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Although geopolymer cement (GPC) is a substitute for Portland cement, its application is restricted due to the
need for high-temperature curing (40-90 °C), which makes it challenging to utilise for onsite applications. To
address this issue, the current study examined the potential of substituting fly ash (FA) with teff straw ash (TSA)

lély aSht in geopolymer mortars cured at ambient temperature. The findings revealed that substituting FA with TSA can
emen’ s . . .

Geopolymer eliminate the need for high-temperature curing, and the compressive strengths of FA-TSA-based geopolymer
Microstructure mortar mixtures cured for 28 days ranged from 45 to 53 MPa. Further, increasing the TSA content enhanced the

mortar’s flexural and direct tensile strengths. A teff straw ash level of 10% increased compressive, flexural, and
direct tensile strengths by 40%, 59%, and 30% at 28 days, respectively. Furthermore, the mineralogical phases of
the mortar after 28 days confirmed the presence of gismondine coexisting with other phases, and microstructural
analysis indicates that the inclusion of TSA resulted in a denser structure. These findings suggest that TSA could

Ambient curing

be a potential substitute for FA in GPC applications to lower energy usage and environmental impact.

1. Introduction

Concrete, following water, stands as the second most extensively
employed material across the globe [1-4]. Concrete production typically
relies on two common binding materials: Ordinary Portland cement
(OPC) and Portland pozzolan cement (PPC). As long as concrete remains
a preferred option in the construction industry, the demand for Portland
cement as a binder continues to increase accordingly. Reports indicate
that cement production has increased from about 1.2 billion tonnes in
1990 and is expected to reach 5.8 billion tonnes in 2050 [5].

The issue of climate change and the need for environmental con-
servation has emerged as a significant concern. Human activities,
including the emission of harmful pollutants such as carbon dioxide
(CO3) into the air, play a critical role in triggering the concerning phe-
nomenon of global warming. CO, accounts for around 65% of the global
temperature rise from greenhouse gases [6]. Due to the calcination of
limestone and the significant energy requirements, the manufacture of
Portland cement generates 7-10% of the total COy emissions [7-9].
According to the reported estimates, a tonne of COs is emitted, and two
tonnes of natural resources are utilised to manufacture one metric tonne
of cement [10]. Furthermore, for environmental sustainability,
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improper waste disposal and industrial by-product materials must be
prevented [11]. Therefore, efforts are ongoing to ensure the reduction of
cement usage in the construction industry. This involves exploring al-
ternatives such as supplementary cementing materials and substitutes
for Portland cement binders. In this regard, geopolymer cement has been
seen as an alternative binder for construction and infrastructure pur-
poses with a significantly lower environmental impact when compared
to Portland cement [12].

Geopolymer cement, a novel material used to substitute Portland
cement, can be manufactured by activating various aluminosilicate
source materials that differ in reactivity, availability, cost, application,
and quantity around the world with an alkaline activator solution at an
optimal curing temperature [13]. Geopolymer cement, as a cementitious
material, is known to be more environmentally friendly than Portland
cement for several reasons. Geopolymer cement production typically
involves lower carbon emissions as it requires lower temperatures than
Portland cement production, reducing greenhouse gas emissions.
Moreover, geopolymer has the potential to utilise industrial by-products
or waste materials, reducing the need for resource extraction and waste
disposal. Geopolymer-based materials also offer excellent durability,
better thermal insulation properties, and potential for land reclamation,
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making them a sustainable choice for construction [14].

Studies have shown that geopolymer cement can significantly reduce
CO5 emissions by up to 80% compared to Portland cement and uses 59%
less energy during production [15]. Another crucial feature of geo-
polymer cement is its ability to cure without water [16]. Additionally,
geopolymer cement utilises waste materials that are a massive threat to
environmental stability and human health, which include oil shale ash,
fly ash (FA), ground granulated blast-furnace slag (GGBFS), rice husk
ash (RHA), silica fume, and metakaolin (MK) [17]. In addition to waste
materials, natural resources, including kaolin [18], zeolite [19], laterite
soil [20], and others, are also used in the production of geopolymers.

Fly ash is a residue produced when coal is combusted for energy
production, and it has been identified as a pollutant to the environment.
Fly ash has an annual production estimate of 2.8 billion metric tonnes
per year [21]. Fly ash has some major and minor elements. The major
components are SiOy, Aly0s, FesOs3, and CaO and are present in crys-
talline and amorphous oxides and other varied minerals [22]. On the
other hand, minor elements may be toxic, some of which are Pb, As, Hg,
and Cr. As a result, fly ash is widely recognized as a hazardous
by-product, and when it is disposed of inappropriately, it will adversely
affect the environment and ecology. Moreover, landfill occupation will
increase [23].

