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Abstract

This paper assesses the effect of the use of an alternative activator based on
nanosilica/MOH (M= K" or Na") blended solutions on the performance of alkali-activated
fly ash binders. Binders produced with commercial silicate activators display a greater
degree of reaction, associated with increased contents of geopolymer gel; however,
mortars produced with the alternative nanosilica-based activators exhibited lower water
demand and reduced permeability, independent of the alkali cation used. Na-based
activators promote higher compressive strength compared with K-based activators, along
with a refined pore structure, although K-activated samples exhibit reduced water demand.
Zeolite type products are the major crystalline phases formed within these binders. A
wider range of zeolites is formed when using commercial silicate solutions compared with
the alternative activators. These results suggest that there are variations in the availability
of Si in the system, and consequently in the alkalinity, depending on the silicate source in

the activator, which is important in determining the nanostructure of the geopolymer gel.

Keywords: Alkali-activated binders, soluble silicate solutions, nanosilica, X-ray
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1. Introduction

Interest in the development of alternative building materials such as alkali-activated
binders has been promoted by the growth of the building industry, the increased
performance requirements placed upon materials, and the higher sustainability criteria
applied in construction. Alkali-activated binders represent an attractive alternative for the
partial or complete substitution of Portland cement in the production of mortars and
concretes, offering comparable performance and cost [1] while reducing greenhouse gas
emissions [2]. Specifically, the alkali-activation of low calcium fly ashes (FA) has been
extensively assessed over the past decades because these binders exhibit mechanical
performance comparable to that reported for Portland cement, and because FA is an
industrial by-product available worldwide. FA is produced in high amounts, especially in
countries such as India and China, where an increased demand for cement is expected in
the coming years. Despite the promising properties of these binders, and their ongoing
commercialization, there are technological challenges associated with the variability of the
raw materials from different sources, and the low sustainability of the current alkali-

activators used [3].

In the activation of aluminosilicate precursors such as FA, the nature of the activator
solution plays a key role in determining structural and mechanical performance. The most
relevant characteristics related to the alkali activator are: the type of alkaline salt (usually
silicate or hydroxide) [4-6]; the method of addition of the alkaline component (as a
solution or in solid-state) [7-9], and the dosage of the alkali component, usually expressed
as molar ratios considering the overall composition of the raw material. Additionally, it
has been reported [4, 10-11] that the alkali cation supplied by the alkaline solution
influences the first stages of binder formation, and consequently the mechanical
performance of the final products. The alkali-activators conventionally used are sodium or
potassium hydroxides, and/or sodium or potassium silicates [12]. Activation with K-
containing solutions often leads to increased compressive strength development when
compared with Na-containing solutions, where the size and charge density of the alkali
cation play an important role in controlling the rate and extent of condensation during the
polycondensation or crystallization process [13]. However, these effects are also

dependent on the chemical and physical nature of the solid precursor used [5].
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The embodied energy associated with the preparation of an alkali-activated binder is often
estimated based on the contributions of the precursor and the alkaline activator. Some
studies have analyzed the real energy consumed in fly ash based geopolymer production
[14-15], identifying that the major contribution is associated with the type and
concentration of the alkaline activator, and is between 0.5 MJ/t and 3.4 MJ/t. This is
mainly related to the complex chemical processes required to manufacture these
substances. For instance, the production of sodium silicate involves the calcination of
sodium carbonate (NaCOs3) and quartz sand (SiO,) at temperatures between 1400-1500°C,
producing large amounts of CO, as a secondary product [16-18]. This substantially
increases the embodied energy of silicate-activated binders, reducing sustainability.
However, sodium silicate (Na,O-rSiO,, sometimes referred to as ‘waterglass’) is the
activator which generally provides the highest compressive strength development at early
ages of curing, and exhibits some technological advantages compared with other activators
such as NaOH.

This then provides motivation for the examination of the current activators used in
geopolymerization processes in terms of their sustainability, and the assessment of
alternatives that can contribute to reducing the embodied energy of these binders. Some
studies assessing alternative activators based on modified silica fume (MSF) have been
conducted [19-21]. Likewise, agro-industrial wastes, as well as other silica sources, have
been studied as alternative alkali-activators in order to obtain a more environmentally
friendly alkali-activated binder with lower cost [22-27]. These results reveal that this
alternative activator promotes similar or even better mechanical performance when

compared with conventional activators.

