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Abstract: Availability of aluminosiliceous materials is essential for the production and promotion of
geopolymer concrete. Unlike fly ash, which can only be found in industrial regions, clays are available
almost everywhere but have not received sufficient attention to their potential use as a precursor
for geopolymer synthesis. This study investigates the effectiveness of calcined clay as a sole and
binary precursor (with fly ash) for the preparation of geopolymer mortar. Fly ash-based geopolymer
containing between 0 and 100% low-grade calcined clay was prepared to investigate the effect of
calcined clay replacement on the geopolymerization process and resultant mortar, using a constant
liquid/solid ratio. Reagent-grade sodium hydroxide (NaOH) and sodium silicate (Na;SiO3) were
mixed and used for the alkali solution preparation. Six different mortar mixes were formulated using
sand and the geopolymer binder, comprising varying fly ash-to-calcined clay ratios. The combined
effect of the two source materials on compressive strength, setting time, autogenous shrinkage, and
porosity was studied. The source materials were characterized using XRD, SEM, FTIR, and XRF
techniques. Isothermal calorimetry was used to characterize the effect of low-grade calcined clay
on the geopolymerization process. The addition of calcined clay reduced the surface interaction
between the dissolved particles in the alkali solution, leading to slow initial reactivity. Geopolymer
mortar containing 20% calcined clay outperformed the reference geopolymer mortar by 5.6%, 17%,
and 18.5% at 7, 28, and 91 days, respectively. The MIP analysis revealed that refinement of the pore
structure of geopolymer specimens containing calcined clay resulted in the release of tensional forces
within the pore fluid. Optimum replacement was found to be 20%. From this study, the mutual
reliance on the physical and inherent properties of the two precursors to produce geopolymer mortar
with desirable properties has been shown. The findings strongly suggest that clay containing low
content of kaolinite can be calcined and added to fly ash, together with appropriate alkali activators,
to produce a suitable geopolymer binder for construction applications.
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1. Introduction

The construction industry, being a major contributor of CO, to the atmosphere through
the production of Portland cement, has been under immense pressure to come up with
materials and processes that are eco-friendly and promote sustainable development. In
response, several steps have been taken to reduce carbon emissions and depletion of
natural resources, including (i) having alternate use for industrial and agricultural waste
materials through recycling and (ii) promotion and utilization of eco-friendly materials for
housing and infrastructure [1]. In this regard, chemically activated materials (geopolymers)
have gained massive recognition over the years due to their technical, and to a large
extent, environmental benefits [2]. Geopolymer binders are produced from chemical
reactions between aluminosilicate-rich precursors and alkali solutions at room or high
temperatures [3-5].
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Alkali-activated cements originally appeared more than five decades ago, as evidenced
by tests conducted by Purden and Glukhovsky [6]. Davidovits subsequently developed
and advanced this in the form of geopolymer, employing low calcium alkali-activated
binders [7]. Several studies have shown superior mechanical and durability characteristics
of alkali-activated geopolymer concrete to plain concrete [8-10]. However, one drawback
of utilizing alkali-activated materials is that it requires heat curing to achieve strength.
Some researchers have, in recent times, cured at room temperature and yet have recorded
significant improvement in compressive strength [11,12].

Geopolymer can be made from a wide range of aluminosilicate materials, although fly
ash, slag, and metakaolin have been widely researched and utilized among them [13-16].
However, recently, fly ash has become scarce as a result of the closing of several coal-fired
power generation plants around the world. A complete shutdown of these power stations
is imminent and could potentially lead to global shortages, making fly ash unavailable
for applications in the construction industry [17,18]. Another material that has produced
excellent geopolymer concrete properties is metakaolin, prepared from the calcination
of clays with high kaolinite content [19-23]. However, the challenge with kaolinitic clay,
also referred to as China clay, is that it can only be found in specific places and is quite
expensive due to its use in the ceramic, paper, and paint industries [24-26]. One material
that has been suggested as a good replacement for fly ash is low-grade clay (clay with
relatively lower kaolinite content). Several researchers [27-31] have reported interesting
results after studying the effect of this type of clay in cementitious systems. Given its low
cost and extensive availability, it makes an excellent starting material for the synthesis
of geopolymers.

Tahmasebi et al. [32] studied the potential use of low-reactivity calcined clays for
synthesizing geopolymer. The clays were selected based on properties such as particle
fineness, amorphous nature, and oxide composition. The optimum characteristics were
achieved at 550 °C calcining temperature. Geopolymer concrete synthesized with the
uncalcined clay resulted in a 7-day compressive strength of 31.7 MPa, which increased by
33.7% when it was synthesized with the calcined clay. The geopolymer concrete, however,
suffered a reduction when the curing period was extended to 28 days. This reduction in
strength was attributed to the creation of pores and microcracks due to high-temperature
curing. Hamdi et al. [33] also reported an improvement in compressive strength when
clay calcined at 850 °C was used as the source material in the preparation of geopolymer
concrete. Three concentrations of NaOH were prepared and used as the alkali activation.
Ogundiran and Kumar [34] also investigated the potential use of Nigerian clay as the
main precursor in geopolymer and utilized NaOH and NaOH/Na,SiO3 as the alkali
solutions. Calcined clays synthesized with NaOH resulted in relatively lower compressive
strength values as compared to NaOH/Na,SiOs. Investigating the effect of alkali type and
concentration on calcined clay mortar, Bature et al. [35] observed a reduction in strength
in NaySiOs-activated calcined clay mortar cured at ambient temperature. This strength
reduction was due to a weakening of the alkali solution caused by chemically bound water.
Ferone et al. [36] also studied the potential synthesis of low-reactive calcined clay sediments
as a geopolymer binder. They observed a significant improvement in the reactivity of the
source material and a consequential increase in compressive strength when the calcining
temperature was increased from 400 °C to 750 °C.

