensity. Overall, very similar early-age
hydration behaviors were observed between coal fly ash pastes and their companion cofired fly ash pastes; this is particularly clear in the cumulative heat of hydration data in
Figure 4.4b, where the curves for the FA and CA pastes practically overlie one another.
In contrast, the BA paste has an early-age hydration behavior which is different
from the cement paste, and also from the FA and CA pastes. With BA, hydration is
accelerated compared to plain cement as observed by its subtle shift to the left in Figure
4.4a. Additionally, the hydration peaks typically observed for alite and aluminate phases
appear to be merged, and the intensity for this paste is greater than any other ash mix,
although less than the plain cement. Consequently, the cumulative heat produced by this
blend after 24 h was also highest among the ash mixes, but still 15% less than plain
cement even though this blend exhibited higher cumulative heat than plain cement during
the first 8 h. The high absorption capacity of the D-BA-100 could have reduced the
effective w/cm, which has been shown to accelerate the very early rate of heat evolution
[149]. The high surface area of the BA sample also likely affected this early-age
behavior. More research must be conducted to determine the effect biomass ash has on
cement hydration due to its physical structure and chemical composition.
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Figure 4.4: Isothermal calorimetry results showing the effect of ash content on (a) rate of
heat evolution and (b) cumulative heat evolved (ranked)
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4.3.2

Plastic Viscosity and Yield Stress
Given the potential differences observed between coal-derived fly ash and co-

fired and biomass ashes with regard to morphology, it is necessary to better understand
the impact these materials can have on early-age workability when used as SCMs. In this
section, the plastic viscosity and yield stress values for the cement and ash pastes are
linked to ash characteristics. A typical data set relating measured shear stress to shear rate
is shown, along with a fit to the Bingham model, in Figure 4.5. Using linear regression,
the plastic viscosity and yield stress parameters were calculated (see Figure 4.6). The
coefficients of determination (R2) of these regressions for all mixes had an average value
of 0.98 and a coefficient of variation of 1.6%.
The substitution of the cement with each of these ashes impacted the colloidal,
hydrodynamic and contact forces that control plastic viscosity in cementitious systems
[150]. For example, the low carbon coal fly ash (A-FA-0) decreased plastic viscosity by

Shear stress (Pa)

15

10

5

0
0

10

20
Shear rate (1/s)

30

40

Figure 4.5: Example of descending data of shear stress vs. shear rate curve for A-FA-0
paste fitted to the Bingham model
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Figure 4.6: Rheological parameters of cement and ash pastes: (a) plastic viscosity and (b)
yield stress5

21% compared to the plain cement control. This can be attributed in part to the reduction
in inter-particle friction in the mix due to the presence of spherical fly ash particles (i.e.,
the ball-bearing effect). All of the other coal and co-fired fly ashes from Plants B and C
increased viscosity compared to the plain cement control. Although these fly ashes also

5

Note that all errors bars in this thesis indicate ± one standard deviation from the mean.
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have a significant fraction of glassy spherical particles as evidenced by SEM, it appears
there are other factors controlling the viscous flow of these mixes (which will be
discussed later). The pure biomass ash mix (D-BA-100) had a much higher viscosity
compared to the plain cement control. This ash has a non-spherical, irregular particle
shape, which could have increased inter-particle friction, thus having the opposite effect
on viscosity compared to a typical coal fly ash.
Variations in the van der Waals colloidal forces and other inter-particle contact
forces that control the plastic yield stress of cement pastes were also apparent [151]. The
yield stress is a measure of the stress needed to induce flow by breaking down the
flocculated cement particles at very early ages [152, 153]. The addition of A-FA-0
decreased yield stress compared to the plain cement control. This could have been due to
a dilution effect, which caused less initial cement-cement particle connections resulting in
a reduced yield stress [153]. On the other hand, the addition of coal and co-fired fly ashes
from Plants B and C and D-BA-100 all significantly increased yield stress values
compared to the plain cement control. Therefore, any dilution effect introduced by these
ashes was counteracted by other factors, which were influenced by the ash properties.
For example, the rheological behavior in ash-cement mixtures is strongly
influenced by the loss on ignition (LOI), water demand, fineness, morphology and
particle size distribution of the ash among other factors [154]. It appears the higher LOI
of the B- and C-series ashes and the corresponding water demand associated with the
increased carbon content is a primary reason for their reduced workability. As shown in
Figure 4.7, there is a correlation between higher ash LOI values and higher plastic
viscosities and yield stresses. There is also a positive correlation between the specific
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Figure 4.7: The correlations between: (a) LOI vs. plastic viscosity, (b) LOI vs. yield
stress, (c) SSA vs. plastic viscosity and (d) SSA vs. yield stress for the cement and ash
pastes

surface areas of the ashes and the plastic viscosities and yield stresses of their pastes.
(Note that these plots do not include data from the plain cement or D-BA-100 pastes.)
Bentz et al. [153] found that cement and coal fly ash pastes with higher total
particle surface areas and higher total particle number densities had higher plastic
viscosities at the same solids content by volume. In that study the particle surface areas
were primarily controlled by their fineness, which is not the case for the ashes used in
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this investigation. For these ashes, there is a lack of correlation between median particle
size and SSA, indicating that the additional SSA is mostly derived from carbon-rich
particles, which can have very high internal porosity [121]. This is further evidenced by
the strong correlation (R2 = 0.88) between LOI and SSA for these ashes. Therefore,
fineness likely had less of an impact on the rheological parameters of these pastes in
comparison to LOI.
Other factors, including particle shape, could also be influencing these results.
The irregular surface of the carbon particles in the ashes could have increased interparticle interactions. Also, the remnant biomass particles in the co-fired fly ashes (which
can have an angular morphology) may have influenced the rheology of these mixes.
However, no correlation was found between an increase in co-firing amount and an
increase in plastic viscosity or yield stress. Perhaps the quantity of ash derived from the
secondary biomass fuel (at most around 1% for these ashes) was not large enough to
significantly affect these parameters. On the other hand, the different volumetric
water/solids ratio of each paste (Table 4.6) likely did impact these results. All of the ash
mixes had a higher solids fraction compared to the plain cement mix. A higher solids
fraction can increase plastic viscosity and yield stress, which could partly explain the
higher values measured for some of the cement-ash pastes. Still, the A-FA-0 mix had a
lower plastic viscosity and yield stress compared to the plain cement control even with a
higher solids fraction, indicating that other factors (e.g., unburned carbon and water
demand) likely dominated the rheological behavior of the B-, C- and D-series mixes.
The significant increase in plastic viscosity and, to a lesser extent, yield stress
caused by the addition of D-BA-100 was primarily due to the high water absorption
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capacity of this ash in addition to its angular morphology. High water absorption has also
been found to decrease workability in other biomass ash-cement mixes [46, 55, 63, 69].
The presence of KCl and K2SO4 in biomass ash can also modify the rheological behavior
of cementitious systems [59]. K2SO4 was detected in D-BA-100 [121], but its effect on
the rheological parameters measured in this study appears to be negligible compared to
the impact of water absorption and inter-particle friction. The addition of HRWR to this
BA paste—to overcome the water absorption and inter-particle friction caused by D-BA100—was not sufficient to improve its workability to match the plain cement control.

4.3.3

Mortar Flow and Mini-Slump
Mortar flow and mini-slump were measured to understand the influence of these

ashes on the workability of cementitious systems. Mortar flow and mini-slump values for
all mixes are shown in Figure 4.8 and Figure 4.9, respectively. Similar to the plastic
viscosity and yield stress results, the addition of A-FA-0 increased both flow and minislump compared to the plain cement control whereas the addition of all of the other ashes
reduced flow and mini-slump. Mortar flow is affected by both yield stress and plastic
viscosity, and both of these parameters are slightly correlated to the mortar flow results.
On the other hand, mini-slump is primarily controlled by yield stress because there is no
pounding mechanism used (unlike mortar flow), and thus the weight of the paste must be
higher than the yield stress to initiate flow [155]. The mini-slump results are strongly
correlated to yield stress values (i.e., an increased mini-slump corresponds to a decreased
yield stress). The mini-slump and mortar flow values are also moderately correlated to
each other (R2 = 0.56).
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Figure 4.8: Mortar flow values for cement and ash blends
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Figure 4.9: Mini-slump pat areas for cement and ash blends

The higher viscosities and yield stresses of the mixes containing the B- and Cseries ashes are related to their reduced workability, as measured by mortar flow and
mini-slump. However, for these mixes it appears that their high yield stresses were the
primary reason for their reduced workability. This is evidenced by the much higher
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percent increase in yield stress vs. viscosity for these mixes relative to the plain cement
control. However, the high plastic viscosity of the D-BA-100 likely had a larger impact
on its workability because this mix had a significantly lower flow compared to C-CA-15
even though its yield stress was lower than C-CA-15.
Since mini-slump is related to yield stress and mortar flow is related to both yield
stress and mortar flow, it is likely that the same factors which controlled those properties
(e.g., LOI, water demand, morphology) also impacted flow and slump. It also appears
that particle size might have influenced the mortar flow results. For example, the coarser
B-series ashes reduced mortar flow more than the finer C-series ashes, following trends
between mortar flow and ash median particle size observed by others [156], even though
the B-series ashes have a lower LOI and SSA compared to the C-series ashes. However,
there were no evident trends observed between median particle size and the other
measured parameters (i.e., viscosity, yield stress and mini-slump).

4.3.4

Setting Time
Initial and final setting times of the cement and blended pastes measured by the

Vicat apparatus can be seen in Figure 4.10. Delays in setting time are commonly
observed for fly ash mixes due to less initial cement reaction. This was observed in the Cseries mixes, which lengthened initial set by 30-60 min and final set by 45-60 min
compared to the plain cement paste. On the other hand, the A- and B-series mixes
initially set within only 20 min of the plain cement paste, and final setting times for the
plain cement, A- and B-series were all the same at 6.25 h. Within each series, there was
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no measureable effect of co-firing on setting time, when comparing CA mixes to
companion FA mixes.

Plain Cement
Initial Set
Final Set

A-FA-0
B-FA-0
B-CA-4
B-CA-8.2
C-FA-0
C-CA-15
D-BA-100
0

2

4
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Figure 4.10: Vicat setting times for coal, biomass and co-fired fly ash blended pastes

An increase in phosphate has been linked to delays in set in cementitious
systems.[50] To address this, a 5% by mass limit on phosphate content is included in EN
450-1. In this study, the phosphate contents are highest in the B-series ash but still well
below the EN 450-1 limit (i.e., 0.6-0.7% by mass), and the set times for these ashes
remained consistent with the plain cement control.
The high surface area of the biomass ash (D-BA-100) and its capacity for
significant moisture absorption contributed to an accelerated initial setting time, which
was more than 2.5 h earlier than the control. Remarkably, final set was lengthened for the
BA blend compared to all mixes, but this could partly be a consequence of the HRWR
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dosage, which was required for this sample set but not for the A-, B- or C-series ashes.
Other characteristics of this ash may have also affected setting time.

4.3.5

Pozzolanic Reactivity
The pozzolanic reactivities of the FA, CA and BA samples were assessed by

measuring the calcium hydroxide consumption and bound hydrate water contents of
pastes as a function of time utilizing thermal analysis. Figure 4.11 shows the TGA curves
for all pastes at 28 days normalized by the weight of each sample at 105°C. The TGA
curves of the pastes at the other tested ages, which are not presented here, have similar
weight loss features. One primary weight loss feature between ~400-460°C is associated
with the decomposition of CH [76, 136, 157, 158]. As previously described, the exact
boundaries of the temperature intervals for the CH loss were measured from the
derivative curve (DTG). For example, for the B-CA-4 paste at 28 days (Figure 4.12), this
range was determined to be 400-468°C. For the FA and CA ashes (especially in the Band C-series) there was an additional major weight loss feature observed above ~800°C
associated with the decomposition of the organic content present in the ash [136]. The
raw ash TGA curves (Figure 4.13) show that the high LOI ashes had significant weight
loss up to 1100°C, which began primarily above 500°C. Carbon oxidation can still occur
in raw ashes even when using an inert N2 atmosphere due to the reduction of iron oxides
at these high temperatures [159].
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Figure 4.11: TGA curves of cement and ash pastes at 28 days
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Figure 4.13: TGA curves of raw coal and co-fired fly ashes

For these ashes, it was difficult to distinguish between weight loss due to organics
and bound hydrate water at higher temperatures, and thus a maximum temperature of
500°C was chosen when calculating CH decomposition and hydrate water contents. The
LOI values of the FA and CA ashes were less than 1% when heated to 500°C, and were
consequently not accounted for in the CH and H measurements. On the other hand, the
D-BA-100 ash had a high LOI of 8.9% at 500°C. As a result, LOI was subtracted from
the CH and H values for D-BA-100 because it was a substantial amount. The TGA and
DTG curves for D-BA-100 (Figure 4.14) also revealed a significant weight loss between
600-800°C associated with the decomposition of calcium carbonate [158]. Weight loss
associated with calcium carbonate was also present in all of the cement-ash pastes,
however it was not accounted for in CH and H measurements because it occurred above
500°C.
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Figure 4.14: Weight loss curve (solid line, left axis) and DTG curve (dotted line, right
axis) of the raw D-BA-100 ash

The normalized CH and hydrate water contents are shown as a function of age for
all pastes in Figure 4.15 and Figure 4.16, respectively. Both CH content and hydrate
water are expressed as a percent of the anhydrous cement in the sample with the
assumption that the ignited sample is composed of: (1) 100% cement in the plain cement
control and (2) 75% cement and 25% ash in the binary blended mixes [157]. All of the
FA and CA pastes had higher CH contents per 100 g of cement than the plain cement
control at 1 and 7 days due to the filler effect [76]. Between 7 and 28 days, the rate of
increase in CH in the FA and CA pastes began to slow in comparison to the plain cement
control. By 56 days, the normalized CH contents of all FA and CA pastes were less than
the plain cement control. At later ages, the CH content remained stable for the plain
cement control, but continued to decrease for the FA and CA pastes. By 200 days, the FA
and CA pastes had 23-33% less CH per 100 g cement than the plain cement control.
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Figure 4.15: Calcium hydroxide content of pastes as a function of curing time
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Figure 4.16: Bound hydrate water of pastes as a function of curing time

The amount of CH consumption in a coal fly ash mix compared to a plain cement
control indicates the pozzolanic reactivity of the ash [76, 136, 157, 158, 160]. For coal fly
ash, the pozzolanic reaction has been found to initiate at later ages—compared to silica
fume and blast furnace slag—after the pore solution reaches the sufficient alkalinity
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required to dissolve the glass structure of the fly ash [79]. Still, release of Al and Si from
coal fly ash into the pore solution can occur as early as 7 days resulting in the formation
of additional reaction products [136]. With the FA and CA samples in this study, CH
consumption began after 7 days relative to the plain cement control. By 56 days, the FA
and CA samples consumed a significant amount of CH in the matrix and produced new
strength-providing C-S-H. The co-fired fly ash samples have a similar pozzolanicity (as
measured by the depletion of CH) as their companion coal fly ash samples. Also, the
higher calcium B-series ashes have slightly higher CH contents at 200 days compared to
the A- and C-series ashes.
Co-fired fly ash derived from biomass and coal co-combustion has been
previously found to have a similar CH consumption rate compared to coal fly ash [72],
and CA mixes have been shown to have less CH than a control cement mix at later ages
[35]. The results of this study further reinforce this finding, which indicates co-fired fly
ash can have pozzolanic properties depending on its chemical composition. On the other
hand, the normalized CH content of the biomass ash paste (D-BA-100) increased at all
ages, which suggests that the D-BA-100 has no pozzolanic properties. The D-BA-100
paste had a lower CH content than all other pastes at earlier ages (< 56 days). Yet, at 200
days, the CH content of the D-BA-100 paste surpassed the FA and CA pastes, but was
still 14% lower than the plain cement control. This shows that there was less normalized
CH formation in the D-BA-100 paste compared to the control. This could be a result of
the lower effective w/cm of this paste caused by the high water absorption capacity of DBA-100 in addition to the sorption of calcium from solution by its high organic content
(thus hindering all reaction processes) among other reasons.
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The normalized hydrate water content is higher than the plain cement control for
all CA and FA pastes at all ages (except for B-CA-8.2 at 91 days, which has a slightly
lower H-value at that age). By 200 days, the FA and CA pastes have 4-9% more hydrate
water than the plain cement control. The bound hydrate water content (also known as
non-evaporable water) can indicate the degree of hydration of a cement-ash paste (i.e.,
higher values indicate a greater degree of hydration) [157]. The higher H-values for the
ash mixes is likely due to the filler effect, whereby the ash increased the cement reaction
by increasing the effective water/cement ratio and by providing additional surface for
hydration product nucleation [76]. However, normalization of the hydrate water to the
total dry binder content shows that there was lower hydration product formation overall
in the ash-containing pastes. The D-BA-100 paste had a lower hydrate water content
compared to all mixes after 28 days. This indicates that there was less hydration product
formation in this paste potentially due to the same factors that caused a decrease in CH
formation.

4.3.6

Quantitative X-Ray Diffraction
Selected crystalline and amorphous phases of the pastes at three ages as quantified

by Rietveld analysis are shown in Table 4.9. The CH contents of all FA and CA pastes
were lower than the plain cement control at all ages because these data are not
normalized to the OPC content (unlike the TGA data). Still, in accordance with the TGA
data, the CH contents of the FA and CA pastes decreased after 28 day providing further
evidence of their pozzolanic reactivity. Between 28-200 days, the CH contents of the FA
and CA pastes decreased by 21-35%, which was similar to the decrease in CH measured
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Table 4.9: Selected crystalline and amorphous phases* in the cement and ash pastes in
wt. % as determined by QXRD
Sample

Age
(days)

CH

Ettringite

C3S

C2S

C3A

C4AF

Quartz

Mullite

Amorphous

Plain Cement

28

16.7

1.3

1.9

4.8

0.1

5.6

-

-

64.2

91

15.6

0.9

1.2

0.9

-

1.9

0.1

-

76.5

200

15.4

1.8

-

3.3

-

2.7

-

-

73.2

A-FA-0

B-FA-0

B-CA-4

B-CA-8.2

C-FA-0

C-CA-15

D-BA-100

28

11.6

-

0.7

3.7

0.3

3.2

1.3

1.5

71.7

91

9.5

0.7

1.5

1.1

-

1.4

1.3

0.8

80.3

200

8.2

0.8

-

4.5

-

2.9

1.6

1.4

75.1

28

11.7

-

0.6

3.3

0.2

5.3

1.3

1.9

67.1

91

10.0

0.2

0.8

0.4

-

0.6

1.0

1.4

82.0

200

8.6

1.5

-

3.2

-

3.0

1.1

1.4

76.1

28

12.4

-

0.8

3.4

0.2

4.2

1.5

2.3

68.4

91

10.9

0.1

1.5

0.7

-

2.7

1.0

1.7

74.7

200

8.6

1.1

-

3.2

-

2.1

0.9

1.9

76.8

28

11.5

0.8

1.0

3.4

0.4

3.8

1.4

2.3

67.9

91

9.5

0.3

1.6

0.8

0.2

1.4

1.4

2.2

77.2

200

9.0

1.2

-

3.5

-

2.7

1.7

2.2

74.8

28

11.1

-

1.0

3.0

0.3

3.6

1.4

1.6

69.6

91

9.3

0.1

2.0

0.2

-

1.6

0.9

1.4

77.8

200

7.2

1.1

-

3.5

-

2.6

1.0

0.9

78.1

28

10.3

-

0.8

3.3

0.2

3.9

1.2

1.7

70.7

91

8.9

0.3

1.5

0.6

-

1.9

1.0

1.3

79.0

200

7.2

0.7

-

3.5

-

2.7

1.0

1.3

78.3

28

11.5

-

2.4

3.7

0.1

4.0

0.6

-

64.3

91

12.8

-

2.6

0.9

-

3.9

1.9

-

67.5

200
12.8
3.5
4.0
0.5
66.8
*(CH, Powder diffraction file (PDF) card 00-041-1481), (Ettringite, PDF# 00-041-1451), (C3S, PDF# 00-042-0551),
(C2S, 00-033-0302), (C3A, PDF# 00-038-1429), (C4AF, PDF# 00-030-0226), (Quartz, PDF# 00-046-1045), (Mullite,
PDF# 00-015-0776)

by TGA during this same timeframe for these pastes (15-26%). Conversely, the CH
content of the D-BA-100 paste increased by 12% between 28-200 days. The CH content
of the plain cement control remained relatively stable at all ages, similar to the TGA data.
Quartz (SiO2) and mullite (Al6Si2O13) were only detected in the FA and CA
mixes, as both of these minerals are commonly found in coal fly ash, but not in cement
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[40]. Quartz was also detected in the D-BA-100 paste. Even though quartz was not
identified in the raw D-BA-100 ash, it has been detected in other biomass ashes [121].
The wt. % of these minerals remained relatively stable during the curing process,
however there is some fluctuation in the values. QXRD data from cement paste samples
can have high error as noted in ASTM C1365 [161], which could explain some of the
variability seen with these samples.6 Calcite (CaCO3) was also detected in all samples
(although not listed here), and remained relatively stable at all ages. Calcite
concentrations were highest in the D-BA-100 paste (~6%) compared to < 1% for all other
samples, due to the high calcite concentration in the raw D-BA-100 ash [121]. Calcite
was also detected in these samples by TGA.
The amount of ettringite (C6AŠ3H32) was highest at all ages in the plain cement
control compared to the FA and CA mixes; ettringite was not detected in the D-BA-100
sample. It should be noted that the freeze-drying technique used to prepare these samples
can degrade AFt (e.g., ettringite) and AFm (e.g., monosulfate – C4AŠH12) phases, in
addition to dehydrating a portion of the C-S-H [135, 162]. Therefore, the absence of
ettringite in the QXRD data for these samples does not conclusively indicate this phase
was not present in the hydrated paste. The data also indicates that the C3A phase was
depleted at 91 days for the majority of the samples, and both C3A and C3S were fully
depleted at 200 days. In comparison, C2S and C4AF are less reacted at 200 days as
indicated by the remaining fraction of these anhydrous clinker phases at this later age.
The amorphous content is primarily composed of C-S-H, monosulfate hydrate
(due to its poorly-crystalline structure) and the glassy portion of the fly ash [76]. For all

6

The permissible maximum difference (mass %) between the mean value of 2 replicates and the known
value at a 95% confidence level is 5.93 for C3S, 3.70 for C2S 2.14 for C3A and 2.46 for C4AF.
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pastes, the amorphous content increased after 28 days, likely due to the formation of
additional hydration products. This is consistent with the increase in bound hydrate water
observed in these pastes after 28 days measured by TGA. Some of the FA and CA pastes
had a higher amorphous content compared to the plain cement control at certain ages,
although it is unclear whether this was a result of additional hydrate formation or rather a
reflection of the remaining unreacted fly ash glass.
Still, it is likely that additional C-S-H was formed in the FA and CA pastes
through the pozzolanic reaction. Furthermore, the release of Al from these ashes could
have also reacted to form monosulfate in addition to mono- and hemicarbonate if CaCO3
was available [53]. At 91 and 200 days, the D-BA-100 paste had a significantly lower
amorphous content compared to all other mixes. This indicates that there was less
hydration product formation in these mixes at later ages which was corroborated by the
TGA data. (It should be noted that the amorphous contents and the other phases listed in
Table 4.9 were affected by the relative error of this technique [161], and thus must be
interpreted accordingly as a range instead of a definitive value.)

4.3.7

Strength Development
Average compressive strength data for all mortar mixes at all ages examined are

presented in Figure 4.17 and listed in Table 4.10. At 7 days, all of the FA and CA mixes
had strengths greater than 75% of the plain cement control strength, thus satisfying the
strength activity requirements stipulated in ASTM C618. At this age, both of the ashes
with the highest co-fired percentages (B-CA-8.2 and C-CA-15) had the highest strengths
excluding the control. By 28 days, the compressive strength of all of the mixes continued
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to increase primarily from continued cement hydration, but two mixes (B-CA-4 and CCA-15) fell slightly below the limit of 75% of the control strength. Figure 4.18a shows
that the change in CH content for the FA and CA mixes was lower than the plain cement
control between 7 and 28 days, which indicates that these ashes became pozzolanically
reactive during this time range. This additional reaction likely contributed to some
strength gain at these early ages, although the percentage change in strength between
these two ages for some of the ash mixes remained lower than the plain cement control.