Based on this background, the aim of this paper is to study alkali-activated low calcium fly
ash binders, activated by chemically modified nanosilica. The effect of the alkali cation
(Na* and K*) on the structure of the binders is studied by X-ray diffraction (XRD),
thermogravimetry and electron scanning microscopy (SEM/EDS). Compressive strength
testing and mercury intrusion porosimetry (MIP) are conducted on mortar samples based
on the binders produced, in order to generate a better understanding of the effect of the
type of activator used, the gel structure formed, and the mechanical strength development

of the materials.
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2. Experimental program

2.1. Materials

The binders studied here were synthesized using a fly ash (FA) from Teruel Power Station
in Andorra, Spain, with a specific gravity of 2520 kg/m® and a chemical composition as
shown in Table 1. The FA was mechanically treated in a high impact mill (Mill2
Gabbrielli) to increase its reactivity. The particle size range determined by laser
granulometry was 0.2-80 pum, with a mean particle size of 15 um, and a specific surface of
1130 m?/kg.

Table 1. Chemical composition of the fly ash from X-ray fluorescence analysis. LOI is

loss on ignition at 950 °C

The X-ray diffraction pattern of the FA (Figure 1) shows that the major crystalline phases
present are quartz (SiO,; Powder Diffraction File (PDF) card # 00-046-1045), mullite
(AlgSi,0,3; PDF# 00-015-0776), and Fe-rich phases such as hematite (Fe,Os; PDF# 00-
033-0664), iron silicate (Fe;SiOy; PDF# 00-022-1118), and some ferrite spinels
(magnetite - Fe304; PDF#00-019-0629, with and without substituent elements such as Mg
and Al on both Fe?* and Fe®" sites). The presence of these phases is coherent with the high
content of iron in the fly ash and has been previously observed in other fly ashes [28-30].
It is important to note that the ferrite spinels in the FA play an important role in the
potential hosting of heavy metals, as Fe®* sites can be substituted by trivalent cations such
as Cr** [31].

Figure 1. Cu-K, diffractogram of the fly ash after mechanical treatment

As alkali-activators, four alkaline solutions derived from hydroxide solutions and soluble
silica sources were used. A commercial sodium silicate (SS) from Merck and a potassium
silicate (SK) from IQE were used as reference soluble silica sources (Table 2). Two
additional soluble silicates based on blends of a nanosilica suspension from H.S. Starck
(L300, specific surface 300 m%/g; Table 2) were also assessed. Alkali-activators were

prepared by the dissolution of analytical sodium hydroxide (99 wt%) or potassium
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hydroxide (85 wt%) pellets along with the silica source to obtain a molar oxide ratio
Si0,/M,0 equal to 1.16, where M corresponds to Na* or K.

Table 2. Chemical composition of reference silicate activators and nanosilica used to

prepare nanosilica/MOH activators; data provided by the suppliers

2.2. Sample synthesis and test procedure

2.2.1.Pastes

Alkali-activator with a molar oxide ratio SiO,/M,0 of 1.16 was incorporated at 12.0 wt%
Na,O or 18.2 wt% K,O by mass of fly ash, providing equivalent alkali concentrations on a
molar basis for the samples prepared with different alkalis. All specimens were produced
by mechanical mixing for 4 minutes, including different contents of water in order to
obtain similar workability (Table 3). It is important to note that the water/binder values
consider the liquids and solids contributed by both the activator and the precursor (i.e.

binder = fly ash + anhydrous activator).

Table 3. Mix description of silicate-activated fly ash binders

For the structural study of hardened pastes, the specimens were cast in cylindrical molds
and cured at a relative humidity (RH) of 90% and a temperature of 65°C, for 48 h.
Afterwards, samples were kept in a high humidity atmosphere (RH > 90%) at room
temperature (~25°C). The reaction process was stopped at specified times by crushing the
samples and submerging them in acetone for 15 min, filtering and drying. In order to
prevent the carbonation of the powders thus obtained, these were stored in sealed

containers, and then analyzed:

o X-ray diffraction (XRD) was carried out using a Bruker D8 Advance instrument with
Cu Ko radiation and a nickel filter. The tests were conducted with a step size of 0.020°,
for a 26 range of 3° to 65°.

o Athermobalance TGA-850 (Mettler Toledo) was used to analyze crushed samples at a
heating rate of 10°C/min up to 1000°C, with an alumina crucible in an dry air

atmosphere.
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e Scanning electron microscopy (SEM) was conducted using a JEOL JSM6300
microscope with a tungsten filament electron source, and 20kV accelerating voltage.
The samples were evaluated in high vacuum mode. Attached to this instrument a Link-
Isis (Oxford Instruments) X-ray spectrometer system (energy dispersive spectroscopy

(EDS)) was used to determine the chemical compositions of the phases identified.