In recent times, efforts have been pushed out to utilise fly ash in
green and more efficient applications. Fly ash can be utilised as a base
material in geopolymer cement to reduce waste and increase sustain-
ability, rather than storing or disposing of it. However, geopolymer
cement made from fly ash using ambient temperature curing exhibited
unsatisfactory compressive strength, prompting researchers to explore
heat curing methods (between 40 and 90 °C) as an alternative to
improve the strength [24-28]. This phenomenon could be attributed to
the slower reaction kinetics at ambient temperatures. Geo-
polymerisation, the highly exothermic chemical process that forms the
geopolymeric structure, requires heat to drive the reaction forward.
Lower temperatures may reduce the reaction rate, resulting in slower
development of geopolymeric bonds and lower compressive strength
[29,30]. Additionally, the class of FA used in geopolymer production can
play a role in the compressive strength of the final product. FA is clas-
sified based on its chemical and physical properties. Class F fly ash, high
in calcium and low in silica, generally exhibits lower reactivity than
Class C fly ash, which has higher silica content [31]. This difference in
reactivity affects the geopolymerisation process and impacts the
strength of the geopolymer [32].

As a result, fly ash-based geopolymer cement using a heat curing
method limits its use to precast applications. It negatively impacts the
cost and climate change mitigation efforts associated with geopolymer
cement acceptance [26]. Additionally, adopting heat curing in fly
ash-based geopolymer cement causes rapid moisture loss, leading to
drying shrinkage that can trigger tensile and shear stresses, ultimately
forming cracks [33]. If ambient curing conditions can be achieved,
geopolymer cement can be utilised onsite during construction, resulting
in a more cost-effective and energy-efficient product than the heat
curing process. Furthermore, this would enable greater flexibility in the
use of geopolymer cement, providing a more versatile and eco-friendly
option for the building sector. Regarding the novelty of this work,
many scholars focused their studies on enhancing the mechanical
strength of FA-based geopolymer cement utilising ambient temperature
curing by incorporating various additives, including slag [34], OPC [35,
36], alccofine [37], nano-silica [38], RHA [39], volcanic ash [40], and
MK [41]. However, studies on using other potential precursors for
geopolymer cement, such as silica and alumina-rich teff straw ash from
teff used as a cereal in Ethiopia, are limited compared to other pre-
cursors [42].

Teff straw is an agricultural residue not valued commercially apart
from being used as mud composite for rural house construction, as an-
imal fodder, or disposed of through open-air burning. Ethiopia’s annual
yield of teff straw is predicted to reach 15.5 million tonnes per year [43].
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However, more than two million tonnes of this valuable resource are
discarded as waste and dumped in landfills, causing environmental
pollution and decreasing the available land area for use [44]. Recently,
researchers used teff straw for a variety of applications, including pre-
paring activated carbon to remove heavy metals [43,45,46], production
of bio-methane [44], synthesis of bio-silica [47], and using it as a natural
fibre to improve the performance of concrete [48]. Teff straw ash (TSA)
is a pozzolan that can be manufactured by calcinating teff straw at
elevated temperatures ranging between 600 and 900 °C and can be
utilised as an additional material in cement to enhance the mechanical
strength of mortar [42].

The available literature shows no published research utilising TSA as
source material for preparing FA-TSA blended geopolymer mortar.
Therefore, this research explores the possibilities and viability of
partially replacing FA with TSA in preparing FA-TSA-based geopolymer
mortars using ambient temperature curing. The findings and conclusions
presented here will contribute to a deeper understanding of utilising TSA
in developing geopolymer cement technology. Moreover, this approach
has the potential to be a valuable technique for applications that involve
utilising agricultural wastes in the area of geopolymer cement
technology.

2. Research significance

The current study was done to develop an ambient cured fly ash-teff
straw ash-based geopolymer mortar for practical utilization in the con-
struction industry. The research in this study was significant in multiple
ways. Firstly, it addresses the need to reduce environmental costs
associated with cement production. Geopolymer mortar, made from teff
straw ash and fly ash, offers a sustainable approach that can lower
production costs, CO, emissions, energy consumption, and natural
resource usage, leading to a cleaner environment. This highlights the
potential of geopolymer cement as an eco-friendly alternative to tradi-
tional Portland cement, with significant environmental benefits.

Secondly, the study introduces a novel technique for developing
ambient-cured geopolymer mortar with comparable strength to high-
temperature curing. It has practical applications in the field and ex-
tends the limitations of current heat-curing processes, making it more
convenient for onsite constructions. This increases the commercial
viability of geopolymers as a building material, reducing energy re-
quirements and costs while maintaining strength. Moreover, using TSA
in geopolymer technology can pave the way for further research and
development of environmentally friendly products.

Furthermore, the study’s results significantly affect the socio-
economic aspects of utilising TSA as a source material for geopolymer
cement. This could boost farmers’ income, create employment oppor-
tunities, enhance the environment, and promote sustainable economic
development. Overall, this study holds promise for advancing sustain-
able cement production, promoting innovative construction practices,
and benefiting both the environment and local communities.

