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Abstract

The aim of the present research is to ascertain the effect of the nature and concentration
of the alkaline activator and temperature on the rheological behaviour of alkali-
activated fly ash (AAFA) pastes. Furthermore, the reaction process of fly ash has been

investigated from rheological measurements.

Results have shown that the increase of the activator concentration and the
temperature leads to an increase of yield stress and apparent viscosity, mainly at
temperatures above 65 °C when dissolution of fly ash and precipitation of hydration
products is raised. In general, similar activation energies were determined for alkali-
activated fly ash pastes, regardless of the concentration and silica modulus of the
activator, concluding that the underlying reaction mechanism is the same independently

on the nature of the activating solution.

Keywords: alkali-activated fly ash, rheology, activation energy, temperature, alkaline

activator
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1.-INTRODUCTION

An understanding and control of the rheological properties of cementitious materials is
essential to ascertain their optima mixing, handling and casting as well as strength and
durability after hardening [1-3]. It is well-known that the rheological behaviour of
cementitious materials is affected by several parameters such as mixing conditions
(energy, time or temperature), cement mineralogical composition, supplementary
cementitious materials (SCMs), chemical admixtures, water/cement ratio, solid particle

size distribution and aggregate content and morphology [1, 2, 4-14].

Rheological behaviour of Portland cement-based materials has been widely studied,
however, very few studies have been performed on alkali-activated materials (AAMs).
An understanding and control of the rheology of such materials are essential to establish
the manufacturing criteria to be laid down in standards governing their use as binders

and to ultimately bring these eco-efficient construction materials to market.

Previous studies have confirmed the crucial role of the alkaline solution on the rheology
of AAMs. In particular, NaOH-activated slag (AAS) pastes behave as Bingham fluid [15,
16] while waterglass- AAS fit to Herschel-Bulkley model [15, 17]. Furthermore, when
waterglass is used as activator, a rise of the SiO,/Na,O ratio decreases the fluidity of
AAM suspensions [16, 18]. Torres-Carrasco et al. [19] have reported an improvement of
the rheological behavior in pastes activated with waste glass solution compared to
commercial waterglass, confirming the feasibility of using waste glass as an alternative

activator from the rheological point of view. In any case, regardless of the activating



solution used, a decrease of the fluidity of AAMs with the increase of the activator

concentration has been reported [16, 18].

AAMs reaction process has been extensively investigated by a broad number of
techniques, concluding that mineralogical and chemical composition of the
aluminosilicate source have a direct influence on the type of reaction products and
microstructure. In general, three main stages are involved in the reaction of AAMs: (1)
dissolution of the aluminosilicate source releasing Si(OH), and Al(OH), into solution; (2)
formation of a continuous gel upon solution supersaturation; and (3) condensation of
aluminates and silicates oligomers in solution forming a large network [20, 21].
Rheological measurements have been proved to be a useful tool to provide a further
understanding of the reaction process in AAMs. By a combination of heteronuclear
liquid-state Nuclear Magnetic Resonance (NMR) and rheological measurements, Favier
et al. [20] concluded the formation of an initial Al rich gel (Si/Al < 4.5) at the grain
pseudo-contact points as the main responsible of the initial (first 15 minutes) increase
of the macroscopic elastic modulus of metakaolin-based geopolymer. Moreover, after
several hours the precipitation of an aluminosilicate phase was linked to the paste

setting.

Poulesquen et al. [22] have confirmed from rheological measurements the faster
reaction kinetics of metakaolin when it is activated with NaOH compare to KOH,
although the structure formed with KOH is more rigid, forming larger oligomers or
favoring the connectivity of the tetrahedral network [22]. Furthermore, these authors

reported no influence of the alkaline activator on the mechanism of reaction of



metakaolin. In contrast, fly ash source plays a role on the activation energy of the
reaction process. In particular, the ferric oxide content in the fly ash has been reported

as a rate-determining reactant [23].

The relative importance of the factors involved in alkali-activated systems rheology has
yet to been established. The present study aims to ascertain the effect of factors such
as the nature and concentration of the alkaline activator and temperature on the
rheological behaviour of alkali-activated fly ash (AAFA) pastes. Moreover, this study aims
to determine the effect of these factors on the reaction process of fly ash from
rheological measurements, in particular, from the evolution of the pastes viscosity over

time.

2. EXPERIMENTAL

2.1 Materials

Table 1 shows the chemical composition of the fly ash used in this study determined by
X-ray fluorescence. The particle size distribution of the fly ash dispersed in isopropanol
was determined by laser diffraction (Sympatec Helos 12LA) [24]. Table 2 shows
respectively 10, 50 and 90 % size cut-offs of the Spanish fly ash (FA).