2.2.2.Mortars

Mortars were produced using a siliceous sand with a fineness modulus of 4.1 and specific
weight of 2680 kg/m? in accordance with the standard procedure UNE-EN 196-12005.
All samples were formulated with a standard fly ash:sand ratio of 1:3, cast in prismatic
moulds of 40x40x160 mm, compacted and mechanically vibrated for three minutes.
Curing was conducted in similar conditions as previously described for pastes; however,
after the period of curing at high temperature, mortars were stored in sealed containers at
RH ~90% and room temperature until testing. Compressive strength was determined after
2, 28 and 60 days following the standard testing protocol UNE-EN-1015-11. Additionally,
mercury intrusion porosimetry (MIP) was conducted after 28 days using an AutoPore IV
9500 (Micromeritics) instrument, with applied intrusion pressures between 13.8 kPa and
227.4 MPa.

3. Results and discussion

3.1. Water demand

From visual inspection, it was possible to identify that mixes produced with reference K-
based activators (commercial potassium silicate solution) exhibited increased workability
when compared with pastes produced with the reference Na-based activator (commercial
sodium silicate solution), which allowed a significant reduction of the total water included
in these binders while achieving a similar slump. Similar behavior has been reported in the
literature [5] for pastes prepared with K-based activators, which exhibit increased slump
compared to those prepared with Na-based activators. Additionally, the lower silica
content of the K-containing solutions will also have an effect in the fresh mixes, because
an increased content of silica in the alkali activator (higher Ms) causes reduced
workability of the fresh mixture, related to the higher viscosity identified in both Na and K

silicate solutions at increased silica concentrations [12].
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The water demand of the binders prepared with the nanosilica-based activator is lower
than that of the pastes based on the reference silicate activators. Pastes including the
nanosilica-solution presented better workability than those prepared with commercial
silicate activator, independent of the alkali cation included in the solution, at an equivalent
M,0/SiO, molar ratio. This is a consequence of the structural differences between the
nanosilica activator and the commercial silicate solutions. The low water demand of the
L300-K paste is particularly notable, where a water content less than half of that of the S-

Na sample is sufficient to provide good workability.

It is expected that in the commercial silicate solutions there will be a wide range of
dissolved silicate species, and among these, increased oligomer sizes affect the kinetics of
the exchange of silicate units during geopolymerization [32], contributing to an increment
in the viscosity of the solution, and consequently to the reduced workability of the
activated pastes. Conversely, in the nanosilica-derived activator, the rate of release of
soluble silicates is affected by the degree of dissolution of the particles in the hydroxide
solutions during the preparation of the activator. Considering that the time of preparation
of the activator is not longer than 5 hours before use (sufficient time for the solution to
cool to room temperature after the exothermic dissolution), not all of the nanosilica will be
completely dissolved in the hydroxide solution, and the oligomers formed in these silicates
might be lower in size compared to those in commercial silicates. This would then
decrease the viscosity of the nanosilica-derived activators, and consequently contribute to
the higher workability of the pastes produced with this activator, with reduced water

demand.

Improved workability associated with lower water demand in these binders is desirable
from a durability point of view, because a reduced degree of permeability of aggressive
agents through the hardened binders might be able to be achieved using these alternative
activators to enable the use of lower water/binder ratios. Detailed analysis of the pore

structure of these systems is presented later in this paper.
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3.2. Compressive strength

All of the binders assessed show compressive strengths between 84 and 88 MPa after 2
days of curing at 65°C (Figure 2). These mortar compressive strength values enable the
classification of these materials as high performance binders, considering that
conventional Portland cement concretes with compressive strengths up to 60 MPa are
classified as high performance, and to achieve these strengths generally requires the

addition of chemical and/or mineral admixtures [33].

