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ARTICLE INFO ABSTRACT

Keywords: Alkaline-activated materials (AAM) are potentially low-carbon alternative binders for the cement
Alkalmf"amvated I{‘ate“al industry. Most research studies related to AAM have been performed with high-purity laboratory-
Industrial-grade activator grade NaOH alkaline activators (Lab-grade). Gaining confidence in AAM beyond the laboratory

Laboratory-grade activator
Production cost
Properties and microstructure

scale in real applications remains a major challenge. To make this prospect more realistic, the
viability of low-purity industrial-grade (Ind.-grade) and local no-grade alkaline activators was
investigated. The strength results of Ind.-grade AAM were 15-20% lower than those of Lab-grade
AAM. The purity of the Ind.-grade activator should be at least 98% to achieve the performance of
Lab-grade AAM. The production cost of Ind.-grade AAM was 75-85% lower than that of Lab-
grade AAM at the same activator concentration. It should be noted that the use of no-grade
NaOH is not recommended for engineering purposes due to its uncertain quality and low pu-
rity. The combined benefits of low cost and high availability of Ind.-grade activators are expected
to enhance the commercial viability of AAM as a sustainable alternative construction material for
field applications.

1. Preamble

Ordinary Portland Cement (OPC) is the most widely used construction material that is critical for the built environment but emits a
considerable amount of greenhouse gases (GHGs) because of the high-temperature processing and need for limestone calcination [1,2].
Over 4.1 billion metric tonnes of OPC are estimated to be manufactured globally annually [3]. The production of cement releases
almost an equivalent amount of carbon dioxide (CO5) into the atmosphere and this is a primary contributor to climate change. Many
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attempts have been made to reduce, reuse, and recycle massive volumes of waste, in line with the United Nations Sustainable
Development Goals (SDGs) [4,5]. Alternative cementitious binders have also been extensively studied to reduce the amount of OPC
consumption. One approach to these alternative cementitious binders is alkaline-activated materials (AAM). Moreover, it has been
shown that industrial by-products, e.g., coal combustion ash, have a high potential to be utilized as raw materials for the production of
alternative binders.

AAMs have received increasing attention because they have the potential to partially reduce OPC consumption and simultaneously
utilize a vast number of industrial wastes or by-products (e.g., fly ash, furnace slag, iron powder waste, and sludge ash) [6-9]. The
production of AAM requires the use of strong alkaline solutions (e.g., NaOH and/or NaySiO3) to activate the raw precursor materials to
react and set. Heat curing (40-90 °C for 6-48 h) helps to accelerate the hardening process [10,11] and the properties of the hardened
AAM have been reported as being similar to or better than those of OPC-based materials [12,13]. A huge body of research work has
been carried out on AAMs. Major factors affecting the properties of AAMs are the: (i) raw precursor material, (ii) alkaline activator and
dosage, (iii) type of AAM production, (iv) curing regime, and (v) manufacturing process [10,11,14,15].

However, most research studies related to AAM technology to date have been conducted on a laboratory scale where high-purity
laboratory-grade alkaline activators are commonly used [13,16,17]. Although this ensures the performance, reliability, and consis-
tency of the synthesized AAM, the cost of doing so is prohibitively expensive for routine field applications. Unfortunately, very few
studies have been carried out using realistic industrial-grade alkaline activators and the effects of lower-grade activators on the
properties of AAMs are not well understood. Therefore, this paper investigated the fresh and hardened state properties of fly ash-based
AAM synthesized using several grades of activator. The overall aim is to uncover any performance differences attributable to the use of
industrial-grade activators and to gain further confidence in the use of AAM beyond the laboratory scale. An evaluation of the material
production cost per unit AAM was also undertaken. The authors envisage that the work will contribute to promoting the sustainable
use of AAM in field applications by demonstrating its commercial viability as a coal combustion ash based-alternative construction
material.