Compressive strength (MPa)

60
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28
56

40

91

30
20
10
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Figure 4.17: Mortar strength results for coal, biomass and co-fired fly ash blends at four
ages in days
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Table 4.10: Mortar strength results at 7, 28, 56 and 91 Days (MPa)
7-Day
Average

Mix

(CV*)

28-Day

%
Control

Average
(CV)

56-Day

%
Control

Average
(CV)

91-Day

%
Control

Average
(CV)

%
Control

Plain Cement

29.7
(7.9)

100

45.7
(9.0)

100

47.6
(6.5)

100

49.0
(4.8)

100

A-FA-0

24.2
(5.1)

81

38.3
(3.1)

84

45.2
(4.9)

95

49.6
(4.0)

101

B-FA-0

23.6
(4.7)

80

37.8
(4.0)

83

46.0
(3.4)

97

50.5
(4.0)

103

B-CA-4

23.4
(5.0)

79

33.2
(7.3)

73

45.9
(1.8)

96

48.6
(3.3)

99

B-CA-8.2

25.6
(3.8)

86

39.2
(5.1)

86

49.5
(5.7)

104

53.0
(4.4)

108

C-FA-0

23.3
(4.4)

78

35.4
(5.8)

77

44.3
(6.4)

93

48.0
(4.2)

98

C-CA-15

27.1
(4.3)

91

33.6
(3.1)

74

46.8
(2.5)

98

50.7
(4.5)

104

27.3
(4.0)

60

29.2
(4.0)

61

29.0
(9.5)

59

20.7
70
(1.3)
*CV = Coefficient of variation (%)
D-BA-100

The D-BA-100 mix was the only ash mix that did not comply with the strength
activity requirements—reaching only 70% and 60% of the control strength at 7 and 28
days, respectively. The BA mortar strength remained low even at later ages, indicating DBA-100 had no pozzolanic reactivity, which was also supported by the TGA data.
Furthermore, QXRD results showed that at later ages this mix had a lower amorphous
content compared to all other mixes indicating it had less hydrate product formation,
including less strength-providing C-S-H formation.
After 28 days, all of the coal and co-fired fly ash samples began to react
appreciably, as evidenced by a larger increase in compressive strength for these mixes
relative to the change in strength of the plain cement mix between 28 and 56 days.
Furthermore, all of the FA and CA mixes had strength values within 10% of the control
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at 56 days. Continued reaction of these ashes increased strengths to values seen at 91
days. In fact, some of the CA and FA mixes had higher average strengths at this age (91
days) compared to the control, with B-CA-8.2 and C-CA-15 (both higher percentage cofired fly ashes) having the highest strengths. However, an analysis of variance (ANOVA)
test on the 91-day strength data revealed that at the 0.01 level, the mean strength values
are only significantly different for the D-BA-100 mix. There is no statistical difference
between the mean strength of the cement, coal or co-fired fly ash mortars at 91 days.
Figure 4.18b shows the relationship between the change in CH and the change in
strength between 28 and 91 days. The plain cement control and the D-BA-100 mixes both
had increased CH production and correspondingly a low percentage change in strength
during this time. For the FA and CA mixes, the ashes significantly depleted the CH
during this time, which resulted in a much higher relative strength gain compared to the
plain cement control through the formation of additional C-S-H. Also, the co-fired fly
ashes had a higher percentage strength gain compared to companion coal fly ashes during
this time period. The results signify that co-fired fly ash behaves as a pozzolan in a
similar fashion to coal fly ash—imparting primarily later-age (> 28 days) strength.
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Figure 4.18: Percentage change in strength (bars, left axis) and percentage change in
calcium hydroxide content (line and symbol, right axis) between: (a) 7-28 days and (b)
28-91 days of curing
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4.3.8

Microstructural Development
SEM images of the B-CA-4 and C-CA-15 pastes at 7 and 91 days are shown in

Figure 4.19 and Figure 4.20, respectively. At 7 days, both CA pastes’ microstructures
contain a large amount of unreacted spherical particles (the typical shape of the glassy
portion of coal fly ash) embedded in the matrix. TGA data revealed that by 7 days these
CA samples had not begun to appreciably react as indicated by a steady increase in CH
content between 1 and 7 days. These images confirm that the CA particles remained
largely intact at this age surrounded by the hydrated cement paste fraction, and thus are
not contributing to hydration product formation at these early ages.

(b)

(a)

25 µm

25 µm

(c)

25 µm

Figure 4.19: SEM images of B-CA-4 paste at: (a) 7 days and (b, c) 91 days
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(a)

(b)

25 µm

25 µm

Figure 4.20: SEM images of C-CA-15 paste at: (a) 7 days and (b) 91 days

At 91 days, there are fewer visible unreacted fly ash particles in the paste, and the
paste appears to be more homogeneous. At this age, from the TGA data it was
determined that the CA samples have consumed a significant amount of CH relative to
the plain cement control. It appears that the amorphous aluminosilicate components of
the B-CA-4 and C-CA-15 ashes have reacted and corroded away to form additional
hydration products. Figure 4.19b shows a partially reacted fly ash particle surrounded by
hydration products. The crystalline structure with the plate-like morphology is likely CH
and the needle-like crystal is likely ettringite, both of which were detected by QXRD in
this paste at 91 days. Hydration products with a similar plate-like morphology were also
seen in C-CA-15 paste at 91 days, but are not shown here. The sample preparation
technique made it difficult to observe the layers of hydration phases that surround the
reacted fly ash particles, and many of these products at the surface were presumably
destroyed during processing. As a result, the majority of the sample surface at 91 days
had a similar microstructure to those shown in Figure 4.19c and Figure 4.20b.
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For these pastes at both ages, no remnant woody biomass particles (such as those
seen in the B-CA-4 sample) were observed in the microstructure. Perhaps this is a result
of the scarcity of these particles in these ashes or it is possible that many of these
particles (which tend to be lighter than the glassy phases of coal fly ash) rose to the
surface during mixing.
Figure 4.21 shows SEM images of the D-BA-100 paste at 7 and 91 days. At 7
days, an unreacted fibrous biomass particle was observed in the paste (Figure 4.21a).
Furthermore, multiple large carbon particles were seen on the surface of the D-BA-100
paste, such as the black area shown in Figure 4.21b. At 91 days, the D-BA-100 ash
appears to be largely unreacted as evidenced by the intact biomass particle embedded in
the cement paste fraction (Figure 4.21c). TGA data showed that the D-BA-100 sample
did not consume CH even at later ages, and the D-BA-100 mortars had low strength
relative to the plain cement control at all ages. Perhaps the D-BA-100 ash introduced
additional flaws into the matrix (e.g., the air-filled voids within the cell walls of the
biomass particles), which in addition to its lack of pozzolanic reactivity resulted in this
low strength.
The heterogeneous nature of CA and BA samples make it difficult to represent the
bulk sample through the analysis of only a few particles as presented here. However,
these images still support the overall findings regarding their pozzolanic reactivity,
hydration product development and strength development. That is, the biomass ash tested
in this study remained unreacted even at late-ages and ultimately inhibited strength gain.
On the other hand, the co-fired fly ash underwent a late-age reaction similar to coal fly
ash as shown in these micrographs.

115

(b)
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(c)

25 µm

Figure 4.21: SEM images of D-BA-100 paste at: (a, b) 7 days and (c) 91 days

4.3.9

Permeability
The total charge passed during the rapid chloride permeability test (RCPT) through

each concrete sample at 28 and 91 days of age (Figure 4.22) can be used as an indirect
and comparative assessment of permeability [142].7 At 28 days, more total charge passed
through all of the FA and CA mixes compared to the plain cement mix, which correlates
well with the strength values at this age (i.e., strengths were lower than the control
indicating a less dense microstructure for these mixes). Between 28 and 91 days, the CH
content of all FA and CA samples was significantly depleted compared to the plain
7

RCPT results depend on both the pore structure characteristics of the concrete and the electrical
conductivity of the pore solution. The addition of fly ash may influence both of these properties, which is
of importance when interpreting these data.
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Figure 4.22: RCPT results for coal, biomass and co-fired fly ash concrete at two ages

cement control as measured by TGA, indicating these ashes had become pozzolanically
reactive. This CH depletion data supports the RCPT results at 91 days, which show that
the permeability of these mixes decreased between 48-58% compared to 28-day values
due to pore refinement of the FA and CA concrete (Figure 4.23). Conversely, the
permeability of the control only decreased by 4% between 28 and 91 days. Within the Bseries the highest co-fired percentage ash, B-CA-8.2, had the lowest permeability as well
as the highest strength at both ages. Additionally, the mix incorporating C-CA-15 also
had a lower permeability compared to its companion coal sample, C-FA-0, at 91 days.
The RCPT measurements for the D-BA-100 concrete indicated it underwent a
slight decrease in permeability between 28 and 91 days, providing further evidence that
this BA has no pozzolanic properties. All of the mixes including the control would be
classified as having “high” chloride ion penetrability at 28 days using the limits
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Figure 4.23: Percentage change in permeability as measured by RCPT (bars, left axis)
and percentage change in calcium hydroxide content (line and symbol, right axis)
between 28-91 days of curing

established in ASTM C1202 shown in Table 4.11 [138]. At 91 days, the control mix
remained in the “high” classification along with most of the ash mixes even though there
was a marked reduction in permeability in the FA and CA mixes at this age to lower
values than the control mix. It should be noted that using a lower w/cm compared to the
one used in this study (i.e., w/cm = 0.485) would be expected to significantly decrease
the permeability of these mixes to within acceptable levels. The purpose of this study was
for comparison rather than to develop mixes that met the ASTM C1202 standard limits.
Nevertheless two co-fired ashes (B-CA-8.2 and C-CA-15) were reduced to the
“moderate” classification at 91 days. This demonstrates that co-fired fly ash can
significantly reduce the permeability of concrete, as measured by RCPT, at later ages
compared to plain cement.
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Table 4.11: Chloride ion penetrability based on charge passed (ASTM C1202)
Charge Passed (coulombs)
Chloride Ion Penetrability
> 4000
2000-4000
1000-2000
100-1000
< 100

High
Moderate
Low
Very Low
Negligible

4.3.10 Alkali-Silica Reaction Expansion
4.3.10.1 Accelerated Mortar Bar Test
While Class F fly ashes are commonly used to mitigate aggregate reactivity, the
influence of biomass and co-fired fly ash sources for mitigation of alkali-silica reaction
expansion has not been widely examined. The AMBT expansion plots for the control and
binary blends are shown in Figure 4.24 and expansion values are listed in Table 4.12. The
standard 14-day AMBT period is indicated by the vertical dotted line and the ASTM
C1260 limits on expansion at that age are shown as horizontal dotted lines. Note that the
legend for Figure 4.24 lists the rank of each mix from highest to lowest expansion at 28
days.
Plain cement control mortars experienced rapid expansion reaching 0.66% during
the first 14 days, with expansion values similar to those previously reported using the
same aggregate source [81]. Binary blends with coal and co-fired fly ash reduced
expansion by 78-94% at 14 days and by 68-85% at 28 days compared to the control. The
incorporation of the C-series ashes resulted in the largest reduction in expansion
compared to the control at both ages, and the co-fired fly ash (C-CA-15) was the most
effective additive for expansion mitigation. Within the B-series a co-fired fly ash (B-CA8.2) also produced the lowest expansion. The binary blend with the benchmark coal fly
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ash (A-FA-0) also performed well, and had a lower expansion than the control at all ages.
No significant trends were observed between expansion rates of mixes incorporating cofired fly ashes in both the B- and C-series compared to their companion coal sample
mixes.

0.9
Plain Cement
D-BA-100
B-CA-4
B-FA-0
B-CA-8.2
C-FA-0
A-FA-0
C-CA-15

0.8

Expansion (%)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15
20
Time (days)

25

30

Figure 4.24: AMBT expansion plots for coal, biomass and co-fired fly ash blends

Table 4.12: AMBT expansion results at 14 and 28 days (%)
Plain
Cement

A-FA-0

B-FA-0

B-CA-4

B-CA-8.2

C-FA-0

C-CA-15

D-BA-100

14-day

0.658

0.086

0.149

0.147

0.101

0.085

0.043

0.560

(st dev)

(0.021)

(0.013)

(0.009)

(0.004)

(0.011)

(0.005)

(0.008)

(0.016)

28-day

0.819

0.195

0.262

0.266

0.208

0.195

0.121

0.685

(st dev)

(0.033)

(0.056)

(0.018)

(0.033)

(0.041)

(0.030)

(0.022)

(0.007)

Mix
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All coal and co-fired fly ash binary blends reduced expansion to levels associated
with potentially reactive and innocuous performance as stipulated by ASTM C1260.
Most effective were the C-series ashes (both coal and co-fired) and the A-FA-0, which
decreased expansion to the “innocuous” category. Additionally, all of the ashes meet the
supplementary optional physical requirement stipulated in ASTM C618 that states the
expansion of the test mixture including fly ash must be less than 100% of the expansion
of the plain cement control at 14 days (although ASTM C441 is specified for this
measurement).
Further research is necessary to better understand the mechanisms by which the
co-fired fly ashes reduce expansion. However, given their similar composition to the
coal-derived ashes examined, it is likely that the mechanisms of ASR mitigation are
similar. For example, it seems that particle size may have played a role. That is, finer fly
ashes produced less expansive mortars potentially due to their greater pozzolanic
reactivity. In addition, given the short curing time in this test, the effect of particle
packing on matrix densification also likely played a role. Co-fired samples had smaller
median particle sizes than their companion coal sample, and thus in general had lower
expansion values at 14 and 28 days (B-CA-4 was the only sample to have a slightly
higher expansion compared to its companion coal sample B-FA-0 at 28 days).
Mortar expansion values were also higher for mixes with coal and co-fired fly
ashes with higher calcium contents. It is well known that Class C fly ash containing high
amounts of CaO is not as effective at mitigating ASR expansion [84]. Although the Bseries ashes have high enough primary oxides (and consequently low CaO) to still be
classified as Class F, these ash mixes still exhibited greater expansion compared to the
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lower calcium A-FA-0 and C-series ash mixes especially after 6 days. Yet it is difficult to
conclusively determine which ash characteristic (i.e., particle size or calcium content) has
the greater influence on ASR expansion and mitigation in these samples. Likewise, the
influence of permeability on the mortar expansion for these blends may not be captured
by use of the AMBT—the only measureable changes may stem from chemical
interactions [81]. Further experimentation using the concrete prism test may clarify these
issues and provide a better understanding of the effect of these ashes on ASR expansion
and mitigation.
In contrast to the co-fired fly ashes, the use of biomass ash (D-BA-100) in a
binary blend was ineffective in controlling expansion as indicated by the AMBT, with its
expansion reaching nearly 85% of the control at 14 days. The high alkali content of this
ash (primarily due to its high potassium level) is one factor that could have contributed to
its high initial expansion, because fly ashes that do not reduce pore solution alkalinity
have been found to be less effective in controlling ASR expansion [84]. The high water
absorption capacity of the BA may have also made the matrix more brittle and crackprone. D-BA-100 also displayed no pozzolanic reactivity and likely did not provide
additional Al to the pore solution, both of which further contributed to the greater
expansion of this mix compared to the other ash mixes.

4.3.10.2 Quantitative Elemental Analysis
Prior research [163, 164] has suggested that alkali ions may be sorbed by carbon
in the ashes. For ASR mitigation, the ability of the carbon in the ash to potentially act as
an alkali sink could be viewed as beneficial. This capacity was analyzed by measuring
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the change in concentration of sodium in solution after mixing each of the ash samples
with aqueous NaOH. Results from the ash sorption test can be found in Table 4.13 and
can be compared to the solution concentration itself, which measured 17,708 ppm. The
ICP results presented are averages of the concentrations measured in triplicate at two
wavelengths (588.995 nm and 589.592 nm) in radial mode. Concentrations detected from
the third wavelength (330.24 nm) followed similar trends, but interference from other
elements at this wavelength can affect results and therefore they are not included here.
For all coal and co-fired fly ash samples, sodium concentrations of the sorbate (i.e., the
filtered solution after mixing) remained in the range of error of the control indicating no
sorption by the carbon had occurred. Even the C-series ashes, which have high carbon
contents, did not lower sodium concentrations. However, the biomass ash did reduce the
sodium concentration to 16,581 ppm—a 6.4% decrease from the control NaOH solution.

Table 4.13: Results from quantitative elemental analysis; Average sodium concentrations
measured by ICP-OES, ppm (x102)
Sample

0.7 M
NaOH

A-FA-0

B-FA-0

B-CA-4

B-CA-8.2

C-FA-0

C-CA-15

D-BA-100

Sodium
Concentration

177.08

179.74

181.66

177.80

176.55

177.75

176.74

165.81

(st dev)

(2.57)

(1.43)

(1.40)

(2.68)

(1.92)

(1.65)

(3.79)

(2.21)

4.3.11 Sulfate Resistance
Sulfate attack is a durability concern for cementitious systems involving the
reaction of sulfate ions from the external environment with hardened cement paste. The
two main types of damage emanate from the formation of gypsum, which results in loss
of adhesion and strength, and ettringite, which results in expansion and cracking. Figure
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4.25 shows the expansion of the mortar bars exposed to sulfate solution as described in
the standard ASTM C1012 test (note that the legend lists the rank of each mix from
highest to lowest expansion at 18 months). At 6 and 12 months, the plain cement control
exceeded the 0.05% and 0.10% limits specified at each respective age in ACI 201.2R
[165] and ACI 318 [166] for severe (Class 2 or S2) sulfate exposure (indicated by the
dotted line on the figure). At 18 months, the plain cement control and one coal fly ash
mix (B-FA-0) exceeded the 0.10% limit specified in these same documents for very
severe (Class 3 or S3) sulfate exposure. On the other hand, the remaining FA and CA
mixes satisfied the 6-, 12- and 18-month limits, and all coal and co-fired fly ashes
reduced expansion by 22-50%, 55-78% and 70-89% compared to the plain cement
control at these ages, respectively. Furthermore, all of the FA and CA mixes satisfied the
0.05% expansion limit specified in ASTM C618 for resistance to high sulfate exposure.
During the first week of exposure all of the FA and CA mixes experienced a rapid
expansion presumably due to water absorption that slowed after the second week.
However, the biomass ash mix continued to rapidly expand during the entire exposure
period, exceeding the 0.10% expansion limit after only 8 weeks (the 12- and 18-month
expansions not shown in Figure 4.25 were 1.05% and 1.44%, respectively). This BA
binary blend was ineffective in mitigating sulfate-induced expansion likely due to a lack
of pozzolanicity and matrix embrittlement—caused by the BA’s high water absorption
which rendered the mortars more crack-prone. These two effects also influenced ASR
expansion results for this mix.

124

0.6
D-BA-100
Plain Cement
B-FA-0
B-CA-4
C-FA-0
B-CA-8.2
C-CA-15
A-FA-0

Expansion (%)

0.5
0.4
0.3
0.2
0.1
0.0
0

50 100 150 200 250 300 350 400 450 500 550
Time (days)

Figure 4.25: Sulfate expansion plots for coal, biomass and co-fired fly ash blends

The late-age expansion observed in the plain cement control mortars did not occur
in the CA mixes, suggesting CA can mitigate sulfate-induced expansion. The reduced
expansion of the CA mixes can likely be linked to mechanisms similar to those occurring
in the FA mixes, given their similar composition. That is, the co-fired fly ash reduced
expansion analogous to coal fly ash through the pozzolanic reaction. Presumably the ash
has consumed much of the calcium hydroxide in the matrix reducing its availability for
ettringite and gypsum crystallization while also densifying the hardened paste. The
slightly higher expansions observed for the B-FA-0 and B-CA-4 mixes could be related
to the higher CaO contents (i.e., up to 4%) of the B-series ashes. Even so, the B-series ash
with the highest co-fired percentage (B-CA-8.2) had expansion values consistent with the
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high-quality commercial FA, and all co-fired fly ash mixes expanded less than their
companion coal fly ash mixes at 6, 12 and 18 months.

4.3.12 Air-Entrainment Demand
The impact of biomass, coal and co-fired fly ashes (many of which have high
carbon contents) on air-entraining admixture (AEA) adsorption was assessed. The
specific foam index, a common field test measurement of the air-entrainment demand of
fly ash concrete, was determined for all samples and a petrographic analysis was also
used to determine relationships between entrained and total air contents and LOI. Lastly,
a potential mitigation technique to decrease the AEA demand of fly ash by using a
sacrificial admixture was investigated.

4.3.12.1 Foam Index Test
The foam index test was used to determine the AEA demand for cement and ash
mixtures. During this test, an AEA solution was incrementally added to a cement, fly ash
and water slurry in a container and subsequently shaken. The amount of AEA required to
produce a stable foam surface was recorded as the specific foam index (SFI), which is
expressed using units commonly specified in industry for admixture dosage: mL
AEA/100 kg cementitious material (cm). The SFI values for the ashes used in this study
are presented in Figure 4.26. The C-series ashes had the highest AEA demand, as
indicated by the SFI for these ashes, followed by the biomass ash (D-BA-100) and then
the B-series ashes. No trend was observed between AEA demand and co-firing, either
between samples derived from the same facility or among the data overall. In the B-series
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samples, the co-fired fly ashes had lower SFI values than their companion coal sample,
whereas the two ashes in the C-series had the same AEA demand. As expected, the plain
cement sample had the lowest AEA demand followed by the low-carbon A-FA-0 fly ash.
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Figure 4.26: Specific foam index values for coal, biomass and co-fired fly ash samples

A comparison is made in Figure 4.27a between LOI values and SFI for the fly ash
samples excluding the pure biomass ash. The high correlation indicates that increased
LOI results in an increased AEA demand. This finding conflicts with some previous
studies that found no unique correlation between LOI and AEA demand in coal-derived
fly ash [86, 167, 168], while it confirms others [169, 170]. Criticism of the use of LOI as
an indicator of AEA demand has mainly stemmed from its lack of ability to identify the
form and properties of the carbon, which can significantly affect AEA adsorption [167].
Another comparison is made in Figure 4.27b between the specific surface area and SFI
for the fly ash samples excluding the pure biomass ash. It has been suggested that the
accessible carbon surface area is more influential in adsorbing the AEA than the carbon
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content percent by mass [86]. With these samples, the SSA is mostly derived from the
internal porosity of the carbon-rich particles, as evidenced by the strong correlation
between LOI and SSA for these ashes (R2 = 0.88). Thus, the increased accessible carbon
surface area available in the B- and C-series ashes primarily contributed to their higher
AEA adsorptivity.
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Figure 4.27: The correlations between: (a) LOI vs. SFI and (b) SSA vs. SFI for the fly ash
samples

The structure and surface chemistry of the unburned carbon can also control its
reactivity towards AEA [88]. For example, D-BA-100 has a very high carbon content and
SSA, but had a relatively low AEA demand when compared to the C-series ashes (which
have lower LOI and SSA values). This could indicate that the type and surface chemistry
of the carbon in D-BA-100 has different properties compared to the C-series ashes. That
is, the carbon surfaces of D-BA-100 could be more oxidized compared to the FA and CA
samples, because BA typically have more oxygen-containing functional groups with
highly reactive functionalities [26]. As a result, D-BA-100 could have a lower non-polar
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carbon surface area, which would limit the sites available for adsorption of the non-polar
part of the surfactant molecule [171]

4.3.12.2 Air Content Measurements
A petrographic study was conducted to determine relationships between biomass
content, LOI, SFI and air-void volume fraction in the cement and fly ash pastes. Figure
4.28a and Figure 4.28b show the relationship between total air (containing both entrained
and entrapped air) and entrained air in each paste vs. LOI, respectively. No correlation
was found between the biomass amount used to produce the ash and entrained or total air
voids. That is, pastes containing coal and co-fired fly ashes produced at the same plant
had similar air contents. However, increased unburned carbon in the ashes, as measured
by LOI, decreased both entrained and total air void contents. The entrained air ranged
from 2-3.3% while total air ranged from 2-4.6%. The C-series ashes had very small
quantities of entrapped air. Figure 4.28c reveals that there is also a correlation between
entrained air and SFI, with higher SFI values associated with lower entrained air
quantities. This helps to validate the foam index test as a useful indicator of AEA
demand. These results also show that the unburned carbon in these ashes not only
increased AEA demand, but also significantly reduced the entrained air content as a result
of the higher AEA uptake.

129

4

7

Total air (%)

6
5
4
3
2
1

3.5

Entrained air (%)

Plain Cement
A-Series
B-Series
C-Series

3
2.5
2
1.5

Plain Cement
A-Series
B-Series
C-Series

1
0.5

(a)

0

(b)

0
0

5
10
Loss on ignition (%)

15

0

5
10
Loss on ignition (%)

15

4

Entrained air (%)

3.5
3
2.5
2
1.5

Plain Cement
A-Series
B-Series
C-Series

1
0.5

(c)

0
0

100 200 300 400 500
SFI (mL AEA/100 kg cm)

600

Figure 4.28: The relationships between: (a) total air content vs. LOI, (b) entrained air
content vs. LOI and (c) entrained air content vs SFI for the cement and fly ash pastes

4.3.12.3 Reduction of AEA Demand
The use of high-carbon fly ashes as SCMs may require the addition of extra AEA
to compensate for the AEA removed by the carbon fraction of the ash. For large volumes
of concrete, the extra AEA would likely create a minor economic concern, but a
potentially large durability performance concern if the effect of the AEA on the airbubble network in the concrete is unknown. This problem could be alleviated through
developing possible carbon mitigation strategies. One possible mitigation strategy is the
use of sacrificial admixtures to decrease the AEA demand of the system. A sacrificial
admixture known as 2-Phenoxyethanol was added to the high-LOI C-CA-15 co-fired fly
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ash-cement slurry at different concentrations. It can be seen in Figure 4.29 that adding a
small aliquot of the sacrificial admixture decreased AEA demand as measured by the
foam index test. The AEA demand was further reduced by increasing the concentration of
the sacrificial admixture. The 2-Phenoxyethanol molecules were likely adsorbed on the
hydrophobic carbon surfaces increasing the hydrophilicity of the carbon particles. This
surface modification effectively reduced the interaction of the carbon particles with the
surfactant film resulting in a more stable foam [147].

SFI (mL AEA/100 kg cm)

600
500

510
450

400
300

300

240
200
100
0
Untreated 7.23 mM 72.3 mM

723 mM

Figure 4.29: Change in SFI of C-CA-15 slurry with increasing concentration of 2Phenoxyethanol

4.4

Conclusions

In this study, binary blends combining cement with coal, biomass and co-fired fly
ashes are compared, considering a range of chemical and physical properties. Key
findings when comparing coal and co-fired fly ashes include:
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All of the mixes incorporating coal and co-fired fly ash generated less heat than
the plain cement control mix due to the dilution effect. No significant differences
in early-age hydration were observed between co-fired fly ash pastes and their
companion coal fly ash pastes.



Coal and co-fired fly ashes with high unburned carbon contents (and
corresponding high surface areas), high water demand and non-spherical
morphology (associated with the carbon fraction) reduced workability, as
evidenced by increased plastic viscosities and yield stresses, and reduced mortar
flows and mini-slumps compared to the plain cement control.



Setting time was not meaningfully changed by the addition of any coal or co-fired
fly ash.



All of the coal and co-fired fly ash demonstrated pozzolanic reactivity, especially
after 28 days, as indicated by the depletion of CH in these mixes and the higher
bound water contents compared to the plain cement control. Similar CH
consumption rates and hydration product formation (both crystalline and
amorphous) were observed between companion coal and co-fired fly ash samples.



After 7 days all of the coal and co-fired fly ash mixes exhibited strengths greater
than 75% of the plain cement control strength, thus satisfying ASTM C618
strength activity requirements. By 56 days, all of the coal and co-fired fly ashes
had reacted pozzolanically as evidenced by a higher increase in strength between
28 and 56 days for the fly ash mixes (18-39%) compared to the plain cement
control (4%) during this same period.
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The microstructure of CA pastes at 7 days contained a significant fraction of
unreacted aluminosilicate particles embedded in the hydrated cement paste. At 91
days, these particles appear to be more reacted, and there has been further
hydration product formation.