Figure 2. Compressive strength of alkali-activated fly ash mortars, as a function of the

nature of the activator. Error bars indicate one standard deviation either side of the mean

As a consequence of the wide range of factors affecting the mechanical strengths of fly ash
geopolymer binders, and the physical and chemical differences between fly ash and
activator sources used by different research teams, it is difficult to make direct
comparisons between the strengths reported by different authors. However, considering
the relationship between the molar composition of the precursor and the mechanical
strength proposed by Duxson and Provis [34], this ash will be expected to give good
strength based on its chemical composition, which is coherent with the results reported

here.

Mortars produced with Na-based activators present higher compressive strength than those
with K-based activators. In both cases, slightly higher compressive strengths are obtained
when using commercial silicates, especially at early ages. This effect is more notable in
samples activated with the L300-K solution, which present compressive strengths up to
10MPa lower than the reference specimens (S-K). However, specimens prepared with the
modified nanosilica activators present a clear linear trend in the strength development, so
that at longer periods of curing (60 days) the compressive strengths of these mortars are

comparable to those reported for the reference samples (S-Na and S-K).

These results are coherent with the mechanisms of activation which are known to take
place when different alkali cations are incorporated in the binder. Xu et al. [35] observed
that activation with NaOH promotes a higher degree of dissolution of aluminosilicate

solids when compared with KOH. This is attributed to the higher capacity of NaOH to

8
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favor the release of silicate and aluminate monomers [36-37], while K promotes
condensation reactions to a greater extent, leading to the presence of more polysilicate
species [13].

In alkali activation of metakaolin, the rate of reaction in alkaline K-enriched environments
is sufficient to promote a high extent of dissolution while favoring condensation of
reaction products at early ages [37]. This is one of the main reasons why, in metakaolin-
based geopolymers, increased compressive strengths are obtained using K silicate
activators compared with systems where Na silicate is the alkali source. Considering that
the rate of dissolution of fly ash in an alkaline environment is lower than that of
metakaolin [34], it might be expected that there would be a retardation of reaction kinetics
when using K-based activators. This is consistent with the lower compressive strength
development exhibited by S-K and L300-K samples. The slightly lower mechanical
strength values at early ages of curing reported for mortars prepared with the modified
nanosilica can be attributed to the lower dissolved silica content of the nanosilica/MOH
solutions compared with commercial silicate solutions, where the presence of remnant,

partially dissolved silica particles slows down the availability of SiO, in the system.

3.3. Pore size distribution

The MIP technique has some limitations related to measuring pore parameters in
cementitious materials due to the presence of different sizes and shapes of pores, where
deviations from cylindrical pore shapes will increase the measured volume of the very
small pores [38]. However, it is still a valuable technique providing information about the
threshold diameters and intrudable pore space, giving a better understanding of the effects
of the different activators on the connectivity and capacity of the pore structure in the

geopolymers assessed.

In general, K-geopolymers present lower total porosity than Na-geopolymer mortars, as
seen by the lower cumulative volume intruded (Figure 3). Also, the lowest porosity is
exhibited by samples prepared with the chemically modified nanosilica activator. Mortars
produced with the K-nanosilica activator (L300-K) reported a total porosity of 6.32%,
followed by those specimens produced with the Na-nanosilica activator (L300-Na) with a

total porosity of 9.75%. These results are consistent with the reduced water demand of the
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chemically modified nanosilica-activated geopolymers, highlighting the benefit of using

this alternative activator.

Figure 3. Cumulative volume of mercury intruded as a function of pore diameter for S-
Na, L300-Na and L300-K mortars after 28 days of curing

The pore size distributions of the mortars assessed are presented in Figure 4, as calculated
from the applied pressure via the Washburn equation [39], assuming a contact angle of
130.0 degrees. In general, only slight differences are identified between the samples in
terms of the volumes of pores with diameters higher than ~10um in samples prepared with
different alkali cations, despite the reduced water demand exhibited by K-activated

geopolymers compared with the Na-activated geopolymer mortars.

Figure 4. Pore size distributions obtained from mercury intrusion data for silicate-

activated fly ash mortars with 28 days of curing

A remarkable effect of the alkali cation on the pore size distribution is identified in the
region of diameters smaller than 1 pum, where an increased pore volume is reported for
L300-Na mortars compared with L300-K mortars. In this region two types of porosity can
be identified: macropores (50-200 nm) and mesopores (3.6-50nm). Mesopores are present
into the aluminosilicate gel network due to short-range ordering which is characteristic of
an amorphous material. Macropores are formed during the early stages of
geopolymerization, and may transform to mesopores with the progress of the
polycondensation of hydrated gels in the binders, as a consequence of the filling of the
larger pores with the new reaction products, particularly given the relatively high Ca
content of the fly ash used here. On the other hand, pores larger than 200nm in the
geopolymer pastes are likely to be associated with the interfacial spaces between partially-
reacted or unreacted fly ash particles and the geopolymer gel [38, 40]. It is important to
note that complete dissolution and reaction of precursors have never been observed in fly
ash geopolymer binders, in particular when the solid precursor contains unreactive

crystalline phases as is the case for the precursor used in the present study (Figure 1).

