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Abstract: This research aims to study the effect of the dosage of anhydrous sodium metasilicate
activator on the long-term properties of fly ash-based one-part alkali-activated binders (OPAAB)
cured at ambient conditions. Powdered sodium metasilicate activator was utilized in the range of
8–16% by weight of the fly ash in producing the OPAAB. The properties examined are hardened
density, compressive strength, flexural strength, water absorption, efflorescence formation, and
microstructural analysis. The experimental result revealed that the binders exhibited excellent long-
term strength properties. The compressive strength of the OPAAP is well correlated with its hardened
density. The pastes were found to exhibit good soundness characteristics over the long-term. The
absorption of water decreases with an increase in the activator dosage from 8–12%, and beyond
that, the water absorption relatively remains the same. Field emission scanning electron microscope
(FESEM) micrograph revealed uniformly formed solid matrices with the micro-crack present were
observed in the samples. The larger pore size promotes the crystallization of the resulting hydrate
substances (N, C)-A-S-H gel. The initial dissolution of the OPAAP occurred within the first 30 min.
At longer age of curing, mixtures with a higher dosage of powdered activator tend to absorb less
water. Strength properties beyond 28 days are considered as the long-term strength.

Keywords: density; efflorescence formation; long-term strength; properties; one-part alkali-activ-
ated binders

1. Introduction

The excessive use of cement in concrete has created a lot of environmental concerns in
terms of both the damage caused by the mining of the raw materials and carbon dioxide
(CO2) emissions during cement production. It is evident that besides the depletion of
natural resources in the production of Portland cement binders, a huge amount of carbon
dioxide was discharged into the surrounding atmosphere. Concrete accounts for 5–8% of
whole anthropogenic carbon dioxide emissions and most of the CO2 was emanated from
cement production [1]. It is estimated that the world’s annual cement output of 2 billion
tonnes releases around 1.65 billion tonnes of CO2, or approximately 7% of the overall
greenhouse gas emissions into the atmosphere [2]. The rate at which the CO2 is discharged
during the production of ordinary Portland cement (OPC) is one-in-one, that is for each 1 kg
of OPC produced 1 kg of CO2 [1]. In lieu of this fact, the concrete industry is under pressure
worldwide to find a substitute binding material that can mitigate the use of cement. It is,
therefore, essential to replace Portland cement with low CO2 emission materials for the
production of environmentally friendly concrete [3,4].
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Portland cement generation increases the worldwide greenhouse gas emissions out-
flows through the calcination of clinker in hydrocarbon warmed heaters. Generally,
a decrease in cement utilization has been accomplished by the utilization of industrial
by-products, for example, fly ash (FA) and ground granulated blast furnace slag (GGBS)
as partial or complete replacement materials to Portland cement in concrete. Nowadays,
various regulatory standards of using alkali-activated materials have been proposed in
a different part of the world, for small- and large-scale production [5,6]. For more than
a century of intermittent use, the main motive behind the acceptance of alkali activation
was the possible reduction of CO2 emissions. The essential factor that is likely to assess the
possibility of alkali-activated binders being absorbed and used in any selected area is the
abundance of adequate raw materials [7].

One-part alkali-activation is a new geopolymer development method that has been
introduced to reduce the complexities of coping with alkaline solution enabled geopoly-
mers by combining aluminosilicate precursors with powdered activators [8,9]. Unlike
conventional geopolymer binders where solutions are used to activate the activation phase,
the activator had been in dry powdered form in the one-part binder, and the reaction
immediately started as water was poured into the binder like OPC binders [8,10,11]. This
approach helps to prevent the use of corrosive and caustic solutions for mass production
of geopolymer concrete. There are several efforts at creating one-part binders along with
alkaline solutions at higher temperatures to synthesise aluminosilicate materials [12]. Com-
pared to traditional geopolymers, one-part geopolymers have low environmental carbon
emission as the polymerization phase makes up only a fraction of the framework [13]. They
also found that the binding components of the one-part geopolymers are comparable to the
two-part geopolymers. The manufacturing of one-part alkali-activated binders (OPAAB)
consists of a dry mixture of a solid aluminosilicate precursor and a solid alkali activator,
to which water is added, like the OPC preparation [14,15]. Over the past years, one-part
geopolymers like OPC manufactured by simply adding water have attracted strong in-
terest [16,17]. The production of OPAAB will enhance the commercial viability of the
geopolymer and have the ability to considerably reduce CO2 emissions compared to OPC
mixtures [2,18]. In OPAAB, dry blends consisting of aluminosilicate precursors and solid
alkaline activators are required. The replacement of cement with cellulose nanocrystals
is reported to have reduced the greenhouse gases emitted during cement production and
enhanced the fracture behaviour of cementitious materials [19].