2. Activators for AAM

AAM is generally made from alumina-silicate minerals and alkaline activators, which dissolve the mineral components to initiate
the process of reorganizing and polymerizing [18,19]. The alkaline activator is, therefore, a crucial factor that determines the final
properties of the hardened AAM. Theoretically, alkaline metals and alkaline earth metals such as potassium/sodium hydroxide
(KOH/NaOH), potassium/sodium silicate (K2SiOs/ Na3SiOs), sodium carbonate (NapCOg3), calcium hydroxide (Ca(OH)s), or their
combinations can be used in AAM synthesis [18-20]. However, sodium and potassium salts are more commonly used due to their
strong alkaline properties, cost, and global availability [20-22]. Table 1 provides a brief review of the types and grades of alkaline
activators, precursor material, curing conditions and the achieved compressive strength in several studies. The most widely used
alkaline activators in AAM synthesis are NaOH, NaySiOs, or their combination. It is also worth highlighting that coal combustion ashes
(fly ash and bottom ash) are the main precursors used in coal based-power plant countries. Most previous studies were carried out
using laboratory-grade activators on paste or mortar scale specimens. Of the studies reviewed, only one featured the use of an
industrial-grade activator. Furthermore, it was found that the production cost of industrial-grade activators in large quantities is much
lower than that of laboratory-grade activators.

The mechanical properties of AAM are generally improved by increasing the concentration of the alkaline activator [23] because it
gives rise to a more substantial ion-pair formation and a faster and more complete poly-condensation of the precursor. The dissolution
of alumina-silicate materials is also enhanced. However, an increase in the coagulated structure occurs at excessively high concen-
trations, leading to rapid formation and low workability. NaOH concentrations from 8 to 16 molars (M) and 30-50% w/w of NaSiO3
are commonly used in AAM synthesis [10,31,32]. The activator-to-precursor material ratio, also known as the liquid-to-binder ratio
(L/B), directly affects the workability of fresh AAM. Optimal L/B ratios from 0.26 to 0.45 have been suggested [10,17]. Apart from the
type and concentration of the alkaline activator, consideration for grades, forms, ratios of the combined solution, and mixture

Table 1

Types and grades of alkaline activators for AAM synthesis.
No. Alkaline activator Alkaline activator grade Sample Type Comp. Strength Starting Materials Curing Condition References

Main (M)* Addition MPa Age (d) c° hrs

1 NaOH (12.5) Na,SiO3 Lab-grade Paste 95.0 28 FA class F° 85 20 [24]
2 KOH (7) NaySiO3 Lab-grade Mortar 72.3 3 FA class F 85 24 [25]
3 NaOH (12) - Lab-grade Mortar 70.4 28 FA class F 85 20 [26]
4 KOH (12) K,Si03 Lab-grade Paste 70.0 28 FA and BA® 80 24 [23]
5 NaOH (-) - Lab-grade Paste 67.0 28 GGBS! 38 90 d [27]
6 Na,SiO3 (-) - Lab-grade Paste 45.0 28 FA class F 60 28 d [28]
7 NaOH (8) Na,SiO3 Ind.-grade Concrete 39.4 28 FA class F 80 24 [29]
8 NaOH (-) NayCO3 Lab-grade Mortar 36.0 - FA class F 85 20 [30]

% M = molarity

b FA class F = low calcium coal fly ash

¢ BA= coal bottom ash

4 GGBS=ground granulated blast-furnace slag
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proportions are also important.

NaOH is the focus of this study as it is commonly used in many industries, such as the manufacture of cleaning agents, paper,
textiles, food and clothing. In 2016, it was reported that the annual production of NaOH was approximately 57-70 million tonnes
globally, of which ~700k tonnes were in the UK and ~11 million tonnes in Europe [3,33]. It is manufactured in various grades and
forms. In this work, the NaOH chemical analysis was carried out under the *Thai Industrial Standard (TIS) 150: Sodium hydroxide for
industrial uses’, which conforms to ’ASTM E291: Standard test methods for chemical analysis of caustic soda and caustic potash
(commercial grade)’ and the BS 4130: Specification for sodium hydroxide (technical grades)’. No-grade NaOH was used to represent a
local non-standard NaOH grade in this study.