In the production and promotion of geopolymer concrete, availability of alumi-
nosiliceous materials is of primary importance. Several studies over the years have focused
on the sole use of fly ash in geopolymer systems. However, fly ash is an industrial by-
product that can only be found in specific regions. Low-grade clays, on the other hand, are
available almost everywhere but have not received sufficient attention to their potential use
as a precursor for geopolymer synthesis. The findings of this research would contribute
to forming a roadmap for the utilization of low-reactivity clays in geopolymer systems,
especially in regions where high-grade kaolinitic clays are unavailable.
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In this research, low-grade calcined clay is used to partially substitute fly ash in
the preparation of geopolymer mortar with the intention of using it for construction
applications. Earlier investigations focused on either using fly ash or calcined clay as the
source materials for geopolymer synthesis. The few studies conducted into the potential use
of calcined clay for geopolymer synthesis focused on the utilization of pure kaolinitic clays,
which possess excellent reactivity. This present study focuses on the use of low reactive
clay at varying compositions to partially replace fly ash in the synthesis of a geopolymer
binder. The combined effect of the two source materials on compressive strength, setting
time, shrinkage, and porosity. Isothermal calorimetry was used in characterizing the effect
of calcined low-grade calcined clay on the geopolymerization process. XRD analysis was
conducted to determine the phase composition of the 28-day cured geopolymer paste.

2. Materials and Methods
2.1. Materials

The main precursors used for this study are aluminosiliceous fly ash and low-grade
calcined clay. The fly ash, obtained from Lafarge Tarmac, had a specific gravity of 2.3 g/cm?
and a specific surface area of 1605 m? /kg. The calcined clay was produced by calcining clay
with a low kaolinite content (19%) at 750 °C. Calcination time was set for 2 h at a heating
rate of 10 °C/min. The calcined clay was removed from the kiln and left to cool to ambient
temperature on a laboratory bench. The specific gravity and specific surface area of the
calcined clay were measured to be 2.2 g/cm? and 1689 m?/kg respectively. Reagent-grade
sodium hydroxide (NaOH) with 98% purity and sodium silicate (NaySiO3) were mixed
and used in the alkali solution preparation. A 12 M NaOH was prepared by dissolving 99%
of the pellets in water. The preparation was done 24 h ahead of its usage. The 5iO, and
NayO content of the sodium silicate were 16.84% and 28.51%, respectively. Its SiO, /Nap,O
molar ratio was 2.0. Sharp sand passing through 4.7 mm and retaining on a 0.6 mm sieve
size was used as the fine aggregate.

2.2. Methods
2.2.1. Mix Proportion

The sand and geopolymer binder (fly ash + calcined clay + alkali activator) were used
to formulate 6 different mixes comprising varying fly ash-to-calcined clay ratios, thus, 100:0
(CC0), 80:20 (CC20), 60:40 (CC40), 40:60 (CC60), 20:80 (CC8O), and 0:100 (CC100). Mixes
were designed with a sand-to-binder ratio of 1.5, alkali solution-to-binder ratio of 0.5, and
water-to-binder ratio of 0.4.

2.2.2. Geopolymer Mortar Preparation

During preparation of the geopolymer mortar, the paste was first prepared by mixing
the fly ash and calculated quantity of calcined clay before adding the alkali activator and
allowing mixing for 5 min. The sand was added to the whole mixture and allowed to mix
for an additional 5 min to ensure consistency and workability. The mortar was placed
in 50 x 50 x 50 mm stainless steel molds and compacted on a vibrating table to ensure
uniform particle arrangement and to get rid of air bubbles and voids. The specimens were
stored in a controlled environment with a temperature of 20 °C and relative humidity
of 80%. The specimens were demolded after 48 h and subjected to thermal curing at
a temperature of 120 °C. Temperature selection was adopted based on results obtained
by previous researchers, which suggest a minimum curing temperature of 120 °C for
geopolymer mortars involving impure calcined kaolinitic clays if structural integrity is to
be achieved [37,38]. The specimens, before packing in the oven, were wrapped in oven
bags to minimize water loss due to thermal curing. The samples were taken out of the oven
after 24 h and kept at room temperature pending the testing day. Figure 1 is a flow diagram
of the geopolymer preparation.
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Figure 1. Flow diagram of geopolymer mortar preparation.

2.2.3. Testing Methods

The elemental composition of the calcined clay and fly ash samples was determined
using the X-ray fluorescence (XRF) technique. Microstructural studies of the precursors
were done using the scanning electron microscope (SEM). The Vicat method was used
to evaluate the setting time of the fly ash-calcined clay geopolymer paste according to
methods prescribed by ASTM C191-21 [39]. The compressive strength of the mortar
cubes, according to ASTM C109/C109M-20 [40], was measured after 7-, 28-, and 91-day
curing. Determination of relevant phases in the geopolymer mortar specimens was carried
out by a 3rd generation Malvern Panalytical Empyrean equipped with multicore optics.
Readings were taken from 10 to 80 20 degrees. Particle size distribution of the fly ash and
calcined clay was determined by laser diffraction. The pore structure of the 28-day cured
specimens at microscopic levels were determined using the Mercury Intrusion Porosimetry
technique (MIP).