Anhydrous sodium metasilicate activator demonstrated an important activation effect
in one-part alkali-activated materials. It exhibits excellent strength development at ambient
curing. Ma et al. [20] have produced a one-part geopolymer with anhydrous sodium
metasilicate and anhydrous sodium carbonate activators. They have reported a high early
strength of 35 MPa at 1-day of ambient curing by activating slag with Na2SiO3-anhydrous.
However, the addition of Na2CO3 reduces its mechanical strength. It was observed that the
strength reduction is more significant at an early age than the longer age. Ahmad et al. [21]
have also produce one-part alkali-activated mortars with anhydrous sodium metasilicate
powder. They have found that the long-term strength (270 days) of the developed one-part
alkali-activated mortars (OPAAM) was significantly higher than that of the two-part alkali-
activated mortars. They have concluded that the addition of admixtures is insignificant in
improving the mechanical properties of OPAAM.

Compared to cement-based mortars, alkali-activated materials (AAM) generally have
much higher shrinkage. This is because water does not integrate directly into aluminosili-
cate gel production, unlike the OPC system, and a tiny amount of water stays as interstitial
water. As such, a significant quantity of water is not chemically bound and thus likely to
evaporate. AAM has shown practicable performance in building construction in terms
of mechanical properties, but there are still problems with large-scale implementations
of AAM. These problems include unknown shrinkage behaviour of various AAM [22].
During the drying process of cementitious materials, drying shrinkage occurs. It is the
volume changes resulting from the expulsion of moisture from the surface of the gel
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pores [23]. Even though AAM is engaged in various chemical processes, it is more difficult
to understand the shrinkage behaviour in these binders than composites from OPC. To
investigate the effect of different parameters on the drying shrinkage of AAM, numerous
studies have been carried out [24–26]. However, information about this binder systems
shrinkage behaviours is dispersed and fragmented. Bakharev et al. [27] reported that heat
treatment decreases the rate of drying shrinkage compared to ambient curing. However,
using elevated temperature to reduce shrinkage is more pronounced in alkali-activated
slag (AAS) binders than FA-based binders. Mastali et al. [25] have comprehensively docu-
mented that in the AAS/FA binders, the drying shrinkage often relies on the regimes of
curing and the dosage of the activator. A ternary blend of slag, silica fume, and phyllite
dust achieves a record high strength of 145 MPa of OPAAB [28].

Although several studies [13,20,21,29] have reported about the performance of one-
part alkali-activated materials, most of these studies were performed using low calcium FA,
slag, or FA/slag-based precursors. Most of the research works have concentrated on early
age and 28 days of mechanical performance without considering the long-term longevity
of the OPAAB. Therefore, this paper aims to investigate the long-term strength behaviour
of FA-based OPAAB. Strength properties tested beyond 28 days are considered as the long-
term strength in this paper. Dry powder geopolymer cement as a ready-to-use product that
can be packed in bags and mixed with water like OPC was produced. This new product
is likely to have high potential to become an alternative to OPC than the conventional
geopolymers and will aid full utilization and commercialization of alkali-activated concrete.
The developed binder can perfectly be used for repair and maintenance applications as
well as underwater construction.

2. Materials and Methods
2.1. Materials

In this investigation, FA of high calcium content taken from a Manjung coal power
plant, Perak, Malaysia was employed as the primary ingredient of aluminosilicate material.
Anhydrous sodium metasilicate (ASMS) was obtained from Portray Sdn Bhd, Selangor,
Malaysia. The activator was used as the solid activator, which is blended with the FA
to form the binder. The oxides of the FA and ASMS were determined through X-ray
Fluorescence (XRF) and presented in Table 1. The total percentage of Al2O3, Fe2O3, and
SiO2 is 68.7% for FA; thus, the FA satisfies the requirement of class C FA as per ASTM
618-15 [30] and ASTM C305 [31]. It is well noted that CaO was more than 10% for high
calcium FA, and its loss of ignition was 0.17%. The loss of ignition of 0.17% indicates
that the FA has low combustible carbons. The FA has a specific gravity of 2.35 and Blaine
fineness of 386 m2/kg. The morphology of the FA was determined using Field Emission
Scanning Microscope (FESEM, SUPRA 66VP by Carl Zeiss, Jena, Germany) and presented
in Figure 1. Based on the FESEM micrograph, all the FA particles appeared to be spherical
and mostly amorphous, which enables them to blend freely in mixtures. The less water
demand by the FA is attributed to its spherical shape.