3. Materials and methods
3.1. Material acquisition and preparations

This study utilised various materials, including TSA, FA, river sand,
an alkaline solution of sodium silicate and sodium hydroxide, as shown
in Fig. 1, and tap water. Fly ash was sourced from India, while teff straw,
shown in Fig. 1 (a), was obtained from Motta in the Amhara region of
northern Ethiopia. To produce the ash, teff straw was incinerated in a
muffle oven for 6 h at a precisely controlled temperature of 750 °C. To
achieve the desired particle size for the TSA, the ash from the teff straw
combustion was filtered through a 75 pm mesh to exclude oversized
agglomeration of ash particles and any residual carbonaceous materials.
The sodium hydroxide solution required for this study was prepared
using tap water.
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Fig. 1. (a) Teff straw, (b) TSA, (c) FA, (d) sand, (e) Na,SiO5 solution, and (f) NaOH pellets.

Additionally, the tap water was utilised to wash the river sand and
blend the FA-TSA-based geopolymer mortar. The river sand, which had
an aggregate size not exceeding 4.75 mm, was supplied from Meru, a
town in eastern Kenya. The sand was prepared in air-dry conditions to
ensure the desired moisture level. Initially, it was thoroughly rinsed with
tap water and then oven-dried at 110 °C for 24 h before mixing.

A sodium silicate and sodium hydroxide solution were employed as
an alkaline activator for preparing FA-TSA-based geopolymer mortar.
The sodium silicate (NaSiOs) was procured from Euro Industrial
Chemicals in Nairobi, Kenya. Na,;SiO5 was in solution form with NasO:
Si0, ratio of 1:2.10. The Sodium hydroxide (NaOH) pellets manufac-
tured by Griffchem Fine Chemicals were purchased from Science Lab
Company in Nairobi, Kenya. Tap water was used to dissolve NaOH
pellets to prepare a 14 M sodium hydroxide solution. To prepare a 14 M
NaOH solution, 560 g of NaOH pellets were added to 500 ml of water
and stirred slowly until the pellets were dissolved entirely. The resulting
solution was allowed to cool and then topped with water to make 1000
ml of NaOH solution. After measuring the weight of the solution, the
560 g pellets were subtracted from it to get the weight of the water
required to produce a 14 M solution. This helped in the calculation of the
percentage of NaOH solids. The NaOH solution was allowed to cool for
24 h.

3.2. Methods

3.2.1. Properties of TSA, FA, and sand

The Mines and Geological Laboratories, located in Nairobi, Kenya,
were utilised to conduct X-ray fluorescence to identify the TSA and FA
chemical constituents. The physical properties, which included specific
gravity, fineness, and particle size analysis of TSA and FA, were also
analysed in conformity with the relevant standards specified by ASTM-
C188 [49], ASTM-C311 [50], and ASTM-D422 [51] respectively.
Microstructural analysis using scanning electron microscopy (SEM) was

used to characterise the morphology of TSA and FA, whereas X-ray
diffraction (XRD) analysis was conducted at Adama Science and Tech-
nology University laboratory in Ethiopia to examine their crystalline
index and mineralogical phases in their dry form. The properties related
to TSA and FA’s physical and chemical characteristics were then
compared with provisions given in ASTM-C618 [52]. The physical
properties of sand, specifically the specific gravity and water absorption,
were assessed using ASTM-C128 [53], while fineness modulus and
particle size analysis of sand were evaluated following ASTM-C136 [54],
and their properties were then compared with ASTM-C33 [55]
provisions.

3.2.2. Mix proportioning

This study utilised various combinations of TSA and FA in geo-
polymer mortar mixes. Table 1 displays the specific proportions of the
blended FA-TSA geopolymer mortars, which replaced FA with TSA at
5%, 10%, and 15% of the total binder. To label the various mixtures
utilised in this study, two control mixes were prepared - CA and CE -
which used FA exclusively as a binder for ambient and elevated curing,
respectively. Additionally, three experimental blends were produced -
5TSA, 10TSA, and 15TSA - which replaced FA with TSA at ratios of 5%,
10%, and 15% of the total binder weight, respectively. The geopolymer
mortars were prepared following the optimal formulation geopolymer

Table 1

Mix proportions in kg/m?> of FA-TSA-based geopolymer mortar.
Mix. FA TSA Sand Na,5i05 NaOH Extra
No. water
CE 714.286 — 1428.571 255.102 102.041 40.186
CA 714.286 - 1428.571 255.102 102.041 40.186
S5TSA 678.571 35.714 1428.571 255.102 102.041 40.186
10TSA 642.857 71.429 1428.571 255.102 102.041 40.186
15TSA 607.143 107.143 1428.571 255.102 102.041 40.186
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constituted from the literature [56,57], which consisted of the following
ratios: alkaline activator solution to fly ash (0.5), fine aggregate to fly
ash (2.0), water to solids (0.26), NaySiOs to NaOH (2.5), and molarity of
NaOH (14 M). The additional water required to achieve saturated sur-
face dry condition for the sand was added to the mix proportions.