These results indicate that, although L300-Na mortars have higher water content and thus

report a higher total porosity than L300-K mortars, a higher extent of polycondensation of

10
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the geopolymer gel is taking place in the presence of Na. This leads to the refinement of
the pore network, which contributes to the increased compressive strength. The presence
of pores of smaller diameter is important from a durability point of view, considering that
the diffusion of aggressive agents into the binders usually takes place through the larger

pores.

3.4. X-ray diffraction

In samples prepared with Na-based activators, the major crystalline phases previously
identified in the unreacted fly ash (Figure 1) are again observed; the crystalline
components of the fly ash are un-reactive. In pastes activated with commercial sodium
silicate, the main crystalline reaction products identified correspond to a calcium silicate
hydrate containing some sodium (N-C-S-H in cement chemistry terminology)
(NayCa,Si,07-H,0; PDF# 00-022-0891), analcime (NaAlSi,O¢H,0); PDF# 00-002-
0417), gismondine ((Ca,Nay)Al,Si,0g4H,0; PDF# 00-021-0840), Na-P1 zeolite
(NazAl;Si,0g-xH,0; PDF# 00-0025-0777) which is also a gismondine type structure,
along with the zeolites gonnardite ((Na,Ca)x(Si,Al)s010-2H,0; PDF# 00-042-1381) and
mesolite (NayCa,AlsSigO30-8H,0; PDF# 00-024-1064), which both present the natrolite
type structure. When activating with L300-Na, the Na-P1, analcime and N-C-S-H are not
identified; however, a new zeolite structure corresponding to faujasite
(NazAl,Si3 30106 7H,0) (PDF# 00-012-0228) is detected. These zeolites have been also
formed in other fly ash geopolymer systems [41, 42] and through the hydrothermal

production of zeolites using a similar fly ash precursor [43, 44].

Figure 5. Cu-K, diffractograms of the fly ash activated with Na-based activators. Peaks

present in both diffractograms are labeled in only one diffractogram for visual clarity.

The crystallization of zeolites from amorphous aluminosilicates is determined by the
dissolution rate of the precursor, which is controlled by at least two processes: (1) the
breakage of surface bonds due to the action of solvent and formation of soluble species
that leave the surface of the dissolving solid (directly proportional to the external surface
area), and (2) the reaction of the soluble species from the liquid phase on/with the surface
of the dissolving solid (depending only indirectly on the concentration of NaOH via the

change of the concentrations of reactive silicate and aluminate species in the liquid phase)

11
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[34, 45]. Considering that all of the samples have been prepared with the same fly ash
precursor, it is likely that the structural differences are associated with variations in the

alkalinity provided by the different silicate activators.

In the hydrothermal preparation of pure analcime from pure silica and alumina sources at
intermediate alkalinity conditions, the Na-P1 zeolite has been identified in the early stages
of reaction, and it then exhibits a gradual dissolution while the crystallization of analcime
is taking place; however, increasing the alkalinity in the system favors the formation of
faujasite instead of Na-P1 or analcime [46]. Using the commercial silicates here, the
coexistence of analcime and Na-P1 zeolites is achieved, along with the formation of a
wide range of zeolites. This indicates that the activation conditions promoted by this
activator are favoring the nucleation and growth of stable crystalline zeolites. Conversely,
using the NaOH/nanosilica derived activator leads to a lower availability of SiO, species
in the systems, which is likely to maintain a higher alkalinity compared with commercial
silicate solutions at the early times of reaction, consequently promoting the formation of

faujasite.

Hajimohammadi et al. [47] studied geopolymer formation from systems with separate Si
and Al sources, and observed that analcime formation occurred in systems with low Si
availability, while faujasite development was promoted at intermediate or high rates of
high Si availability. This differs from the trends observed here, where reversed results are
obtained, indicating that the mechanisms of gel and zeolite nucleation and growth in
binders where Si and Al sources are separated differ from those where Si and Al are
provided in parallel by an aluminosilicate precursor (e.g. fly ash) along with an external
source of Si (activator). Considering that analcime is a relatively high-silica zeolite and its
formation is likely to occur in areas enriched in Si, it seems that the additional Si species
contributed by a highly dissolved activator can favor the formation of this phase when

using the commercial sodium silicate.