Figure 1. Field emission scanning electron microscope (FESEM) of fly ash (FA).
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Table 1. Chemical composition of the binder materials (percentage by weight).

Oxide Compositions Fly Ash (FA) Anhydrous-Na2SiO3

SiO2 37.3 46
Al2O3 14.90 -
Fe2O3 16.5 -
CaO 17.9 -
MgO 2.08 -
SO3 0.7 -
K2O 2.8 -

Na2O 0.26 51
TiO2 1.07 -
MnO 0.13 -
H2O - 3
LOI 0.17 -

LOI: Loss of ignition.

2.2. Mixture Design and Specimen Preparation

The mixtures were designed based on the authors’ previous work, the powdered
sodium metasilicate anhydrous was used as the component of the binder as shown
in Table 2.

Table 2. Mix proportion of one-part alkali-activated binders.

Mixtures FA (%) Na2SiO3 Anhydrous (%) w/b Ratio

N1 92 8 0.25
N2 90 10 0.25
N3 88 12 0.25
N4 86 14 0.25
N5 84 16 0.25

w/b—Water-to-binder.

The mixing process of the one-part alkali-activated binders has been conducted using
a Hobart mortar mixer (Obtained from Sri Kirushna, Tamil Nadu, India) in compliance with
the standard procedure of ASTM C305-14 [31]. The production of one-part geopolymer
binders involves blending of the precursor materials with granular sodium metasilicate
activator for about 3 min to obtain a uniform dry geopolymer binder. Progressively, clean
tap water was injected into the dry mixture at a constant water-to-binder ratio of 0.25 and
stirred for another 3 min until it was uniform and coherent. The mixing has been done
in a laboratory at 25 ◦C. The mix design is in accordance with our previous work [14].
To obtain the compressive strength and water absorption, the mixtures were cast into
50 mm cubic moulds. Flexural beams of 160 mm × 40 mm × 40 mm were similarly cast
for determining the flexural strength of the OPAAB. All the specimens were cured at the
laboratory temperature of 25 ◦C.

2.3. Experimental Test Procedures and Setup
2.3.1. Hardened Density Test

The hardened density of one-part alkali-activated binders as evaluated by weighing
the cube specimens on the testing day prior to the compression tests in accordance with
ASTM C642 [32].

2.3.2. Compressive Strength Test

On 50 mm cubes tested with a 3000 kN digital compression machine, the compressive
strength test was performed. In compliance with BS 12390-3:2009 [33], the loading rate
was set at 0.90 kN/s. The hardened cubes were measured at 28, 56, 90, 180, and 365 days
for each combination, in which 3 samples were examined for each curing time, and the
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average result was reported as the compressive strength. The specimens before and after
the test were shown in Figure 2a,b.

Figure 2. One-part alkali-activated binders (a) before test (b) after test.

2.3.3. Flexural Strength Test

Prismatic beams with dimensions of 160 mm× 40 mm× 40 mm were used to measure
the flexural strength of the prismatic beams. The test was conducted in accordance with
the requirements outlined in ASTM C293M-10 [34]. Six beams were produced for each
mixture and tested at a period of 28 and 90-days. To determine the flexural strength of the
samples subjected to the three-point bending test, Equation (1) [35] is used.

Flexural strength =
3FL
2bh2 (1)

where F is a failure load, L is the active length of the beam, b and h is the beam width and
height, respectively.

2.3.4. Water Absorption Test

Hardened cubes specimens of size 50 mm × 50 mm × 50 mm have been used in
conducting the water absorption test as per ASTM C642 [32] specifications. After the
curing period had lapsed, the specimens were removed and dried in an oven at 105 ◦C for
24 h before being weighed. The specimens were returned to the oven at 105 ◦C for another
24 h before being cooled and weighed. The procedure was repeated until the difference
between two consecutive weight measurements was less than 0.5% of the lowest value.
The specimens were allowed to cool at laboratory temperature after being removed from
the oven and weighed.