Sodium hydroxide can be produced through different methods, mainly via the metathesis reaction between Ca(OH); and Na;COs,
the LeBlanc process via NapCOs or electrolysis of NaCl [33-35]. The electrolysis of concentrated brine is the primary method for
producing NaOH. Three types of electrolysis are used to produce NaOH of variable quality and purity [36], the membrane-cell process,
the Nelson-diaphragm-cell process, and the mercury-cell process. A higher grade (or quality) of NaOH requires more energy and effort
to produce, as presented in Fig. 1. Therefore, the reduced purity of industrial-grade activators has the potential to significantly reduce
both raw material consumption and energy usage, consequently leading to a lesser environmental impact.

General-purpose NaOH flakes of 32%, 38%, 42%, 50%, and 62% purity are obtained from the first five processes, respectively.
These low grades (sometimes called commercial/industrial grade) have lower selling prices than the high-standard laboratory grades.
Less than 98% NaOH purity is generally found in local stores for household purposes as a No-grade NaOH. Therefore, the purity and
composition of NaOH need to be verified for sensitive applications such as AAM synthesis. Table 2 shows the NaOH grades and
components according to the Thai Industrial Standard (TIS) 150.

3. Materials
3.1. Coal ash

In this study, a high-calcium fly ash (FA-class C) obtained from the Mae Moh power plant in Lampang, Thailand was used. The
specific gravity of the fly ash was measured to be 2.85. Its median particle size as determined with a dynamic light-scattering particle-
size analyzer (Nanosizer-DLS) was 14.46 um, while the specific surface area was 0.879 m2/g. (Fig. 2). The chemical composition of the
FA as determined with energy dispersive X-ray fluorescence (EDXRF, Malvern Panalytical) is shown in Table 3. In the present study,
high-calcium fly ash Class C was utilized. For future investigations, a comprehensive exploration of different fly ash types and their
respective properties will be conducted to further enhance our understanding of this area.

3.2. NaOH alkaline activators

Four NaOH activators, as shown in Fig. 3, were used in this study: laboratory-grade, industrial-grade class I, industrial-grade class
II, and no-grade. Their particle morphology ranged from pearl-like to flaky particles of mm to cm scale in solid forms. The laboratory-
grade NaOH was purchased from RCI Labscan Co., Ltd., Thailand, while the industrial-grades NaOH class I and II were supplied from
Kusawad Chemical Group Co., Ltd., Thailand. The no-grade general/household purpose NaOH was purchased from a local store. This
no-grade NaOH was used as a representative of non-standard grade NaOH, which can be found locally in Thailand. The bulk unit price
of NaOH (per tonne) is shown in Table 4. Significant differences in the bulk unit price of NaOH materials were observed, with the
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Fig. 1. Typical manufacturing processes for various purities/grades of NaOH [33-37].
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Table 2
Composition of NaOH according to the Thai Industrial Standard (TIS) 150.
Component Lab-grade Specification (TIS 150) No-grade
Ind. Grade class I Ind. Grade class I
NaOH (% w/w) > 99.0 > 99.0 > 98.0 < 98.0
NayCO3 (% w/w) <1.0 <0.5 <20 (e.g., 32, 38, 42, 50, 62 etc.)
NaCl (% w/w) < 0.0005 < 0.10 < 0.15
Fe;03 (% w/w) < 0.0005 < 0.005 < 0.005
NaClO3 (mg./kg.) - <100 < 200
4 100
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Fig. 2. Particle-size distribution of coal fly ash used in this study.

Table 3
Chemical composition (oxides) of coal fly ash by XRF analysis (%).
SiOy Al,O3 SO3 K>O CaO TiOy MnO Fe,03 As;03 SrO
Fly ash 20.05 9.38 5.34 2.59 30.96 0.68 0.25 30.34 0.08 0.30

Fig. 3. NaOH samples of various grades: a) laboratory, b) industrial class I, ¢) industrial class II, and d) no-grade.

laboratory grade being at least 10 times more expensive than the no-grade. The NaOH was dissolved in deionized water to produce
alkaline solutions with specific concentrations (in molar, M) for AAM.