Table 1. Chemical composition of Fly ash (FA) (LOI = loss on ignition)

Chemical composition (% wt)
S|02 Cao A|203 F6203 MgO 503 Nazo Kzo T|02 P205 MnO LOI
54.40 | 2.70 | 27.5 6.40 1.50 | --- 0.50 | 3.1 1.3 0.3 >0.1 | 2.10




Table 2. Main parameters obtained from particle size distribution of FA

Dy10 (HmM) Dyso (Hm) Dygo (M)
3.46 17.54 74.42

A commercial sodium silicate (Merck waterglass: SiO,/Na,O molar ratio = 3.37;
density = 1.36 g/mL) and NaOH pellets (98 % purity - Panreac) were used for the

preparation of the alkaline solutions.

Table 3 lists the labels and physical and chemical characteristics of the activating
solutions used. OH" concentration was measured by HCI titration [25]. The dynamic
viscosity of the activating solutions was determined in a 1.13-mm diameter SCHOTT
Gerate capillary viscometer, immersed in a thermostat-controlled silicone oil bath to
ensure a constant temperature of 25 °C.

Table 3. Physical and chemical properties of the activator solutions. (% Wg is refered to

the percentage of sodium silicate solution by weight of activating solution)

Sample Activator %wtWg | SiO,/Na,0 I(:;e/::,?; ‘(’r:;:S'ts\)/ [OH] (M)
AAFANS 0 - 1.27 6.4 7.5
AAFAN8Wg15 8-M NaOH 15 0.16 1.29 6.9 6.4
AAFAN8Wg25 25 0.27 1.31 7.3 6.2
AAFAN10 0 - 1.35 11.0 9.9
AAFAN10Wg15 | 10-M NaOH 15 0.13 1.35 11.6 8.1
AAFAN10Wg25 25 0.23 1.35 12.3 6.3

2.2 Sample preparation and tests conducted

2.2.1 Paste preparation

Alkali-activated fly ash (AAFA) pastes were prepared by mixing at room temperature
80 g of fly ash with 20 g of the alkaline solution (liquid/solid ratio = 0.25) for three
minutes with a mechanical stirrer at 700 rpm. The alkaline solution was prepared by

dissolving NaOH in water and adding afterwards the corresponding amount of Na,SiO3
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solution. In all the experiments, the liquid/solid ratio (in mass) was kept constant.

Rheological properties and fluidity of the pastes were subsequently tested as described

below.

2.2.2. Rheological behavior

Three main rheological tests were performed:

(a)

(b)

Yield stress evaluation from flow curves: AAFA pastes were placed in a Haake
Rheowin Pro RV1 rotational viscometer fitted with a grooved Z38/S cylindrical rotor
blade and a built-in Haake DC30-B3 water recirculation system for thermostatic
control. Rate controlled measurements were performed according to the following
steps: (1) initial pre-shearing at 100 s* for 30 seconds, (2) increase of the shear rate
from O to 100 st in 60 s, (3) decrease of the share rate from 100 to 0 st in 90 s.
These tests were run at temperatures in the range from 25 to 85 °C. The yield stress
values were determined from the down-rate curves that satisfactory fit to Herschel-
Bulkley model (Eq. 1).
T=To+K-Y" (Eq. 1)

where 7 is the shear stress, 7, is yield stress (Pa), K is the consistency coefficient
(Pa-s"), v is the shear rate and n is the dimensionless fluidity index.

Fluidity loss over time: Minislump tests were performed to determine the fluidity of
the AAFA pastes at 25, 65 and 85 °C over the first 30 minutes of reaction. Pastes
were prepared by mixing 500 g of fly ash with 275g of the alkaline solution (1/s=0.55)
by using an Ibertest Autotest 200/10 mixer. They were firstly mixed for 1.5 min at
low speed (140 rpm) and after a 30-s pause, pastes were mixed for 1.5 min at high

speed (285 rpm). Pastes were poured into a truncated conical mould (19 x 38.1 x



57.2 mm). The mould was afterwards removed from the samples that set on a flow
table that was raised and dropped ten times. The diameter of the paste (I') was
measured in the four directions and the average taken as the final value.