The Fourier Transformed Infrared technique was used as a complementary tool to
XRD to determine the mineralogy of the precursors. A thermometric TAM air conduction
calorimeter was used to track the rate of heat evolution. In this test, 4 mL of the alkali
solution (stored in the injector) and 5 g of the pre-mixed precursor was kept in the reaction
ampoule for 300 min to avoid the possibility of heat turbulence. The alkali solution
was injected into the powdered precursor and mixed uniformly for 2 min. The attached
computer automatically generated heat flow data continuously for up to 72 h. The shrinkage
test was conducted in accordance with ASTM C490 [41]. Mortar bars were prepared using
75 x 75 x 285 mm molds. After demolding, the specimens were covered with plastic sheets
to avoid loss of water. The length of the specimens was taken using a length comparator
and stored in a controlled environment with a relative humidity of 50% and temperature
of 23 £ 4 °C. Subsequent measurements were taken after 1, 3, and 7 days. Measurements
were continuously taken at 7-day intervals until 91 days. The specimens were prepared in
triplicate, and an average shrinkage was calculated as recommended by ASTM C490 [41].
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3. Results and Discussion
3.1. Raw Materials Characterization

FTIR is a technique used to study the chemical bonds present in the functional groups
of cementitious materials. The FTIR spectra of the low-grade calcined clay and fly ash
are shown in Figure 2. Bands within the range of 2500 and 2000 cm~! were assigned
to OH stretching of inner surface hydroxyl groups, whereas bands appearing between
1000 and 1200 cm ™! were assigned to vibrations within the OH group as a result of water
absorption [5]. The band 780 cm ™! on the calcined clay corresponds to Si-O stretching. The
850 cm ! absorption band present in the fly ash, assigned to the coupled Al-O and Si-O
bending, could not be seen in the calcined clay due to the differences in the elemental and
mineralogical composition of the two materials [42].

Calcined clay

3000 2500 2000 1500 " 1000 500

Wavenumber (cm™?)

Figure 2. FTIR spectra of calcined clay and fly ash.

Table 1 shows the oxide composition of the starting precursors. SiO; and Al,O3 are
the dominant oxides present in both precursors. The SiO, content in the calcined clay was
determined to be 7.4% more than that of fly ash. Al,O3 content was about 27.5% higher
in fly ash than calcined clay. However, the two materials possessed enough quantities of
oxides for reactivity.

Table 1. Chemical composition of calcined clay, fly ash, and OPC.

Composition, % SiO,

A1,03 Fey03 MgO CaO Na,O K,O MnO TiO, P05 SO3 LOI

Calcined clay 62.77
Fly ash 58.1

18.71 11.68 1.89 0.25 0.03 2.12 0.46 0.41 0.03 0.19 1.46
25.82 4.25 0.25 2.28 - 1.13 1.1 0.22 0.12 6.73

SEM analysis, shown in Figure 3, revealed the spherical-shaped nature of the fly
ash particles, whereas the calcined clay showed a thick angular flaky nature due to the
destruction of the kaolinitic plate [43]. XRD patterns of the fly ash and calcined clay,
presented in Figure 4, showed the presence of quartz (SiO,), mullite (3Al,03-25i0;), anatase
(TiOy) and calcite (CaCOs), which is indicative of the crystalline minerals. Particle size
distribution (PSD) of the precursors is critical to compressive strength development of the
resultant geopolymer mortar. The fly ash had a d10, d50, and d90 particle sizes finer than
1.8, 6.0, and 18.2 um, respectively, and the calcined clay, finer than 3.2, 12.3, and 73.1 um,
respectively. The PSD of the fly ash and calcined clay are presented in Figure 5.
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Figure 3. SEM image of (a) fly ash and (b) calcined clay.
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3.2. Isothermal Calorimetry

As shown in Figures 6 and 7, isothermal calorimetry was used in characterizing
the influence of low-grade calcined clay on the geopolymerization process. The rate of
heat evolution is monitored up to 72 h. It is observed from Figure 6 that heat evolution
decreased (28.2 to 20.5 mW /g) with increasing calcined clay content in the geopolymer
paste. This trend is consistent with results obtained by Zhang et al. [44] and Ogundiran and
Kumar [45], who reported the highest rates of heat evolution between 28.4 and 30 mW /g
in geopolymer pastes prepared with metakaolin. It is obvious from Figure 6 that the partial
substitution of fly ash with calcined clay reduces the initial rate of heat evolution. The
incorporation of calcined clay slows down the formation of the first exothermic peak and
makes it less intense [44]. This outcome is unexpected because it was not anticipated that a
simple substitution of the fly ash with a low reactive impure calcined clay would result in
a considerable slowdown of the fly ash dissolution process. Therefore, it is possible that
the polymerization of the SiO; and Al,Oj3 that dissolve from the fly ash also contributes
significantly to the first exothermic peak [44]. If so, the partial substitution of fly ash with
calcined clay may cause a movement of this peak by increasing the supersaturation period
and formation of gel. This is because, under geopolymerization conditions, the dissolution
of calcined clay is slower than fly ash [46].

The cumulative heat released by the system within the initial 72 h of geopolymerization
reaction is shown in Figure 8. The addition of calcined clay causes a decrease in the
cumulative heat, decreasing with increasing calcined clay content. From Figures 6 and 7,
the geopolymerization of the system containing only fly ash (CC0) emitted more heat
compared to that prepared with only calcined clay (CC100). This is attributed to the
variations in reactivity of the two starting materials. The reactivity of the calcined clay is
slightly lower than the fly ash due to the impure nature of the clay (with a kaolinite content
of less than 20%) used for its preparation.

30
25 4
.
2 20 1
£
N
g
= 15
=
=
>
o
S
=
5
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Figure 6. Effect of calcined clay on heat evolution.
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Figure 8. Effect of calcined clay on setting time of geopolymer mortar.