Rapid chloride permeability results at 91 days show that the permeability of coal
and co-fired fly ash concrete was significantly reduced by 25-47% compared to
the plain cement control. No trend was observed between permeability and the
ash source (i.e., comparing coal and co-fired fly ashes).



Alkali-silica reaction mortar bar expansion was significantly decreased compared
to the control with the addition of all coal and co-fired fly ashes. Ashes with finer
median particle sizes and lower CaO contents performed better. This could be
attributable to their greater pozzolanic reactivity, lack of Ca (higher Ca contents
in coal fly ash is believed to increase ASR expansion), along with improved
particle packing, producing densification in the mortar matrix. No significant
trends were observed between expansion rates of co-fired fly ash mixes compared
to their companion coal fly ash mixes.



Mortar bar expansion due to sulfate attack was reduced with the addition of all
coal and co-fired fly ashes compared to the plain cement control likely due to
many of the same mechanisms responsible for the reduction in ASR expansion.
Co-firing did not markedly affect expansion results.



Coal and co-fired fly ashes increased AEA demand by 33-1600% compared to the
plain cement control, as measured by the foam index test. The AEA demand was
correlated to higher LOI and SSA values for these ash samples and were not
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affected by the biomass content in the ash. Correspondingly, pastes containing
ashes with higher LOI also had lower entrained air contents when using the same
AEA amount. AEA demand was reduced up to 53% by the use of a sacrificial
admixture.

With regard to the single wood biomass ash sample examined, its composition and
behavior in concrete was different compared to coal and co-fired fly ash. The biomass
ash, in contrast to the co-fired fly ash, displayed no pozzolanicity and there was less
hydration product formation in the biomass ash mix in part due to the high water
absorption of this ash. Furthermore, microstructural evidence suggested that the biomass
particles retained their woody structure even at late-ages, which could have increased the
number of flaws in the matrix resulting in reduced strength. The use of the biomass ash as
an SCM also accelerated hydration kinetics, significantly reduced initial setting time,
reduced flowability, decreased strength and contributed to poor durability performance.
The results indicate that the use of certain biomass ashes as an SCM is not warranted.
Nevertheless, this study demonstrates that co-fired fly ash from the sources tested can
improve the strength and durability of concrete (as evidenced indirectly by RCPT and
directly by sulfate and ASR expansion results) compared to plain cement to an extent
comparable and in some cases better than a companion coal fly ash sample.
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CHAPTER 5
EARLY-AGE REACTION KINETICS AND RHEOLOGY OF
ALKALI-ACTIVATED COAL FLY ASH

5.1

Introduction

Some key properties of geopolymer materials, such as their early-age behavior,
must be better understood before their widespread adoption is possible [115].
Understanding the early-age hydration and rheological performance of cementitious
systems, for example, has allowed for the development of chemical admixtures and more
complex mix designs, and other innovations including self-compacting concrete, roller
compacted concrete and shotcrete [148, 150, 151].
However, compared to cement hydration, the reaction mechanisms occurring
during geopolymerization are fundamentally different. Their reaction can be grouped into
two main stages: (1) aluminosilicates are dissolved into the alkaline solution and (2) gel
is formed from the supersaturated solution and reorganized until a cross-linked and
hardened aluminosilicate network is formed [98]. Detailed understanding of these
reactions remains elusive but is important for understanding and anticipating geopolymer
thermal kinetics, rheology and hardening.
Recent studies have begun to consider the reaction kinetics in various alkaliactivated systems. For example, fly ash activated with sodium hydroxide has been shown
to have a unique calorimetric signature consisting of either one or two peaks on a
different temporal scale compared to the early-age exothermic hydration of cement [172,
173]. Alkali-activated slag, slag/fly ash blends and metakaolin also exhibit an exothermic
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reaction that is different from that typical for portland cement hydration, which can be
influenced by the precursor composition, the type of alkali-activator (especially the
amount of silica dissolved in solution) and the reaction temperature [173-176].
The rheological parameters of sodium-activated fly ash geopolymer pastes and
concrete (i.e., yield stress and plastic viscosity) have also been shown to be different than
ordinary portland cement systems, and can be affected by the molar strength and the
amount of silica in the activating solution [177, 178]. The rheology of activated slag
pastes and mortars can also be strongly dependent on the chemistry of the activator
solution used [179]. However, certain forces (e.g., colloidal interactions between particles
[150]) that control the rheological behavior of more calcium-rich systems such as alkaliactivated slag and hydrated ordinary portland cement, may not be as strong in fly ash
geopolymers, especially when considering low-calcium fly ashes. As a result, based upon
compositional factors, the rheological behavior of fly ash geopolymers may be more
similar to metakaolin geopolymers [180-183], given their comparable aluminosilicate
contents. However, differences in the particle sizes, particle shape and inter-particle
interactions between metakaolin and fly ash and their potential influence on rheology
should not be discounted.
The physical and chemical interactions between the aluminosilicate source and the
alkali activator then likely influence the flow, yield stress and viscosity of geopolymers at
early ages (i.e., prior to setting), but linkages between the reaction kinetics and
rheological parameters are needed. More research is also needed to understand the range
of fundamental early-age exothermic and plastic characteristics of pure fly ash
geopolymers systems and their relationship to materials and mixture proportions. While

136

some studies have begun to examine rheology in a limited range of fresh alkali-activated
fly ash geopolymers, this study examines a broader range of activating solutions—
considering both Na and K, with varying amounts of added silica—and also aims to
characterize the evolution of these geopolymers on a longer timescale. The primary goal
of this study is to better understand the influence of the activator composition, reaction
time and reaction temperature on the kinetics and rheological behavior of fly ash
geopolymers at early ages, toward improved predictability and ultimately optimization of
the early-age behavior of this emerging class of binder.

5.2

5.2.1

Experimental Procedure

Materials
A commercially-available Class F coal fly ash (A-FA-0) was used to develop the

geopolymer pastes. The properties of this ash are presented in Chapter 3. Aqueous
hydroxide solutions were prepared with either sodium hydroxide pellets (EMD, 97%
purity) or potassium hydroxide pellets (Spectrum, 85%), while silicate activating
solutions were prepared by dissolving amorphous silica (Alfa Aesar, 99.8%) in the
hydroxide solutions. Geopolymer pastes were prepared by mixing the fly ash with one of
six activating solutions. The activator solutions are represented by the general notation
“Z-Ms”, where “Z” is the cation type (i.e., either Na or K), “Ms” is the modulus of
solution (i.e., molar ratio SiO2/(Na2O + K2O)). A constant activator concentration of 7%
Na2O, or equivalent molar content of 10.61% K2O, by mass of fly ash, and a water/fly
ash ratio (w/b) of 0.25 by mass was used for all mixes. The densities of the activator
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solutions, measured using an Anton Paar DMA 38 Density meter, are listed in Table 5.1.
The coefficients of variation for the density measurements were below 0.3% for all
activating solutions.

Table 5.1: Density and volume fraction values for the geopolymer pastes
Activator Solution
Fly Ash
Mix

Density
(g/cm³)

Volume
Fraction

Density
(g/cm³)

Na-0

1.30

0.36

0.64

Na-1

1.47

0.38

0.62

Na-2

1.58

0.40

K-0

1.36

0.38

K-1

1.50

0.39

0.61

K-2

1.58

0.42

0.58

2.30

Volume
Fraction

0.60
0.62

For each geopolymer paste, the volume fractions of the fly ash and activator
solution are listed in Table 5.1, neglecting any air that may be present. Pastes were
prepared using a constant alkali activator concentration and w/b, which is a common
method employed to compare geopolymer properties using a variety of analytical
techniques. As a result, these pastes have similar but not constant volumetric solids to
liquid ratios. The Na-activated mixes have a higher solids volume fraction (i.e., a higher
fly ash volume fraction) compared to equivalent K-activated mixes. Also, mixes with
increased Ms values have lower solids volume fractions. This approach, however, still
allows for comparison between the calorimetry and rheological data, as the same mixes
were examined by these techniques.
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5.2.2

Methods
The early-age reaction kinetics of the geopolymer pastes were measured by

isothermal calorimetry following procedures established in ASTM C1679 [127] using a
Thermometric TAM Air calorimeter maintained at two temperatures: 25°C and 40°C.
Pastes were mixed at room temperature for 2 min using an electric hand mixer and
subsequently placed in plastic ampoules. Each test was performed in duplicate and data
was collected for 360 h.
For rheological measurements, geopolymer pastes were mixed using a high shear
blender following the procedure described by ASTM C1738 for cement pastes [128].
Rheological properties of the activating solutions and prepared geopolymer pastes were
measured using a rotational rheometer (HAAKE MARS modular advanced rheometer
system) maintained at 23°C. The rheometer was configured with a smooth coaxial
cylinder for testing the activating solutions, and with a grooved coaxial cylinder for
testing the geopolymer pastes. The use of parallel plates for the pastes was not acceptable
because the material flowed out during testing.
The activating solutions were subjected to a shear rate from 1 s-1 up to 50 s-1 before
decreasing back to 1 s-1. At each shear rate step (15 in the increasing and 15 in the
decreasing curve) the torque was measured for 20 s or until equilibrium was reached. The
solutions were tested in triplicate. The geopolymer pastes were subjected to a shear rate
from 1 s-1 up to 10 s-1 before decreasing back to 1 s-1, and the induced shear stresses were
measured at 15 intervals during both the increasing and decreasing rotational velocity
periods. Each measured shear stress was recorded after the value either reached
equilibrium or after 100 s, whichever time was shortest. The geopolymer pastes were
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homogenized prior to each test (excluding the first test after initial mixing) by remixing
the pastes for 15 s using a constant-torque brushless mixer, and the pastes were kept in a
thermally insulated and sealed container in between tests.

5.3

5.3.1

Results and Discussion

Early-Age Reaction Kinetics
The rate of heat evolution and the cumulative heat evolved for all pastes cured at

25°C and 40°C are shown in Figure 5.1 and Figure 5.2, respectively. Values are
normalized per mass of binder. The legend in Figure 5.1b and Figure 5.2b lists the rank
of each paste’s total heat evolved from highest to lowest after 360 h. All of the heat
evolution plots at 25°C exhibited a peak, within 1 h after mixing, with an intensity
between 2 mW/g to 3.5 mW/g binder. (Note that the tops of the peaks are not visible in
Figure 5.1 and Figure 5.2 due to the zoomed y-axis scale.) This peak has been associated
with the initial wetting and dissolution of the fly ash in the alkaline environment and the
release of Al and Si species into solution [172, 173]. At 40°C, this initial peak was also
visible on all pastes except for K-0. The intensity of this peak is lower than those
observed for equivalent mixes at 25°C, which is likely a result of the longer equilibration
times required for the mixes at 40°C. The calorimeter did not capture the full extent of
this peak so its lower intensity or absence does not necessarily indicate a less exothermic
dissolution at this elevated curing temperature.
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Figure 5.1: Effect of the activator type on the (a) rate of heat evolution and (b)
cumulative heat evolved (ranked) at 25°C
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Figure 5.2: Effect of the activator type on the (a) rate of heat evolution and (b)
cumulative heat evolved (ranked) at 40°C

142

At later ages, some of the pastes exhibited a second peak at both curing
temperatures. In fly ash geopolymers reacted with sodium hydroxide, this secondary peak
has been associated with the exothermic polycondensation of the Al and Si species in
solution to form a geopolymeric gel [173]. For Na-0 at 25°C, this peak began at around
90 h and reached a maximum near 260 h before decreasing. At 40°C, this peak for Na-0
was significantly accelerated, reaching a maximum at 30 h. For K-0 at 25°C, the second
peak was very broad and began at 10 h, but it began much quicker (~1 h after mixing) at
40°C. For K-1 at 25°C, a second peak superimposed on the slowly descending portion of
the first peak began around 30 h, but was accelerated at 40°C where it began closer to 10
h. A broad second peak was also detected for K-2 only at 40°C beginning around 50 h.
For metakaolin activated with both sodium hydroxide and sodium silicate solutions at
25°C and 40°C, two peaks were also detected by isothermal calorimetry and were
correlated to the dissolution of the metakaolin and subsequent polymerization, although
on a much shorter timescale than presented here [175, 176]. Furthermore, a third peak
associated with the reorganization of the aluminosilicate gels was detected for metakaolin
reacted with sodium hydroxide under certain conditions [175], although no third peak
was observed with these fly ash geopolymers.
The cumulative heat curves further reveal differences between the thermalinduced reactivity of the mixes. For example, the Na-0 paste released the greatest amount
of heat after 360 h at both curing temperatures, although at 25°C it reached the highest
rank at a much later age due to the delayed second peak. Conversely, Na-2 and K-2
released the lowest amounts of cumulative heat at both curing temperatures. Na-1 and
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Na-2 had high relative cumulative heat values at both temperatures, and both were the
fastest reacting mixes at early ages.
As expected, the cumulative heat evolved was higher at 40°C compared to
equivalent mixes at 25°C, because increased curing temperatures tend to increase the rate
and extent of reaction in geopolymer systems [184]. The percent increase in cumulative
heat evolved at 360 h for 40°C vs. 25°C is ranked as follows: K-2 (151%) > K-0 (139%)
> Na-2 (110%) > Na-1 (67%) > K-1 (62%) > Na-0 (57%). Elevated heat curing produced
the greatest increase in exothermic reactivity for the Ms = 2 pastes in each respective
alkali cation group of mixes (i.e., K and Na). Also, the heat released appeared to reach a
threshold for some mixes at 40°C, but not at 25°C indicating that the gels continued to
polymerize at this lower temperature at later ages.
The amount of added silica (i.e., Ms values), and thus the degree of
polymerization of the soluble silicates in solution, can have a major impact on the
reaction kinetics of geopolymers [185, 186]. The high cumulative heat observed for Ms =
0 pastes was a result of their more exothermic reactivity at later ages associated with
aluminosilicate gel formation. For certain pastes with higher Ms values (Na-1 and Na-2,
and K-2 only at 25°C) this secondary peak was not observed, which might indicate that
there has been no gel formation in these systems by 360 h of age. However, a
repolymerized gel was detected in both of these pastes cured at 40°C by 7 days (168 h) of
age (as discussed in Chapter 6), so it is more likely that either this gel formation is less
exothermic for these mixes or that the dissolution and polymerization reactions might be
overlapping. Furthermore, Na-1 activated at 40°C exhibited the highest strength of these
mixes, as reported in Chapter 6, providing further evidence that the lack of a secondary
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peak does not necessarily indicate a low amount of gel formation. The alkali cation type
also impacted the reaction kinetics of the pastes, but likely to a lesser extent than the Ms
value given the similar exothermic behavior observed between equivalent Na and K
mixes.

5.3.2

Activating Solution Rheology
To better understand the implications of the very early-age reactions on plastic

properties, rheological studies were undertaken, on both the pastes and also the activating
solutions alone. For the activating solutions, the descending data of the shear stress vs.
shear rate curves were fitted using ordinary least squares regression according to the
linear Bingham model as described by Equation 5.1:

τ

τ0

ηγ

(5.1)

where η is the plastic viscosity, while the intercept is the yield stress, τ , and τ is the
measured shear stress at a shear rate of γ. The activating solution viscosities and yield
stresses are listed in Table 5.2. To better represent the rheology of the actual solution
used to prepare the geopolymer pastes, the additional water used to maintain a water/fly
ash ratio of 0.25 was included in these solutions. The coefficients of variation for the
viscosities provided by the regressions were below 1.5% for all activating solutions.
Potassium solutions had significantly lower viscosities compared to equivalent
sodium solutions (i.e., at each respective Ms). An increased added silica amount (i.e.,
higher Ms values) increased viscosity, with the largest increase in viscosity observed
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between Ms = 1 and 2. The higher viscosities of the solutions with added silica is likely
due to the interactions between ion pairs of alkaline cations and silica oligomers, which
can have a high effective volume fraction due to the hydration of the alkali cations [187].
In addition, the hydrated radius of Na ions is larger than K ions [188], which could have
further contributed to the higher viscosities in the Na-activator solutions due to the
binding of water. Both of these phenomena could have also contributed to the small yield
stress exhibited by Na-2. For reference, the viscosity of water at 25°C is 890 µPa·s [189].
Therefore, the lowest solution viscosity (K-0) was 4 times greater than water, while the
highest solution viscosity (Na-2) was 871 times greater than water.

Solution

Table 5.2: Rheological parameters of activating solutions
Na-0
Na-1
Na-2
K-0
K-1

Plastic Viscosity (µPa·s) 10202
Yield Stress (Pa)
0.00

81551
0.00

775000
0.11

3462
0.00

11802
0.00

K-2
63837
0.00

The apparent viscosity as a function of shear rate is shown in Figure 5.3 for all
activating solutions. Viscosity is the ratio of the measured shear stress to the applied
shear rate at a specific shear rate [190]. The average viscosities of the solutions over the
given shear rate range are comparable to the reported plastic viscosities in Table 5.2.
Furthermore, the viscosities of these solutions are nearly constant at all shear rates,
indicating these are Newtonian fluids. Na-2 could be classified as a viscoplastic
(Bingham) fluid, but its yield stress is so minor its behavior is essentially Newtonian (i.e.,
the Bingham model reduces to Newtonian behavior when the yield stress = 0).

146

0.8

Na-2

0.7

Viscosity (Pa·s)

0.1
Na-1
K-2

K-1
Na-0
K-0

0.0
0

10

20

30

40

50

Shear rate (1/s)

Figure 5.3: Viscosity of activating solutions over a range of shear rates

5.3.3

Fresh Fly Ash Geopolymer Paste Rheology
The shear stress vs. shear rate data for the six geopolymer pastes are shown in

Figure 5.4. All of these curves were measured using a fresh batch of paste within 30 min
after mixing. Furthermore, only one temperature (23°C) was used for rheological
measurements. The descending data were fitted to both the linear Bingham model (as
described earlier), and to the Herschel-Bulkley model (plotted in Figure 5.4) by the
method of least squares. The Herschel-Bulkley model, which has been used to model
fresh concrete [191], uses a non-linear equation as described by Equation (5.2):

τ

τ0

aγb

(5.2)

where plastic viscosity is a function of two numerical parameters (a and b), the intercept
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is the yield stress, τ , and τ is the measured shear stress at a shear rate of γ. An equivalent
plastic viscosity was calculated using the Bingham linear model and the two parameters
(a and b) deduced from the Herschel-Bulkley model to enable comparison between the
two plastic viscosity values using Equation (5.3) [191]:

μ'

3a b‐1
γ
b 2 max

where μ is the equivalent plastic viscosity and γ

(5.3)

is the maximum shear rate. This

equation provides the Bingham straight line to give the best approximation of the
Herschel-Bulkley curve in a given strain gradient range. Table 5.3 lists the rheological
parameters obtained from both models for the curves presented in Figure 5.4.

Table 5.3: Rheological properties of geopolymer pastes initially after mixing
Bingham Model
Herschel-Bulkley Model
Equivalent
Yield
Plastic
Yield
Plastic
a
Mix
Stress Viscosity
R2
Stress
b
R2
(Pa·sb)
Viscosity
(Pa)
(Pa·s)
(Pa)
(Pa·s)
Na-0
22.6
5.2
0.9974 17.9
8.4
0.81
5.9
0.9998
Na-1
0.3
12.6
0.9995
3.8
10.5
1.07
12.1
0.9999
Na-2
1.8
45.0
0.9999
6.8
41.9
1.03
44.2
1.0000
K-0
K-1
K-2

14.9
1.4
1.0

1.3
0.9
2.5

0.9933
0.9997
0.9993

12.7
1.2
2.0
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2.8
1.1
1.9
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Figure 5.4: Shear stress vs. shear rate data for geopolymer pastes fitted by the HerschelBulkley model

The coefficient of determination (R2) was higher for the Herschel-Bulkley model
for all mixes compared to the Bingham model (Figure 5.3). The b-values are either less or
greater than 1—depending on the activator solution—indicating the non-linearity of the
relationship. It appears that pastes with higher Ms values, tend to also have higher bvalues, but it is unclear whether the varying solids volume fractions for these pastes
influenced this parameter. At later reaction ages, the shear curves for Na-1 and Na-2
pastes became increasingly non-linear and even exhibited negative yield stresses when
applying a linear regression, which further indicates that the Bingham model is not
applicable for these pastes (this is further described in section 5.3.5). As a result, only the
Herschel-Bulkley derived yield stress and viscosity parameters are used in the following
discussion for direct comparison between all mixes.
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The descending data of shear stress vs. shear rate curves for slag activated with
sodium silicate solution has also been better fit with the Herschel-Bulkley model,
whereas slag activated with sodium hydroxide was better fit with the Bingham model
[179]. This behavior was attributed to the incomplete breakdown of the structure in
sodium silicate activated slag during preshearing, as it is more highly structured
compared to pastes activated with NaOH. This behavior could partly explain the
differences observed between alkali-activated fly ash pastes with varying Ms values
(especially related to the b-values), as these materials were only presheared for a short
time period.
Multiple rheological measurements on geopolymer pastes were most consistent
for the Na-0 and K-0 mixes. For these Ms = 0 mixes, data was reproducible when taking
four consecutive measurements on the same batch of material within 40 min of the first
measurement. For Na-0, the coefficients of variation for equivalent plastic viscosity and
yield stress were 3.4% and 3.9%, respectively. For K-0, the coefficients of variation for
equivalent plastic viscosity and yield stress were 3.5% and 13.3%, respectively.
Conversely, rheological measurements of pastes produced with solutions with
added silica (i.e., Ms = 1 and 2) for both Na and K were not as repeatable when
measuring the same batch of material multiple times. For example, multiple runs on K-1
and K-2 pastes within 40 min of the first measurement without replacing the paste caused
an increase in viscosity and change in yield stress for each consecutive test run (Figure
5.5). The equivalent plastic viscosity increased by 47% and 23% between the first and
fourth run for K-1 and K-2, respectively. The yield stress also increased by 50% for K-1
between the first and fourth run, while it remained more consistent for K-0. Multiple runs
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performed on the sodium silicate mixes followed similar trends. Therefore, it is
recommended that new material be used for each test run when measuring silicateactivated pastes or pastes developed from higher viscosity alkaline solutions.
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Figure 5.5: Shear stress vs. shear rate curves for multiple tests on the same batch of K-1
and K-2 pastes

5.3.4

Parameters Influencing the Rheology of Fresh Fly Ash Geopolymer Pastes
Isothermal calorimetry shows that at these very early ages, the geopolymer pastes

can largely be considered as a suspension of particles (fly ash) in a continuous Newtonian
fluid (activating solution plus ions contributed by early dissolution of the
aluminosilicates). As such, their viscosities may be predicted using the KriegerDougherty (K-D) relationship shown in Equation (5.4) [192]:

ηr

η
η0

Φ
1‐
Φm
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‐ η Φm

(5.4)

where ηr is the relative viscosity, η is the viscosity of the suspension, η0 is the viscosity of
the continuous phase, Φ is the particle volume fraction, Φm is the maximum packing
volume fraction and [η] is the intrinsic viscosity. All parameters are assumed to be
constant for the short reaction times considered here. This equation is typically applied to
viscosity measurements (i.e., the ratio of measured shear stress to the applied shear rate at
a specific shear rate). For some of these pastes, the yield stress may make a significant
contribution to the viscosity [153]. To account for this, the plastic viscosities from Table
5.2 and Table 5.3 (determined by the Bingham model for the activating solutions and the
Herschel-Bulkley model for the pastes) were used to calculate the measured relative
viscosities shown in Figure 5.6.
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Figure 5.6: Relative viscosity of geopolymer pastes as a function of modulus of solution

It may appear that the addition of fly ash particles increased the viscosity of
activating solutions with a lower Ms by a much larger factor than solutions with a higher
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Ms. However, since these mixes were developed for comparison using other analysis
techniques in addition to rheological measurements, the particle volume fraction for each
mix was different (Table 5.1), which could potentially be impacting these results.
Employing the K-D equation, Φm values were determined for each paste using a value of
[η] = 2.5, which is commonly used for spheres [150]. A [η] value closer to 4-6 is likely
more applicable for fly ash [153], however 2.5 is used here for simplification. The mean
Φm for all six geopolymer pastes was found to be equal to 0.65, with a standard deviation
of 0.0075 and a coefficient of variation of 1.1%. Note that the calculated mean Φm value
is higher if a more realistic [η] value is utilized, but the coefficient of variation for this
parameter is also higher.
This finding indicates that if the particle volume fractions remained constant
between mixes, the relative viscosity would have likely been the same for all six pastes
(i.e., all of the input values in the K-D equation would be equal for each mix). Therefore,
if these solutions are modeled as a suspension of particles in a solution, the primary
influence on the viscosity of the paste would be the ratio of Φ/Φm used in the mix and the
viscosity of the activating solution. As a reminder, the activating solution viscosities were
primarily influenced by two parameters: (1) the alkali cation (K solutions were more
workable compared to Na solutions), and (2) the amount of added silica (an increase in
silica increased viscosity, with a larger increase in viscosity observed for Na solutions
compared to K solutions with added silica).
In cement pastes, viscosity is primarily controlled by a combination of colloidal,
hydrodynamic and contact forces, whereas the yield stress is primarily controlled by
colloidal and contact interactions between particles [150]. For these fly ash geopolymer
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pastes, the plastic viscosity appears to be dominated by the viscous forces present in the
interstitial fluid, and potentially by the grain contributions of the fly ash particles
depending on the solids volume fraction of the mix. For geopolymers produced using fly
ash as the only solid precursor, the solids volume fraction necessary to achieve desirable
mechanical properties may be high (as will be demonstrated in Chapter 6) ,which could
potentially result in particle-to-particle interaction during flow as Φ/Φm nears one.
The yield stress of pastes produced with silicate activating solutions were much
lower compared to those made with Ms = 0 solutions for both Na and K. However, due to
the varying particle volume fractions of these mixes, it is difficult to determine the exact
cause for this behavior. Van der Waals colloidal forces and other inter-particle forces
control the plastic yield stress of cement pastes [151]. Compared to forces that exist
between cement particles at early ages, certain inter-particle forces between fly ash
particles may be negligible [153]. Nevertheless, in theory, colloidal forces could develop
between high-calcium fly ash particles (analogous to the hydration of cement), but the fly
ash used for these pastes had a very low calcium content (1.3%). Additionally, if the
particle volume fraction is high (as it is for these mixes), a sustained contact network
between particles could develop resulting in increased yield stress. Interestingly, K-0 and
Na-1 have the same particle volume fraction but considerably different yield stresses.
This suggests that other factors may be influencing yield stress values in these pastes
(although it is important to note that the viscosities of their constituent activating
solutions are also considerably different).
For metakaolin geopolymers, the gel that is formed at early ages between particles
controls the yield stress instead of colloidal interactions [182]. For fly ash geopolymers,
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an aluminosilicate gel, which is a mixture of amorphous and nanocrystalline (e.g.,
zeolites) components, may also be forming at early ages [111]. However, this gel
formation is likely slower for fly ash compared to metakaolin due to its significantly
lower surface area. Still, this gel could be contributing to the yield stress seen in these
pastes, and its rate of formation is impacted by the activating solution as indicated by the
calorimetry results.
Overall, the rheology of fly ash geopolymers appears to be similar to metakaolin
geopolymers (e.g., the viscosity of the alkaline solution is the main parameter controlling
the viscosity of metakaolin geopolymer pastes), which is not entirely unexpected given
their similar chemistry [183]. However, the contribution of both the particle volume
fraction and the formed gel network to the plastic viscosity and yield stress may be
different depending on the mix design, curing conditions and age. More research will be
necessary to better understand the rheological behavior of these materials.