2.3.5. Efflorescence Test

The efflorescence intensity of the aged specimens was observed by visual comparison.
The efflorescence products are observable with the naked eye. There is currently no
international standard or test method for determining the efflorescence degree of alkali-
activated binders. The total CO3

2− mass-produced during efflorescence process is used in
this study to characterize the efflorescence degree.

2.3.6. Microstructural Investigations

To better understand the microstructural properties of the OPAAB, the specimens
were analysed by a Field emission scanning electron microscope (FESEM, SUPRA 66VP by
Carl Zeiss Jena, Germany). The FESEM test has been conducted in accordance with ASTM
C1723-16 [36]. To assess heat flow modifications connected with material transformations,
a differential scanning calorimetry test has been carried out as per ASTM E1269-11 [37].
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3. Results and Discussion
3.1. Density of One-Part Alkali-Activated Binders

From Figure 3, it can be observed that the hardened density of the developed OPAAB
increased with increasing the amount of the solid activator. The hardened density was
obtained in accordance with ASTM C 642 [32]. The hardened density increased linearly with
the amount of sodium metasilicate activator in the mixes. The age of curing has a negligible
effect on the densities of the developed OPAAB, which indicates good soundness of the
developed OPAAB. The density of the OPAAB was in the range between 2150–2185 kg/m3.
The values obtained were in reasonable agreement with that reported by [38]. The density
of the N1 and N2 samples slightly decreases with age, which is associated with poor
bonding between the FA particles. The poor bonding may also be attributed to lower alkali
content within the mixture. The density of the pastes decreases slightly after 90 days of
ambient healing. In general, it can be deduced that the hardened density of geopolymer
paste depends on the specific gravity and fineness of the source materials used.

Figure 3. Hardened density of N1–N5 OPAAB.

3.2. Compressive Strength of One-Part Alkali-Activated Binders

Figure 4 represents the compressive strength growth of the OPAAB from 28 days
up to 365 days. Compressive strength of 25–52 MPa was realised for N1 to N5 samples
at 28 days of ambient curing. After 28 days, there is a continuous improvement in the
strength performance for all the OPAAP mixtures. At 56 days, the compressive strength
of OPAAB increases by 73.4% for N1, 11.1% for N2, 30.9% for N3, 25.1% for N4, and
4.3% for N5 specimens. At 90 days, the compressive strength was found to increase by
73.8, 13.9, 71.2, 56.6, and 34.5% for N1, N2, N3, N4, and N5. It is worth noting that the
maximum strength was obtained at 90 days of ambient curing for all the mixtures. The
strength enhancement at 180 and 365 days are very negligible compared to 28–90 days.
From Figure 4, it was observed that N3 specimens have the highest compressive strength of
almost 90 MPa at 90 days. The rate of strength growth at longer periods was evaluated by
calculating the ratio of 365 days to 28 days’ strength, and the ratio was found to be higher
for OPAAB than that of the conventional geopolymer paste. It is believed that the presence
of excess sodium oxide in the mix slows down the strength growth slightly. The ratio of the
365 to 28 days of the control mix N1, N2, N3, N4, and N5 were 1.38, 1.81, 1.22, 1.76, 1.65,
and 1.44. The emergence of C-A-S-H gel is suspected to contribute to the enhancement of
the compressive strength [39,40]. The increase in strength beyond 28 days can be due to
the formation of reaction of FA at a later age, thereby generating more calcium alumina
silicate hydrate (C-A-S-H), thus enhancing the long-term strength. It was suspected that
the C-A-S-H gel inside the OPAAB fills the voids and pores. This helps bridge the voids
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between the various hydrated phases and unreacted FA particles, resulting in improved
compressive strength [41].

Figure 4. Compressive strength development of OPAAB.

The compressive strength and hardened densities of the OPAAB at 28 days are shown
in Figure 5. It is worth mentioning that the hardened densities of the OPAAB complied
with the compressive strength as it increases with the increase in activator content. The
reduction in density at 16% of sodium metasilicate content is attributed to the presence
of high efflorescence salt on the surface of the pastes, which created pores in the OPAAB
matrix. The results were in good agreement with that of Nematollahi et al. [8].

Figure 5. Compressive strength and density of OPAAB at 28 days.