3.3. Setting Times

Setting time is the process by which cement loses its plasticity and becomes dense
at the onset of hydration. The setting times of the fly ash/calcined clay geopolymer
pastes are presented in Figure 8. Initial and final setting times recorded for geopolymer
paste containing fly ash (CC) were 98 min and 185 min, respectively. These setting times
increased monotonically with increasing calcined clay content. The addition of 20%, 40%,
60%, 80% and 100% by mass fraction of calcined clay increased the initial setting time by
6.7%, 21%, 27 4%, 32.4%, and 41.7%, respectively, whereas the final setting time increased
by 10.2%, 27%, 24.5%, 38.7%, and 49.3%, respectively. This increase is consistent with
results obtained from the isothermal calorimetry. It is clear from the setting time and heat
evolution results that the disintegration of the precursors to form a gel prolongs, even after
setting is achieved [33]. The increase in setting time with increasing calcined clay content
means that, in practice, it will take a relatively longer period for the geopolymer concrete
to achieve a minimum level of stiffness.
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3.4. Compressive Strength

Figure 9 presents the compressive strength data of the geopolymer mortar at 7, 28, and
91 days. At 7 days, compressive strength values were generally low. They ranged between
31 and 41.33 MPa. The specimen marked CC20 recorded the highest strength at 7 days. A
similar trend in strength development was observed at 28 days. The compressive strength
of the specimen containing 20% calcined clay (CC20) at 91 days increased by 5.6%, 17%,
and 18.5%, respectively, while CC40 showed strength reductions of 5.9%, 5.6%, and 2.3%,
respectively. As calcined clay content increased in the geopolymer mix, the compressive
strength continuously decreased. Comparing the results of specimens prepared with
only calcined clay (CC100) and fly ash (CCO0), it was observed that the strength of CCO
was superior to CC100 by 12.7%, 6.2%, and 4.9%, respectively. However, all specimens
achieved a fairly high strength, and from 7 to 91 days, all specimens significantly increased
in strength. It is worth noting that the strength results closely match the calcined clay
reactivity during the first 72 h, as observed in the calorimetry. The differences in strength
development suggest that the replacement of fly ash with calcined clay affects the nature
of the gel formed after dissolution and could lead to pore structure and microstructural
changes [35]. The optimum strength was recorded when 20% calcined clay was added
to the mix. This is consistent with earlier reports. According to Duan et al. [46], the
incorporation of 20% metakaolin into fly ash-based geopolymer concrete significantly
improved compressive strength. Parashar et al. [47] also reported improved strength when
geopolymer was synthesized with calcined clay.

80

Bl 7days 3 28days E= 91 days
70—

(=)
=]
1

n
>
1

-
=
1

Compressive strength (MPa)
S
1

[
=3
1

-
<
L

CCo CC20 CC40 CC60 CC80 CC100

Fly ash/calcined clay geopolymer mixes
Figure 9. Compressive strength of geopolymer mortar containing calcined clay.

3.5. Mercury Intrusion Porosimetry (MIP)

Porosity measurement is an effective technique in the determination of the pore
structure of cementitious materials at the microscopic level [48]. The determination of
porosity is crucial to the strength and durability of concrete structures. Figure 10 shows
the porosity and average pore diameter data determined by MIP. After 28 days of curing,
porosity was found to decrease as calcined clay content increased in the geopolymer mix.
The highest porosity (24%) was recorded for mixes containing only fly ash (CC0), whereas
the calcined clay-based geopolymer mortar (CC100) obtained the lowest porosity (6.5%).
Porosity values recorded for CC20, CC40, CC60, and CC80 were 18.45%, 16.54%, 12.65%,
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and 11.24% respectively. All mixes that contained calcined clay, irrespective of the level of
replacement, were found to be less porous than CCO. This is due to the large surface area of
the calcined clay, as demonstrated by the particle size distribution results shown in Figure 5.
Again, as shown by the SEM in Figure 3, the calcined clay particles appear to be denser
and interlocking as compared to that of fly ash. As a result, the calcined clay particles
can significantly contribute to filling in the spaces between fly ash particles, which results
in a denser pore structure in blended geopolymer paste. Following the porosity results,
geopolymer mixes prepared with fly ash and calcined clay showed a decreasing order of
average pore diameter. CC100 and CCO recorded the lowest and highest average diameters,
respectively. Pore diameters for the specimens were 0.018, 0.0179, 0.0165, 0.0158, 0.0132,
and 0.0134 um, respectively. Similar results were reported by previous researchers [48,49].

30 . 0.020
After 28 days curing
25+
o di . >
B Pore diameter | 0.018 2
© Porosity =
o 20+ ”
S :
> e
£ 15- -0.016 =
o E
g :
10 o
L~
- 0.014 3
5-
0 T T T T T T 0.012

CC0 CC20 CC40 cCC60 cCcCcs80 ccCr00

Fly ash/calcined clay geopolymer mixes

Figure 10. Porosity and average particle diameter of fly ash-calcined clay geopolymer.

3.6. Autogenous Shrinkage

Autogenous shrinkage was measured to determine the decrease in volume of the
geopolymer due to internal drying [50]. During the geopolymerization process, water
is removed from the pores through capillarity to form an air-water mixture. This causes
pressure to be generated within the capillaries of the binder. The shrinkage properties of
fly ash/calcined clay geopolymer mortar are presented in Figure 11. Autogenous shrink-
age decreased with increasing calcined clay content, ranging from 523 x 10~ mm/mm
to 250 x 107® mm/mm. Shrinkage was observed to be less severe in mixes containing
calcined clay. This means that the samples suffered expansion, which could be due to the
rise in internal temperature at early ages because of the high concentration of Na,SiO3
and NaOH. Shrinkage in calcined clay specimens began after 28 days and consistently
increased as the days increased up to 91 days. Among the calcined clay specimens, the
least shrinkage value was recorded for the sample marked C100, whereas the highest was
recorded in CCO, after 91 days. Generally, shrinkage decreased with increasing calcined
clay content. The MIP analysis revealed that refinement of the pore structure of geopolymer
specimens containing calcined clay resulted in the release of tensional forces within the
pore fluid. The autogenous shrinkage of the geopolymer paste developed in two phases:
expansion at the initial stages, which led to a consistent increase in internal strain and
finally resulted in shrinkage of the paste. Yang et al. [51], after partially substituting fly
ash in metakaolin-based geopolymer, reported a similar trend where the initial stages of
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Autogenous shrinkage (X 10° mm/m m)

600

curing experienced expansion but suffered autogenous shrinkage at later ages of curing.
This is attributed to the movement of pore fluid into spaces where extreme internal drying
occurs due to geopolymerization. This movement of fluid eventually causes an increase
in the internal relative humidity, which reduces the capillary stresses, thereby causing
shrinkage [50].