3.2.3. Mixing, casting and curing

A separate mixing process was used in this study, which starts by
mixing source materials with NaOH solution to dissolve the aluminium
and silicon present in the raw material and then adding Na,SiO5 solution
to enhance the binding capacity, leading to higher strength compared to
other production procedures [58]. To begin the process, fly ash exclu-
sively or fly ash in combination with TSA was blended with sand in a
mixer for 3 min. Then, a pre-prepared solution of NaOH was slowly
added to the dry mixture, and wet mixing was continued for three more
minutes. Afterwards, a solution of Na;SiO3 was added to the wet mix,
which was blended for an additional 5 min until it was completely
uniform. Finally, the resulting mixture was poured into various standard
testing moulds.

To assess the compressive, flexural, and direct tensile strengths, the
fresh mixtures were poured into moulds with dimensions of 50 mm x 50
mm x 50 mm for cubes, 40 mm x 40 mm x 160 mm for prisms, and 25
mm x 25 mm in a mid-cross section for dog bone-shaped moulds,
respectively. Afterwards, the samples were placed on a vibrating table
and vibrated for 10 s to eliminate air voids. Then a thin plastic sheet was
then utilised to shield the moulded samples from evaporation. The
specimens were then placed for curing at ambient temperature (20 +
5 °C) and activation temperature (using an oven at 75 °C for 24 h). After
the curing process, the moulds containing CE were taken out of the oven
and allowed to cool down naturally at room temperature before being
demoulded. The sealed CA, CE, 5TSA, 10TSA, and 15TSA samples were
then maintained under normal environmental conditions until the
samples reached the testing ages of 7, 14, and 28 days, respectively.

3.2.4. Testing

The flowability of freshly made geopolymer mortars was assessed by
employing the flow table method specified in the ASTM C1437-07
standard [59]. The required flow diameter of 110 + 5% was estab-
lished as a benchmark to ensure the flow of FA-TSA-based geopolymer
mortar. The compressive, flexural, and direct tensile strengths of geo-
polymer mortar were examined after 7, 14, and 28 days of curing as per
ASTM standards C109/C109M — 08 [60], C348-08 [61], and C307-03
[62], respectively. The test was performed on three samples, and the
results were averaged. The fragments from geopolymer mortar samples
subjected to compressive strength at 28 days were selected for SEM
analysis to investigate the microstructure. Finely divided samples for
geopolymer specimens tested for compressive strength after 28 days
filtering through a 75 pm mesh were used for XRD to investigate the
mineralogical phases of FA-TSA-based geopolymer mortar.

4. Results and discussion
4.1. Characterisation of source materials

Table 2 displays the physical characteristics of both FA and TSA,
while their respective particle size distributions are illustrated in Fig. 2.

TSA particles have a finer particle size distribution than FA particles,
which reduces voids and thus improves the microstructure as well as the

Table 2

Physical properties of teff straw ash and fly ash.
Physical properties TSA FA ASTM C 618
The amount retained on 45 pm sieve (fineness) 4% 7% Max (34%)
Median particle size (mm), dsq 0.007 0.008 -
Specific gravity 2.0 2.5 -
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Fig. 2. Particle size analysis of teff straw ash and fly ash.

mechanical strength of geopolymer mortar. The degree of fineness of
TSA is a critical factor that can substantially impact the flowability of the
blended FA-TSA geopolymer mixes due to increased water demand. The
SEM images in Fig. 3 show that FA particles are spherical-shaped balls
with broken Cenospheres, whereas TSA particles are flaky and angular-
type irregular shapes. The SEM analysis revealed that the TSA surfaces
possess a loose binding, which enhances its amorphous and reactive
characteristics. Additionally, numerous residual pores were evident
throughout the ash samples, demonstrating the silica’s high porosity and
active nature. Table 3 shows the chemical constituents of TSA and FA.
The compositions of SiO», Al;03, and Fe;05 compounds in the TSA were
72.01%, which can be classified as class N, while in the FA, the
composition was 84.65%, and CaO was less than 10%, which can be
classified as class F pozzolanic materials as per ASTM C618 [52]. As
shown in Fig. 4, the major mineralogical phases of FA were mullite,
quartz, magnetite, and hematite, whereas the major mineralogical
phases of TSA were quartz, magnetite, and hematite. The crystalline
indexes of FA and TSA were 37.75% and 20.04%, respectively.

4.2. Characterisation of alkaline activator and sand

The properties of NaOH pellets and Na,SiO5 solution are shown in
Table 4. The particle size analysis of sand used for the production of FA-
TSA-based geopolymer mortars, as shown in Fig. 5, was found to be
within the recommended envelope, and the fineness modulus was found
to be 2.52, which is within the range of 2.2-2.6 as per ASTM C33 [55].
Additionally, sand’s water absorption and specific gravity were 2.81%
and 2.51, respectively.