5.3.5

Time-Dependent Rheological Behavior
Viscosity and yield stress values were measured as a function of time for three

geopolymer pastes: Na-1, Na-2 and K-2 (see Figure 5.7). These pastes were tested at
three ages using a fresh batch of material that was homogenized before testing using the
method described earlier. For Na-1 and Na-2, yield stress values derived from the
Bingham model for the last two ages were negative, indicating that this model does not
properly capture the behavior of these pastes. Therefore, the non-linear Herschel-Bulkley
yield stress and equivalent plastic viscosity values are shown here for all three mixtures.
It is apparent from this data that the plastic behavior of these geopolymer pastes was not
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axis) for: (a) Na-1, (b) Na-2 and (c) K-1 as a function of time
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constant during these early ages. For all pastes, there was an increase in viscosity over
time (note the varying time scales presented for each mixture). The rate of increase in
viscosity was highest for Na-2, which also had the highest initial viscosity. The viscosity
of K-1 increased at a slower rate and stabilized by 100 min. The viscosity of Na-1 and
Na-2 did not stabilize even at later ages.
Na-1 had the largest increase in yield stress over time between the three mixes,
and continued to increase at all three ages. Conversely, the yield stress values for Na-2
and K-2 stabilized by their final measurement, even though the final measurements of
these mixtures occurred at a much earlier age compared to Na-1. The calorimetry results
at 25°C suggest that the evolution of these pastes may be controlled by the dissolution of
the fly ash particles at these early ages (especially < 1 h). Even though these pastes
remained plastic during this timeframe, this dissolution reaction could be changing the
composition of the fluid in the suspension and altering its rheology. Furthermore, a gel
could be polymerizing for certain mixes at these ages and introducing additional forces.
The changing morphology of the fly ash particles as they are dissolved, in addition to
differences in the fly ash volume fractions between these mixtures, could also be
impacting these results.
The apparent viscosity as a function of shear rate for Na-1 at three ages is
presented in Figure 5.8. The average viscosity values for each age increased significantly
with time. Additionally, at later ages, the evolution of the geopolymer reaction appeared
to alter the usual steady-state flow of the paste at higher shear rates. This was also
substantiated by an increase in the b-parameter derived from the Herschel-Bulkley model
at each subsequent age (1.07, 1.22 and 1.36, respectively), but the exact mechanism
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responsible for this phenomenon is still unknown. These results indicate that the pastes
undergo a time-dependent rheological evolution, which will have important implications
for their workability and placement in the field.
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Figure 5.8: Viscosity of Na-1 paste as a function of shear rate and age

5.4

Conclusions

The early-age exothermic reaction kinetics of alkali-activated fly ash were strongly
influenced by the composition of the activator solution and the reaction temperature. Two
peaks were detected on the calorimetric curves associated with: (1) the dissolution of the
fly ash and release of Al and Si species into solution and (2) the polymerization of a
geopolymer gel. The amount of added silica in solution (Ms value) had the largest impact
on the magnitude and temporal occurrence of these peaks. An increase in temperature
significantly accelerated the reaction rate and increased the cumulative heat released.
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Rheological measurements of the pastes were best fit using the Herschel-Bulkley
model, and the non-linearity of the shear stress vs. shear rate curve was dependent on the
activator solution chemistry (i.e., cation type and amount of added silica) and the age of
the paste. The plastic viscosities of the fly ash geopolymer pastes were mainly controlled
by the activating solution viscosity and the solids volume fraction of the fly ash particles.
The viscosities of the activating solutions were primarily influenced by the type of alkali
cation and the Ms value. Yield stress values for fly ash geopolymer pastes were likely
affected by the particle volume fraction, the formation of an aluminosilicate gel at early
ages and potentially by colloidal forces between particles (although these forces are less
likely to be an influencing factor for low-calcium fly ashes). Yield stress values could
have also been influenced by the rheology of the activator solutions.
The yield stress and viscosity values of some pastes changed over time, and the rate
and magnitude of this rheological evolution may have been controlled by the early-age
dissolution of fly ash particles as identified by calorimetry. These results indicate that the
mix design and curing conditions will have a major impact on the reaction kinetics and
rheology of geopolymeric materials.
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CHAPTER 6
THE USE OF BIOMASS-COAL CO-FIRED FLY ASH AS A
GEOPOLYMER PRECURSOR

6.1

Introduction

Coal fly ash is one of the main precursors used for alkali-activated geopolymer
production. Since coal and co-fired fly ash can have comparable chemical compositions
and physical properties, geopolymerization may be a potential reuse application for cofired fly ash as well. In this study, three ashes—one commercial-quality coal fly ash and
two co-fired fly ashes produced by burning coal with wood chips—are alkali-activated
and examined using strength testing, infrared spectroscopy, X-ray diffraction,
dilatometry, thermogravimetric analysis and electron microscopy. Co-fired fly ash
properties are linked to binder properties, to better understand how potential changes in
their composition compared to coal fly ash may impact the fundamental characteristics of
alkali-activated inorganic polymers.

6.2
6.2.1

Experimental Procedure

Materials
In this study three different ash samples are examined, which were selected from

a larger set of characterized ash samples presented in Chapter 3 to represent a distribution
of biomass replacement percentages. The chemical and physical properties of these ashes
are discussed in Chapter 3. The crystalline and amorphous phases in these ashes were
quantified by the Rietveld method using an internal standard (rutile) with data obtained
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from X-ray diffraction (Bruker D8). The phase quantification results (Table 6.1) indicate
that both B-CA-4 and C-CA-15 have a lower amorphous glassy content compared to AFA-0, after subtracting the amorphous phase associated with organic carbon in these
ashes (i.e., total organic carbon – TOC). The three ash particle distributions are shown in
Figure 6.1.

Table 6.1: Rietveld quantification of XRD data for ash samples
Phase (%)
A-FA-0
B-CA-4 C-CA-15
Quartz

14.1

10.5

10.6

Mullite

17.4

26.5

20.6

Iron Oxide Crystalline Phases

1.1

6.1

2.5

Amorphous Content (total)

67.5

56.9

66.3

Amorphous Content (no carbon)

66.4

52.3

52.7

Percent passing (%)
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0.001
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0.1
Particle size (mm)

Figure 6.1: Ash particle size distributions
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1

6.2.2

Mix Development
Geopolymer pastes were prepared by mixing three ashes (A-FA-0, B-CA-4 and

C-CA-15) with six types of alkaline activating solutions described in Chapter 5. The
activator solutions are represented by the general notation “Z-Ms-%”, where “Z” is the
cation type (i.e., either Na or K), “Ms” is the modulus of solution (i.e, molar ratio
SiO2/(Na2O + K2O)) and “%” indicates the activator concentration by mass of fly ash
expressed in terms of equivalent Na2O concentration. A constant activator dose of 7%
Na2O, or equivalent molar content of 10.61% K2O, by mass of fly ash was used for all
ashes. An activator dose of 10% Na2O (or equivalent 15.16% K2O) by mass of fly ash
was also used for the B-CA-4 ash. Pastes made using B-CA-4 and C-CA-15 had less
workability due to the higher carbon contents of these ashes, and thus required a higher
water/fly ash ratio (0.4) compared to A-FA-0 (0.25) to develop similar workability, as
observed empirically. A hardened geopolymer paste was only produced using the Na-1-7
and K-1-7 activating solutions for the C-CA-15 ash.

6.2.3

Strength Testing
Mortars of alkali-activated ash geopolymers were prepared to assess compressive

strength. The mortars were cast by mixing fly ash and sand (ash/sand mass ratio of 0.5)
with the alkali activator solution for 12 min. Six 50.8 mm cubes per mix were cast on a
vibration table and placed in a moist environment for curing maintained at 40°C for 7
days prior to compressive strength testing.
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6.2.4

Characterization of Reaction Products
Paste specimens were cast in sealed cylindrical molds and cured at 40°C until

analysis. Fourier transform infrared (FTIR) spectrometry was conducted on the ashes,
and on all pastes after 7 and 28 days of curing using the KBr pellet technique with a
Bruker TENSOR instrument, scanning from 1300 to 400 cm-1 with a resolution of 2 cm-1.
X-ray powder diffraction (XRD) was performed on the ashes, and on pulverized samples
of each geopolymer paste after 28 days of curing. Diffractograms were recorded under
Cu Kα radiation from 3-70° 2θ in 0.02° 2θ increments with a count time of 4 s per step,
using a Bruker D8 ADVANCE diffractometer. Gold-sputtered pastes were examined in a
Zeiss Ultra60 FE-SEM (field-emission scanning electron microscope) at varying
magnifications under high vacuum with an accelerating voltage of 5 kV.

6.2.5

Thermomechanical Analysis (TMA)
TMA, also known as dilatometry, was performed on samples cast in a sealed syringe

and cured at 40°C for 7 days. Cylinders approximately 5 mm in diameter and 10 mm long
were cut and tested in a PerkinElmer Diamond Thermomechanical Analyzer. Each sample
was held at 30°C for 10 min and then heated to 1000°C at 10ºC/min under a nitrogen gas
purge and a constant load of 50 mN. The deformation of the specimen was recorded as a
function of temperature.

6.2.6

Thermogravimetric Analysis (TGA)
TGA was performed on geopolymer paste samples prepared as described above for

TMA. A fraction of each paste was pulverized into a fine powder after curing. Acetone
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was used to stop the reaction, and then removed by filtration. The powder (10-20 mg)
was placed in a platinum pan in a Hitachi TG/DTA 7300 instrument under a constant
flow of nitrogen gas. The sample was heated from 25-1100ºC at a rate of 10ºC/min, and
the change in mass was recorded as a function of temperature.

6.3

6.3.1

Results and Discussion

Compressive Strength
Compressive strength values are plotted in Figure 6.2 as a function of the modulus

of solution, for all alkali-activated mortars. The ash source and activator type both had a
significant impact on the mechanical properties of the formed geopolymers. The
activators with Ms = 1 produced the strongest mixes overall for all ashes, and the highquality coal fly ash (A-FA-0) mixes had the highest strengths of any ash (up to 77.6 MPa)
at this modulus. The impact of the ash composition on strength was also most significant
at Ms = 1. At Ms = 2, the co-fired ash B-CA-4 actually had a higher strength than the
coal fly ash A-FA-0, highlighting that achieving optimal performance from a geopolymer
mix requires the appropriate combination of ash and activator.
The variation in strengths between the alkali-activated ashes was a result of the
differing chemical and physical properties of the precursor. For example, A-FA-0 is finer
than B-CA-4, and has a lower unburned carbon content, which may have increased its
reactivity and strength at Ms = 1. However, the reactive amorphous content of the ashes
was likely more significant in determining strength. The higher glassy aluminosilicate
content of A-FA-0 compared to both B-CA-4 and C-CA-15 contributed to its high
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Figure 6.2: Compressive strength results obtained using (a) sodium and (b) potassium
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Na2Oeq by mass of ash.
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strength after activation with certain alkali solutions, since the vitreous silica- and
alumina-rich phases in coal fly ash contribute the most to the formation of geopolymer
products [106]. As a result, C-CA-15 produced much weaker gels compared to A-FA-0
even though C-CA-15 is the finest ash. It is likely that the differences in fineness and the
lower vitreous content of the co-fired fly ashes are more related to the composition of the
parent coal and combustion conditions and less a result of co-firing with wood, as
indicated by the similar overall physical and chemical characteristics of coal fly ashes
produced at the same plant under similar processing conditions to the co-fired fly ashes
used in this study [121]. The overall co-fired fly ash is primarily comprised of ash
derived from the coal combustion with a much smaller quantity of ash derived from the
secondary wood fuel source. For both of these co-fired fly ashes, the biomass ash
constitutes at most around 1% as calculated from the ash contents of the biomass and coal
fuels (as described in Chapter 3).
The high unburned carbon content in the co-fired fly ashes not only reduced their
reactive potential, but also contributed to the higher water demand of these mixes.
Additionally, the residual carbon could have behaved like an alkali sink by adsorbing—
and effectively removing—alkali cations necessary for the geopolymeric reaction. As a
result, the ash with the highest carbon content (C-CA-15) did not form a hardened
geopolymer gel at Ms = 0 or 2 (plotted as zero strength) even though it had a slightly
higher glassy content than B-CA-4, which formed hardened gels at all Ms values. Also,
the higher calcium content of B-CA-4 may have contributed to its higher strength at Ms =
2 (relative to both C-CA-15 and A-FA-0), because a greater concentration of alkaline
earth metals such as calcium in the precursor has been shown to increase geopolymer
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strength [103]. However, its higher iron content, which is present in mostly unreactive
crystalline phases, coupled with its unburned carbon, seems to have counteracted most of
this potential additional strength gain.
For these ashes, Na-activated mixes were generally stronger than equivalent Kactivated mixes. The K-activators may have been less effective in breaking down the
amorphous content of the co-fired fly ashes and also potentially retarded the reaction
kinetics compared to the Na-activators for some mixes, which is similar to their effect on
coal fly ash during activation [193, 194]. Still, it appears the silica content of the
activation solution had a greater impact on strength than cation type. For the coal and cofired fly ashes the optimum modulus of solution for strength was around 1. Geopolymers
too poor or rich in silica tend to have low strengths [99], which could explain why both
the coal and co-fired fly ashes produced mixes with similarly low strengths at Ms = 0 and
2 (although for B-CA-4 the difference in strength between Ms = 1 and 2 is much lower
than for A-FA-0 and C-CA-15).
For B-CA-4 mixes, an increased activator concentration from 7% to 10% had the
greatest effect on strength at Ms = 1. At this modulus, strengths increased as a result of
increased activator concentration for both cation-types, but more significantly for Na than
for K. On the other hand, negligible changes in strengths were observed with an increased
activator concentration at Ms = 0. Similarly, there was no significant change in strength
for K-activated mixes at Ms = 2 due to an increased activator concentration (i.e., the
standard deviations of the two strength values overlapped). However, for Na-activated
mixes at Ms = 2, an increased activator concentration resulted in a significant increase in
strength. The greater increase in strengths observed for Na-Si-activation indicates that
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these mixes had less gel formation at 7% compared to K-Si-activated samples (which
also had higher strengths than equivalent Na mixes at 7%). An increase in activator
content could have increased the pH in these systems (especially at Ms = 1), thus
increasing the rate of ash dissolution and gel formation [113]. Overall, B-CA-4 Na-1-10
was the strongest co-fired fly ash mix overall, with a binder strength of 44 MPa, which is
sufficient for many applications.

6.3.2

Infrared Spectroscopy
FTIR spectra are shown in Figure 6.3 for both the raw ashes and the geopolymer

pastes cured for 7 days. The peaks of key interest in this study are the bending and
stretching modes of the Si-O-T bonds, where T is either Si or Al in tetrahedral
coordination. All three ashes have a wide and intense peak between 1069-1074 cm-1
associated with the asymmetric stretching of the Si-O-T bonds (the main Si-O-T peak).
Furthermore, there is a shoulder visible between 1159-1167 cm-1 in these ash spectra
linked to the asymmetric Si-O-Si stretching vibration. Quartz bands were detected as a
doublet at 793-797 and 777 cm-1, and peaks at 694-696 cm-1 and 453-461 cm-1, for all
three raw ashes, and a wide band representing mullite was observed between 550-554
cm-1 [195]. The bands around the 450 cm-1 region are also associated with the internal
deformation vibrations of the T-O bonds, also known as the in-plane bending mode
[196]. The similar locations of these bands for all three ashes indicate that both co-fired
fly ashes have a comparable aluminosilicate molecular structure to the coal fly ash.
After alkali-activation, the main Si-O-T peak shifted to a lower wavenumber after
7 days of curing for all coal and co-fired fly ashes due to the incorporation of Al and/or
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Figure 6.3: Fourier transform infrared spectra of alkali-activated (a) A-FA-0, (b) 7% Na2Oeq B-CA-4, (c) 10% Na2Oeq B-CA-4 and (d)
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substitution of the alkali metal cations into the network, and the higher concentration of
non-bridging oxygen atoms in the partially formed geopolymer compared to the raw ash
[194, 197]. The original, glassy tetrahedral silicate and/or aluminosilicate framework of
the coal and co-fired fly ashes was partially depolymerized, and a new aluminosilicate
geopolymer gel was subsequently polymerized. On the other hand, the quartz and mullite
bands did not significantly shift after alkali-activation, indicating that these crystalline
phases remained unchanged.
The silica content of the activator solution had the most significant impact on the
main Si-O-T peak shift. Ms = 0 mixes underwent the largest shift to the lowest
wavenumber, while the silicate activators (both Ms = 1 and 2) produced more highly
polymerized gels for all three ashes as indicated by the higher wavenumbers in this
region. For coal fly ash gels, the pH and silicate speciation are responsible for controlling
the degree of polymerization [185, 186, 198]. Speciation appears to also control
polymerization in co-fired fly ash gels. The higher wavenumbers for this peak in the
silicate-activated mixes is partly a result of their greater repolymerized gel fraction,
which correlates well with strength values (i.e., Ms = 1 mixes produced the highest
strengths for all three ashes).
The alkali ion type and activator dose also influenced the degree of
polymerization of these gels. For mixes with less or no added silica (i.e., Ms = 0 and 1),
the potassium activators tended to shift the primary asymmetric stretching band less than
comparable sodium activators, resulting in higher wavenumbers for both the coal and cofired fly ash gels when using K-activation. This confirms that strengths were higher for
Na-activation because the Na-activators were likely more effective in consuming the
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glassy phase of the ashes within the first 7 days of reaction. Furthermore, K-activation
increases the condensation of aluminosilicate structures during their formation due to the
larger size of the K+ ion compared to the Na+ ion, which results in a more polymerized
(but not necessarily stronger) gel [199]. For B-CA-4, an increase in activator dose
promoted further dissolution of the original amorphous phase of the co-fired fly ash,
which is signified by the lower wavenumbers of the main stretching band for most of the
10%-activated gels (Figure 6.3c) compared to equivalent 7%-activated gels (Figure 6.3b).
The ash composition also impacted the main peak location, but likely less than the
activator composition and concentration for these samples. B-CA-4 may have been
depolymerized to a greater extent by some activating solutions due to its higher content
of alkaline earth metals (e.g., Ca2+), which are network modifiers and promote the
dissolution of aluminum [103]. However, the impact of the ash composition on the
subsequent repolymerization is less clear from these data. For both co-fired fly ashes, the
higher carbon content likely adsorbed some of the alkalis which are necessary for the
reorganization and cross-linking of the leached Si and Al species to form N-A-S-H or KA-S-H gel. Perhaps as a consequence of this and its lower vitreous content, B-CA-4 gels
produced at Ms = 1 were less polymerized after 7 days than corresponding A-FA-0 gels,
and also had lower strengths. C-CA-15 gels had higher wavenumbers at this band
location compared to A-FA-0, but also produced much lower strengths. For C-CA-15
gels, these higher wavenumbers are likely due to the lower initial depolymerization of CCA-15, and not due to a greater repolymerization.
Changes in the main stretching band directly related to biomass co-firing are more
difficult to identify. The increase in P2O5 content may have altered the depolymerization
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potential for the co-fired fly ashes because it is a network former [107]. Crystallized
phosphate minerals can form within Si-K glass in pure biomass ash [20], but it is not yet
clear whether the additional phosphate from the biomass fuel is present in the glassy
reactive phases in these co-fired fly ashes. Regardless, the concentration of any impurities
added to the ash as a result of co-firing is small relative to the overall aluminosilicate
content derived from the coal. It appears from these data that the alkali-activation
reaction mechanisms for co-fired fly ash are analogous to those observed for coal fly ash,
which is not unexpected given that the majority of the ash is derived from coal
combustion.
Figure 6.4 shows the main Si-O-T peak locations of the geopolymers after 28
days of curing. In general, this wavenumber location was higher for gels with added
silica, which was also observed for many of these samples at 7 days. There were slight
shifts in the main stretching band between 7 and 28 days of curing for most of the gels
indicating some change in the cross-linking of their aluminosilicate structure with time.
For alkali-activated coal fly ash, a gel which is enriched in Al-containing bonds is
initially formed, and eventually replaced with a gel containing more Si-O linkages at later
ages [200]. The data show that for most of the coal and co-fired fly ash geopolymers, this
secondary gel has likely formed by 7 days, as demonstrated by the relative stabilization
of this main band.
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Figure 6.4: The main asymmetric Si-O-T stretching band locations after 28 days of curing
for ashes alkali-activated with (a) sodium and (b) potassium solutions

6.3.3

X-Ray Diffraction
The coal fly ash A-FA-0 (Figure 6.5a) primarily contains an X-ray amorphous

phase with a small quantity of quartz (SiO2, Powder Diffraction File (PDF) card 01-0830539), mullite (Al6Si2O13, PDF# 00-015-0776), and a combination of iron oxides.
Multiple iron oxide phases with overlapping peaks were observed in this diffractogram so
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it is difficult to specifically identify them. However, the iron content in the coal fly ash is
mostly a ferrite spinel (with substitution of various elements onto both the Fe2+ and Fe3+
sites as previously observed [201]), but may also include some hematite (Fe2O3, PDF#
00-033-0664). The major phase in both B-CA-4 and C-CA-15 (Figure 6.5 and Figure 6.6)
is also X-ray amorphous with similar crystalline phases to the coal fly ash: quartz (SiO2,
PDF# 01-083-0539 for both), mullite (Al6Si2O13, PDF# 00-015-0776 for both), a ferrite
spinel phase, and possibly maghemite (-Fe2O3, PDF# 00-089-5894) in B-CA-4, and
magnetite (Fe3O4, PDF# 01-078-3149) and hematite (Fe2O3, PDF# 00-033-0664) in CCA-15. The peaks associated with iron oxide phases are more intense in B-CA-4, which
correlates well with the QXRD results in Table 6.1.
The similarity in the crystalline phases identified in the three raw ashes suggests
that the secondary fuel did not noticeably impact the crystalline composition of these cofired fly ashes. Wood ash typically has crystalline phases that depend on the species type
and combustion temperature, but which normally contain calcium, potassium and
potentially other trace elements (such as phosphates) [20, 48, 121]. No calcium,
potassium or phosphate-containing crystalline phases were detected in these co-fired fly
ashes, which may indicate that the quantity of crystalline phases potentially derived from
the wood ash was too low to be detected by XRD. Furthermore, wood ash can have a
much lower amorphous content compared to coal fly ash [121], which is a more
important characteristic regarding the usefulness of co-fired fly ash as a precursor
material (given that wood ash is a component). Still, all three ashes have an amorphous
hump at around 15-35° 2θ and centered around 25° 2. As previously discussed, the cofired fly ashes have lower glassy amorphous contents compared to the coal fly ash,
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Figure 6.5: X-ray diffraction patterns of Na-activated pastes for: (a) A-FA-0 and (b) 7%
Na2O B-CA-4. M is mullite, Q is quartz, F is a combination of iron oxides as described in
the text, H is hydrosodalite, N is a hydrous sodium silicate, J is faujasite, C is chabaziteNa, A is analcime and T is natron.

175

Q

B-CA-4
Ash

M

M Q

(a)
M
M,F
MM
M
M
F
M
Q
M
QM M
Q M Q
F
Q M
M

C C

Na-0-10

A
C
C CC C C

C C

C
T

Na-1-10
Na-2-10

10

20

30
40
50
2degrees)

60

(b)

Q

C-CA-15
Ash

M

M Q

Na-0-7
J

J

J J

70

M
M
M,F M
F M M
Q M MQ MM Q
Q
QM
FM
M

J

Na-1-7
Na-2-7

10

20

30
40
50
2degrees)

60

70

Figure 6.6: X-ray diffraction patterns of Na-activated pastes for: (a) 10% Na2O B-CA-4
and (b) C-CA-15. M is mullite, Q is quartz, F is a combination of iron oxides as described
in the text, J is faujasite, C is chabazite-Na, A is analcime and T is natron.
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however this is more likely a result of differences in combustion processing variables
than the inclusion of the wood ash.
In addition to the expected amorphous aluminosilicate geopolymer gel,
identifiable by a broad peak at a higher angle than the peak due to the vitreous phases in
the fly ash (around 15-40° 2θ and centered around 28° 2), crystalline zeolitic phases
were formed after activation with Na-0 solutions for all three ashes. For A-FA-0,
hydrosodalite (1.08Na2O·Al2O3·1.68SiO2·1.8H2O, PDF# 00-031-1271) was identified,
along with a hydrous sodium silicate (Na2Si3O7·H2O, PDF# 01-072-6800). For B-CA-4,
activation at 7% Na2O led to the formation of chabazite-Na (NaAlSi2O6·3H2O, PDF# 00019-1178), faujasite (NaAlSi2O6·4H2O, PDF# 00-039-1380), analcime
(Na(Si2Al)O6·H2O, PDF# 00-019-1180) and potentially natron (Na2CO3·10H2O, PDF#
00-015-0800). When activating B-CA-4 at 10% Na2O, all of the zeolites formed at 7%
were again detected, except for faujasite, and natron was also detected. It appears that for
B-CA-4, an increase in alkali content reduced zeolite formation. Perhaps more of the
species necessary for the formation of faujasite were incorporated into the additional
amorphous strength-giving gel, as strengths were slightly higher with 10% Na2O
activation. For C-CA-15, only faujasite (NaAlSi2O6·4H2O, PDF# 00-039-1380) was
detected. The variation in zeolite formation between binders with similar activators was a
result of the different ash compositions, although the chemical compositions of the
formed zeolites were similar overall.
No zeolites were detected in any of the K-activated ashes, even at Ms = 0,
because the formation of potassium zeolite structures is not as favored as the formation of
sodium zeolites [193]. No additional crystalline phases were detected after activation
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with any solution with added silica (both Na and K), suggesting that the added alkali ions
have either been incorporated into the amorphous gel phase or are still available in the
pore solution. Also, an increase in soluble silica has been shown to slow zeolite formation
[198], which is consistent with these results.