€@ CC100 © CC80 €© CC60 §F CC40 24 CC20 i CCO

400

200

Age (days)
Figure 11. Effect of calcined clay on autogenous shrinkage.

3.7. X-ray Diffraction Analysis

XRD analysis was conducted to determine the phase composition of the 28-day cured
geopolymer paste and is presented in Figure 12. The main phase appearing in all specimens
was quartz, which is mostly as a result of geopolymerization reaction [52,53]. Other miner-
als present include mullite, anorthite, calcite, kaolinite, and tobermorite. Average size peaks
observed within 20 and 40 20° suggest the production of a greater amount of amorphous re-
action product, which is most likely due to the sodium alumino-silicate hydrate gel [54,55].
Additionally, medium to microscopic peaks between 35 and 50 20° were visible, which
might indicate the development of weakly crystalline CASH gel phases [56,57]. The quartz
and mullite phases are represented in the diffraction patterns by a significant number
of sharp peaks. Similar peak positions and intensities were observed in all blended fly
ash-calcined clay geopolymer pastes. Another notable phase present was calcite, found
between 35 and 40 20°. Mullite, as expected, was also prominent among the phases present.
The mullite peaks appear to have reduced or vanished as the calcined clay content increased.
Anorthite phases were also observed between 20 and 30 26°. Tobermorite phase was seen
at 29 206°. The presence of tobermorite is essential for its contribution to the hardening of
the geopolymer paste [58].
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Figure 12. XRD diffraction of fly ash-calcined clay geopolymer cured for 28 days.

4. Conclusions

This research has investigated the influence of low-grade calcined clay on the fresh,

hardened, and mineralogical characteristics of fly ash-based geopolymer mortar synthe-
sized with a single liquid-to-solid ratio. From this study, the mutual reliance on the physical
and inherent properties of the two precursors to produce geopolymer mortar with desirable
properties has been shown. Variations in the reactivities of the fly ash and calcined clay
contributed greatly to the findings of this study, which are listed below:

As revealed by the isothermal conduction calorimetry results, heat evolution decreased
with increasing calcined clay content. The addition of calcined clay reduced the surface
interaction between the dissolved particles in the alkali solution, leading to slow
initial reactivity.

The incorporation of 20% calcined clay in the mix favored early and late compressive
strength development, outperforming the reference geopolymer mortar (containing
100% fly ash) by 5.6%, 17%, and 18.5% at 7, 28, and 91 days, respectively. Geopolymer
mixes containing 100% fly ash, however, obtained slightly improved compressive
strength figures at all curing ages as compared to the ones prepared with 100% calcined
clay. Setting times increased with increasing calcined clay content in the geopolymer
mix. Optimum replacement was found to be 20%.

The highest porosity (24%) was recorded for mixes containing only fly ash (CCO0),
whereas the calcined clay-based geopolymer mortar (CC100) obtained the least poros-
ity (6.5%). All mixes that contained calcined clay, irrespective of the level of replace-
ment, were found to be less porous than CCO0. The calcined clay particles appeared to
be denser and interlocking as compared to that of fly ash.

Shrinkage was observed to be less severe in mixes containing calcined clay. The
MIP analysis revealed that refinement of the pore structure of geopolymer specimens
containing calcined clay resulted in the release of tensional forces within the pore fluid.

This work has studied the potential use of calcined clay to partially substitute fly ash

for geopolymer synthesis. Its effect on setting time, shrinkage, compressive strength devel-
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opment, and porosity has been revealed. Further studies, however, should be conducted
into the impact of microstructural changes on these properties. Other areas of this research
that also require attention are durability measurements and life cycle assessment in order
to optimize the use of calcined clay in geopolymer systems.

Author Contributions: Conceptualization, M.K.; methodology, M.K. and K.B.; software, M.K. and
K.B.; validation, M.K; formal analysis, M.K. and K.B.; investigation, K.B. and M.K.; resources, M.K.
and K.B.; data curation, K.B. and M.K,; writing—original draft preparation, K.B.; writing—review
and editing, M.K,; visualization, M.K.; supervision, M.K,; project administration, M.K.; funding acqui-
sition, M.K. and K.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Coventry University under project code 17172-01 and the
APC was funded by MDPI open access publishing in Basel /Switzerland.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zafar, M.S,; Javed, U.; Khushnood, R.A.; Nawaz, A.; Zafar, T. Sustainable incorporation of waste granite dust as partial
replacement of sand in autoclave aerated concrete. Constr. Build. Mater. 2020, 250, 118878. [CrossRef]

2. Boakye, K.; Khorami, M.; Saidani, M.; Ganjian, E.; Dunster, A.; Ehsani, A.; Tyrer, M. Mechanochemical characterisation of calcined
impure kaolinitic clay as a composite binder in cementitious mortars. J. Compos. Sci. 2022, 6, 134. [CrossRef]

3. Wang, Y; Dai, ]. Use of magnesia sand for optimal design of high performance magnesium potassium phosphate cement mortar.
Constr. Build. Mater. 2017, 153, 385-392. [CrossRef]

4. van Deventer, ].S.; Provis, J.L.; Duxson, P; Brice, D.G. Chemical research and climate change as drivers in the commercial adoption
of alkali activated materials. Waste Biomass Valorization 2010, 1, 145-155. [CrossRef]

5. Provis, J.L.; Bernal, S.A. Geopolymers and related alkali-activated materials. Annu. Rev. Mater. Res. 2014, 44, 299-327. [CrossRef]

6. Krivenko, P; Garcia-Lodeiro, I.; Kavalerova, E.; Maltseva, O.; Fernandez-Jiménez, A. A review on alkaline activation: New
analytical perspectives. Mater. Construcc. 2014, 64, e022.