4.3. Fresh properties of FA-TSA-based geopolymer mortar

Fig. 6 displays the flow values of FA-TSA-based geopolymer mortars,
which were tested in accordance with ASTM C1437-20 standards. The
results indicate that the flow values of the geopolymer mortar were
within the acceptable range of 110 + 5%. However, when TSA was
incorporated into the formulation of the geopolymer mortar at 5%, 10%,
and 15%, the flow values decreased by 1.8%, 3.5%, and 6%, respec-
tively. These findings suggest that as the percentage of TSA in the
mixture increased, the flowability of the geopolymer mortars consis-
tently decreased. This can be linked to the shape and texture of the TSA
particles. It has been reported that the flow of geopolymers can be
significantly influenced by several factors, including the particle size of
the source material, amount and type of alkaline activator used,
molarity of NaOH, water-to-binder ratio, and the properties of the
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Fig. 3. SEM images of (a) FA and (b) TSA.
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Fig. 6. Influence of TSA variations on the workability of geopolymer mortar.
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ingredients used in the mix design [63].

The angular and flaky shape, as well as the rough surface texture and
loose binding of the TSA particles, lead to higher water absorption and
an increase in water demand for the FA-TSA geopolymer mortar [64].
Furthermore, since TSA is finer than FA, as illustrated in Fig. 2, which
increases the water demand and thus reduces the flowability of freshly
blended geopolymer mortar containing FA-TSA [65]. Additionally, the
high reactivity of TSA can also reduce the flowability of the mix.

4.4. Mechanical performance FA-TSA-based geopolymer mortar

4.4.1. Compressive strength

The findings illustrated in Fig. 7 suggest that higher TSA content
levels significantly enhanced the mortar’s strength under compression,
even during the initial curing stages. For instance, the compressive
strengths after 7 days for CE, CA, 5TSA, 10TSA, and 15TSA mixes were
48.71, 16.29, 21.76, 25.45, and 22.56 MPa, respectively. At the age of 7
days, CE had higher compressive strength than CA and specimens con-
taining TSA. This indicates that the geopolymerisation process for CE
was almost completed due to the heat curing that can help to overcome
the activation energy barrier, increase the reaction rate, facilitate the
reaction with water molecules, and promote the formation of strong
bonds between the reactants [66]. Further, an observation confirmed by
the CE showed a slight improvement in compressive strength at 28 days.
Additionally, the results revealed that TSA specimens had higher
compressive strength than the CA, which indicates the possibility of
increased geopolymerisation with TSA.

After 14 days, it was observed that the compressive strength of both
the CA and TSA specimens remained lower than that of the CE speci-
mens. This is because the low CaO content in the FA and TSA may limit
the availability of calcium ions (Ca®* to form polymeric chains, leading
to slower geopolymerisation and, subsequently, the strength develop-
ment of geopolymer mortar. Ca%* jons are crucial in forming calcium
silicate hydrate (C-S-H) gel, which contributes to the strength of geo-
polymer materials. With reduced Ca?* availability, the geo-
polymerisation process may be less efficient, resulting in lower early
strength in geopolymer mortar [35,67,68]. The 14-day compressive
strength of the CE showed an improvement of 1.04% over its 7-day
strength and a remarkable 49.37% over the CA mixture. Furthermore,
the geopolymer mortar made with 5TSA, 10TSA, and 15TSA continued
to develop higher compressive strengths by 18%, 49%, and 35%,
respectively, compared to the CA mixture, indicating that the geo-
polymerisation reaction is continuously extending in the presence of
TSA at 5, 10 and 15% of the binder.

70
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—
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Fig. 7. Influence of TSA variations on the compressive strength of
mortar specimens.
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At 28 days, the compressive strength of the CE remained higher than
that of the CA and 5TSA but was comparable to that of the 15TSA
specimen. The 5TSA, 10TSA, and 15TSA specimens achieved 19%, 40%,
and 33% higher compressive strengths than the CA mixture, respec-
tively. The experimental results revealed that the 10TSA mixture
exhibited a peak compressive strength of 53.22 MPa at 28 days, sur-
passing the compressive strengths of both the CE (50.02 MPa) and CA
(37.92 MPa) mixtures. This suggests that the 10TSA blend could be a
good choice for achieving higher compressive strengths of geopolymer
mortar at ambient curing temperatures. The findings showed that
increasing the TSA content to 15% in the geopolymer mortar resulted in
a 5.5% reduction in compressive strength compared to the 10% TSA
content. This decrease in compressive strength can be attributed to the
higher alkaline activator solution demand associated with the increased
TSA content. The increased demand for an alkaline activator solution
hindered the proper mixing of geopolymer ingredients and led to
incomplete activation of the precursor, resulting in reduced compressive
strength compared to the 10% TSA mixture.