The use of commercial potassium silicate (S-K) (Figure 6) as activator also promotes the
formation of crystalline reaction products, such as lithosite (KsHAI,Si4O13; PDF# 00-037-
0457), K-cymrite (KAISi3Og-H,O; PDF# 00-016-0385) and aluminosilicate zeolites with a
chabazite-K type structure (KipgAli11072Si24925H,0; PDF# 00-037-0792). K-cymrite is
also identified in binders prepared with the L300-K activator, along with hydrodelhayelite

12
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(KCay(SizAl)017(OH),.6H20; PDF# 00-041-0611), and a chabazite-K zeolite
(KAISiO4.xH,0; PDF# 00-053-1777). The formation of zeolite-like products including
calcium (in particular hydrodelhayelite; chabazite is also known to show Ca substitution,
although this was not explicitly observable here) is likely to be related to the weaker
zeolite structure forming tendencies of potassium here compared to sodium in Figure 5;
pure sodium zeolites form reasonably readily, while pure potassium zeolites are less

common, which leads to the formation of mixed-cation species as identified here.

Figure 6. Cu-K, diffractograms of the fly ash activated with K-based activators. Peaks

present in both diffractograms are labeled in only one diffractogram for visual clarity.

3.5. Thermogravimetry

The thermograms of the binders (Figure 7) after 28 days of curing exhibit an onset of
weight loss at temperatures lower than 300°C, which is associated with the physically
bound and zeolitic water present in the reaction products (dominated by an aluminosilicate
type-gel) which can be easily removed from the sodium/potassium silicate gel surface at
these temperatures [48-50]. Loss of weight at temperatures higher than 300°C is
consistent with dehydroxylation by condensation of the bound silanol groups, which is
completed at 500°C [48].

Figure 7. Thermograms of silicate-activated fly-ash binders at 28 days of curing

Differences in the total weight loss are identified between samples with nanosilica-based
activators and commercial silicate activators. This is more marked when comparing
samples with different alkali cations, where geopolymers activated by Na salts presented a
total weight loss of ~13% while K-geopolymers presented ~11% weight loss. This is
consistent with the structural differences in the binders as identified by MIP and XRD as
discussed above. The total loss of weight in K-activated geopolymer paste is 18% lower
than in the Na-activated specimens, which is consistent with the difference in water
content between the samples. However, some of the additional weight loss reported for
Na-activated binders may also be attributed to a larger content of gel reaction products
having been formed at the time of curing at which these samples were assessed, compared

with K-activated samples. This is consistent with the higher compressive strength and
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reduced permeability reported for Na-activated samples, independent of the silica source
in the activator.

Differential thermogravimetric curves (DTG; Figure 8) show a broad peak from room
temperature up to ~300°C in all samples. The main peak identified in both S-Na and L300-
Na geopolymers presents a minimum at ~103°C, attributed to the freely evaporable water
present in large pores in the geopolymer gel. The increased intensity of this peak in
samples activated with the commercial silicate solutions indicates a higher extent of
aluminosilicate gel formation, coherent with the high compressive strength identified in
mortars prepared with this binder. It is important to note that the first minimum related to
the loss of weight of evaporable water in these fly ash geopolymers (~103°C) is at a higher
temperature than that which has been reported for metakaolin geopolymers (~58°C) with
comparable formulations [50], indicating that the use of FA as a precursor for the
production of these binders favors the formation of denser geopolymer gels with tightly
absorbed water in small pores, or as condensed hydroxyl groups on the surface of the gel
[48, 51].

Figure 8. Differential thermograms of silicate-activated fly ash

In the samples S-Na and S-K a second peak is also observed at ~141°C. In MK-based
geopolymers and activated MK/GBFS blends the presence of this second peak has been
associated with the dehydration of the zeolite-type product (hydroxysodalite in that case)
formed along with the geopolymer gel [50]. Oh et al. [52] reported that the geopolymer gel
formed through the alkali-activation of fly ash presents a disordered form of the ABC-6
family of zeolitic products, which contains different polytypes such as chabazite, and

ranging from amorphous structure to polycrystalline in the case of high alkalinity mixes.