7. Davidovits, J. Global warming impact on the cement and aggregates industries. World Resour. Rev. 1994, 6, 263-278.

8.  Gomaa, E; Sargon, S.; Kashosi, C.; Gheni, A.; EIGawady, M. Effect of different class C fly ash compositions on the properties of
the alkali-activated concrete. In International Congress on Polymers in Concrete (ICPIC 2018) Polymers for Resilient and Sustainable
Concrete Infrastructure 16; Springer International Publishing: Cham, Switzerland, 2018; pp. 541-547.

9. Xie, J.; Wang, ]J.; Rao, R.; Wang, C.; Fang, C. Effects of combined usage of GGBS and fly ash on workability and mechanical
properties of alkali activated geopolymer concrete with recycled aggregate. Compos. Part B Eng. 2019, 164, 179-190. [CrossRef]

10. Stolz, J.; Boluk, Y.; Bindiganavile, V. Mechanical, thermal and acoustic properties of cellular alkali activated fly ash concrete. Cem.
Concr. Compos. 2018, 94, 24-32. [CrossRef]

11.  Hadi, M.N.; Farhan, N.A.; Sheikh, M.N. Design of geopolymer concrete with GGBFS at ambient curing condition using Taguchi
method. Constr. Build. Mater. 2017, 140, 424-431. [CrossRef]

12.  Anbarasan, I.; Soundarapandian, N. Investigation of mechanical and micro structural properties of geopolymer concrete blended
by dredged marine sand and manufactured sand under ambient curing conditions. Struct. Concr. 2020, 21, 992-1003. [CrossRef]

13.  Aygormez, Y.; Canpolat, O.; Al-mashhadani, M.M.; Uysal, M. Elevated temperature, freezing-thawing and wetting-drying effects
on polypropylene fiber reinforced metakaolin based geopolymer composites. Constr. Build. Mater. 2020, 235, 117502. [CrossRef]

14. Jaya, N.A,; Yun-Ming, L.; Cheng-Yong, H.; Abdullah, M.M.A.B.; Hussin, K. Correlation between pore structure, compressive
strength and thermal conductivity of porous metakaolin geopolymer. Constr. Build. Mater. 2020, 247, 118641. [CrossRef]

15. Nguyen, K.T,; Nguyen, Q.D.; Le, T.A; Shin, J.; Lee, K. Analyzing the compressive strength of green fly ash based geopolymer
concrete using experiment and machine learning approaches. Constr. Build. Mater. 2020, 247, 118581. [CrossRef]

16. Nath, SK.; Kumar, S. Role of particle fineness on engineering properties and microstructure of fly ash derived geopolymer. Constr.
Build. Mater. 2020, 233, 117294. [CrossRef]

17. McCarthy, M.].; Robl, T.; Csetenyi, L.J]. Recovery, Processing, and Usage of Wet-Stored Fly Ash. In Coal Combustion Products
(CCP’s); Robl, T., Oberlink, A., Jones, R., Eds.; Woodhead Publishing: Duxford, UK, 2017.

18. Juenger, M.C.G; Snellings, R.; Bernal, S.A. Supplementary cementitious materials: New sources, characterization, and perfor-
mance insights. Cem. Concr. Res. 2019, 122, 257-273. [CrossRef]

19. Kuenzel, C.; Neville, T.P; Donatello, S.; Vandeperre, L.; Boccaccini, A.R.; Cheeseman, C.R. Influence of metakaolin characteristics

on the mechanical properties of geopolymers. Appl. Clay Sci. 2013, 83-84, 308-314. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2020.118878
https://doi.org/10.3390/jcs6050134
https://doi.org/10.1016/j.conbuildmat.2017.07.099
https://doi.org/10.1007/s12649-010-9015-9
https://doi.org/10.1146/annurev-matsci-070813-113515
https://doi.org/10.1016/j.compositesb.2018.11.067
https://doi.org/10.1016/j.cemconcomp.2018.08.004
https://doi.org/10.1016/j.conbuildmat.2017.02.131
https://doi.org/10.1002/suco.201900343
https://doi.org/10.1016/j.conbuildmat.2019.117502
https://doi.org/10.1016/j.conbuildmat.2020.118641
https://doi.org/10.1016/j.conbuildmat.2020.118581
https://doi.org/10.1016/j.conbuildmat.2019.117294
https://doi.org/10.1016/j.cemconres.2019.05.008
https://doi.org/10.1016/j.clay.2013.08.023

Sustainability 2023, 15, 13556 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Albidah, A.; Algarni, A.S.; Abbas, H.; Almusallam, T.; Al-Salloum, Y. Behavior of Metakaolin-Based geopolymer concrete at
ambient and elevated temperatures. Constr. Build. Mater. 2022, 317, 125910. [CrossRef]

Shilar, F.A.; Ganachari, S.V.; Patil, V.B.; Nisar, K.S. Evaluation of structural performances of metakaolin based geopolymer
concrete. J. Mater. Res. Technol. 2022, 20, 3208-3228. [CrossRef]

Gopalakrishna, B.; Pasla, D. Development of metakaolin based high strength recycled aggregate geopolymer concrete. Constr.
Build. Mater. 2023, 391, 131810. [CrossRef]