According to the principal outcomes of this investigation, increasing
the quantity of TSA led to a remarkable enhancement of the compressive
strength of the composite. In addition, it enabled the successful curing of
FA-TSA-based geopolymer mortar under ambient temperature condi-
tions. Previous studies [69] found that the morphology of the source
materials had a substantial effect on the mechanical performance
following activation. The results depicted in Fig. 2 suggest that TSA
particles with smaller size and higher fineness offer an increased surface
area for interaction with alkaline solutions, leading to a more favourable
mechanical performance of the FA-TSA-based geopolymer mortar.
Further, to attain charge balance in the geopolymer matrix, supple-
mentary cations such as Na¥, K*, and Ca®™ were utilised, as highlighted
in previous research [15]. As indicated in Table 3, TSA contains a K;0
content of 12.2%, which can have a positive impact on the geo-
polymerisation reaction by serving as a supplemental source of cations
(K") and helping in the charge balance of the resulting geopolymer
structure, as reported by other studies [70].

Moreover, TSA is rich in silica, as shown in Table 3, which results in
an improved aluminium integration within the geopolymer network
structure. Additionally, during the initial reaction stage, silica facilitates
the formation of aluminium and silicon nuclei from unreacted particles
in the source material [71]. Furthermore, as shown in Fig. 4, teff straw
ash was more highly amorphous than fly ash. During alkali activation,
amorphous phases in the source materials dissolve faster than crystalline
phases, resulting in a more stable and strong geopolymer binder [72,73].
Moreover, the addition of TSA favours the formation of other mineral-
ogical phases, which helps in improving the compressive strengths of
geopolymer mortar, as discussed further in Section 4.5.1.

4.4.2. Flexural strength

Fig. 8 illustrates the flexural strength outcomes of the hardened
geopolymer mortar samples after 7, 14, and 28 days. The CE specimens
displayed a higher flexural strength than CA for all the test ages. In
general, the 10TSA combination displayed the strongest flexural
strength across all testing periods. However, the combinations of 5TSA
and 15TSA demonstrated interesting flexural strength development,
while mixture CA showed the weakest flexural strength at all testing
intervals. The flexural strengths of geopolymer mortar samples
comprising 5TSA, 10TSA, and 15TSA were approximately 44%, 74%,
and 55% greater than that of mixture CA after 7 days, respectively.
Moreaover, the geopolymer samples with 10TSA sustained a significant
flexural strength improvement of nearly 63% more than CA after 14
days. In contrast, the geopolymer mortars containing 5TSA and 15TSA
demonstrated strength increases of only 39% and 48% higher than the
CA, respectively.

At 28 days, the geopolymer mortars containing 5TSA, 10TSA, and
15TSA exhibited flexural strengths comparable to CE and even out-
performed it by 0.5%, 15%, and 5%, respectively. Furthermore, the
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flexural strength of the geopolymer mortars containing TSA also showed
significantly higher strengths than CA, with increases of 37%, 59%, and
45% for 5TSA, 10TSA, and 15TSA, respectively. The reason behind this
is that the inclusion of TSA resulted in rapid and high reaction rates,
leading to a high concentration of geopolymer products, such as N-A-S-H
and C-A-S-H gel, which enhanced the strength of the 5TSA, 10TSA, and
15TSA mixtures. According to previous findings, the high concentration
of geopolymer products fills the microscopic pores and creates more
consolidated binder frameworks as well as stronger binder-aggregate
interfacial regions [70]. As a result, the FA-TSA-based geopolymer
mortars displayed a greater capacity to resist bending forces when
exposed to flexural stresses.

The relationship between flexural strength and compressive strength
of FA-TSA-based geopolymer mortar is depicted in Fig. 9, showing a
strong positive linear relationship with a correlation of determination
(R?) value of 0.9033. This indicates a high degree of correlation between
the two properties, suggesting that an increase in flexural strength is
associated with an increase in compressive strength and vice versa. The
findings demonstrate a direct relationship between these two strengths
in geopolymer mortar, with flexural strength values showing an upward
trend as compressive strength values increase. These results are
consistent with previous studies [74] that have reported similar
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Fig. 9. Relationship between compressive and flexural strength of geo-
polymer mortar.
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relationships between flexural strength and compressive strength in
slaked lime-based alkali-activated mortars.

4.4.3. Tensile strength

The results in Fig. 10 demonstrate the direct tensile strength of FA-
TSA-based geopolymer blends with different levels of TSA for 7, 14,
and 28 days. The analysis revealed that an increase in TSA significantly
impacted the direct tensile strength at all curing stages. The CE mixture
exhibited a higher tensile strength at 7 and 14 days than the CA, 5TSA,
10TSA, and 15TSA mixtures. Moreover, at 28 days, the CE mixture had a
higher tensile strength than the CA mixture. Furthermore, the samples
containing 10% TSA had the highest direct tensile strength after 28 days
of curing, approximately 18% and 30% higher than the CE and CA
mixtures, respectively. The tensile strength for the 5TSA mixture was
higher than for the CA mixture and comparable with the CE mixture,
while the tensile strength for 15TSA was less than the tensile strength for
10TSA burt higher than CE, CA, and 5TSA at 28 days. The CE mixture
exhibited a better tensile strength at 7 days due to complete geo-
polymerisation, while the 10TSA and 15TSA mixtures exhibited higher
tensile strength at 28 days due to increased aggregate-paste bond
strength and microstructure refinement. Overall, the results suggest that
adding TSA can significantly improve the direct tensile strength of FA-
based geopolymer blends, with a TSA content of 10%.