Crystalline chabazite has previously been reported as a zeolitic product in sodium-fly ash
geopolymer systems [41]; however, crystalline chabazite structures are observed here
exclusively in samples with K-based activators (Figure 6). Weight loss of chabazite-type
zeolites has been reported at temperatures of 162°C for chabazite-Na (“herschelite”), and
192°C for chabazite-K [53, 54], which probably indicates that the second peak identified
in DTG analysis of these binders (Figure 8) is likely to be related to geopolymer gel with a

chabazite-like nanostructure. A higher intensity of this peak is shown for pastes activated
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with commercial silicates, which can be associated with the larger degree of reaction and

increased ordering of the gels formed.

A third peak at ~596°C is only observed in commercial-silicate activated geopolymers (S-
Na and S-K), and is attributed to the complete dehydroxylation of zeolites present in the
binder. Conversely, a weaker signal at 509°C, and a small and poorly defined peak at
490°C are identified in L300-Na and L300-K binders respectively. The shifting of the
dehydroxylation peak towards lower temperatures is associated with lower alkali and Al
content, because of the greater strength of the bond between the water and the Na" or K*

cations in this case [55, 56].

A low intensity peak at ~847°C is identified in L300-K, corresponding to decomposition
of the carbonates, probably sodium or potassium carbonate (Figure 6). Similar peaks
(~780-800°C) with reduced intensity are also exhibited by S-Na and S-K geopolymers.

3.6. Scanning electron microscopy (SEM/EDS)

Fly ash geopolymers activated with commercial sodium silicate (Figure 9) exhibit a
heterogeneous gel structure, with embedded particles of varying morphologies (Figure
9A): smooth spherical particles (Figure 9B), agglomerations of rectangular crystalline
particles mostly composed of Al and Si (Figure 9C) surrounded by an Si-rich gel,
spherical units formed from the agglomeration of tubular particles enriched in Fe (Figure
9D), and crystalline particles with a dendritic-type structure with a high content of Fe and
containing similar proportions of Al and Si (Figure 9E). Hollow cavities with spherical
shape are associated with the partial dissolution of fly ash particles during the
geopolymerization reaction, where the un-reacted remnant fly ash particles are not bound
to the geopolymer gel, and fall out from their positions in the cavities during sample

preparation for microscopic analysis.

In analysis of fly ashes from different sources [57], it has been identified that this material
presents a spherical particle shape, mostly consisting of amorphous aluminosilicate, along
with iron-rich spheres composed of iron oxide mixed with amorphous aluminosilicate with

variations in the contents of Al, Si and Fe. Specifically, the ferrospheres in fly ash present
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a microstructure that can include smooth, polygonal, dendritic, granular and molten drop
characteristics [58], and can often be represented as a nanocomposite with ‘‘core-shell”
structure, where the core is formed from spinel, hematite and quartz crystals (phases

observed by XRD in the fly ash used here), and the shell consists of glasses [59].

Considering the chemical compositions of the different phases forming the geopolymer
and the microstructural characteristics reported for unreacted fly ash, it is inferred that the
smooth spherical particles correspond to undissolved FA, while the agglomerated
rectangular particles are identifiable according to their composition as being mullite, and
those with dendritic-type structure are likely to be associated with the ferrite spinels
previously observed by XRD (Figure 5). This is coherent with the observations made by
Lloyd et al. [60] who identified remnant particles of un-reacted fly ash, along with
crystalline phases such as mullite, in fly ash-based geopolymers. This is attributed to the
differential solubilities of the phases composing the fly ash under the activation conditions
used, especially where those presenting high crystallinity are less soluble. In the fly ash
assessed, mullite has been identified by XRD, and is likely to be responsible for the

particles identified in Figure 9C.

Figure 9. Scanning electron micrographs and corresponding EDS spectra of the binder

activated with a commercial sodium silicate (S-Na)

Binders activated with the NaOH/nanosilica derived activator (Figure 10) present only
slight microstructural differences compared with commercial Na-silicate activated pastes.
In this case, it is also possible to identify a partially dissolved fly ash particle with a
needle-like phase over its surface (Figure 10B), which is rich in Al and Si. This phase is
likely to be associated with mullite crystals, including some Fe substituting for Al in the

mullite structure [61].