3.3. Flexural Strength OPAAB

The flexural strength of the OPAAB specimens can be used as its tensile strength.
Nevertheless, the flexural strength usually shows a higher strength result than the splitting
tensile strength. Figure 6 shows the comparison of the flexural strengths between the
control mixture of two-part geopolymer paste and the corresponding OPAAB having
a different dosage of powdered activator. The flexural strength of the OPAAB shows
a similar trend with that of its compressive strength, that is, it increases with age. It also
increased with the increase in the activator dosage. The flexural strengths of the binders
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obtained at 28 days of ambient curing were 3.89, 4.08, 5.89, 5.77, and 4.45 MPa for N1, N2,
N3, N4, and N5 mixtures. The flexural strength still improved after 90 days as compared to
the 28-day strength. Compared to 28 days, the strength at 90 days improved significantly
by 10, 25, 23.9, 19.9, and 20.7% for N1, N2, N3, N4, and N5 mixtures. The highest flexural
strength of approximately 6 and 7.3 MPa was realized for N3 mixtures at 28 and 90 days
of ambient curing. The result is well correlated with the work of Luukkonen et al. [42].
However, they have achieved maximum flexural strength with the aid of plastic sealing
curing technique. Prolonging the curing age beyond 90 days had no significant effect on
the strength development at ambient curing. The flexural strength is well correlated with
its corresponding compressive strength result.

Figure 6. Flexural strength of OPAAB.

3.4. Extent of Efflorescence Formation of OPAAB

It is well established that the appearance of efflorescence in OPAAB is primarily due
to the interaction of atmospheric CO2 with excess soluble alkali on the surface of the
resulting geopolymer binders when the concrete products are subjected to moist air or
when they come into contact with water [43]. In this study, the OPAAB samples were
manufactured at laboratory temperature without covering them with anything or sealing
them. Figure 7 shows visible efflorescence formations observed in some of the OPAAB
samples. As presented in Figure 7, the leaching of sodium is directly proportional to
the dosage of the activator. As observed in the hardened OPAAB, mixtures with higher
molar ratios of Na/Al demonstrate a higher degree of alkali leaching, signifying a higher
tendency to efflorescence. This matches the established pattern in the chemistry of porous
solutions as a function of alkali content, where higher Na/Al ratios give more alkaline
porous formulations. The efflorescence formation mechanism in geopolymer binders can
be represented in the terms given in Equations (2) and (3).

CO2(g) + 2OH−(aq) → CO3
2−

(aq) + H2O (2)

2Na+(aq) + CO3
2−

(aq) + H2O → Na2CO3· H2O(s) (3)

As demonstrated in Figure 7, the presence of efflorescence in the N1 and N2 series
specimens was not witnessed, although efflorescence was visible in the N4 and N5 series
specimens. This observation can be attributed to the presence of excess sodium ions in the
system, which did not completely react with the source materials. Therefore, the sodium
ions react with the carbonate and formed sodium carbonate hydrate, which deposited on
the surface of the specimens as presented in Equation (3) [44]. For N3 specimens, that is,
samples made with 12% sodium metasilicate activator, the efflorescence formation on the
surface of the specimens was not significant. This discovery can be justified by the presence
of higher quantities of FA in the mix, resulting in the complete use of the granular activator
during the geopolymerization process.
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Figure 7. Extent of efflorescence formation of OPAAP.

3.5. Water Absorption

The test was performed at 28, 90, and 365 days. At 28 days of ambient curing,
the rate of water absorption of one-part alkali-activated binders recorded in this study
was evaluated in the range of 5.45–7.73%. For the same mixtures, the decrease in water
absorption was observed in the range of 4–15% and 16.2–29.9% at 90 and 365 days. The
reduction of water absorption from 28–90 days for the designed mixtures N1, N2, N3, N4,
and N5 was found to be 15%, 10.3%, 7%, 9.2%, and 9.7%, respectively. The reduction in
water absorption continued to decrease further from 28–365 days by 29.9%, 19%, 16.2%,
22.2% and 23.9%. It can be inferred from Figure 8 that with increased activator dosage,
water absorption decreases and vice versa. The mixture of 8% ASMS explicitly indicates
a very high absorption of water by capillary movements. It is important to note that the
absorption of water was proportional to the geopolymeric ingredients and the dosage of the
activator, the greater the dosage of the activator, the more resistance to water penetration,
and consequently the less harm to the substance caused to the surface. The absorption of
water decreases with an increase in the activator dosage from 8–12%, and beyond that, the
water absorption relatively remains the same. The reduction in water absorption at a higher
dosage of the activator is because of the pore enhancement of the pastes. However, at longer
age of curing, mixes with higher activators tend to absorb less water. This is related to the
refinement of the pore due to the total disintegration of the powdered anhydrous-Na2SiO3
that filled the micro crack that formed in the initial reaction process. It was observed that
the water absorption of all samples was below the 10% threshold suggested by Neville [45].
Moreover, it was observed that at all ages the minimum water absorption was achieved in
the range of 12–16% of the activator dosage.