4.5. Microstructure

4.5.1. X-ray diffraction analysis

Fig. 11 illustrates the XRD examination of FA-TSA-based geopolymer
mortars after 28 days. The broad peaks detected within the 20° to 53.3°
on the 20 scale indicate a geopolymerisation reaction, resulting in the
geopolymer product development. Moreover, the peaks suggest the
presence of a dominant crystalline phase alongside a minor amorphous
phase in the geopolymer mortar. In addition, both mixtures CA and CE
demonstrated the presence of partially crystalline phases previously
identified in the XRD analysis of FA (Fig. 4), along with a new phase
composed of albite, analcim, and anorthite, which emerged from the
geopolymerisation reaction. The N-A-S-H gel family, specifically the
partially crystalline phase of albite, is recognized as a geopolymeric
product of sodium-polysialate, as mentioned in previous studies [75,
76].

After 28 days, the XRD pattern of the 5TSA, 10TSA, and 15TSA
mixtures exhibited substantially higher peak formations than the CE and
CA mixtures. Significant major peaks suggest a greater dissolution of
precursors in the alkali-activated FA-TSA-based geopolymer mortar,
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Fig. 10. Influence of TSA variation on the direct tensile strength of
mortar specimens.
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Fig. 11. XRD patterns of FA-TSA-based geopolymer mortars after 28 days.
[Note: Ac: Analcim, Q: Quartz, A: Albite, G: Gismondine, An: Anorthite].

indicating a high degree of geopolymerisation [77]. Moreover, geo-
polymeric products, such as aluminium silicate and amorphous N-A-S-H
gel, form a three-dimensional amorphous gel-like structure that signif-
icantly enhances cohesion and effectively prevents crack propagation
[78]. This notable improvement in the strength of the geopolymeric
material was observed in the specimens with 5TSA, 10TSA, and 15TSA
content. Moreover, it can be noted from Fig. 11 that there was an in-
crease in analcim concentration in the 10TSA mixture.

In addition, a novel semi-crystalline phase of gismondine was
detected in the 5TSA, 10TSA, and 15TSA blend, along with previously
identified mineralogical phases such as analcim, anorthite, albite, and
quartz from CA and CE samples. According to reports [59], the recently
produced gismondine phase is categorised as a C-A-S-H gel and can serve
as sites for nucleation that promote the formation of extra geopolymer
bonds, resulting in a denser and greater interlocked microstructure.
Recent studies have shown that in this gel, a new phase of AI>" enters the
C-S-H structure [79]. This partially substitutes si** with AI®* in the
silicon-oxygen tetrahedron, while the remaining Al’>T ions enter the
C-S-H layer. This intriguing phenomenon leads to the formation of an
electrically neutral structure and a significant increase in the degree of
polymerization of the silicon-oxygen tetrahedron [80].

Additionally, C-A-S-H aids in the early-age strength development of
geopolymers since it forms more rapidly than N-A-S-H [81]. Conse-
quently, this enhances the mechanical performance of FA-TSA-based
geopolymer mortar, including its compressive, flexural, and direct ten-
sile strengths. This phase probably resulted from the chemical interac-
tion of ionic constituents that originated from the dissolution of TSA and
FA as a precursor.

4.5.2. Scanning electron microscopy analysis

Fig. 12 presents the SEM image of FA-TSA-based geopolymer mortar
after 28 days of curing. The results obtained from the CA samples
revealed the presence of large spheres of unreacted fly ash, leading to
void spaces and a less dense structure in the geopolymer mortar. These
voids resulted from the incomplete dissolution of fly ash during the fresh
mixing of geopolymer mortar. In contrast, the CE samples showed a
marked improvement in homogeneity and density of the gel matrices
compared to the CA samples. Moreover, the portion of unreacted or
partially reacted fly ash microspheres in the CE mixture was compara-
tively lower than in the CA mix. The slower dissolution rate of fly ash
affected the geopolymerisation process, resulting in higher porosity in
the CA sample.

Furthermore, unreacted fly ash particles and free water’s evapora-
tion during the curing and aging processes may have played a role in the
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initiation and propagation of microcracks [75]. The formation and
propagation of these microcracks could adversely affect the mechanical
properties of the FA-TSA-based geopolymer mortar. The unreacted
particles weaken the geopolymer structure. Therefore, the insufficient
dissolution of fly ash and the resulting unreacted fly ash particles can be
considered a significant contributing factor to the reduction in me-
chanical properties observed in both CA and CE samples [82].