Figure 10. Scanning electron micrographs and corresponding EDS spectra for the binder

activated with NaOH/nanosilica-derived activator (L300-Na)

Dendritic type particles assigned to the ferrite spinels forming the unreacted FA are also
identified (Figure 10C), which is coherent with XRD (Figure 5). This is consistent with

the observations of Lloyd et al. [60] who observed that iron-rich phases in a fly ash

16



543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

precursor are relatively unreactive. In this binder, a Ca- and Si-rich needle-like
morphology is visible inside one of the hollow cavities, presenting some traces of Na and
low contents of Al. Taking this into account, this morphology can be associated with some
sort of C-S-H phase. It is important to note that XRD results do not reveal the formation of
a long range-ordered C-S-H when using this activator; these phases are therefore

identifiable as showing at most short-range order.

The geopolymer gel embedding the different particles presents similar chemical
composition, independent of the silicate source, using Na-based activators. However, it
seems that there is a higher degree of interaction between this gel and the fly ash particles
in the binders prepared with the nanosilica-derived activator. This is coherent with the
reduced permeability exhibited by this binder (Figure 3), providing further evidence of the

effectiveness of using this alternative activator for producing geopolymers.

Binders prepared with a commercial K-silicate activator (Figure 11) also show mullite
crystals which were originally embedded within fly ash particles. As the reaction
progressed, the glass phase dissolved and exposed the mullite needles. Similarities in the
chemical composition of the geopolymer gel formed are again identified between the
samples which used the commercial K-silicate activator (Figure 11A) and the

KOH/nanosilicate derived activator (Figure 11B).

Figure 11. Scanning electron micrographs, and corresponding EDS spectra, of the binders
activated with (A) commercial potassium silicate solution (S-K) and (B) KOH/nanosilica

derived activator

4, Conclusions

The production of high mechanical strength and low permeability geopolymers has been
achieved using alternative activators based on modified nanosilica. These binders show an
extent of reaction which is slightly lower than that of binders produced from the same fly
ash using commercial sodium silicate activators, but mechanical strengths are similar. The
water demand and porosity of the samples prepared with the nanosilica-based activators
are lower than for the case of the commercial silicate activators, which is attributed to the

slightly delayed release of silica from the solid nanosilica particles, which remain in
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suspension in the solution during the early ages of reaction and then release silica later in
the reaction process. The crystalline zeolite phases formed in the samples differ slightly
between the nanosilica-derived and traditional activators, again consistent with the
differences in silica release rates from the two activators. Microstructural analysis shows
that the geopolymer gel is more tightly bound to the partially reacted fly ash particles in
the case of the nanosilica-derived activator, consistent with the reduced porosity of these
binders. The use of the nanosilica activator may also bring advantages in terms of the

environmental profile of the materials.
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760 Table 1. Chemical composition of the fly ash from X-ray fluorescence analysis. LOI is
761 loss on ignition at 950 °C

Component .
. . SiO; A|203 Fe,O3 CaO MgO SO; Na,O K>,0 LOI
(weight % as oxide)

Fly ash 39.00 28.01 1543 1027 150 200 071 138 1.69

762
763
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Table 2. Chemical composition of reference silicate activators and nanosilica used to

prepare nanosilicayMOH activators; data provided by the suppliers

Component . Solution modulus
. i SiO, Na,O K,O H,O i
(weight % as oxide) (Ms)(Si02/M,0)
SS 28.7 8.7 - 62.4 3.30
SK 23.0 - 105 66.5 2.19
L300 35.7 - - 64.3 -

25



768 Table 3. Mix description of silicate-activated fly ash binders

) Mixture 1D
Properties
S-Na S-K L300-Na L300-K
alkali cation Na* K* Na* K*
silicate source SS SK L300 L300
water/binder ratio 0.27 0.21 0.20 0.13

769
770
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Figure 6. Cu-K, diffractograms of the fly ash activated with K-based activators. Peaks

present in both diffractograms are labeled in only one diffractogram for visual clarity.
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Figure 9. Scanning electron micrographs and corresponding EDS spectra of the binder
activated with a commercial sodium silicate (S-Na)
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Figure 10. Scanning electron micrographs and corresponding EDS spectra for the binder

activated with NaOH/nanosilica-derived activator (L300-Na)
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Figure 11. Scanning electron micrographs, and corresponding EDS spectra, of the binders

activated with (A) commercial potassium silicate solution (S-K) and (B) KOH/nanosilica

derived activator
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