Dhasmana, A.; Singh, S.P. Long-term mechanical characteristics of fibre reinforced metakaolin-based geopolymer concrete: A
review. Mater. Today Proc. 2023; in press. [CrossRef]

Murray, H.H. Traditional and new applications for kaolin, smectite, and palygorskite: A general overview. Appl. Clay Sci. 2000,
17,207-221. [CrossRef]

Tironi, A.; Trezza, M.A.; Scian, A.N.; Irassar, E.F. Assessment of pozzolanic activity of different calcined clays. Cem. Concr. Compos.
2013, 37, 319-327. [CrossRef]

Sabir, B.B.; Wild, S.; Bai, ]. Metakaolin and calcined clays as pozzolans for concrete: A review. Cem. Concr. Compos. 2001, 23,
441-454. [CrossRef]

Boakye, K.; Khorami, M. Influence of Calcined Clay Pozzolan and Aggregate Size on the Mechanical and Durability Properties of
Pervious Concrete. J. Compos. Sci. 2023, 7, 182. [CrossRef]

Du, H.; Pang, S.D. Value-added utilization of marine clay as cement replacement for sustainable concrete production. J. Clean.
Prod. 2018, 198, 867-873. [CrossRef]

Sarfo-Ansah, ]J.; Atiemo, E.; Boakye, K.A.; Adjei, D.; Adjaottor, A.A. Calcined clay Pozzolan as an admixture to mitigate the
alkali-silica reaction in concrete. J. Mater. Sci. Chem. Eng. 2014, 2014, 46116. [CrossRef]

Zheng, D,; Liang, X.; Cui, H.; Tang, W.; Liu, W.; Zhou, D. Study of performances and microstructures of mortar with calcined
low-grade clay. Constr. Build. Mater. 2022, 327, 126963. [CrossRef]

Zolfagharnasab, A.; Ramezanianpour, A.A.; Bahman-Zadeh, F. Investigating the potential of low-grade calcined clays to produce
durable LC3 binders against chloride ions attack. Constr. Build. Mater. 2021, 303, 124541. [CrossRef]

Tchadjie, L.N.; Ekolu, S.O. Enhancing the reactivity of aluminosilicate materials toward geopolymer synthesis. ]. Mater. Sci. 2018,
53,4709-4733. [CrossRef]

Hamdi, N.; Ben Messaoud, I.; Srasra, E. Production of geopolymer binders using clay minerals and industrial wastes. Comptes
Rendus Chim. 2019, 22, 220-226. [CrossRef]

Ogundiran, M.B.; Kumar, S. Synthesis and characterisation of geopolymer from Nigerian Clay. Appl. Clay Sci. 2015, 108, 173-181.
[CrossRef]

Bature, A.S.; Khorami, M.; Ganjian, E.; Tyrer, M. Influence of alkali activator type and proportion on strength performance of
calcined clay geopolymer mortar. Constr. Build. Mater. 2021, 267, 120446. [CrossRef]

Ferone, C.; Liguori, B.; Capasso, I.; Colangelo, F,; Cioffi, R.; Cappelletto, E.; Di Maggio, R. Thermally treated clay sediments as
geopolymer source material. Appl. Clay Sci. 2015, 107, 195-204. [CrossRef]

Rahman, M.M.; Law, D.; Patnaikuni, I. Factors affecting the performance of 100% clay based geopolymer concrete. In Proceedings
of the 28th Biennial National Conference of the Concrete Institute of Australia (Concrete 2017), Adelaide, Australia, 22-27 October
2017; pp. 1-7.

Tahmasebi Yamchelou, M.; Law, D.; Brkljac¢a, R.; Gunasekara, C.; Li, J.; Patnaikuni, I. Geopolymer synthesis using low-grade
clays. Constr. Build. Mater. 2021, 268, 121066. [CrossRef]

ASTM C191-19; Standard test methods for time of setting of hydraulic cement by Vicat needle. ASTM International: West
Conshohocken, PA, USA, 2019.

ASTM C109/109M-20A; Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [50-mm]
Cube Specimen). ASTM International: West Conshohocken, PA, USA, 2020.

ASTM C490-07; Standard Practice for Use of Apparatus for the Determination of Length Change of Hardened Cement Paste,
Mortar, and Concrete. ASTM International: West Conshohocken, PA, USA, 2007.

Panias, D.; Giannopoulou, I.P; Perraki, T. Effect of synthesis parameters on the mechanical properties of fly ash-based geopolymers.
Colloids Surf. Physicochem. Eng. Asp. 2007, 301, 246-254. [CrossRef]

Qin, Z.; Ma, C.; Zheng, Z.; Long, G.; Chen, B. Effects of metakaolin on properties and microstructure of magnesium phosphate
cement. Constr. Build. Mater. 2020, 234, 117353. [CrossRef]

Zhang, Z.; Wang, H.; Zhu, Y.; Reid, A.; Provis, J.L.; Bullen, F. Using fly ash to partially substitute metakaolin in geopolymer
synthesis. Appl. Clay Sci. 2014, 88-89, 194-201. [CrossRef]

Ogundiran, M.B.; Kumar, S. Synthesis of fly ash-calcined clay geopolymers: Reactivity, mechanical strength, structural and
microstructural characteristics. Constr. Build. Mater. 2016, 125, 450-457. [CrossRef]

Duan, P; Yan, C.; Zhou, W. Influence of partial replacement of fly ash by metakaolin on mechanical properties and microstructure
of fly ash geopolymer paste exposed to sulfate attack. Ceram. Int. 2016, 42, 3504-3517. [CrossRef]