Evolution of apparent viscosity at constant shear rate: The apparent viscosity of the
AAFA pastes were tested for 30 minutes at a constant shear rate of 100 s'1 by using
the Haake Rheometer Pro RV1 rotational viscosimeter described above.
Measurements were performed at temperatures in the range between 25 and
85 °C. Apparent viscosity was determined as the shear stress applied to the

suspension (measured by the viscosimeter) divided by the shear rate (Eq 2).

T
n= (Eq. 2)

3. RESULTS AND DISCUSSION

In the first part of this section, the impact of the nature and concentration of the

activating solution and testing temperature on the rheological properties of AAFA pastes

have been investigated. Afterwards, a deeper insight into the reaction process of fly ash

was gained by evaluating the activation energy through rheological measurements.

3.1. Yield stress evaluation from flow curves

Figure 1 presents the hysteresis loops for the AAFA pastes activated with 8M and 10M

NaOH, with and without addition of sodium silicate at 25 °C, 65 °C and 85 °C. An increase

of temperature involves an increment of the area of the hysteresis loop, inferring a

greater structural breakdown. This is related to the enhance of the reactivity of the fly

ash as temperature rises leading to greater interparticle bridges formed by the early

hydration products [26].



A shear thinning behaviour is found for all the pastes bellow 100 s and yield stress was
determined by fitting the Herschel-Bulkey model in the range between 0.1 and 100 s
From Figure 2, it is observed that at 25 °C, the yield stress of suspensions activated with
NaOH is higher compared to the waterglass-AAFA suspensions. It is well known that yield
stress of a suspension depends on the viscosity of the fluid, interparticle forces and
possible particle jamming [11, 18, 27]. Fraction of solids is similar in all the studied
suspensions and consequently jamming will have a similar influence on their yield stress.
NaOH solutions have a lower viscosity than waterglass solutions (see Table 3), that
would not explain the greater yield stress values found in NaOH-AAFA. Therefore,
different interparticle forces in NaOH- and waterglass- AAFA are the responsible of the
different measured yield stress at 25 °C. In particular, the adsorption of the silicates
(from the waterglass solution) increases the overall negative surface charge of fly ash,
increasing interparticle repulsive forces, leading to deflocculation of the particles and
the lower yield stress for Wg-AAFA [28]. These results are in agreement with those found
by Vance et al. [18]. In particular, these authors concluded a pseudo-Newtonian
behaviour of NaOH- and KOH-activated AAFA pastes when waterglass was added to the

solution.

Figure 2 also presents an increase of the vyield stress with the increase of the
temperature, mainly at temperatures equal or greater than 65 °C when dissolution of
fly ash and precipitation of hydration products is enhanced. In general, yield stress also
increases with the rise of the solution concentration, as it accelerates fly ash reaction
increasing the amount of percolated early hydration products [29]. Surprisingly, and

with the exception of AAFAN10 and AAFAN8Wg15, similar yield stress values have been



measured for pastes cured at 75 °C and 85 °C. This could be due to possible artefacts

during the experiments at high temperature.

a) b)

25°C 25°C
150 150

--AAFANS ---AAFAN10

-+-AAFAN8Wg15 -s-AAFAN8Wg25
-o-AAFAN10Wg15 -e-AAFAN10Wg25

E 100
g 50
0
0 20 40 60 80 100 0 20 40 60 80 100
Shear rate (s-1) Shear rate (s-1)
c) d)
65°C 65°C
80 80
- AAFANS .-AAFAN1O <+-AAFAN8Wg15 ---AAFANS8Wg25
=~ %0 ~ ¢o | “AAFANIOWg15 -e-AAFAN10Wg25
4 4
E 40 E 40
P R
,ﬁ g .-.-'“.
20 20
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Shear rate (s-1) Shear rate (s1)
e) f)
85°C 85°C
80 80
AAFANS = AAFANLO +-AAFAN8Wg15 ---AAFAN8Wg25
- -
=~ 40 ~ 40 | “AAFANIOWg15 -e-AAFAN10Wg25
4 4
.".‘.
E 40 E 40 .‘k ........w.“'
: Pl
20 20 e,
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Shear rate (s-1) Shear rate (s-1)

Figure 1. Hysteresis cycles for alkali-activated fly ash pastes at 25 °C, 65 °C and 85 °C
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Figure 2. Yield stress of AAFA suspensions at different testing temperatures

3.2.  Fluidity loss over time

The initial fluidity of the studied pastes, measured by the minislump test, was similar
independently on the nature of the activating solution, its concentration and testing
temperature. In particular, the spread diameter values were in the range between 110

and 140 mm.