Adding TSA to the overall binder content resulted in significant
improvements in the microstructure of geopolymer mortars compared to
the control mixes (CA and CE). After 28 days, the microstructure of the
5TSA and 15TSA mixtures exhibited a marked enhancement in the
uniformity and compactness of the gel structure than those of CA and CE
mixtures. Furthermore, the concentration of unreacted or partially
reacted fly ash particles was relatively lower in the 5TSA and 15TSA
mixtures compared to CA and CE. Similarly, the microstructure of the
10TSA mixture after 28 days demonstrated a notable improvement in
the uniformity and compactness of the gel structure compared to that of
the 5TSA and 15TSA mix. Additionally, in the 10TSA mixture, pore
spaces and unreacted or partially reacted fly ash particles were almost
invisible in the microstructure of the geopolymer mortar, in contrast to
CA, CE, 5TSA, and 15TSA mixtures.

During the geopolymerisation process, the chemical reaction be-
tween the alkaline solution and aluminosilicate materials results in the
dissolution of fly ash and teff straw ash. This reaction leads to the for-
mation of geopolymeric gels that effectively fill the voids and interstitial
spaces within the geopolymer mortar [83]. As a result, the microstruc-
ture of the geopolymer mortar with a 10TSA mixture becomes more
uniform and compact, with the geopolymeric gels acting as a binder that
binds the particles together. This process creates a solid matrix with
enhanced uniformity and compactness of the 10TSA mixture.

The 10TSA mixture’s compacted microstructure, as shown in Fig. 12
(d), allowed it to achieve the highest mechanical strength after 28 days
compared to the CA, CE, 5TSA, and 15TSA mixtures. This indicates that
when 10% TSA was added to the mixture, fly ash and teff straw ash
particles dissolved more rapidly in the highly alkaline medium than the
fly ash particles in CA and CE. As a result, the reaction products played a
significant role in enhancing the refinement of the microstructure and
preventing the formation of microcracks, leading to minimal microcrack
formation and compact reacted geopolymer structures in the 10TSA
mixture [84]. Consequently, the 10TSA mixture exhibited slightly
higher early strength than the control mixes after 28 days, as discussed
in section 4.4,

5. Conclusions

Based on the findings presented in this study, it can be concluded as
described here.

e When TSA was used as a partial substitute for FA, the workability of
the blended mixtures decreased.
By partially substituting FA with TSA, it is possible to manufacture
hardened geopolymer materials without the requirement of heat
curing. The best 28-day compressive strength was attained with the
10TSA mixture, which had a strength of 53.22 MPa when cured at
ambient temperature. This strength was even greater than that of CE,
which was cured at a higher temperature and had a compressive
strength of 50.02 MPa, and that of CA, which achieved a compressive
strength of 37.92 MPa using ambient temperature curing.
The 10TSA mixture exhibited superior flexural and tensile strength
performance at 28 days when cured at ambient temperature. Its
flexural strength was 9.12 MPa, surpassing that of CE (7.92 MPa) and
CA (5.74 MPa). Similarly, its tensile strength was 2.32 MPa, higher
than that of CE (1.97 MPa) and CA (1.78 MPa).
e The influence of TSA variation on the improvement of flexural and
direct tensile strengths in the curing of FA-TSA-based geopolymer
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Fig. 12. SEM of mortars at 28 days (a) CA, (b) CE, (c) 5TSA, (d) 10TSA, (e) 15TSA.

mortar at ambient temperature demonstrated a similarity to the mixes (CA and CE) after 28 days. Conversely, the geopolymer mor-
impact on the enhancement of compressive strength. tars that incorporated TSA exhibited the presence of alumino silicate

e The mineralogical phase determined by XRD demonstrated the ex- gel and gismondine, along with quartz, albite, analcim, and anorthite
istence of analcim, albite, quartz, and anorthite phases in the control phases.
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e The SEM image of the 10TSA mixture indicated an enhancement in
the compactness of the geopolymer matrix, with a relatively lower
concentration of unreacted or partially reacted FA particles in com-
parison to CA and CE.

The current study concludes that the investigated geopolymer mixes
with increased TSA content had significantly enhanced compressive,
flexural, and tensile strengths. Furthermore, it did not require heat
curing, making it a viable option for onsite applications. These findings
suggest that using TSA as a substitute for FA in geopolymer cement can
reduce energy consumption and environmental issues without
compromising the mechanical performance of the mortar. The results, as
mentioned above, can also be used as a foundation for future de-
velopments in geopolymer mortar curing using TSA at ambient tem-
perature. Additionally, incorporating TSA into geopolymer production
reduces the need for costly and ecologically-friendly disposal of TSA in
landfills and protects the environment from being polluted.

0. Recommendations

The study was limited to examining the microstructural and me-
chanical performance of ambient cured fly ash-based geopolymer
mortar using teff straw ash. As a result, the following aspects for further
investigation are suggested:

e Future studies should explore the thermal performance and dura-
bility properties of FA-TSA-based geopolymers.

e To explore possibilities for product commercialisation, evaluating
the economic and environmental benefits of employing teff straw ash
in the preparation of geopolymers is crucial.
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