6.3.4

Thermogravimetry
The thermogravimetric data for the geopolymer pastes is shown in Figure 6.7. The

bulk of the weight loss for all mixes occurred early in the heating process due to the
evaporation of easily accessible free water below 100°C in addition to the loss of free
water from the gel pores between 100-250°C. Given the higher water content of the BCA-4 mixes compared to A-FA-0 mixes (w/b = 0.4 vs. 0.25), evaporation in this region
was expected to be greater for B-CA-4 geopolymers due to presence of more available
free water. However, equivalent A-FA-0 and B-CA-4 mixes had similar weight loss up to
250°C. This may be a result of the high residual carbon present in this ash, which can
adsorb water on its polar surfaces effectively removing it from the pore system [171].
However, further investigation is needed to better understand the potential of the carbon
in these ashes to bind water. Compared to A-FA-0 and B-CA-4 mixes, the equivalent Kactivated C-CA-15 mix had greater weight loss in this region while the equivalent Naactivated C-CA-15 mix had less weight loss, indicating the differences in the water
amounts available for evaporation in these gels.
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Figure 6.7: Thermogravimetric determination of weight loss of raw and alkali-activated (a) A-FA-0, (b) 7% Na2Oeq B-CA-4, (c) 10%
Na2Oeq B-CA-4 and (d) C-CA-15
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Between 250-600°C, the weight loss for all pastes primarily stemmed from
dehydroxylation of the gel and subsequent condensation of the bound silanol or aluminol
groups [202]. At higher temperatures, certain weight loss events were likely caused by
the decomposition of carbonated phases or carbonate salts in the pore solution.
Additionally, weight loss associated with the decomposition of the unburned carbon in
the raw ashes occurred mostly above ~800°C. Carbon oxidation can still occur in an inert
N2 atmosphere, which was used to analyze these samples, due to the reduction of iron
oxides at these high temperatures [159]. Weight loss at 800°C for the raw B-CA-4 and CCA-15 ashes were 1.0% and 2.2%, respectively, which is still significantly lower than
their LOI values (5.5% and 15.0%, respectively) measured under normal atmospheric
conditions. The weight loss of the raw low-carbon A-FA-0 at 800°C is 0.8% which is
similar to that found for B-CA-4, and thus the direct comparison of the various
geopolymer pastes using TGA is warranted when comparing weight loss below 800°C.
The total weight loss at 800°C of B-CA-4 mixes was higher compared to all
equivalent A-FA-0 mixes, but a larger fraction of weight was lost before 250°C for AFA-0 mixes. Comparison of C-CA-15 TGA data with the A-FA-0 and B-CA-4 is more
difficult because of the overlapping decomposition of organics (highest for this ash) with
geopolymer-related weight loss. Nevertheless, the total weight losses for C-CA-15 mixes
were within the range of those observed for the other two ashes. Overall, the thermal
behavior of the co-fired fly ash gels as measured by TGA was similar to that of the coal
fly ash gels, suggesting a comparable gel and pore structure.
For all pastes, the total weight loss at 800°C was higher for Na-activated
geopolymers compared to equivalent K-activated geopolymers. This could be a result of
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the greater amount of geopolymer gel in these binders, which is also evidenced by the
higher strengths of the Na-activated geopolymers in general. However, the majority of
difference in weight loss between Na and K geopolymers occured below 250°C, which
suggests that differences in the availability of free water also played a significant role.
Also, total weight losses were higher for A-FA-0 mixes with added silica (i.e., Ms = 1
and 2), perhaps due to the higher bound water contents of these gels.
For B-CA-4, an increase in activator content from 7% to 10% also increased weight
loss at both 250°C (by 18-32%) and 800°C (by 10-24%). The geopolymers that exhibited
an increased strength due to an increased activator content also had a greater total weight
loss. It is likely that additional geopolymer gel products were formed in these pastes,
resulting in this higher weight loss. For mixes with no added silica (Ms = 0), the increase
in total weight loss due to an increased alkali content was lowest, and these mixes
correspondingly had the least significant changes in strength due to an increased activator
dose.

6.3.5

Dilatometry
The dilatometric curves for the six alkali-activated coal fly ash (A-FA-0) mixes are

presented in Figure 6.8a. The thermal behavior of these pastes is consistent with those
observed by others for alkali-activated coal fly ash and metakaolin [113, 202-205]. As
evidenced by the TGA data, shrinkage occurred below 250°C due to the evaporation of
water from the aluminosilicate gel. For this ash, the onset temperature of shrinkage in the
100-250°C region was highest for the Ms = 1 mixes. The high mechanical strengths of
these mixes likely provided greater resistance to this initial shrinkage in a way analogous
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to metakaolin geopolymers with high elastic moduli, which have been shown to better
resist capillary strain forces due to pore shrinkage in this temperature region [202].
Between 250-600°C there was a more gradual shrinkage in all samples linked to
dehydroxylation of the gel, which was also observed by TGA. In this region, the thermal
shrinkage was greatest for Ms = 1 mixes, suggesting that these gels had a higher bound
hydroxyl content due to a higher degree of reaction.
The thermal behavior of A-FA-0 samples was more varied above 600°C, which was
primarily a function of the activator type. Specifically, the Si content and cation-type of
the initial solution significantly impacted expansion at higher temperatures. Typically,
aluminosilicate geopolymer gels densify due to viscous sintering above 600°C [206]. This
phenomenon was visible on both K-1 and Na-1 dilatometric traces, but less so in the
other traces. This may be due to the greater quantity of gel available for sintering in the
Ms = 1 samples, but also could be attributed to the overlapping expansion observed in
this region for certain activators, which began around 400°C for the K-2 and Na-2 mixes,
and around 500°C for the K-0 mix. For high silicate mixes, this low-temperature
expansion has been linked to the foaming of loosely bound water associated with the high
amounts of unreacted silica in the gel [204]. A similar phenomenon may have occurred in
the K-0 activated gel; water might have foamed from the release of hydroxyls bound on
depolymerized Q3, Q2 or Q1 sites, which are more common in less-polymerized
geopolymers such as this one (as evidenced by its low main Si-O-T band wavenumber
detected by FTIR) [204, 207]. On the other hand, the Na-0 gel remained relatively stable
over this temperature range (i.e., no expansion was observed at lower temperatures)
indicating that it had a comparatively more cross-linked gel. Another expansion at even
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Figure 6.8: Dilatometry curves for alkali-activated (a) A-FA-0, (b) 7% Na2Oeq B-CA-4, (c) 10% Na2Oeq B-CA-4 and (d) C-CA-15
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higher temperatures was detected in all mixes, although this expansion peak was
obscured for some samples by a more pronounced concurrent shrinkage. This has been
associated with the liberation of chemically bound water from an undercoordinated silicarich gel phase, and could potentially be correlated to strength [113, 204], as will be
further discussed below. Lastly, all of the mixes experienced significant shrinkage above
1000°C due to further melting of the binder.
Co-fired fly ash (B-CA-4) gels exhibited a similar thermal behavior compared to
corresponding coal fly ash gels (Figure 6.8b). In the low-temperature region associated
with the dehydration of pores (up to 250°C), shrinkage was comparable depending on the
activating mix, which corresponds well with evaporation measured by TGA. These gels
were produced with a higher w/b ratio compared to A-FA-0 and thus might be expected
to have greater shrinkage in this region. However, shrinkage was largely unaffected
because water in very large pores, which will be more notable at higher w/b, will cause
less shrinkage during evaporation. Also similar to the coal fly ash gels, the onset
shrinkage temperature in this region was highest for mixes with the highest mechanical
strength (i.e., Na-1-7 and K-1-7).
Within the dehydroxlation region, one high-silica mix (K-2-7) began expanding
due to the foaming of loosely bound water associated with the high-silica gel. However,
compared to the equivalent A-FA-0 mix, the expansion of this paste began at a higher
temperature (~500°C) and was less intense. Moreover, the B-CA-4 Na-2-7 mix did not
expand at low temperatures, unlike the equivalent A-FA-0 mix. This suggests that the BCA-4 mixes contain less of the expansive silica phase than the A-FA-0 mixes when
activated at Ms = 2, as the additional silica has been incorporated into further geopolymer
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formation. This is also substantiated by the similar or higher strengths at Ms = 2
compared to Ms = 1 for this ash at the 7% activator dose.
Increasing the alkali content from 7% to 10% for B-CA-4 significantly affected
the dilatometric traces (Figure 6.8c). Overall, 10% activated pastes exhibited less
dimensional stability upon heating, in agreement with previous results for coal fly ash
alkali-activation [113]. Na-1-10 appears to be the only mix in this series which is able to
better resist the early pore collapse caused by loss of the free water compared to
corresponding 7% mixes. Correspondingly, Na-1 was the only activator for B-CA-4 that
resulted in a substantial increase in strength due to a higher alkali dose. Shrinkage due to
loss of bound hydroxyls was similar for both activator concentrations, but the expansion
and shrinkage features at higher temperatures were more exaggerated at 10% activation.
For both ashes, K-geopolymers had less thermal shrinkage than Na-geopolymers
at each respective Ms value. The lower shrinkage for K-geopolymers was particularly
evident in the dehydration region where K-activation also exhibited less weight loss
compared to Na-activation, but less evident during dehydroxylation. Cation type also had
an impact on the viscous sintering onset temperature for these mixes; sintering of Kgeopolymers tended to take place at higher temperatures compared to Na-geopolymers.
This is most discernible in pastes where expansion due to silica-rich phases is not
superimposed on viscous sintering shrinkage. Shrinkage can also be influenced by
crystallization in the geopolymer gel at temperatures above 650°C [208]. For coal fly ash
geopolymers, the decomposition of the gel can result in the formation of Na and K
feldspars at elevated temperatures, although crystallization is more favored in Nageopolymers due to the higher diffusion coefficient of Na compared to K upon heating
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[209]. It is possible that crystallization in the Na-geopolymers (especially for B-CA-4)
could be responsible for some of the expansion observed over the thermal evolution due
to crystallization pressure cracking. However, for most of these mixes, it is likely that the
overall thermal behavior at these high temperatures is controlled more by the viscous
flow of the amorphous gel phase [208].
C-CA-15 had dilatometric curves that were nearly identical for both K-1-7 and
Na-1-7 (Figure 6.8d), which was not observed for A-FA-0 and B-CA-4. Since C-CA-15
mixes had the least variation in strength between cation types at Ms = 1 when comparing
all three ashes (i.e., the strength of Na-1-7 was only 19% more than K-1-7), the structure
of the geopolymer gel may be more similar for this ash when using these activators. This
suggests that the alkali cation type had less of an effect on gel formation for this ash.
Regardless, both of the pastes formed with C-CA-15 had high dimensional stability, and
pore shrinkage was greater than any expansive processes at all temperatures.

6.3.5.1 Relationship between Expansion Onset Temperature and Strength
Previous work has correlated the onset temperature of the primary high-silica gel
expansion peak to compressive strength for coal fly ash geopolymers, with higher onset
temperatures linked to stronger binders [113, 204]. To enable these comparisons, the first
and second derivatives of each dilatometric curve were plotted to easily detect the onset
temperature of this reaction for each gel (i.e., the second derivative has a maximum at the
location of the onset of this expansion peak). The derivative curves were determined
using numerical differentiation based on Tikhonov regularization using the method
developed by Lubansky et al. [210], which incorporates smoothing techniques to mitigate
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the inherent scatter in the numerical data upon differentiation. An example of the
derivative curves for the A-FA-0 Na-1-7 mix is shown in Figure 6.9, with the expansion
peak of interest marked.
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Figure 6.9: The first derivative (dashed line, left axis) and second derivative (solid line,
right axis) of the A-FA-0 Na-1-7 dilatometric curve. The expansion peak at 740°C is
circled.

The onset temperatures for this expansion peak are plotted vs. strength results for
all Na-activated gels in Figure 6.10a, and for all K-activated gels in Figure 6.10b.
Generally, stronger geopolymers exhibited higher onset temperatures for both cation
types (as previously observed [113, 204]), but the correlation is stronger for K-activated
gels compared to Na-activated gels. This could be due to the presence of discrete sodium
silicate hydrates, such as those detected by XRD for some mixes, which can crystallize in
sodium silicate activator solutions with Ms values similar to those used in these samples
[211]. During heating, these unreacted crystalline components may also foam, causing
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Figure 6.10: Relationship between the onset temperature of the high-silica gel expansion
peak and compressive strengths of (a) sodium-activated and (b) potassium-activated
geopolymer mortars

expansion at temperatures which are inconsistent with expansion peak temperatures
typically correlated to strength-giving gels. Conversely, K-activation creates a more
homogeneous gel (i.e., no discrete silicate crystals), and the primary high-silica gel
expansion peak is more clearly defined. Consequently, the correlation of these peaks with
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strength is better for K than for Na. Regardless, these results confirm that this technique
can potentially be used as a quick screening tool to assess the viability of ashes for alkaliactivation, whether co-fired or derived from pure coal combustion.

6.4

Geopolymer Gel Microstructure

SEM images of Na-activated B-CA-4 pastes are shown in Figure 6.11. When
activated with Na-0-10, a porous microstructure was formed that contained a large
amount of unreacted or partially-reacted particles embedded in the gel. These particles
are mainly spherical, which is the characteristic morphology of the largely glassy fraction
of coal fly ash. Biomass ash produced from pure wood combustion has a significantly
different morphology compared to coal fly ash; it is mostly composed of fibrous particles
with intact cell wall structures and high aspect ratios in addition to agglomerated fused
woody particles [121].
A small portion of remnant particles (< 100 µm in length) with similar woody
morphology were observed by SEM in previous analysis of this co-fired fly ash,
intermixed with spherical particles more typical for coal fly ash (see Chapter 3). These
remnant particles were not detected in the geopolymer gels imaged in this study, most
likely because these particles are scarce and are thus not visible on these fractured
surfaces. Regardless, B-CA-4 is predominantly composed of amorphous aluminosilicates
and Fe-rich particles, as evidenced by XRF and XRD. The glassy phases of B-CA-4
reacted with Na-0-10 to form a visually heterogeneous gel. Rectangular needle-like
mullite crystals were also observed (Figure 6.11d), and are likely remnants of the original
ash that were left exposed after the surrounding glass dissolved [193].
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Compared to Na-0-10 activation of this co-fired ash, Na-1-10 formed a more
visually homogenous gel structure with a denser, less porous matrix and fewer unreacted
or partially-reacted particles. Na-2-10 activation also produced a more homogeneous gel
compared to Na-0-10, but more unreacted particles remained embedded in the matrix
compared to Na-1-10. Crystals with varying morphologies were also present in the Na-110 and Na-2-10 geopolymer pastes.
SEM images of K-activated B-CA-4 pastes are shown in Figure 6.12. The
microstructures of the K-1-10 and K-2-10 gels were similar to Na-1-10 and Na-2-10,
respectively, on the same length-scale. That is, K-1-10 had a mostly uniform
microstructure whereas the microstructure of K-2-10 was less homogeneous. K-0-10
activation formed much less gel product compared to both Ms =1 and 2 activation,
resulting in a more porous binder with a greater amount of unreacted particles even
compared to Na-0-10. The trends observed at these scales between silicate and hydroxide
activation were also evident at much lower magnifications (i.e., Ms = 1 and 2 activation
formed denser binders than Ms = 0).
The observed microstructures are consistent with the strength results presented in
section 6.3.1, where the strengths were ranked Na-1-10 > K-1-10 > Na-2-10 > K-2-10 >
Na-0-10 > K-0-10 (i.e., more homogeneous and reacted gels had higher strengths).
Silicate-activation also has been shown to produce a more homogeneous binder
compared to hydroxide activation for coal fly ash geopolymers as a result of the different
reaction mechanisms that occur during the gelation process when comparing the two
types of activators [212].
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Figure 6.11: SEM images of B-CA-4 pastes activated by: (a) Na-0-10, (b) Na-1-10, (c) Na-2-10 and (d) Na-0-10 with exposed
crystalline structure
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Figure 6.12: SEM images of B-CA-4 pastes activated by: (a) K-0-10, (b) K-1-10 and (c) K-2-10
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6.5

Conclusions

Co-fired fly ash derived from coal and wood co-combustion was successfully used
as a precursor for geopolymerization. The coal and co-fired fly ashes used in this study
were primarily composed of a vitreous phase intermixed with a small amount of
crystalline phases including quartz, mullite and iron oxides. Both co-fired fly ashes had
lower aluminosilicate amorphous contents and higher unburned carbon contents
compared to the coal fly ash, which was primarily a result of differing combustion
processing variables and parent coals (and not directly related to the use of the secondary
biomass fuel). These factors limited the compositional envelope within which these cofired fly ashes could be alkali-activated to form a hardened gel. Strengths were generally
highest for all ashes when using activating solutions with added silica especially with a
molar ratio of Ms = 1. For the B-CA-4 co-fired fly ash, an increase in the molar
concentration of the activator content improved strengths, especially for Na-activation at
higher moduli of solution.
Infrared spectra revealed incorporation of Al and/or substitution of the alkali metal
into the gel network after activation of all three ashes. Co-firing appeared to increase the
phosphate content of the ash, but this had no discernible impact on gel formation. The
shrinkage and expansion features of co-fired fly ash geopolymers upon heating were
similar to those observed for the coal fly ash geopolymers. The thermal behavior of these
samples was strongly influenced by the free water and gel pore structure, which was
primarily controlled by the modulus of solution, the cation-type, activation concentration
and the ash composition (including the carbon content). The activator type also impacted
the microstructure of the co-fired fly ash geopolymers, with Ms = 1 solutions forming the
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most homogeneous and densely polymerized gels. These results indicate that co-fired fly
ashes can be viably used to form alkali-activated geopolymers, which is a new beneficial
end use for these emerging waste materials.

194

CHAPTER 7
SCANNING TRANSMISSION X-RAY MICROSCOPY STUDY ON
BIOMASS ASH AND CO-FIRED FLY ASH IN PRECURSOR AND
ALKALI-ACTIVATED FORMS

7.1

Introduction

The production of biomass ash and co-fired fly ash is expected to increase as
renewable energy limits are implemented worldwide [7]. However, the composition of
these materials is less well-known compared to other more widely produced waste byproducts such as coal fly ash. Furthermore, most characterization of biomass ash and cofired fly ash has been performed on bulk samples [26, 121], but analyzing the
composition of these ashes at the nano- to micro-scale is also important for understanding
their complex chemistry and structure.
This understanding is fundamental for the development of potential reuse
applications for these materials. As demonstrated in Chapter 6, co-fired fly ash can be
successfully used as a precursor to synthesize hardened geopolymer binders. However,
chemical characterization of co-fired fly ash geopolymer gels has also only been
performed at the macro-scale, but could be heterogeneous in composition even at the
nano-scale similar to coal fly ash geopolymers [201].
In this study, X-ray absorption near edge structure (XANES) obtained from
scanning transmission X-ray microscopy (STXM) was used to generate spatially-resolved
elemental and chemical speciation images of a biomass ash, co-fired fly ash and an
alkali-activated co-fired fly ash at the nano- to micro-scale. STXM analysis of these
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materials has not been previously conducted, although the elemental distribution of coal
fly ash particles and an individual biomass ash particle have been mapped by µXRF [201,
213]. Furthermore, the XANES spectra of sodium aluminosilicate glasses and minerals
have been previously investigated [214-218], and their comparison to the spectra
measured in this study may help to better understand the structure of these new materials.

7.2
7.2.1

Experimental Procedure

Materials
In this study two different ash samples are examined: (1) D-BA-100 and (2) B-

CA-4. These ashes were previously characterized by other techniques in Chapter 3.
Additionally, the B-CA-4 N-2-7 geopolymer paste (see Chapter 6) is also analyzed in this
study. This paste was cast in sealed cylindrical molds and cured at 40°C for 7 days, and
subsequently stored at room temperature until testing.

7.2.2

Methods
Two scanning transmission X-ray microscopes at beamline 5.3.2.2 and beamline

5.3.2.1 (BL 5.3.2 Polymer STXM) at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory were used to analyze the samples. The ashes and powdered
geopolymer sample were scattered onto a silicon nitride (Si3N4) window, and the beam
was focused onto the samples by a zone plate with a variable working distance depending
on the photon energy [219].
Utilizing BL5.3.2.2, line scans of reference calcium (Ca) and carbon (C) were
collected to calibrate the carbon K-edge and calcium L2,3-edge spectra. Coarse images of
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the samples were obtained and particles of interest were line-scanned using small energy
increments over the desired energy range (from 280-380 eV to capture the C, potassium
(K) and Ca energy edges—as shown in Table 7.1). Energy maps were produced by
subtracting the below-edge maps for each element of interest from its above-edge map,
and then converted to RGB coloring. The corresponding spectra for two selected spots
were obtained using a line scan. The intensity of the spectral features are measured in
optical density (OD), which has arbitrary units. (OD = log(Io/I), where Io is the
background photon flux transmitted through the Si3N4 window, and I is the photon flux
transmitted through an area of the sample [220].)

Element
C
K
Ca
Na
Al
Si

Table 7.1: X-ray energy ranges for selected elements
Edge
Below-Edge Energy (eV) Above-Edge Energy (eV)
K
280
290
L2,3
294
305
L2,3
345
360
K
1070
1085
K
1560
1580
K
1835
1880

Utilizing BL5.3.2.1, line scans of reference silicon (Si), aluminum (Al) and
sodium (Na) were collected to calibrate the K-edge spectrum of each element. Each
element was analyzed separately due to calibration limitations. Similar to the procedure
used on BL5.3.2.2, coarse images of the samples were taken and particles of interest were
line-scanned using small energy increments over the desired energy ranges (see Table
7.1). Image stacks were created to map smaller areas over the specified energy range. The
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stack image procedure measured the XANES energy spectrum for each desired element
on each pixel of the image. Specifically, K-edge image stack maps of Na, Al and Si were
obtained for both the B-CA-4 ash and Na-2-7 geopolymer using a pixel resolution of 125
nm. Dwell times varied from 0.8-2 ms depending on the scan type. Image stack
alignment and extraction of XANES spectra were accomplished using aXis2000 software
[221]. Lastly, a composite map was developed using the SVD function in aXis2000,
which converted the stack map to separate component maps. To generate these
component maps, each pixel was matched with the corresponding reference spectra.
These component maps were then color-scaled using RGB and superimposed.

7.3

Results and Discussion

This study aims to observe differences in the chemistry and structure of a biomass
ash in comparison to a co-fired fly ash, and also to investigate the changes in elemental
distribution and coordination that occur during alkali-activation of the co-fired fly ash.
Bulk analysis on the ash samples (Chapter 3) has shown that they have significantly
different chemical compositions. Furthermore, characterization of the co-fired fly ash
geopolymer (Chapter 6) has shown that the bonding of the Si and Al in the co-fired fly
ash significantly changed after alkali-activation, but these changes were only measured
for the bulk gel sample. In this chapter, by using STXM analysis, the chemical makeup of
the ashes and geopolymer gel were spatially-resolved, which enabled a comparison
between these samples at very small scales.