Fluidity loss has been determined from the minislump tests by dividing the spread flow
at certain time (I'y) by the initial spread flow (after 4 minutes of reaction, I',) at the
studied temperature (see Figure 3). This normalization allows a comparison of the loss
of fluidity of the pastes despite the small differences of their initial spread flow. At 25
°C, Figure 3a shows that the fluidity of AAFA pastes remains constant over the first 30
minutes of reaction with no influence of the nature and concentration of the activating
solution, confirming that fly ash is not reacting at this temperature. In contrast, at 65 °C,
the nature of the activator plays a key role on the fluidity loss. While NaOH-AAFA pastes
show a constant fluidity, this decreases over time for pastes activated with waterglass,
being higher the flow loss as the SiO,/Na,O modulus of the activating solution increases.
In particular, AAFAN8Wg25 and AAFAN10Wg25 hardened and did not flow after 30

minutes of reaction. Finally, at 85 °C the flow loss occurs from the first minutes as fly ash
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dissolution is enhanced at this temperature, being faster the loss of fluidity as the silica
modulus and NaOH concentration increases. In particular, AAFAN10Wg25 pastes do not

flow after only 18 minutes of reaction.
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Figure 3. Fluidity loss of the AAFA pastes at (a) 25 °C, (b) 65 °C and (c) 85 °C
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3.3 Evolution of apparent viscosity in AAFA pastes at a constant shear rate

Figure 4 shows the evolution over time and at different temperatures of the apparent
viscosity of AAFA pastes. The nature and concentration, as well as the silica modulus, of
the activating solution have a clear influence on the initial apparent viscosity of the AAFA
pastes. Moreover, these parameters play a key role on the shape of the viscosity-time

plot due to differences in the reaction process of the fly ash.
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Figure 4.- Evolution over time and at different temperatures of the apparent viscosity of

AAFA pastes
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3.3.1. Initial apparent viscosity

An increase of the initial apparent viscosity of the AAFA pastes (after 3 minutes of mixing
with alkaline solution) with the rise of the activator concentration is found at 25 °C. This
can be explained by the increase of the viscosity of the activating solution (see Table 3),
due to the raise of the ion-dipole forces with the increment of the ionic concentration
[18]. Furthermore, an increase of the SiO,/Na,0 also involves a higher viscosity of the
activating solution and consequently of the AAFA paste. In particular, an increase of the
Si0,/Na,0 induces both a rise of the ion-dipole but also a higher amount of colloidal Si-
0O-H-M complexes in solution forming aggregates of a few nanometers that increases

solution viscosity [18, 30, 31].

For most of the AAFA pastes, a decrease of the initial viscosity with the rise of the
temperature according to Arrhenius-Guzman equation [Eq. 3] is observed (see Figure 5).
This would confirm the lack of physical or chemical reactions of the fly ash during the
first minutes (around 3.5 min) of contact with the alkaline solution at all the tested
temperatures. Moreover, the evolution of the initial apparent viscosity with the
temperature depends on the alkali concentration of the activating solution but not on
its silicate content, as it can be concluded from the overlapping of Arrhenius-Guzman
plots for AAFAN8Wg15 and AAFAN8Wg25 pastes as well as for AAFAN10Wg15 and

AAFAN10Wg25 pastes (see Figure 5).

n=A-e B/T [Eq. 3]
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where 7 is the viscosity, A and B the constants for the fluid and T the absolute

temperature in K [32].

In contrast, the apparent viscosity of AAFAN10 pastes do not follow an Arrhenius-
Guzman behaviour. In particular, a lower decrease of the viscosity with the rise of the
temperature is observed above 45 °C. This could mean that above 45 °C, fly ash particles
are quickly reacting after contact with the NaOH 10M solution, being this favored by the

increase of the temperature and also the higher pH of this solution (see Table 3).
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Figure 5. Evolution of the natural logarithm of the initial apparent viscosity (t = 30s) of

alkali-activated pastes with the reciprocal temperature

3.3.2. Evolution of apparent viscosity over time

A constant apparent viscosity over time was found for all the AAFA pastes activated at
temperatures between 25 °C and 45 °C, independently of the concentration and silica
modulus of the activating solution. This would confirm the lack or slow reactivity of fly
ash in this range of temperatures, as refered in the literature [23] and also shown in the
minislump tests (see Figure 3). However, above 65 °C a more significant rise in apparent

viscosity is observed as this is the onset of physical-chemical interactions and the
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formation of the initial reaction products leading to the steady viscosity rise even as
pastes were stirred during the rheological test. In particular, the increase of the
temperature induces the fly ash dissolution and release of silicate and aluminate
monomers to the solution. Their condensation leads to the precipitation of the first
(perhaps colloidal) reaction products, precursors of an initial metastable high-aluminium
aluminosilicate gel (N-A-S-H gel), known as Gel 1, with a three-dimensional structure

[33, 34].