Figure 8. Water absorption of OPAAB.
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3.6. Field Emission Scanning Electron Microscopy Analysis

Figure 9 shows the FESEM micrographs of the OPAAB at a different dosage of anhy-
drous sodium metasilicate activator. The N1 sample shows a less dense microstructure
that is consistent with its lower strength than the N2, N3, N4, and N5 specimens. N3 has
a microstructure with the highest packing density and few unreacted FA particles that
contribute to enhanced strength. N4 and N5 have many unreacted FA particles with fewer
micro-cracks and voids. The voids could be related to the heat released during the dis-
solution of the anhydrous sodium metasilicate activator. Longer micro-cracks are more
pronounced in N5 samples compared to the other specimens, which can be related to the
higher dosage of the activator. Similar behaviour was reported by Ma et al. [20]. Uni-
formly formed solid matrices with the micro-crack present were observed in the samples;
the larger pore size promotes the crystallization of the resulting hydrate substances (N,
C)-A-S-H gel. As the binder used consisted primarily of Class C FA and this amorphous
precursor is rich in calcium, calcium aluminium silicate hydrate (C-A-S-H) gel is therefore
assumed primarily to form in the matrix. At a higher dosage of the sodium metasilicate,
the concentration of ionic species increased, limiting the mobility of the ions, and delaying
the formation of coagulated structures. This can interrupt the formation of the one-part
alkali-activated paste [46]. This can be due to excess Na2O in the system, which generates
heat during the geopolymerization process at the higher activator, resulting in the creation
of small cracks on the specimens’ surface. Such cracks are correlated with heat developing
during the reaction phase. Moreover, there are fewer unreacted FA particles in the matrix,
which is suspected to the enhancement of the strength at higher relatively high dosage of
the anhydrous sodium metasilicate activator.

Figure 9. Field Emission Scanning Electron Microscopy Micrograph at different dosage of solid activator.
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3.7. DSC Analysis

Figure 10 demonstrates the DSC analysis thermogram of one-part alkali-activated
binder. The initial dissolution of the OPAAB occurred within the first 30 min. It is worth
mentioning that the heat flow for FA-based OPAAB is dependent on the dosage of an-
hydrous sodium metasilicate activator. The rate of heat release for N1 mixtures was less
than 10 mW, which is very low compared with N3 and N5. The highest heat flow of
about 55 and 50 mW occurred at 35 min for N3 and N5 mixtures. As the dosage of the
activator increases, the intensity of the initial peak is considerably increased, implying
a more intensive dissolution and reaction process. The rapid increase at the initial stage is
associated with the initial wetting and dissolution of FA in the alkaline medium. The high
heat of reaction is associated with the lower alkali modulus of the activator used [47]. The
solid activator dissolves immediately after adding water, producing a large amount of heat
and releases a high concentration of OH− and (SiO4)4 [20]. Higher alkalinity also enhances
the solubility of silica and alumina in the mixtures that could aid the production of reac-
tion products. It is interesting to note that after about 40 min, the heat release decreases
continuously and stabilizes after 70 min. This confirmed that the reaction mechanism of
a high calcium-based one-part geopolymer is rapid, and the high energy released during
the reaction process contributed to the quick setting time of the OPAAB. The activator
dosage has a significant impact on the duration of the induction period and contributed
significantly to the total heat release.

Figure 10. Heat evolution of OPAAB.