198

7.3.1

Distribution of C, K and Ca
This section examines the elemental distribution and speciation of C, K and Ca in

a biomass ash sample (D-BA-100) and a co-fired fly ash sample (B-CA-4). An energy
map of the D-BA-100 (biomass) sample is shown in

Figure 7.1, which distinguishes C

(range 285.5-292 eV), K (L2,3-edge peaks at 297 eV and 300 eV, respectively) and Ca
(L2,3-edge peaks at 349.3 eV and 352.6 eV, respectively) [220]. The noise in the image
background is an artifact of the process used to develop the energy map.
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Figure 7.1: Chemical map of D-BA-100 showing C (green), K (blue) and Ca (red); and
XANES spectra obtained from two selected spots with spectral features identified by a
vertical region for C and dashed lines corresponding to K and Ca energy edges

Overall, the biomass ash particles appear to have a very heterogeneous
distribution of these three elements at the micro-scale. Two different particles, with
clearly different compositions, were selected for further analysis by XANES. At spot 1,
both C and K were detected, but no peaks associated with Ca were detected. Biomass ash
is often enriched in K as this is the most abundant volatile element in many raw biomass
materials [7]. An oxide analysis on D-BA-100 also showed it has a high concentration of

199

K (5.9%), some of which is bound as K2SO4 as detected by X-ray diffraction (XRD)
[121]. The intensity of the C peaks at spot 1 were relatively low, but there appear to be
other areas more abundant in C in that particle.
On the other hand, all three elements were strongly detected at spot 2 on the DBA-100 sample. The combination of both carbonate functional groups (the peak at 290.5
eV) and Ca at this spot (as shown by the XANES spectrum) indicates the presence of
calcium carbonate (CaCO3), as confirmed by XRD analysis on the bulk sample [121].
Furthermore, as described in Chapter 3, there is a large discrepancy between loss on
ignition (LOI) and total organic carbon (TOC) for D-BA-100. This indicates that a
significant fraction (25.6%) of the LOI is associated with volatile components such as
CaCO3 rather than residual organic carbon, which further corroborates this finding.
For comparison, an energy map of the B-CA-4 (co-fired) sample is shown in
Figure 7.2, which distinguishes aromatic C (peak 285.2 eV), carbonate C (peak 290.5 eV)
and Ca (L2,3-edge peaks at 349.3 eV and 352.6 eV, respectively) [220, 222]. The
distribution of these two elements within each particle appear to be less heterogeneous
compared to D-BA-100 (i.e., there are more distinct particles primarily composed of
either C or Ca). Again, two different particles, with clearly different compositions, were
selected for further analysis by XANES. At spot 1, Ca was primarily detected and the C
peak intensities were low. This reinforces the observation that the two elements are less
associated in this sample. However, the map reveals there is some co-location of Ca and
C (both aromatic and carbonate) in B-CA-4 even though CaCO3 was not detected by
XRD for this sample.
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At spot 2 on B-CA-4, aromatic C was primarily detected. In general, there appears
to be a greater abundance of aromatic C compared to carbonates in B-CA-4. Furthermore,
potassium was not detected at either spot, unlike in the D-BA-100 sample. This shows
that the B-CA-4 sample is mostly composed of ash derived from the coal fuel rather than
the secondary biomass fuel, as coal fly ashes typically have less carbonates, less K and
more aromatic C compared to typical biomass ashes from wood sources [26].
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Figure 7.2: Chemical speciation map of B-CA-4 ash showing aromatic C (green),
carbonate C (blue) and Ca (red); and XANES spectra obtained from two selected spots
with spectral features identified by vertical dashed lines corresponding to Ca and C in (1)
aromatic and (2) carbonate functional groups

7.3.2

Distribution of Na, Al and Si
This section examines the elemental distribution and coordination of Na, Al and

Si in B-CA-4 and also in a geopolymer paste synthesized from this ash (Na-2-7). An OD
map of B-CA-4 ash particles obtained at 1570 eV near the Al K-Edge is shown in Figure
7.3a. The spectrum corresponding to particles 1 and 2 in (Figure 7.3b) were obtained by a
stack analysis and a line scan, respectively. Both particles had peaks at 1566.8 eV and
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Figure 7.3: (a) OD map of B-CA-4 particles collected at 1570 eV and (b) associated Al
K-edge XANES spectra for two particles

1571.3 eV, however the second peak for particle 2 had less intensity. Furthermore, the
broad peaks located between 1584-1560 eV were at slightly different energies. Particle 2
has the spherical shape typically associated with coal fly ash, and particle 1 has a more
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amorphous morphology. Si was also detected in both of these particles by XANES, but
Na was not detected.
An OD map of an area of the B-CA-4 Na-2-7 geopolymer obtained at 1570 eV
near the Al K-Edge is shown in Figure 7.4a. Three distinct spectra at the Al K-edge were
observed in this area (Figure 7.4c), and an 8 x 8 µm composite map showing the regions
associated with each of these three spectra is shown in Figure 7.4b. Region 1 (red) had
peaks at 1568.1 eV, 1572 eV, 1577.1 eV (small), 1580.1 eV (small) and 1587.5 eV
(broad); region 2 (green) had peaks at 1566.1 eV, 1571.3 eV and 1586.2 eV (broad);
region 3 (blue) had a lower intensity XANES spectra compared to 1 and 2, and had a
main peak at 1566.1 eV, a less prominent peak at 1571.3 eV and a broad peak at 1581
eV. Both the energy peak locations and intensities of the spectrum from region 1 are
significantly different compared to the more similar spectra from regions 2 and 3.
K-edge image stack maps of Na and Si were obtained for the same area of the BCA-4 Na-2-7 geopolymer shown in Figure 7.4b. Both Na and Si were detected in all
three regions Al was detected in Figure 7.4b. The spectra for Na and Si (Figure 7.5) were
obtained from the image stacks combining the spectra at each energy range from all
regions where Na and Si were detected. A composite map for these elements is not
shown, because there was only one distinct spectrum for each element (unlike for Al).
The Na K-edge spectrum had two peaks at 1077.1 eV and 1080.9 eV in these regions.
The Si K-edge spectrum also had two well-resolved peaks: one sharp peak at 1848.4 eV
and one broad peak at 1866 eV. Since Na was not detected in the precursor B-CA-4
sample, it can be interpreted that the Na detected in the geopolymer was primarily
provided by the activating solution. Thus, the Na was incorporated into the geopolymer
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Figure 7.4: (a) OD map of B-CA-4 Na-2-7 geopolymer area collected at 1570 eV, (b) Al
K-edge composite map of same area generated from corresponding XANES spectra
obtained from selected regions shown in (c). Note that image (a) and (b) are slightly
shifted from each other due to drifting of the beam during stack analysis.
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Figure 7.5: The K-edge XANES spectra for the B-CA-4 Na-2-7 geopolymer in regions
where Al was detected for: (a) Na and (b) Si

gel by satisfying the negative charge balance in the aluminosilicate framework [98], as
was also demonstrated by FTIR in Chapter 6.
The detected XANES spectra (Na, Al and Si) for the B-CA-4 ash and Na-2-7
geopolymer are similar to the spectra measured for different types of sodium
aluminosilicate glasses and minerals [214-218]. It appears that the coordination of Al in
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region 1 of the geopolymer gel is different compared to the other regions of the gel and
raw ash, as evidenced by the higher energy (+2 eV) of the first main peak in the region 1
spectrum. For a range of aluminosilicate minerals, it has been shown that the average
energy of the first peak at the Al K-edge is 1566.7 eV for 4-coordinated Al, and 1568.3
eV for 6-coordinated Al [216]. This suggests that region 1 in Figure 7.4b has 6coordinated Al, while the remaining geopolymer gel and ash particles have 4-coordinated
Al.
In the tetrahedral aluminosilicate model, which is commonly used to describe
geopolymer gel structure (using both coal fly ash and metakaolin as a precursor), the Al
must be 4-coordinated when polymerized with Si [98]. However, both 4- and 6coordinated Al have been previously detected in coal fly ash geopolymer gels, but it was
not determined whether the 6-coordinated Al was part of the tetrahedral aluminosilicate
gel or another phase [223]. It is possible that the 6-coordinated Al region observed here is
associated with a mullite phase, which might indicate that it is an unreacted remnant of
the original fly ash. Na was also detected in that region, but it is unclear whether the Na is
part of the 6-coordinated Al phase composition.
In sodium aluminosilicate glasses and geopolymers, the sodium cations act as a
charge compensator for the alumina tetrahedra [98, 218]. The spectra revealed that Na
was incorporated into the Na-2-7 geopolymer gel, at least in regions 2 and 3. Still, the
corresponding Al K-edge spectra for these regions were not significantly different than
the raw ash spectra even though Al XANES can be highly sensitive to the degree of
polymerization of a glassy network [218]. Si XANES has also been shown to be sensitive
to the polymerization of silicate minerals, with the Si K-edge generally shifting to a
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higher energy with increased polymerization [224]. The Si K-edge peak for the
geopolymer (1848.4 eV) was higher than that measured for the ash (1846.4 eV), which
might suggest there is a higher amount of polymerization in the gel. However, these
results cannot be verified because the Si energy peak locations might have been impacted
by calibration changes which occurred during the experiment.
In the biomass ash (D-BA-100), neither Na nor Al were detected by STXM and
only a few of the analyzed particles contained low concentrations of Si. This suggests
that the biomass ash fraction of the co-fired fly ash (B-CA-4) likely did not contribute
much to the Na, Al and Si XANES spectra presented here. Rather, it is believed the coal
fly ash portion of the co-fired fly ash primarily contributed to the gel formation as
detected by XANES, as this fraction contained the majority of the glassy aluminosilicate
phases necessary for the geopolymerization reaction to occur.

7.4

Conclusions

This study used STXM analysis to characterize the distribution, speciation and
coordination of elements in a biomass ash, a co-fired fly ash and a geopolymer gel
prepared using the co-fired fly ash. Chemical maps of these materials were developed to
examine their compositional differences with high spatial resolution. The biomass ash
contained a heterogeneous distribution of C, K and Ca elemental species (including
CaCO3) within singular particles or agglomerates, and very low concentrations of Na, Al
and Si. In contrast, the C (mostly aromatic) and Ca in co-fired fly ash was more isolated
and distributed in distinct particles. This shows the differences in the micro-scale
elemental speciation distribution between these two ash types. Furthermore, the co-fired
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fly ash had similar Al and Si K-edge spectra compared to common aluminosilicate
glasses and minerals.
Incorporation of Na into the aluminosilicate framework of the co-fired fly ash gel
after alkali-activation was evidenced by the presence of a strong Na K-edge spectra in the
resulting geopolymer. This study also revealed a nano-scale heterogeneity of the
aluminosilicate phase composition within the co-fired fly ash geopolymer. For example, a
region of the geopolymer had 6-coordinated Al potentially associated with a mullite
phase, as opposed to the 4-coordinated Al observed elsewhere in the geopolymer that
constitutes the tetrahedral aluminosilicate gel phase. This is the first time that phases of a
co-fired fly ash geopolymer with different Al-coordinations have been spatially-resolved.
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CHAPTER 8
CONCLUSIONS AND FUTURE RESEARCH

8.1

Conclusions

The main objectives of this research were to characterize a set of biomass ashes and
co-fired fly ashes with varying characteristics and to examine whether these ashes can be
viably used as SCMs in portland cement-based composites and/or as precursors for
alkali-activated geopolymer formation. Additionally, the early-age behavior of coal fly
ash geopolymers was assessed. The following sections present the key findings of this
research.

8.1.1

Characterization of Biomass Ashes and Co-fired Fly Ashes
The chemical and physical properties of a set of 16 coal, biomass and co-fired fly

ashes were examined. The biomass ashes tested in this thesis have significantly different
compositions compared to the coal fly ashes when considering both major and minor
elements. For example, the biomass ashes are enriched in many of the elements that are
essential for plant growth (i.e., K, Ca, P, C, Cl, Mg and Mn), and less abundant in certain
elements more commonly found in coal fly ashes (i.e., Al and Si). Furthermore, these
ashes have high carbon contents (as measured by TOC) and particles with intact cell
walls indicative of the raw biomass fuel.
Conversely, the co-fired fly ash samples tested in this thesis have compositions
much more similar to the coal fly ashes, with high aluminosilicate contents. For these
samples, no strong correlation was found between biomass co-firing and a change in the
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concentration of most of the elements the biomass ashes were found to be enriched in
(including carbon) either overall or within series of samples from the same power plant.
However, co-firing with wood does appear to slightly increase phosphate levels (although
phosphate levels for these ashes were still within limits established by EN-450). Also,
fibrous particles reminiscent of biomass ashes were observed in co-fired fly ashes, but
these irregular particles were intermixed with mostly spherical particles more reminiscent
of coal fly ash. Since ashes produced at the same boiler (i.e., both coal and co-fired) had
similar compositions, it is proposed that the combustion conditions and processing
variables had the largest impact on the ash properties. Likely, the co-fired fly ashes had
similar overall properties to companion coal fly ashes because only a small percentage of
each co-fired fly ash was derived from the secondary biomass fuel. While it must be
stated that these samples are not meant to be representative of the entire potential range in
ash properties or characteristics for the three ash categories tested in this thesis (i.e., coal,
biomass and co-fired fly ash), other reports [19, 27-38] corroborate the findings here
suggesting that co-firing can produce ashes with similar composition and properties to
coal fly ashes.

8.1.2

Use of Biomass Ashes and Co-fired Fly Ashes as SCMs
A set of biomass and co-fired fly ashes with varying characteristics were

evaluated for use as SCMs in concrete. Despite co-firing with biomass, all of the co-fired
fly ashes in this thesis met the ASTM C618 chemical, physical and supplemental optional
physical requirements tested where the companion coal fly ash source also met these
requirements. The results also demonstrated that co-fired fly ash, when conforming to
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current ASTM C618 specifications, can impart similar properties as coal fly ash to OPC
pastes, mortars and concrete specimens. This is likely due to the pozzolanic reactivity of
the co-fired fly ashes, which exhibited a similar reactivity to the coal fly ashes (both in
magnitude and rate of CH consumption). As a result of this pozzolanic reactivity—in
addition to other factors—co-fired fly ash mixes (compared to plain cement mixes) had
higher compressive strengths and lower permeabilities (as measured by RCPT) at later
ages, and decreased ASR and sulfate attack expansion under standard testing conditions.
The examined coal and co-fired fly ashes showed similar behaviors when used as
SCMs likely due to their similarity in bulk composition, and despite their potential
differences. For example, the slightly elevated phosphate contents of the co-fired fly
ashes did not delay setting time. Also, the irregularly-shaped remnant biomass particles
observed in the co-fired fly ashes did not appear to impact rheology, as no correlation
was found between an increase in co-firing amount and an increase in plastic viscosity or
yield stress. Rather, decreased workability was more correlated to higher carbon contents
and higher surface areas (mostly derived from the carbon particles) for both coal and cofired fly ashes. The residual carbon contents of both the coal and co-fired fly ashes also
increased the AEA demand and decreased the entrained air contents of ash-cement
mixtures. Nevertheless, this study demonstrated that the co-fired fly ashes from the
sources tested can improve the strength and durability of concrete compared to plain
cement to an extent comparable and in some cases better than a companion coal fly ash
sample. Thus the potential of an ash to be used as an SCM is related to the chemical and
physical properties of the ash, and not necessarily to its source (i.e., coal or co-firing).
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The chemical and physical properties of the single wood biomass ash examined
were significantly different than the coal and co-fired fly ashes. As a result, this ash
exhibited a very different behavior when used as a cement replacement in concrete
compared to coal and co-fired fly ash. The biomass ash was not pozzolanically reactive,
likely due to its low aluminosilicate content. Its lack of pozzolanicity, combined with its
high water absorption capacity and angular morphology, also impacted the performance
of OPC pastes, mortars and concrete. For example, this ash decreased compressive
strength and accelerated ASR expansion and sulfate attack compared to plain cement.
However, it must be emphasized that this biomass ash only represents one biomass
source, and other sources may perform differently.

8.1.3

Coal Fly Ash Geopolymer Reaction Kinetics and Rheology
The early-age reaction kinetics and rheological behavior of alkali-activated coal

fly ash pastes were characterized. Two main exothermic features associated with the
dissolution of the fly ash and the polymerization of an aluminosilicate gel were observed
during the first 360 h of reaction using isothermal calorimetry at 25°C and 40°C. The
reaction kinetics were strongly influenced by the composition of the activator solution
and the reaction temperature. Rheological data were best fit to a non-linear model, and
the non-linearity of the shear stress vs. shear rate curve depended on the activator
solution chemistry and the age of the paste. The plastic viscosity of fly ash geopolymer
pastes was mainly controlled by the activating solution viscosity and the solids volume
fraction of the fly ash particles. Yield stress values were likely affected by the solids
volume fraction, the formation of an aluminosilicate gel at early ages and the rheology of
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the activating solutions. These pastes also underwent a time-dependent rheological
evolution, which may have been controlled by the early-age dissolution of fly ash
particles as identified by calorimetry.

8.1.4

Co-fired Fly Ash for Alkali-Activated Geopolymer Formation
Co-fired fly ash was examined as a potential source for forming geopolymer

binders. Compared to a coal fly ash sample, the two co-fired fly ashes tested had a lower
vitreous content and higher carbon content, primarily due to differing combustion
processing variables unrelated to the use of biomass as a secondary fuel. As a result,
binders produced with these co-fired fly ashes had reduced reaction potential.
Nevertheless, compressive strengths were generally highest for all ashes activated with
solutions with a molar ratio of SiO2/(Na2O + K2O) = 1, and these mixes were also highly
reacted and polymerized as identified by FTIR and SEM. XRD showed that activation of
all ashes with sodium hydroxide solutions silica formed zeolitic phases. Also, the thermal
behavior of the coal and co-fired fly ash geopolymers were similar between equivalent
mixes as measured by dilatometry and TGA. Co-firing appeared to increase the
phosphate content of the ash, but this had no discernible impact on gel formation. The
results show that with the use of an appropriate mix design and curing condition, a cofired fly ash with an adequate vitreous aluminosiliceous content will form a hardened,
polymerized binder when alkali-activated.
Characterization of these materials by scanning transmission X-ray microscopy
(STXM) analysis revealed further insights about their composition at the nano- to microscale. Specifically, the distribution and coordination of elements in a co-fired fly ash
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geopolymer gel was examined. The strong Na K-edge spectra confirmed that Na had
been incorporated into the aluminosilicate framework of the co-fired fly ash gel after
geopolymerization. Furthermore, the aluminosilicate phase composition of the gel was
heterogeneous at the nano-scale. Three regions with distinct Al K-edge spectra were
detected in the analyzed area of the gel. The spectrum measured in one region was
consistent with 6-coordinated Al, which is potentially associated with an unreacted
mullite phase. 4-coordinated Al was detected in the remaining regions which is
associated with a tetrahedral aluminosilicate geopolymer gel. Likely, the glassy fraction
of the co-fired fly ash that contributed to the majority of the gel formation in these
materials was primarily provided by the coal fuel source upon combustion, as biomass
ashes derived from wood sources are much less abundant in glassy aluminosilicate
phases.

8.2

Recommendations

The following sections present recommendations based upon the current research
on biomass ashes and co-fired fly ashes, and their potential beneficial reuse applications.
Additionally, recommendations are provided based on the early-age behavior research
performed on coal fly ash geopolymers.

8.2.1

Use of Biomass Ashes and Co-fired Fly Ashes as SCMs
The results of this study provide further evidence in addition to similar findings

by others [32, 38, 67-69] and a history of adequate performance in Europe [65, 92, 95],
that the current American specifications for fly ash should be modified to permit co-fired
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fly ash sources that meet existing ASTM C618 requirements and any additional
requirements deemed necessary to ensure their satisfactory performance when used in
concrete. Recently, the ASTM committee that oversees this standard (C09.24) has begun
to recognize the inconsistency between current practice and the exclusion of co-fired fly
ashes from the standard. As a result, the committee has drafted an amendment to the
standard which will allow residue in fly ash resulting from the burning of materials other
than coal added to the flue gas stream to achieve emission quality goals (e.g., biomass),
but no additional limits for these materials are stipulated.
This research shows that the acceptance of ash from fuel streams containing
minor quantities of fuel materials other than coal (i.e., wood) is satisfactory for use in
concrete. However, the amendment to the standard will likely need to be more explicit to
certify the quality of the fly ash and to gain widespread approval from the fly ash industry
in the U.S. For example, the standard may need to include limits on the amount of ash
derived from the secondary fuel or, more practically, restrictions on the secondary fuel
amount and type (especially regarding biomass species) as well as any additional
compositional limits deemed necessary. These additional stipulations will also allow the
standard to adapt to future changes in co-firing technologies (e.g., higher co-firing
percentages than are currently used in combustion practices). It is recommended that the
EN-450 document serve as a guide for the ASTM standard as it transitions to include cofired fly ashes.
On the other hand, the results of this study indicated that the use of certain
biomass ashes as an SCM is not warranted, especially since certain biomass ashes can
have much lower amorphous contents compared to coal fly ashes. Biomass ashes might
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be better utilized as soil supplements to improve alkalinity for agricultural applications
[225], as low-cost adsorptive agents for contaminant uptake [120] or potentially as
internal curing agents in cement-based materials.
Lastly, the use of fly ash (both coal and co-fired) as an SCM in concrete is
expected to increase in the future as ‘green’ building materials are more commonly
specified (especially for durability purposes). The results of this research indicate that
strength gain can be significantly slower in fly ash concrete compared to OPC concrete
due to the slow pozzolanic reaction. Thus, it may be more useful and appropriate to
specify strength at later ages (e.g., at 56 days) instead of the more frequently specified
28-day strength for concrete that contains slower reacting SCMs such as fly ash.

8.2.2

Early-Age Behavior of Coal Fly Ash Geopolymers
Measurement of the exothermic behavior of coal fly ash geopolymers and

interpretation of heat evolution data will enable researchers to obtain a better
understanding of the complex reaction kinetics of these materials at early ages, including
the rate of dissolution of the precursor (such as fly ash), and the rate and occurrence of
gel formation when using activating solutions with varying compositions. However, this
investigation found that geopolymer exothermic behavior is not correlated to strength
development (i.e., the Na-0 mix had the highest heat evolved after 7 days cured at 40°C,
but relatively low strength), and thus may not be a good indicator of overall gel
polymerization and development. This is in contrast to cement hydration heat release,
which is used to measure the degree of hydration and maturity of the paste, which are
both related to strength development. It is also important for potential users of
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geopolymers to understand that the heat generated by geopolymers can be significantly
less and occur on a much different timescale compared to OPC concrete depending on the
composition of the geopolymeric material. As will be discussed in the future research
section, correlations between early-age reaction kinetics and the composition, structure,
and properties of geopolymers is an area of further research which should be pursued.
Also, it was found that the rheology of fly ash geopolymers is controlled by
significantly different forces and interactions than those controlling cement-based
materials. Therefore, admixtures that are typically utilized to modify the rheological
behavior of OPC concrete (e.g. superplasticizers) will likely not be appropriate for these
materials. Furthermore, it was discovered that the rheological behavior of coal fly ash
geopolymer pastes can significantly change with time at early ages, and the extent of this
change is mostly dependent on the activator solution composition. This finding has
important implications for the workability of these binders, because this behavior will
need to be accounted for during transportation and placement of these materials in the
field.

8.2.3

Co-fired Fly Ash Geopolymers
The results of this study indicate that co-fired fly ashes can be viably used to form

alkali-activated geopolymers, which is a new beneficial end use for these emerging waste
materials. Therefore, co-fired fly ashes that do not currently conform to the ASTM C618
standard based solely on their secondary biomass fuel source may potentially be used for
geopolymerization depending on their composition. The aluminosilicate content available
to participate in the geopolymerization reaction will be of importance in determining the
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potential of a co-fired fly ash sample to be utilized in the production of geopolymers. One
factor that contributed to the lower vitreous phase amount in the co-fired fly ashes used in
this study (compared to the coal fly ash), was their higher residual carbon contents. The
increased unburned carbon in these samples was not directly related to the use of the
secondary biomass fuel, but rather was mainly a result of differing combustion
processing variables. Even so, increased carbon could be a potential issue for geopolymer
production when using these ash types, because it is current practice (at least in the U.S.)
to co-fire at facilities with less-efficient boilers. Therefore, beneficiation strategies to
remove nonreactive phases in these ashes, such as carbon, may be necessary to increase
their potential reactivity.
Nevertheless, this study demonstrates that certain compositional issues (e.g., high
carbon, less vitreous content) can be overcome by tailoring the mix design with particular
focus on the activating solutions. For example, an increased molar concentration for BCA-4 alkali-activation improved strengths for some mixes. Also, the use of silicate
activator solutions (K or Na) with an Ms = 1 produced mixes with the highest
compressive strengths, in general. Furthermore, the use of K activators, instead of Na,
could improve the workability of fresh geopolymers. Co-fired fly ashes could also be
combined with other common precursor materials such as blast furnace slag to improve
binder properties. Ultimately, the method for developing an optimum mix design will be
the same for co-fired fly ash sources as it is currently for coal fly ash sources, and will
require characterization and testing to determine the impact of their composition on
desired binder properties.
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8.3

Future Research

This dissertation research has contributed to the body of knowledge on the
composition of biomass ashes and co-fired fly ashes, in addition to their potential to be
used as an SCM and as a precursor to form alkali-activated geopolymers. This research
also investigated some important early-age properties of coal fly ash geopolymers.
However, additional research will be necessary to develop the appropriate language and
limits (if necessary) in the ASTM C618 document to allow co-fired fly ashes. Also,
additional reuse options for biomass ashes will need to be investigated. Furthermore,
more research is needed to better understand the impact of co-firing on geopolymer
binder properties in addition to other key properties of geopolymeric materials. Some
important topics that require additional research are listed below:



As stated in the recommendations section, the ASTM C618 standard may need to
be amended to include additional limits for co-fired fly ashes. Therefore, further
assessments may need to be performed by testing more biomass sources (e.g.,
herbaceous fuel types) and coal replacement rates to determine the potential
changes—due to the secondary fuel source—on the physical and/or chemical
composition of co-fired fly ashes (e.g., morphology, phosphate content) to
develop new compositional limits for these materials to be included in ASTM
C618, if deemed necessary. For example, although the co-fired fly ashes used in
this study were not enriched in certain elements known to affect OPC concrete
performance that are typically found in greater abundance in biomass ashes
compared to coal fly ashes (e.g., K, Mg), these elements may be higher in
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concentration when using different biomass species and/or higher biomass cofiring percentages. Therefore, it would be useful to develop a potential elemental
and ash percentage envelope for co-fired fly ashes produced with the types of
biomass and co-firing amounts that will be expected in the future. This could be
accomplished with a mass balance simulation model similar to that used by
KEMA to develop additional limits for co-fired fly ashes in the EN-450 standard
[96]. Further research may also be required to assess other performance criteria
regarding the use of co-fired fly ash in concrete not addressed in this study (e.g.,
additional mechanical, durability and field testing).


There is a need to develop new potential reuse options for biomass ashes, because
the biomass ash tested in this study was not found suitable for use as an SCM or
for geopolymer production. One potential option could be to use biomass ashes as
an internal curing agent for concrete due to their high absorption capacities. For
example, the water absorption capacity of D-BA-100 was measured to be
approximately 100% using the procedure developed by Johansen et al. [149] (i.e.,
1 g of ash can absorb 1 g of water). Internal curing has previously been found to
be a viable application for wood pulp fibers [226]. However these ashes have a
different composition compared to pulp fiber and, as such, more research will be
needed to examine their impact on concrete properties when used at low dosage
rates, and to determine if biomass ashes can impart the benefits associated with
internal curing to concrete (e.g., reduced autogenous shrinkage). Another reuse
option could be to utilize biomass ashes with high adsorption potential as a costeffective alternative to activated carbon for decontamination of fluid streams (e.g.,
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heavy metal uptake). More research will be needed to determine the adsorption
capacity of biomass ashes for various contaminants, and to study the binding
mechanisms that occur during the adsorption process.