Figure 4 also shows an early appearance of the onset time as well as a higher increase
of the viscosity over time with the increase of the activator concentration. This is in
agreement with the higher OH" concentration in the activating solution (see Table 3),
enhacing fly ash dissolution and the formation of reaction products at lower
temperatures. That concurred with reports by Fernandez-Jiménez and Palomo [35], who
found AAFA mortar strength to rise with increasing activator concentration due to the

formation of more reaction products.

Furthermore, the onset time of viscosity increase is delayed for waterglass-activated fly
ash pastes with the exception of AAFAN10Wg25 paste, that also showed the faster flow
loss during the minislump tests (Figure 3). The addition of sodium silicate decreases pH
and also rises the degree of polymerisation of the silicates in the activating solution [36]
forming cyclic silicates that retards fly ash dissolution. Therefore, both the SiO,/Na,O
ratio in the waterglass and the total SiO, and Na,O in the solution play key roles in the

reactivity of fly ash. A balance must be struck in activating solutions between the NaOH
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and waterglass concentrations to maintain an optimal pH and the necessary silicate ion

content to favour the formation of cementitious structures.

To gain further insights into to AAFA reaction process ocurring above 65°C, it was
determined the time needed to reach certain viscosity increase (t) as it is directly linked

to the rate of reaction described by Arrhenius equation (eq. 4):

_Ea

=Aef  (Eq.4)

| =

where A is a pre-exponential constant, E, is the activation energy per mole of the
reaction, R is the universal gas constant and T is the absolute temperature. In Figure 6,
the logarithm of the time taken to reach an increase of the apparent viscosity of 0.5
mPa's was plotted versus the reciprocal temperature. This value of 0.5 mPa's was chosen
as it was the lower limit of the increase of the viscosity measured for the AAFA pastes
over the tested time. In the case of AAFAN10Wg25 hydrated at 65 °C, the time to reach
the increase of the viscosity was extrapolated. A good linear fitting is obtained for the
six pastes, where the slope is equal to E,/R. Apparent activation energy can bring
information about the underlying chemical reaction as it depends on the rate-controlling
step and on the composition of the reaction products [37]. For the six AAFA pastes, the
apparent activation energy is very similar (see Table 4), concluding that despite their
different evolution of the viscosity over time, the underlying reaction mechanism is the
same, regardless of the concentration and silica modulus of the activating solution.
Furthermore, similar activation energies were also obtained by Poulesquen for NaOH-
and KOH-metakaolin activated pastes [22], although kinetics of the activation process in

fly ash- and metakaolin-activated systems are different. Finally, activation energies are
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in between 60 and 80 kJ/mol, concluding that kinetics are surface reaction controlled

[38, 39].

9 ® AAFAN10 @ AAFAN1OWG15 @ AAFAN1OWG25
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Figure 6. Arrhenius plot of the reciprocal absolute temperature versus the natural
logarithm of the time needed to reach an increase of the intrinsic viscosity of 0.5 mPa-s.

Linear regressions have been included.

Table 4.- Apparent activation energy of fly ash reaction

Mix AAFANS8 | AAFANSWG15 | AAFAN8WG25 AAFAN10 AAFAN10WG15 | AAFAN10WG25
Activation 63.6 78.7 78.2 64.4 75.6 59.6
energy (KJ/mol)

4. Conclusions

The nature and concentration of the alkaline activator and temperature play a key role

on the reactivity and rheological properties of AAFA pastes. In particular:

1. At room temperature, waterglass- AAFA pastes show lower yield stress values

than NaOH-AAFA. The adsorption of the silicates in the former increases the

18




overall negative surface charge of fly ash, increasing interparticle repulsive

forces, leading to deflocculation of the particles.

2. Anincrease of yield stress and apparent viscosity is observed with the rise of the
temperature, mainly at temperatures above 65 °C when dissolution of fly ash

and precipitation of hydration products is enhanced.

3. At all studied temperatures, an increase of the alkaline solution concentration
leads to greater yield stress values due to the higher reactivity of the fly ash and
the greater amount of percolated early hydration products.

4. In general, very similar activation energies were determined for all the studied
alkaline-activated fly ash pastes. This involves that the underlying reaction
mechanism is the same, independently on the concentration, nature and silica

modulus of the activating solution.
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