4. Conclusions

The performance of one-part alkali-activated materials has been reported by previous
studies, but most of these studies were performed using low calcium FA, slag, or FA/slag-
based precursors. Most of the research works have concentrated on early age and 28 days
of mechanical performance without considering the long-term longevity of the OPAAB.
Therefore, this study systematically focuses on the effect of the dosage of anhydrous
sodium metasilicate activator on the long-term strength properties and drying shrinkage
of FA-based one-part alkali-activated binders cured at ambient conditions. The heat of
the reaction was also analysed with the aid of differential scanning calorimetry. Based
on the results of the experimental results of this study, the following conclusions can be
outlined below,

• The hardened densities of the developed one-part alkali-activated pastes increase with
the increase in activator content. The binders were found to exhibit good soundness
characteristics over the long-term.
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• After 28 days of ambient curing, the strength behaviour of the one-part alkali-activated
binders improved drastically. The developed OPAAB achieved its peak strength at
90 days of ambient curing. The compressive strength of the binder significantly
enhanced by 74% from 28 days to 1 year. The 90 days compressive strength of OPAAP
activated with 12% Na2SiO3-anhydrous can reach up to 90 MPa. Strength increment
at 180 and 365 days is negligible.

• The water absorption of the OPAAB decreases with the age of curing. Over a longer
term, the water absorption of the binders reduced by 16–30% for all the samples.

• The efflorescence of the OPAAB rises with an increase in the amount of anhydrous-
Na2SiO3 activator and age of curing. At a lower dose of the powdered activator, the
efflorescence can be avoided. The efflorescence at a high dose of activator interferes
with the reaction process, thereby slightly affecting its strength growth.

• Increasing the dosage of the anhydrous sodium metasilicate activator increases the
initial heat release rate. No significant exothermic reactions were observed at a lower
dose of anhydrous sodium metasilicate activator.

• Dry powder geopolymer cement as a ready-to-use product that can be packed in bags
and mixed with water like OPC was developed. This new product is likely to have
a high potential to become an alternative to OPC than the conventional geopolymers.

Author Contributions: Conceptualization, S.H. and B.S.M.; Data curation, M.A. and A.M.G.; Formal
analysis, S.H., M.U.K. and A.M.G.; Funding acquisition, B.S.M. and M.M.A.W.; Investigation, S.H.;
Methodology, S.H. and M.A.; Project administration, B.S.M. and M.M.A.W.; Resources, B.S.M.;
Supervision, B.S.M. and M.M.A.W.; Validation, S.H.; Visualization, M.U.K.; Writing—original draft,
S.H.; Writing—review & editing, S.H., M.U.K. and M.A. All authors have read and agreed to the
published version of the manuscript.

Funding: The research is funded by KDC Consultant, Bangladesh, with grant number (0153AB-M11).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data is available within the manuscript.

Acknowledgments: The authors gratefully acknowledge the support given by the Universiti Teknologi
PETRONAS, Nasir Shafiq, and the cooperation of the civil engineering Department, Bayero Univer-
sity Kano, Nigeria, the deanship of scientific research at Prince Sattam bin Abdulaziz University,
Alkharj, Saudi Arabia and the department of civil engineering, faculty of engineering and IT, Amran
University, Yemen, for this research.

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

References
1. Huntzinger, D.N.; Eatmon, T.D. A life-cycle assessment of Portland cement manufacturing: Comparing the traditional process

with alternative technologies. J. Clean. Prod. 2009, 17, 668–675. [CrossRef]
2. Ouellet-Plamondon, C.; Habert, G. 25—Life cycle assessment (LCA) of alkali-activated cements and concretes. In Handbook of

Alkali-Activated Cements, Mortars and Concretes; Pacheco-Torgal, F., Labrincha, J.A., Leonelli, C., Palomo, A., Chindaprasirt, P., Eds.;
Woodhead Publishing: Oxford, UK, 2015; pp. 663–686. [CrossRef]

3. Vora, P.R.; Dave, U.V. Parametric Studies on Compressive Strength of Geopolymer Concrete. Procedia Eng. 2013, 51, 210–219.
[CrossRef]

4. Haruna, S.; Mohammed, B.S.; Shahir-Liew, M.; Alaloul, W.S.; Haruna, A. Effect of water-binder ratio and NAOH molarity on the
properties of high calcium fly ash geopolymer mortars at outdoor curing. Int. J. Civ. Eng. Technol. 2018, 9, 1339–1352.