Fly ash beneficiation (e.g., carbon removal) might become more economically
advantageous as the supply of high-quality fly ash decreases in the future due to
increased environmental regulations and due to the shifting of the energy portfolio
away from coal combustion toward renewable sources. If the amount of usable fly
ash diminishes in the future, it may also become more economically feasible, and
necessary, to reclaim previously landfilled or ponded ashes—which will also
likely need to be beneficiated. Therefore, beneficiation technologies will need to
be developed that efficiently remove carbon or prevent the deleterious interactions
associated with carbon in concrete. In this study, the use of a sacrificial admixture
was found to decrease AEA demand, but other admixtures may perform better
and will need to be researched. For example, polymeric microsphere-based
admixtures—such as the one recently developed by BASF—may eliminate any
carbon adsorption issues and still provide excellent freeze-thaw protection [227].
Research could also expand upon other carbon removal strategies (e.g., sieving,
electrostatic precipitation) previously performed on the ashes in this study [120,
228]. This research showed that high-carbon ashes can decrease the performance
of both OPC and geopolymer concrete, and thus any improvement in
beneficiation technologies could significantly improve the viability of coal and
co-fired fly ashes to be used in these two applications.
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More research on the rheological behavior of fly ash geopolymers will be
necessary to determine the contribution of the activating solution, ash
characteristics, volume fraction and the formed gel network to plastic viscosity
and yield stress. These contributions may be different depending on the mix
design, curing conditions (i.e., temperature and humidity) and age. Future tests
could also use a constant solids volume fraction when comparing mixes to reduce
the number of experimental variables. Furthermore, a larger range of shear rates
than those tested in this study (which was limited by the torque capacity of the
rheometer) may provide additional insight about these materials, as the shear rate
has a significant impact on the dominating phenomena contributing to rheological
behavior (e.g., colloidal, viscous or inertial) [150].



There is also a need to develop technologies to achieve workable geopolymer
mixes in the field. This will require further research to develop compatible
rheology-modifying admixtures. Additional mix designs using a wider range of
precursor materials and activating solutions will also need to be tested to develop
geopolymers that have a reliable and consistent rheological behavior for an
extended period of time to ensure adequate workability at the construction site
during placement and finishing.



Additional research will be necessary to assess other performance criteria
regarding the use of co-fired fly ash as a precursor material in alkali-activated
geopolymers. Different types of biomass with additional coal replacement rates
than those used in this study will need to be tested. As a result, these ashes may
contain a larger percentage of the secondary fuel ash, and may have different
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physical or chemical characteristics such as reduced silica or increased alkali
levels. These changes, in turn, may alter the gel properties in a more discernable
way than observed in this study especially if there is a greater unreactive portion
in the co-fired fly ash derived from the biomass combustion.


This research primarily focused on the small-scale characterization of geopolymer
samples produced with either coal or co-fired fly ash. Future research on
geopolymers for civil engineering applications (made with fly ash or other
precursor materials) will need to focus on quality control in addition to
mechanical, durability and in-service performance testing. For example, there is
still a limited understanding about the dimensional stability (e.g., creep) of
geopolymers or their resistance to alkali-aggregate reactivity, carbonation and
corrosion [16]. There is also a need to develop accelerated standard durability test
methods to ensure their long-term performance in the field. In the future,
geopolymers could potentially be used as a structural material, but this will
require significant experimental testing to determine the fundamental material and
mechanical properties of these binders to ultimately develop safe design codes,
and to ensure adequate service life in a range of environmental conditions.

223

REFERENCES

1.

International Energy Agency, Renewable Energy Outlook, 2013; Available from:
http://www.worldenergyoutlook.org/media/weowebsite/2013/WEO2013_Ch06_R
enewables.pdf.

2.

International Energy Agency, Key World Energy Statistics, 2013; Available from:
http://www.iea.org/publications/freepublications/publication/KeyWorld2013.pdf.

3.

U.S. Energy Information Administration, Annual Energy Outlook 2014. 2014. 269
pp.

4.

International Energy Agency, CO2 Emissions From Fuel Combustion, 2013.

5.

U.S. Energy Information Administration, Annual Energy Outlook 2012. 2012. 252
pp.

6.

AGS, Co-combustion: A summary of technology. 2007, The Alliance for Global
Sustainability: Gothenburg, Sweden.

7.

van Loo, S. and Koppejan, J., eds. The Handbook of Biomass Combustion & Cofiring. 2010, Earthscan: Washington D.C.

8.

Baxter, L., Biomass-coal co-combustion: opportunity for affordable renewable
energy, Fuel, 2005. 84 (10): pp. 1295-1302.

9.

Maciejewska, A., Veringa, H., Sanders, J. and Peteves, S.D., Co-firing of biomass
with coal: Constraints and role of biomass pre-treatment, 2006, DG-JRC Institute
for Energy.

10.

Hughes, E., Biomass cofiring: economics, policy and opportunities, Biomass &
Bioenergy, 2000. 19 (6): pp. 457-465.

11.

Biomass Supply and Carbon Accounting for Southeastern Forests, 2012;
Available from:
http://www.southernenvironment.org/uploads/publications/biomass-carbon-studyFINAL.pdf.

12.

National Renewable Energy Laboratory, Biomass Maps, 2014; Available from:
http://www.nrel.gov/gis/biomass.html.

13.

U.S. Energy Information Administration, Annual Electric Generator Report Electricity Generating Capacity, 2011; Available from:
http://www.eia.gov/electricity/capacity/.

224

14.

Wood: The fuel of the future, in The Economist, April 6, 2013.

15.

American Coal Ash Association, 2012 Coal Combustion Product (CCP)
Production & Use Survey Report, 2012.

16.

Alkali Activated Materials: State-of-the-Art Report, Rilem TC 224-AAM, ed. J.L.
Provis and J.S.J. Van Deventer, 2014: Springer/RILEM.

17.

U.S. Environmental Protection Agency, Region 4: TVA Kingston fossil plant fly
ash release, 2013; Available from:
http://www.epa.gov/region04/kingston/index.html.

18.

Duke Energy, Dan river response, 2014; Available from: http://www.dukeenergy.com/Dan-River/.

19.

Saraber, A.J., Effects of co-combustion on properties and performance of fly ash
for use in concrete: progress report, in TSA Power Generation 2008, KEMA:
Arhhem, Netherlands. 112 pp.

20.

Vassilev, S.V., Baxter, D. and Vassileva, C.G., An overview of the behaviour of
biomass during combustion: Part I. Phase-mineral transformations of organic
and inorganic matter, Fuel, 2013. 112: pp. 391-449.

21.

ACI Concrete Terminology (ACI CT-13), American Concrete Institute,
Farmington Hills, MI, 2013.

22.

ACI Committee 232, "Use of Fly Ash in Concrete (232.2R-03)," American
Concrete Institute, Farmington Hills, MI, 2004.

23.

Fisher, G.L., Prentice, B.A., Silberman, D., Ondov, J.M., Biermann, A.H.,
Ragaini, R.C. and McFarland, A.R., Physical and morphological studies of sizeclassified coal fly-ash, Environmental Science & Technology, 1978. 12 (4): pp.
447-451.

24.

Kutchko, B.G. and Kim, A.G., Fly ash characterization by SEM-EDS, Fuel, 2006.
85 (17-18): p. 2537-2544.

25.

Diamond, S., Particle morphologies in fly-ash, Cement and Concrete Research,
1986. 16 (4): p. 569-579.

26.

Vassilev, S.V., Baxter, D., Andersen, L.K. and Vassileva, C.G., An overview of
the chemical composition of biomass, Fuel, 2010. 89 (5): pp. 913-933.

27.

Kazagic, A. and Smajevic, I., Synergy effects of co-firing wooden biomass with
Bosnian coal, Energy, 2009. 34 (5): pp. 699-707.

225

28.

Pedersen, L.S., Nielsen, H.P., Kiil, S., Hansen, L.A., Dam-Johanesn, K., Kildsig,
F., Christensen, J. and Jespersen, P., Full-scale co-firing of straw and coal, Fuel,
1996. 75 (13): pp. 1584-1590.

29.

Raclavska, H., Juchelkova, D., Roubicek, V. and Matysek, D., Energy utilisation
of biowaste - Sunflower-seed hulls for co-firing with coal, Fuel Processing
Technology, 2011. 92 (1): pp. 13-20.

30.

Saraber, A.J. and van den Berg, J.W., Assessment of co-combustion fly ashes for
use in concrete, in Proceedings of World of Coal Ash, Lexington, KY, April 1115, 2005.

31.

Arvelakis, S. and Frandsen, F.J., Rheology of fly ashes from coal and biomass cocombustion, Fuel, 2010. 89 (10): pp. 3132-3140.

32.

Wang, S.Z. and Baxter, L., Comprehensive study of biomass fly ash in concrete:
Strength, microscopy, kinetics and durability, Fuel Processing Technology, 2007.
88 (11-12): pp. 1165-1170.

33.

Fouad, F.H., Copham, C.A. and Donovan, J.M., Evaluation of concrete
containing fly ash with high carbon content and/or small amounts of wood, 1998,
EPRI, Southern Company.

34.

Molcan, P., Lu, G., Le Bris, T., Yan, Y., Taupin, B. and Caillat, S.,
Characterisation of biomass and coal co-firing on a 3 MWth Combustion Test
Facility using flame imaging and gas/ash sampling techniques, Fuel, 2009. 88
(12): pp. 2328-2334.

35.

Tkaczewska, E. and Malolepszy, J., Hydration of coal-biomass fly ash cement,
Construction and Building Materials, 2009. 23 (7): pp. 2694-2700.

36.

Vamvuka, D., Pitharoulis, M., Alevizos, G., Repouskou, E. and Pentari, D., Ash
effects during combustion of lignite/biomass blends in fluidized bed, Renewable
Energy, 2009. 34 (12): pp. 2662-2671.

37.

Dockter, B.A. and Eylands, K.E., Development of management options for
biomass combustion by-products, in Proceedings of International Ash
Symposium, Lexington, KY, Oct. 20-22, 2003.

38.

Johnson, A., Catalan, L.J.J. and Kinrade, S.D., Characterization and evaluation of
fly-ash from co-combustion of lignite and wood pellets for use as cement
admixture, Fuel, 2010. 89 (10): pp. 3042-3050.

39.

Tishmack, J.K., Olek, J. and Diamond, S., Characterization of high-calcium fly
ashes and their potential influence on ettringite formation in cementitious
systems, Cement Concrete and Aggregates, 1999. 21 (1): pp. 82-92.

226

40.

McCarthy, G.J., Swanson, K.D., Keller, L.P. and Blatter, W.C., Mineralogy of
western fly-ash, Cement and Concrete Research, 1984. 14 (4): pp. 471-478.

41.

Tumuluru, J.S., Sokhansanj, S., Wright, C.T., Boardman, R.D. and Yancey, N.A.,
A review on biomass classification and composition, co-firing issues and
pretreatment methods, in 2011 ASABE Annual International Meeting, 2011, Idaho
National Laboratory.

42.

Tucker, M.R., Essential Plant Nutrients: Their Presence in North Carolina soils
and Role in Plant Nutrition, 1999; Available from:
http://www.ncagr.gov/agronomi/pdffiles/essnutr.pdf.

43.

Kauppinen, E., Lind, T., Kurkela, J., Latva-Somppi, J. and Jokiniemi, J., Ash
particle formation mechanisms during pulverised and fluidised bed combustion of
solid fuels. Thermal Biomass Utilization. 1998, Graz, Austria, dbv-Verlag: BIOS.

44.

Bryers, R.W., Fireside slagging, fouling, and high-temperature corrosion of heattransfer surface due to impurities in steam-raising fuels, Progress in Energy and
Combustion Science, 1996. 22 (1): pp. 29-120.

45.

Kalembkiewicz, J. and Chmielarz, U., Ashes from co-combustion of coal and
biomass: New industrial wastes, Resources Conservation and Recycling, 2012.
69: pp. 109-121.

46.

Naik, T.R., Kraus, R.N. and Siddique, R., Controlled low-strength materials
containing mixtures of coal ash and new pozzolanic material, ACI Materials
Journal, 2003. 100 (3): pp. 208-215.

47.

U.S. Geological Survey, Digital representations of tree species range maps 2013;
Available from: http://esp.cr.usgs.gov/data/little/.

48.

Misra, M.K., Ragland, K.W. and Baker, A.J., Wood ash composition as a function
of furnace temperature, Biomass & Bioenergy, 1993. 4 (2): pp. 103-116.

49.

Aitcin, P.C., Binders for durable and sustainable concrete. 2008, New York, NY:
Taylor & Francis.

50.

Taylor, H.F.W., Cement chemistry. 2nd ed. 1997, London, UK: Thomas Telford.

51.

Lea's chemistry of cement and concrete. Hewlitt, P.C., Editor. 4th ed. 2008,
Elsevier: Burlington, MA.

52.

Mehta, P.K. and Monteiro, P.J.M., Concrete: Microstructure, properties, and
materials. 3rd ed. 2006: The McGraw-Hill Companies.

53.

De Weerdt, K., Kjellsen, K.O., Sellevold, E. and Justnes, H., Synergy between fly
ash and limestone powder in ternary cements, Cement and Concrete Composites,
2011. 33 (1): pp. 30-38.

227

54.

Kosbab, B.D. and Kurtis, K.E., Effect of calcium chloride and initial curing
temperature on expansion caused by sulfate exposure, ACI Materials Journal,
2010. 107 (6): pp. 632-639

55.

Cheah, C.B. and Ramli, M., Mechanical strength, durability and drying shrinkage
of structural mortar containing HCWA as partial replacement of cement,
Construction and Building Materials, 2012. 30: pp. 320-329.

56.

Cheah, C.B. and Ramli, M., Load capacity and crack development characteristics
of HCWA-DSF high strength mortar ferrocement panels in flexure, Construction
and Building Materials, 2012. 36: pp. 348-357.

57.

Elinwa, A.U., Ejeh, S.P. and Mamuda, A.M., Assessing of the fresh concrete
properties of self-compacting concrete containing sawdust ash, Construction and
Building Materials, 2008. 22 (6): pp. 1178-1182.

58.

Elinwa, A.U. and Mahmood, Y.A., Ash from timber waste as cement replacement
material, Cement & Concrete Composites, 2002. 24 (2): pp. 219-222.

59.

Maschio, S., Tonello, G., Piani, L. and Furlani, E., Fly and bottom ashes from
biomass combustion as cement replacing components in mortars production:
Rheological behaviour of the pastes and materials compression strength,
Chemosphere, 2011. 85 (4): pp. 666-671.

60.

Rajamma, R., Ball, R.J., Tarelho, L.A.C., Allen, G.C., Labrincha, J.A. and
Ferreira, V.M., Characterisation and use of biomass fly ash in cement-based
materials, Journal of Hazardous Materials, 2009. 172 (2-3): pp. 1049-1060.

61.

Esteves, T.C., Rajamma, R., Soares, D., Silva, A.S., Ferreira, V.M. and
Labrincha, J.A., Use of biomass fly ash for mitigation of alkali-silica reaction of
cement mortars, Construction and Building Materials, 2012. 26 (1): pp. 687-693.

62.

Udoeyo, F.F. and Dashibil, P.U., Sawdust ash as concrete material, Journal of
Materials in Civil Engineering, 2002. 14 (2): pp. 173-176.

63.

Udoeyo, F.F., Inyang, H., Young, D.T. and Oparadu, E.E., Potential of wood
waste ash as an additive in concrete, Journal of Materials in Civil Engineering,
2006. 18 (4): pp. 605-611.

64.

Saraber, A.J., Background to the requirements: Report for discussion for
evaluation of the EN 450, in TSA Power Generation 2006, KEMA: Arnhem,
Netherlands. 62 pp.

65.

Saraber, A.J., Co-combustion and its impact on fly ash quality; pilot-scale
experiments, Fuel Processing Technology, 2012. 104: pp. 105-114.

228

66.

Tkaczewska, E., Mroz, R. and Loj, G., Coal-biomass fly ashes for cement
production of CEM II/A-V 42.5R, Construction and Building Materials, 2012. 28
(1): pp. 633-639.

67.

Wang, S., Baxter, L. and Fonseca, F., Biomass fly ash in concrete: SEM, EDX and
ESEM analysis, Fuel, 2008. 87 (3): pp. 372-379.

68.

Wang, S.Z., Llamazos, E., Baxter, L. and Fonseca, F., Durability of biomass fly
ash concrete: Freezing and thawing and rapid chloride permeability tests, Fuel,
2008. 87 (3): pp. 359-364.

69.

Wang, S.Z., Miller, A., Llamazos, E., Fonseca, F. and Baxter, L., Biomass fly ash
in concrete: Mixture proportioning and mechanical properties, Fuel, 2008. 87
(3): pp. 365-371.

70.

Wang, S.Z. and Baxter, L., Biomass ash in concrete-mitigation of alkali silica
reactions (ASRs) expansions with different opal percentages, in Advances in
Concrete and Structures. 2009. pp. 131-136.

71.

Wang, S.Z., Compressive strengths of mortar cubes from hydrated lime with
cofired biomass fly ashes, Construction and Building Materials, 2014. 50: pp.
414-420.

72.

Wang, S.Z., Quantitative kinetics of pozzolanic reactions in coal/cofired biomass
fly ashes and calcium hydroxide (CH) mortars, Construction and Building
Materials, 2014. 51: pp. 364-371.

73.

Bai, J. and Wild, S., Investigation of the temperature change and heat evolution of
mortar incorporating PFA and metakaolin, Cement & Concrete Composites,
2002. 24 (2): pp. 201-209.

74.

Garas, V.Y. and Kurtis, K.E., Assessment of methods for optimising ternary
blended concrete containing metakaolin, Magazine of Concrete Research, 2008.
60 (7): pp. 499-510.

75.

Fajun, W., Grutzeck, M.W. and Roy, D.M., The retarding effects of fly ash upon
the hydration of cement pastes: The first 24 hours, Cement and Concrete
Research, 1984. 15: pp. 174-184.

76.

De Weerdt, K., Ben Haha, M., Le Saout, G., Kjellsen, K.O., Justnes, H. and
Lothenbach, B., Hydration mechanisms of ternary Portland cements containing
limestone powder and fly ash, Cement and Concrete Research, 2011. 41 (3): pp.
279-291.

77.

Lane, R.O., Effects of fly ash on freshly mixed concrete, Concrete International,
1983. 5 (10): pp. 50-52.

229

78.

Bentz, D.P. and Ferraris, C.F., Rheology and setting of high volume fly ash
mixtures, Cement & Concrete Composites, 2010. 32 (4): pp. 265-270.

79.

Fraay, A.L.A., Bijen, J.M. and de Haan, Y.M., The reaction of fly ash in concrete.
A critical examination, Cement and Concrete Research, 1989. 19: pp. 235-246.

80.

Thomas, M.D.A., Effect of SCMs on the hardened properties of concrete. 2006,
Portland Cement Association: University of New Brunswick, Canada.

81.

Moser, R.D., Jayapalan, A.R., Garas, V.Y. and Kurtis, K.E., Assessment of binary
and ternary blends of metakaolin and Class C fly ash for alkali-silica reaction
mitigation in concrete, Cement and Concrete Research, 2010. 40 (12): pp. 16641672.

82.

Chappex, T. and Scrivener, K.L., The influence of aluminium on the dissolution of
amorphous silica and its relation to alkali silica reaction, Cement and Concrete
Research, 2012. 42 (12): pp. 1645-1649.

83.

Shehata, M.H., Thomas, M.D.A. and Bleszynski, R.F., The effects of fly ash
composition on the chemistry of pore solution in hydrated cement pastes, Cement
and Concrete Research, 1999. 29 (12): pp. 1915-1920.

84.

Shehata, M.H. and Thomas, M.D.A., The effect of fly ash composition on the
expansion of concrete due to alkali-silica reaction, Cement and Concrete
Research, 2000. 30 (7): pp. 1063-1072.

85.

Tikalsky, P.J. and Carrasquillo, R.L., Influence of Fly-Ash on the Sulfate
Resistance of Concrete, ACI Materials Journal, 1992. 89 (1): pp. 69-75.

86.

Ley, M.T., Harris, N.J., Folliard, K.J. and Hover, K.C., Investigation of airentraining admixture dosage in fly ash concrete, ACI Materials Journal, 2008.
105 (5): pp. 494-498.

87.

Chen, X., Farber, M., Gao, Y.M., Kulaots, I., Suuberg, E.M. and Hurt, R.H.,
Mechanisms of surfactant adsorption on non-polar, air-oxidized and ozonetreated carbon surfaces, Carbon, 2003. 41 (8): pp. 1489-1500.

88.

Pedersen, K.H., Jensen, A.D., Skjoth-Rasmussen, M.S. and Dam-Johansen, K., A
review of the interference of carbon containing fly ash with air entrainment in
concrete, Progress in Energy and Combustion Science, 2008. 34 (2): pp. 135-154.

89.

ASTM C618-12a, "Standard Specification for Coal Fly Ash and Raw or Calcined
Natural Pozzolan for Use in Concrete," ASTM International, West
Conshohocken, PA, 2012.

90.

ASTM C311/C311M-13, "Standard Test Methods for Sampling and Testing Fly
Ash or Natural Pozzolans for Use in Portland-Cement Concrete," ASTM
International, West Conshohocken, PA, 2013.
230

91.

CSA A3001-13, "Cementitious Materials for Use in Concrete," Canadian
Standards Association, Ontario, Canada, 2013.

92.

CEN/TC 104, "Fly ash for concrete - Part 1: Definition, specifications and
conformity criteria (EN 450-1:2012)," European Committee for Standardization,
2012.

93.

CEN/TC 104, "Fly ash for concrete - Part 2: Conformity evalution (EN 4502:2005)," European Committee for Standardization, 2006.

94.

von Berg, W. and Feuerbon, H.-J., Present Situation and Perspective of CCP
Management in Europe, in Proceedings of World of Coal Ash Lexington,
Kentucky, April 11-15, 2005.

95.

CEN/TR 16443:2013-05 (E), "Backgrounds to the revision of EN 4501:2005+A1:2007 - Fly ash for concrete," European Committee for
Standardization, 2013.

96.

van Eijk, R.J. and Saraber, A.J., Maximum co-combustion in relation to the
chemical requirements of the EN 450 and CUAP 03.01-34, in TSA Power
Generation 2008, KEMA: Arhhem, Netherlands. 30 pp.

97.

Davidovits, J., Geopolymer chemistry and applications. 2008, Saint-Quentin,
France: Institut Geopolymere.

98.

Duxson, P., Fernandez-Jimenez, A., Provis, J.L., Lukey, G.C., Palomo, A. and
van Deventer, J.S.J., Geopolymer technology: the current state of the art, Journal
of Materials Science, 2007. 42 (9): pp. 2917-2933.

99.

Duxson, P., Provis, J.L., Lukey, G.C. and van Deventer, J.S.J., The role of
inorganic polymer technology in the development of 'green concrete', Cement and
Concrete Research, 2007. 37 (12): pp. 1590-1597.

100.

Provis, J.L., Activating solution chemistry for geopolymers, in Geopolymers:
Structure, processing, properties and industrial applications, J.L. Provis, Editor.
2009, Woodhead Publishing Limited: Cambridge, UK.

101.

Habert, G., D’Espinose de Lacaillerie, J.B., Lanta, E. and Roussel, N.,
Environmental evaluation for cement substitution with geopolymers, in
Proceedings of Second International Conference on Sustainable Construction
Materials and Technologies, Ancona, Italy, June 28-30.

102.

Bernal, S.A., Rodriguez, E.D., de Gutierrez, R.M., Provis, J.L. and Delvasto, S.,
Activation of metakaolin/slag blends using alkaline solutions based on chemically
modified silica fume and rice husk ash, Waste and Biomass Valorization, 2012. 3:
pp. 99-108.

231

103.

Duxson, P. and Provis, J.L., Designing precursors for geopolymer cements,
Journal of the American Ceramic Society, 2008. 91 (12): pp. 3864-3869.

104.

Ben Haha, M., Lothenbach, B., Le Saout, G. and Winnefeld, F., Influence of slag
chemistry on the hydration of alkali-activated blast-furnace slag - Part II: Effect
of Al2O3, Cement and Concrete Research, 2012. 42 (1): pp. 74-83.

105.

Provis, J.L., Yong, S.L. and Duxson, P., Nanostructure/microstructure of
metakaolin geopolymers, in Geopolymers: Structure, processing, properties and
industrial applications, J.L. Provis and J.S.J. van Deventer, Editors. 2009,
Woodhead Publishing Limited: Cambridge, UK.

106.

Keyte, L.M., Fly ash glass chemistry and inorganic polymer cements, in
Geopolymer: Structure processing, properties and industrial applications, J.L.
Provis and J.S.J. van Deventer, Editors. 2009, Woodhead Publishing Limited:
Cambridge, UK.

107.

Vogel, W., Structure and crystallization of glasses. 1971, Elmsford, NY:
Pergomon Press.

108.

Chindaprasirt, P., Chareerat, T. and Sirivivatnanon, V., Workability and strength
of coarse high calcium fly ash geopolymer, Cement & Concrete Composites,
2007. 29 (3): pp. 224-229.

109.

Fernandez-Jimenez, A., Palomo, A. and Criado, M., Microstructure development
of alkali-activated fly ash cement: a descriptive model, Cement and Concrete
Research, 2005. 35 (6): pp. 1204-1209.

110.

Fernandez-Jimenez, A. and Palomo, A., Composition and microstructure of alkali
activated fly ash binder: Effect of the activator, Cement and Concrete Research,
2005. 35 (10): pp. 1984-1992.

111.

Fernandez-Jimenez, A. and Palomo, A., Nanostructure/microstructure of fly ash
geopolymers, in Geopolymers: Structure, processing, properties and industrial
applications, J.L. Provis and J.S.J. van Deventer, Editors. 2009, Woodhead
Publishing Limited: Cambridge, UK.

112.

Hajimohammadi, A., Provis, J.L. and van Deventer, J.S.J., Effect of Alumina
Release Rate on the Mechanism of Geopolymer Gel Formation, Chemistry of
Materials, 2010. 22 (18): pp. 5199-5208.

113.

Provis, J.L., Yong, C.Z., Duxson, P. and van Deventer, J.S.J., Correlating
mechanical and thermal properties of sodium silicate-fly ash geopolymers,
Colloids and Surfaces A-Physicochemical and Engineering Aspects, 2009. 336
(1-3): pp. 57-63.

232

114.

Hardjito, D. and Rangan, B.V., Development and properties of low calcium fly
ash based geopolymer concrete, in Research Report GC1. 2005, Curtin
University of Technology: Perth, Australia.