Parashar, A K.; Gupta, N.; Singh, P; Saxena, K.K.; Prakash, C.; Kumar, S. Investigation on the properties of GGBS based
geopolymer mortar with the inclusion of calcined clay. Adv. Mater. Process. Technol. 2023, 1-12. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2021.125910
https://doi.org/10.1016/j.jmrt.2022.08.020
https://doi.org/10.1016/j.conbuildmat.2023.131810
https://doi.org/10.1016/j.matpr.2023.07.030
https://doi.org/10.1016/S0169-1317(00)00016-8
https://doi.org/10.1016/j.cemconcomp.2013.01.002
https://doi.org/10.1016/S0958-9465(00)00092-5
https://doi.org/10.3390/jcs7050182
https://doi.org/10.1016/j.jclepro.2018.07.068
https://doi.org/10.4236/msce.2014.25004
https://doi.org/10.1016/j.conbuildmat.2022.126963
https://doi.org/10.1016/j.conbuildmat.2021.124541
https://doi.org/10.1007/s10853-017-1907-7
https://doi.org/10.1016/j.crci.2018.11.010
https://doi.org/10.1016/j.clay.2015.02.022
https://doi.org/10.1016/j.conbuildmat.2020.120446
https://doi.org/10.1016/j.clay.2015.01.027
https://doi.org/10.1016/j.conbuildmat.2020.121066
https://doi.org/10.1016/j.colsurfa.2006.12.064
https://doi.org/10.1016/j.conbuildmat.2019.117353
https://doi.org/10.1016/j.clay.2013.12.025
https://doi.org/10.1016/j.conbuildmat.2016.08.076
https://doi.org/10.1016/j.ceramint.2015.10.154
https://doi.org/10.1080/2374068X.2023.2193313

Sustainability 2023, 15, 13556 15 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Li, J.; Mailhiot, S.; Sreenivasan, H.; Kantola, A.M.; Illikainen, M.; Adesanya, E.; Kriskova, L.; Telkki, V.-V.; Kinnunen, P. Curing
process and pore structure of metakaolin-based geopolymers: Liquid-state 1IH NMR investigation. Cem. Concr. Res. 2021, 143,
106394. [CrossRef]

Cai, R;; Tian, Z.; Ye, H.; He, Z.; Tang, S. The role of metakaolin in pore structure evolution of Portland cement pastes revealed by
an impedance approach. Cem. Concr. Compos. 2021, 119, 103999. [CrossRef]

Melo Neto, A.A.; Cincotto, M.A.; Repette, W. Drying and autogenous shrinkage of pastes and mortars with activated slag cement.
Cem. Concr. Res. 2008, 38, 565-574. [CrossRef]

Yang, T.; Zhu, H.; Zhang, Z. Influence of fly ash on the pore structure and shrinkage characteristics of metakaolin-based
geopolymer pastes and mortars. Constr. Build. Mater. 2017, 153, 284-293. [CrossRef]

Ates, F; Park, K.T.; Kim, K.W.; Woo, B.; Kim, H.G. Effects of treated biomass wood fly ash as a partial substitute for fly ash in a
geopolymer mortar system. Constr. Build. Mater. 2023, 376, 131063. [CrossRef]

Mijarsh, M.J.A.; Megat Johari, M.A.; Ahmad, Z.A. Effect of delay time and Na2SiO3 concentrations on compressive strength
development of geopolymer mortar synthesized from TPOFA. Constr. Build. Mater. 2015, 86, 64-74. [CrossRef]
Hajimohammadi, A.; Ngo, T.; Provis, ].L.; Kim, T.; Vongsvivut, ]. High strength/density ratio in a syntactic foam made from
one-part mix geopolymer and cenospheres. Compos. Part B Eng. 2019, 173, 106908. [CrossRef]

Garcia-Lodeiro, I.; Fernandez-Jiménez, A.; Palomo, A.; Macphee, D.E. Effect of calcium additions on N-A-S5-H cementitious gels.
J. Am. Ceram. Soc. 2010, 93, 1934-1940. [CrossRef]

Garcia-Lodeiro, I.; Fernandez-Jiménez, A.; Palomo, A. Variation in hybrid cements over time. Alkaline activation of fly ash—
portland cement blends. Cem. Concr. Res. 2013, 52, 112-122. [CrossRef]

Garcia-Lodeiro, I.; Palomo, A.; Fernandez-Jiménez, A.; Macphee, D.E. Compatibility studies between NASH and CASH gels.
Study in the ternary diagram Na; O-CaO-Al,O3-5i0,-H;O. Cem. Concr. Res. 2011, 41, 923-931. [CrossRef]

Cheah, C.B.; Part, W.K.; Ramli, M. The hybridizations of coal fly ash and wood ash for the fabrication of low alkalinity geopolymer
load bearing block cured at ambient temperature. Constr. Build. Mater. 2015, 88, 41-55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cemconres.2021.106394
https://doi.org/10.1016/j.cemconcomp.2021.103999
https://doi.org/10.1016/j.cemconres.2007.11.002
https://doi.org/10.1016/j.conbuildmat.2017.05.067
https://doi.org/10.1016/j.conbuildmat.2023.131063
https://doi.org/10.1016/j.conbuildmat.2015.03.078
https://doi.org/10.1016/j.compositesb.2019.106908
https://doi.org/10.1111/j.1551-2916.2010.03668.x
https://doi.org/10.1016/j.cemconres.2013.03.022
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1016/j.conbuildmat.2015.04.020

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Mix Proportion 
	Geopolymer Mortar Preparation 
	Testing Methods 


	Results and Discussion 
	Raw Materials Characterization 
	Isothermal Calorimetry 
	Setting Times 
	Compressive Strength 
	Mercury Intrusion Porosimetry (MIP) 
	Autogenous Shrinkage 
	X-ray Diffraction Analysis 

	Conclusions 
	References