5. Shi, C.; Roy, D.; Krivenko, P. Alkali-Activated Cements and Concretes; CRC Press: Boca Raton, FL, USA, 2003.
6. Provis, J.L.; Van Deventer, J.S. Alkali Activated Materials: State-of-the-Art Report; RILEM TC 224-AAM; Springer Science & Business

Media: Dordrecht, The Netherlands, 2013; Volume 13.
7. Provis, J.L. Alkali-activated materials. Cem. Concr. Res. 2018, 114, 40–48. [CrossRef]
8. Nematollahi, B.; Sanjayan, J.; Shaikh, F. Synthesis of heat and ambient cured one-part geopolymer mixes with different grades of

sodium silicate. Ceram. Int. 2015, 41, 5696–5704. [CrossRef]
9. Ye, N.; Yang, J.; Liang, S.; Hu, Y.; Hu, J.; Xiao, B.; Huang, Q. Synthesis and strength optimization of one-part geopolymer based on

red mud. Constr. Build. Mater. 2016, 111, 317–325. [CrossRef]

http://doi.org/10.1016/j.jclepro.2008.04.007
http://doi.org/10.1533/9781782422884.5.663
http://doi.org/10.1016/j.proeng.2013.01.030
http://doi.org/10.1016/j.cemconres.2017.02.009
http://doi.org/10.1016/j.ceramint.2014.12.154
http://doi.org/10.1016/j.conbuildmat.2016.02.099


Materials 2021, 14, 4160 13 of 14

10. Neupane, K. “Fly ash and GGBFS based powder-activated geopolymer binders: A viable sustainable alternative of portland
cement in concrete industry”. Mech. Mater. 2016, 103, 110–122. [CrossRef]

11. Luukkonen, T.; Abdollahnejad, Z.; Yliniemi, J.; Kinnunen, P.; Illikainen, M. One-part alkali-activated materials: A review. Cem.
Concr. Res. 2018, 103, 21–34. [CrossRef]

12. Choo, H.; Lim, S.; Lee, W.; Lee, C. Compressive strength of one-part alkali activated fly ash using red mud as alkali supplier.
Constr. Build. Mater. 2016, 125, 21–28. [CrossRef]

13. Adesanya, E.; Ohenoja, K.; Luukkonen, T.; Kinnunen, P.; Illikainen, M. One-part geopolymer cement from slag and pretreated
paper sludge. J. Clean. Prod. 2018, 185, 168–175. [CrossRef]

14. Mohammed, B.S.; Haruna, S.; Wahab, M.; Liew, M.; Haruna, A. Mechanical and microstructural properties of high calcium fly ash
one-part geopolymer cement made with granular activator. Heliyon 2019, 5, e02255. [CrossRef] [PubMed]

15. Mohammed, B.S.; Haruna, S.; Wahab, M.M.B.A.; Liew, M. Optimization and characterization of cast in-situ alkali-activated pastes
by response surface methodology. Constr. Build. Mater. 2019, 225, 776–787. [CrossRef]

16. Peng, M.X.; Wang, Z.H.; Shen, S.H.; Xiao, Q.G. Synthesis, characterization and mechanisms of one-part geopolymeric cement by
calcining low-quality kaolin with alkali. Mater. Struct. 2015, 48, 699–708. [CrossRef]

17. Hajimohammadi, A.; Provis, J.L.; Van Deventer, J.S.J. One-Part Geopolymer Mixes from Geothermal Silica and Sodium Aluminate.
Ind. Eng. Chem. Res. 2008, 47, 9396–9405. [CrossRef]

18. Luukkonen, T.; Abdollahnejad, Z.; Ohenoja, K.; Kinnunen, P.; Illikainen, M. Suitability of commercial superplasticizers for
one-part alkali-activated blast-furnace slag mortar. J. Sustain. Cem. Mater. 2019, 8, 244–257. [CrossRef]

19. Ghahari, S.; Assi, L.N.; Alsalman, A.; Alyamaç, K.E. Fracture Properties Evaluation of Cellulose Nanocrystals Cement Paste.
Materials 2020, 13, 2507. [CrossRef]

20. Ma, C.; Zhao, B.; Guo, S.; Long, G.; Xie, Y. Properties and characterization of green one-part geopolymer activated by composite
activators. J. Clean. Prod. 2019, 220, 188–199. [CrossRef]

21. Ahmad, M.R.; Chen, B.; Shah, S.F.A. Influence of different admixtures on the mechanical and durability properties of one-part
alkali-activated mortars. Constr. Build. Mater. 2020, 265, 120320. [CrossRef]
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