115.

van Deventer, J.S.J., Provis, J.L. and Duxson, P., Technical and commercial
progress in the adoption of geopolymer cement, Minerals Engineering, 2012. 29:
pp. 89-104.

116.

Rajamma, R., Labrincha, J.A. and Ferreira, V.M., Alkali activation of biomass fly
ash-metakaolin blends, Fuel, 2012. 98: pp. 265-271.

117.

Songpiriyakij, S., Kubprasit, T., Jaturapitakkul, C. and Chindaprasirt, P.,
Compressive strength and degree of reaction of biomass- and fly ash-based
geopolymer, Construction and Building Materials, 2010. 24 (3): pp. 236-240.

118.

Nazari, A., Bagheri, A. and Riahi, S., Properties of geopolymer with seeded fly
ash and rice husk bark ash, Materials Science and Engineering A-Structural
Materials Properties Microstructure and Processing, 2011. 528 (24): pp. 73957401.

119.

Nugteren, H.W., Butselaar-Orthleib, V.C.L. and Izquierdo, M., High strength
geoolymers produced from coal combustion fly ash, Global NEST, 2009. 11 (2):
pp. 155-161.

120.

Yeboah, N.N.N., Characterization and productive reuse of high carbon content
coal and biomass combustion residuals from energy production, Doctoral
dissertation, 2014, Georgia Institute of Technology.

121.

Yeboah, N.N.N., Shearer, C.R., Burns, S.E. and Kurtis, K.E., Characterization of
biomass and high carbon content coal ash for productive reuse applications,
Fuel, 2014. 116: pp. 438-447.

122.

Malvar, L.J. and Lenke, L.R., Efficiency of fly ash in mitigating alkali-silica
reaction based on chemical composition, ACI Materials Journal, 2006. 103 (5):
pp. 319-326.

123.

Chancey, R.T., Stutzman, P., Juenger, M.C.G. and Fowler, D.W., Comprehensive
phase characterization of crystalline and amorphous phases of a Class F fly ash,
Cement and Concrete Research, 2010. 40 (1): pp. 146-156.

124.

ASTM C1152/C1152M-04, "Standard Test Method for Acid-Soluble Chloride in
Mortar and Concrete," ASTM International, West Conshohocken, PA, 2004.

125.

ASTM C188-09, "Standard Test Method for Density of Hydraulic Cement,"
ASTM International, West Conshohocken, PA, 2009.

126.

ASTM C150/C150M-09, "Standard Specification for Portland Cement," ASTM
International, West Conshohocken, PA, 2009.

233

127.

ASTM C1679-09, "Standard Practice for Measuring Hydration Kinetics of
Hydraulic Cementitious Mixtures Using Isothermal Calorimetry," ASTM
International, West Conshohocken, PA, 2009.

128.

ASTM C1738/C1738M-14, "Standard Practice for High-Shear Mixing of
Hydraulic Cement Paste," ASTM International, West Conshohocken, PA, 2011.

129.

Kantro, D.L., Influence of water reducing admixtures on properties of cement
paste - A miniature slump test, Cement and Concrete Aggregates, 1980. 2 (2): pp.
95-102.

130.

ASTM C109/C109M-08, "Standard Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Specimens)," ASTM
International, West Conshohocken, PA, 2008.

131.

ASTM C778-06, "Standard Specification for Standard Sand," ASTM
International, West Conshohocken, PA, 2006.

132.

ASTM C305-06, "Standard Practice for Mechanical Mixing of Hydraulic Cement
Pastes and Mortars of Plastic Consistency," ASTM International, West
Conshohocken, PA, 2006.

133.

ASTM C1437-07, "Standard Test Method for Flow of Hydraulic Cement Mortar,"
ASTM International, West Conshohocken, PA, 2007.

134.

ASTM C191-08, "Standard Test Methods for Time of Setting of Hydraulic
Cement by Vicat Needle," ASTM International, West Conshohocken, PA, 2008.

135.

Zhang, L. and Scherer, G.W., Comparison of methods for arresting hydration of
cement, Cement and Concrete Research, 2011. 41 (10): pp. 1024-1036.

136.

Deschner, F., Winnefeld, F., Lothenbach, B., Seufert, S., Schwesig, P., Dittrich,
S., Goetz-Neunhoeffer, F. and Neubauer, J., Hydration of Portland cement with
high replacement by siliceous fly ash, Cement and Concrete Research, 2012. 42
(10): pp. 1389-1400.

137.

Midgley, H.G., The determination of calcium hydroxide in set portland cements,
Cement and Concrete Research, 1979. 9: pp. 77-28.

138.

ASTM C1202-10, "Standard Test Method for Electrical Indication of Concrete’s
Ability to Resist Chloride Ion Penetration," ASTM International, West
Conshohocken, PA, 2010.

139.

ACI Committee 211, "Standard Practice for Selecting Proportions for Normal,
Heavyweight, and Mass Concrete (211.1-91) (Reapproved 2009)," American
Concrete Institute, Farmington Hills, MI, 2008.

234

140.

ASTM C1260-07, "Standard Test Method for Potential Alkali Reactivity of
Aggregates (Mortar-Bar Method)," ASTM International, West Conshohocken,
PA, 2007.

141.

ASTM C1567-08, "Standard Test Method for Determining the Potential AlkaliSilica Reactivity of Combinations of Cementitious Materials and Aggregate
(Accelerated Mortar-Bar Method)," ASTM International, West Conshohocken,
PA, 2008.

142.

ASTM C1012/C1012M-10, "Standard Test Method for Length Change of
Hydraulic-Cement Mortars Exposed to a Sulfate Solution," ASTM International,
West Conshohocken, PA, 2010.

143.

Harris, N.J., Hover, K.C., Folliard, K.J. and Ley, T., The use of the foam index
test to predict AEA dosage in concrete containing fly ash: Part I-Evaluation of the
State of Practice, ASTM Journal of Testing and Evaluation, 2008. 5 (7): 15 pp.

144.

Harris, N.J., Hover, K.C., Folliard, K.J. and Ley, T., The use of the foam index
test to predict AEA dosage in concrete containing fly ash: Part II-Development of
a standard test method: apparatus and procedure, ASTM Journal of Testing and
Evaluation, 2008. 5 (7): 15 pp.

145.

Harris, N.J., Hover, K.C., Folliard, K.J. and Ley, T., The use of the foam index
test to predict AEA dosage in concrete containing fly ash: Part III-Development
of a standard test method—Proportions of materials, ASTM Journal of Testing
and Evaluation, 2008. 5 (7): 11 pp.

146.

Nambiar, E.K.K. and Ramamurthy, K., Air-void characterisation of foam
concrete, Cement and Concrete Research, 2007. 37 (2): pp. 221-230.

147.

Jolicoeur, C., To, T.C., Benitot, E., Hill, R., Zhang, Z. and Page, M., Fly ashcarbon effects on concrete air entrainment: Fundamental studies on their origin
and chemical mitigation, in Proceedings of World of Coal Ash, May 4-7, 2009.

148.

Bullard, J.W., Jennings, H.M., Livingston, R.A., Nonat, A., Scherer, G.W.,
Schweitzer, J.S., Scrivener, K.L. and Thomas, J.J., Mechanisms of cement
hydration, Cement and Concrete Research, 2011. 41 (12): pp. 1208-1223.

149.

Johansen, N.A., Millard, M.J., Mezencevova, A., Garas, V.Y. and Kurtis, K.E.,
New method for determination of absorption capacity of internal curing agents,
Cement and Concrete Research, 2009. 39 (1): pp. 65-68.

150.

Roussel, N., Lemaître, A., Flatt, R.J. and Coussot, P., Steady state flow of cement
suspensions: A micromechanical state of the art, Cement and Concrete Research,
2010. 40 (1): pp. 77-84.

151.

Flatt, R.J., Towards a prediction of superplasticized concrete rheology, Materials
and Structures, 2004. 37 (5): pp. 289-300.
235

152.

Bentz, D.P., Cement hydration: building bridges and dams at the microstructure
level, Materials and Structures, 2007. 40 (4): pp. 397-404.

153.

Bentz, D.P., Ferraris, C.F., Galler, M.A., Hansen, A.S. and Guynn, J.M., Influence
of particle size distributions on yield stress and viscosity of cement-fly ash pastes,
Cement and Concrete Research, 2012. 42 (2): pp. 404-409.

154.

Paya, J., Monzo, J., Borrachero, M.V., Peris-Mora, E. and Gonzalez-Lopez, E.,
Mechanical treatment of fly ashes .2. Particle morphologies in ground fly ashes
(GFA) and workability of GFA-cement mortars, Cement and Concrete Research,
1996. 26 (2): pp. 225-235.

155.

Ferraris, C.F., Obla, K.H. and Hill, R., The influence of mineral admixtures on the
theology of cement paste and concrete, Cement and Concrete Research, 2001. 31
(2): pp. 245-255.

156.

Mora, E.P., Paya, J. and Monzo, J., Influence of different-sized fractions of a flyash on workability of mortars, Cement and Concrete Research, 1993. 23 (4): pp.
917-924.

157.

Marsh, B.K. and Day, R.L., Pozzolanic and Cementitious Reactions of Fly-ash in
Blended Cement Pastes, Cement and Concrete Research, 1988. 18 (2): pp. 301310.

158.

Pane, I. and Hansen, W., Investigation of blended cement hydration by isothermal
calorimetry and thermal analysis, Cement and Concrete Research, 2005. 35 (6):
pp. 1155-1164.

159.

Paya, J., Monzo, J., Borrachero, M.V., Amahjour, F. and Peris-Mora, E., Loss on
ignition and carbon content in pulverized fuel ashes (PFA): two crucial
parameters for quality control, Journal of Chemical Technology and
Biotechnology, 2002. 77 (3): pp. 251-255.

160.

Baert, G., Hoste, S., De Schutter, G. and De Belie, N., Reactivity of fly ash in
cement paste studied by means of thermogravimetry and isothermal calorimetry,
Journal of Thermal Analysis and Calorimetry, 2008. 94 (2): pp. 485-492.

161.

ASTM C1365-06, "Standard Test Method for Determination of the Proportion of
Phases in Portland Cement and Portland-Cement Clinker Using X-Ray Powder
Diffraction Analysis," ASTM International, West Conshohocken, PA, 2011.

162.

Zhang, L. and Glasser, F.P. Critical examination of drying damage to cement
pastes. Advances in Cement Research, 2000. 12 (2): pp. 79-88.

163.

Puri, B.R. and Bansal, R.C., Studies in surface chemistry of carbon blacks: 2.
Surface acidity in relation to chemisorbed oxygen, Carbon, 1964. 1 (4): pp. 457464.

236

164.

Ishizuka, M. and Ozaki, A., Activation of hydrogen by active carbon with
adsorbed alkali-metal, Journal of Catalysis, 1974. 35 (2): pp. 320-324.

165.

ACI Committee 201, "Guide to Durable Concrete (201.2R-08)," American
Concrete Institute, Farmington Hills, MI, 2008.

166.

ACI Committee 318, "Building Code Requirements for Structural Concrete (ACI
318-11) and Commentary," American Concrete Institute, Farmington Hills, MI,
2011.

167.

Freeman, E., Gao, Y.M., Hurt, R. and Suuberg, E., Interactions of carboncontaining fly ash with commercial air-entraining admixtures for concrete, Fuel,
1997. 76 (8): pp. 761-765.

168.

Hill, R.L., Sarkar, S.L., Rathbone, R.F. and Hower, J.C., An examination of fly
ash carbon and its interactions with air entraining agent, Cement and Concrete
Research, 1997. 27 (2): pp. 193-204.

169.

Gebler, S. and Klieger, P., Effect of fly-ash on the air-void stability of concrete,
Journal of the American Concrete Institute, 1983. 80 (4): pp. 341-341.

170.

Scott, A.N. and Thomas, M.D.A., Evaluation of fly ash from co-combustion of
coal and petroleum coke for use in concrete, ACI Materials Journal, 2007. 104
(1): pp. 62-69.

171.

Gao, Y.M., Kulaots, G., Chen, X., Suuberg, E.M., Hurt, R.H. and Veranth, J.M.,
The effect of solid fuel type and combustion conditions on residual carbon
properties and fly ash quality, Proceedings of the Combustion Institute, 2002. 29:
pp. 475-483.

172.

Kumar, S., Kumar, R., Alex, T.C., Bandopadhyay, A. and Mehrotra, S.P.,
Influence of reactivity of fly ash on geopolymerisation, Advances in Applied
Ceramics, 2007. 106 (3): pp. 120-127.

173.

Chithiraputhiran, S. and Neithalath, N., Isothermal reaction kinetics and
temperature dependence of alkali activation of slag, fly ash and their blends,
Construction and Building Materials, 2013. 45: pp. 233-242.

174.

Ravikumar, D. and Neithalath, N., Reaction kinetics in sodium silicate powder
and liquid activated slag binders evaluated using isothermal calorimetry,
Thermochimica Acta, 2012. 546: pp. 32-43.

175.

Zhang, Z., Wang, H., Provis, J.L., Bullen, F., Reid, A. and Zhu, Y., Quantitative
kinetic and structural analysis of geopolymers. Part 1. The activation of
metakaolin with sodium hydroxide, Thermochimica Acta, 2012. 539: pp. 23-33.

237

176.

Zhang, Z., Provis, J.L., Wang, H., Bullen, F. and Reid, A., Quantitative kinetic
and structural analysis of geopolymers. Part 2. Thermodynamics of sodium
silicate activation of metakaolin, Thermochimica Acta, 2013. 565: pp. 163-171.

177.

Criado, M., Palomo, A., Fernandez-Jimenez, A. and Banfill, P.F.G., Alkali
activated fly ash: effect of admixtures on paste rheology, Rheologica Acta, 2009.
48 (4): pp. 447-455.

178.

Laskar, A.I. and Bhattacharjee, R., Rheology of Fly-Ash-Based Geopolymer
Concrete, ACI Materials Journal, 2011. 108 (5): pp. 536-542.

179.

Palacios, M., Banfill, P.F.G. and Puertas, F., Rheology and setting of alkaliactivated slag pastes and mortars: Effect of organic admixture, ACI Materials
Journal, 2008. 105 (2): pp. 140-148.

180.

Poulesquen, A., Frizon, F. and Lambertin, D., Rheological behavior of alkaliactivated metakaolin during geopolymerization, Journal of Non-Crystalline
Solids, 2011. 357 (21): pp. 3565-3571.

181.

Romagnoli, M., Leonelli, C., Kamse, E. and Gualtieri, M.L., Rheology of
geopolymer by DOE approach, Construction and Building Materials, 2012. 36:
pp. 251-258.

182.

Favier, A., Habert, G., de Lacaillerie, J.B.D. and Roussel, N., Mechanical
properties and compositional heterogeneities of fresh geopolymer pastes, Cement
and Concrete Research, 2013. 48: pp. 9-16.

183.

Favier, A., Hot, J., Habert, G., Roussel, N. and d'Espinose de Lacaillerie, J.-B.,
Flow properties of MK-based geopolymer pastes. A comparative study with
standard Portland cement pastes, Soft Matter, 2014. 10 (8): pp. 1134-1141.

184.

Sindhunata, van Deventer, J.S.J., Lukey, G.C. and Xu, H., Effect of curing
temperature and silicate concentration on fly-ash-based geopolymerization,
Industrial & Engineering Chemistry Research, 2006. 45 (10): pp. 3559-3568.

185.

Provis, J.L., Duxson, P., Lukey, G.C., Separovic, F., Kriven, W.M. and van
Deventer, J.S.J., Modeling speciation in highly concentrated alkaline silicate
solutions, Industrial & Engineering Chemistry Research, 2005. 44 (23): pp. 88998908.

186.

Lee, W.K.W. and van Deventer, J.S.J., Structural reorganisation of class F fly
ash in alkaline silicate solutions, Colloids and Surfaces A-Physicochemical and
Engineering Aspects, 2002. 211 (1): pp. 49-66.

187.

Bourlon A.J.G. , d’Espinose J.-B., Lécolier E. and Pasquier D., Physical
chemistry and rheology of alkaline solutions for geopolymer pastes formulations,
SP-289.25, American Concrete Institute, 2012. pp. 347-355.

238

188.

Conway, B.E., Ionic hydration in chemistry and biophysics. 1981, New York:
Elsevier Scientific Publishing Company.

189.

Kestin, J., Sokolov, M. and Wakeham, W.A., Viscosity of liquid water in the
range −8 °C to 150 °C, Journal of Physical and Chemical Reference Data, 1978. 7
(3): pp. 941-948.

190.

Hackley, V.A. and Ferraris, C.F., The use of nomenclature in dispersion science
and technology, SP 960-3, National Institute of Standards and Technology, 2001.

191.

de Larrard, F., Ferraris, C.F. and Sedran, T., Fresh concrete: A Herschel-Bulkley
material, Materials and Structures, 1998. 31 (211): pp. 494-498.

192.

Krieger, I.M. and Dougherty, T.J., A mechanism for non-newtonian flow in
suspensions of rigid spheres, Transactions of the Society of Rheology, 1959. 3:
pp. 137-152.

193.

Rodriguez, E.D., Bernal, S.A., Provis, J.L., Paya, J., Monzo, J.M. and Borrachero,
M.V., Effect of nanosilica-based activators on the performance of an alkaliactivated fly ash binder, Cement & Concrete Composites, 2013. 35 (1): pp. 1-11.

194.

Lee, W.K.W. and van Deventer, J.S.J., Use of infrared spectroscopy to study
geopolymerization of heterogeneous amorphous aluminosilicates, Langmuir,
2003. 19 (21): pp. 8726-8734.

195.

Gadsden, J.A., Infrared spectra of minerals and related inorganic compounds.
1975, London: Butterworths.

196.

Rahier, H., Simons, W., VanMele, B. and Biesemans, M., Low-temperature
synthesized aluminosilicate glasses .3. Influence of the composition of the silicate
solution on production, structure and properties, Journal of Materials Science,
1997. 32 (9): pp. 2237-2247.

197.

Rees, C.A., Provis, J.L., Lukey, G.C. and van Deventer, J.S.J., In situ ATR-FTIR
study of the early stages of fly ash geopolymer gel formation, Langmuir, 2007. 23
(17): pp. 9076-9082.

198.

Criado, M., Fernandez-Jimenez, A. and Palomo, A., Alkali activation of fly ash:
Effect of the SiO2/Na2O ratio Part I: FTIR study, Microporous and Mesoporous
Materials, 2007. 106 (1-3): pp. 180-191.

199.

McCormick, A.V. and Bell, A.T., The solution chemistry of zeolite precursors,
Catalysis Reviews-Science and Engineering, 1989. 31 (1-2): pp. 97-127.

200.

Provis, J.L. and Bernal, S.A., Geopolymers and related alkali-activated materials,
Annual Review of Materials Research, 2014. 44 (1): DOI: 10.1146/annurevmatsci-070813-113515.

239

201.

Provis, J.L., Rose, V., Bernal, S.A. and van Deventer, J.S.J., High-resolution
nanoprobe X-ray fluorescence characterization of heterogeneous calcium and
heavy metal distributions in alkali-activated fly ash, Langmuir, 2009. 25 (19): pp.
11897-11904.

202.

Duxson, P., Lukey, G.C. and van Deventer, J.S.J., Physical evolution of Nageopolymer derived from metakaolin up to 1000 degrees C, Journal of Materials
Science, 2007. 42 (9): pp. 3044-3054.

203.

Rickard, W.D.A., van Riessen, A. and Walls, P., Thermal character of
geopolymers synthesized from Class F fly ash containing high concentrations of
iron and -quartz, International Journal of Applied Ceramic Technology, 2010. 7
(1): pp. 81-88.

204.

Provis, J.L., Harrex, R.M., Bernal, S.A., Duxson, P. and van Deventer, J.S.J.,
Dilatometry of geopolymers as a means of selecting desirable fly ash sources,
Journal of Non-Crystalline Solids, 2012. 358 (16): pp. 1930-1937.

205.

Rickard, W.D.A., Temuujin, J. and van Riessen, A., Thermal analysis of
geopolymer pastes synthesised from five fly ashes of variable composition,
Journal of Non-Crystalline Solids, 2012. 358 (15): pp. 1830-1839.

206.

Rahier, H., VanMele, B. and Wastiels, J., Low-temperature synthesized
aluminosilicate glasses .2. Rheological transformations during low-temperature
cure and high-temperature properties of a model compound, Journal of Materials
Science, 1996. 31 (1): pp. 80-85.

207.

Duxson, P., Lukey, G.C., Separovic, F. and van Deventer, J.S.J., Effect of alkali
cations on aluminum incorporation in geopolymeric gels, Industrial &
Engineering Chemistry Research, 2005. 44 (4): pp. 832-839.

208.

Duxson, P., Lukey, G.C. and van Deventer, J.S.J., The thermal evolution of
metakaolin geopolymers: Part 2 - Phase stability and structural development,
Journal of Non-Crystalline Solids, 2007. 353 (22-23): pp. 2186-2200.

209.

Duxson, P., Lukey, G.C. and van Deventer, J.S.J., Evolution of gel structure
during thermal processing of Na-geopolymer gels, Langmuir, 2006. 22 (21): pp.
8750-8757.

210.

Lubansky, A.S., Yeow, Y.L., Leong, Y.K., Wickramasinghe, S.R. and Han, B.B.,
A general method of computing the derivative of experimental data, AIChE
Journal, 2006. 52 (1): pp. 323-332.

211.

Provis, J.L., Kilcullen, A., Duxson, P., Brice, D.G. and van Deventer, J.S.J.,
Stabilization of Low-Modulus Sodium Silicate Solutions by Alkali Substitution,
Industrial & Engineering Chemistry Research, 2012. 51 (5): pp. 2483-2486.

240

212.

Lloyd, R.R., Provis, J.L. and van Deventer, J.S.J., Microscopy and microanalysis
of inorganic polymer cements. 2: the gel binder, Journal of Materials Science,
2009. 44 (2): pp. 620-631.

213.

Camerani, M.C., Golosio, B., Somogyi, A., Simionovici, A.S., Steenari, B.M. and
Panas, I., X-ray fluorescence tomography of individual municipal solid waste and
biomass fly ash particles, Analytical Chemistry, 2004. 76 (6): pp. 1586-1595.

214.

McKeown, D.A., Waychunas, G.A. and Brown Jr, G.E., EXAFS and XANES
study of the local coordination environment of sodium in a series of silica-rich
glasses and selected minerals within the Na2O-Al2O3-SiO2 system, Journal of
Non-Crystalline Solids, 1985. 74 (2–3): pp. 325-348.

215.

McKeown, D.A., Waychunas, G.A. and Brown Jr, G.E., EXAFS study of the
coordination environment of aluminum in a series of silica-rich glasses and
selected minerals within the Na2-Al2O3-SiO2 system, Journal of Non-Crystalline
Solids, 1985. 74 (2–3): pp. 349-371.

216.

Li, D.E., Bancroft, G.M., Fleet, M.E., Feng, X.H. and Pan, Y., Al K-edge XANES
spectra of aluminosilicate minerals, American Mineralogist, 1995. 80 (5-6): pp.
432-440.

217.

De Wispelaere, S., Cabaret, D., Levelut, C., Rossano, S., Flank, A.M., Parent, P.
and Farges, F., Na-, Al-, and Si K-edge XANES study of sodium silicate and
sodium aluminosilicate glasses: influence of the glass surface, Chemical Geology,
2004. 213 (1-3): pp. 63-70.

218.

Neuville, D.R., Cormier, L., Flank, A.M. and Lagarde, P., A XANES study at the
Na and al K-edge of soda-lime aluminosilicate glasses and crystals, Physica
Scripta, 2005. T115: pp. 316-317.

219.

Kilcoyne, A.L., Tyliszczak, T., Steele, W.F., Fakra, S., Hitchcock, P., Franck, K.,
Anderson, E., Harteneck, B., Rightor, E.G., Mitchell, G.E., Hitchcock, A.P.,
Yang, L., Warwick, T. and Ade, H., Interferometer-controlled scanning
transmission X-ray microscopes at the Advanced Light Source, Journal of
Synchrotron Radiation, 2003. 10 (Pt 2): pp. 125-36.

220.

Wan, J., Tyliszczak, T. and Tokunaga, T.K., Organic carbon distribution,
speciation, and elemental correlations within soil micro aggregates: Applications
of STXM and NEXAFS spectroscopy, Geochimica et Cosmochimica Acta, 2007.
71 (22): pp. 5439-5449.

221.

Hitchcock, A.P., aXis 2000. Analysis of X-ray Images and Spectra, 2006;
Available from: http://unicorn.mcmaster.ca/aXis2000.html.

222.

Benzerara, K., Yoon, T.H., Tyliszczak, T., Constantz, B., Spormann, A.M. and
Brown, G.E., Scanning transmission X-ray microscopy study of microbial
calcification, Geobiology, 2004. 2 (4): pp. 249-259.
241

223.

Phair, J.W. and van Deventer, J.S.J., Characterization of Fly-Ash-Based
Geopolymeric Binders Activated with Sodium Aluminate, Industrial &
Engineering Chemistry Research, 2002. 41 (17): pp. 4242-4251.

224.

Li, D., Bancroft, G.M., Fleet, M.E. and Feng, X.H., Silicon K-edge XANES
Spectra of Silicate Minerals, Physics and Chemistry of Minerals, 1995. 22 (2): pp.
115-122.

225.

Ban, C.C. and Ramli, M., The implementation of wood waste ash as a partial
cement replacement material in the production of structural grade concrete and
mortar: An overview, Resources Conservation and Recycling, 2011. 55 (7): pp.
669-685.

226.

Jongvisuttisun, P., Negrello, C. and Kurtis, K.E., Effect of processing variables on
efficiency of eucalyptus pulps for internal curing, Cement & Concrete
Composites, 2013. 37: pp. 126-135.

227.

Glauberman, N. Innovative microsphere-based admixture technology for freezethaw durability eliminates the need for air-entrained concrete, BASF
Corporation, 2014.

228.

Shearer, C.R., Yeboah, N.N.N., Kurtis, K.E. and Burns, S.E., Investigation of
biomass co-fired fly ash properties: Characterization and concrete durability
performance, in Proceedings of Second International Conference on Sustainable
Construction Materials and Technologies, Ancona, Italy, June 28-30, 2010.

242