4. Methodology
4.1. Mixture designation and sample preparation
Following an intensive review, NaOH concentration at 16 molars (16 M) was chosen in this study to compare the effect of NaOH

grade on AAM properties. NaOH was weighed and dissolved in deionized water to produce a designated 16 M solution. It is noted that
the final concentration of NaOH solution used in each mixture depends on the purity of the NaOH grade. The alkaline solutions were
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Table 4
Bulk unit price of NaOH.
NaOH grade Bulk unit price of NaOH per tonne (THB/£)** *
Laboratory grade 283,900 THB / £ 6740
Industrial grade class I 55,600 THB / £ 1320
Industrial grade class II 32,900 THB / £ 780
No-grade 26,900 THB / £ 640

*Pricing in Thai baht (THB) and pound (£) was based on the author’s survey of Thailand’s
Northern region during 2021-2022.
* *£ 1 approx. 42.3 THB (Date: Nov 2022)

left for 24 h to ensure complete dissolution before use. Fly ash class C was weighed and placed in the 5-litre mortar mixer. Next, the
prepared alkaline solution was added at a liquid-to-binder (fly ash) (L/B) ratio of 0.40. Wet mixing was carried out for 90 s at 140
+ 5 rpm at a room temperature of 28 + 2 °C. After thorough mixing, the fresh AAM mixture was cast into 40 x 40 x 160 mm prism
moulds (EN 196-1:2016) and wrapped immediately with plastic sheeting to prevent moisture loss. The samples were placed in the
oven for curing at 60 °C for 24 h. Next, the samples were removed from the oven and allowed to cool down in an ambient environment.
All samples were wrapped with plastic sheeting and kept at room temperature until reaching the required testing age.

4.2. Analytical techniques

Quantitative analysis of NaOH concentration (purity) was performed using an acid-base titration method, a common laboratory
method for determining the concentration of an identified analyte with a standard solution of known concentration and volume. A
digital pH meter (PH818 SmartSensor) was used to determine the pH values of the various prepared grades of NaOH solutions. The
viscosity and rheology of each NaOH solution were determined using a digital viscometer (Brookfield DV-III Ultra Rheometer). It is
noted that at least three sampling tests were done to define the average results.

A Vicat apparatus (ASTM C191) was used to determine the setting time of the fresh AAM paste, while a flow table (ASTM C230) was
used to determine the flowability. Compressive and flexural strength tests were performed on a 250 kN universal testing machine
(Control) on prism specimens with dimensions of 40 mm x 40 mmx 160 mm (BS EN 196-1). The samples were tested at the ages of 3,
28, and 60 days.

The composition and microstructure of the hardened AAM were analyzed via X-ray diffraction (XRD), Fourier Transform Infrared
(FT-IR) analysis and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS). XRD was carried out using a
4-circle kappa goniometer diffractometer with a microfocus sealed tube (Mo), direct photon-counting detector (HyPix-Bantam) and
Cambridge Structural Database (CSD). FT-IR analysis was carried out using the attenuated total reflectance (ATR) technique on a
Thermo Nicolet 6700 machine with spectral wavelength 450-4000 cm™!. SEM-EDS was carried out using a JEOL JSM-5910LV
equipped with lanthanum hexaboride cathodes, at 30 kV beam accelerating voltage and a minimum resolution of 2.0 nm.

5. Results and discussion

The results are outlined from the properties of various-grade NaOH solutions (the main focus of this study), the properties of fresh
and hardened AAM mixtures, and their functional groups and microstructures.

5.1. Properties of alkaline activator (NaOH) solutions

The properties of various grades of NaOH solutions are shown in Table 5. All NaOH grades were prepared to 16-molar solution. By
using the acid-base titration method, it was found that the average NaOH purity of the laboratory-grade sample (99.6%) was not
significantly different from those of the two industrial-grade samples (99.5% and 98.7%). However, the purities of the no-grade NaOH
sample was only 48.8%. In this study, the 48.8% purity NaOH was considered the best representative for ‘no-grade’ sodium hydroxide
due to its widespread availability in local retail stores at a very affordable price. This suggests that the targeted NaOH concentration of
16 M (with >98% purity) may decrease significantly to around 8 M when using no-grade NaOH (<48.8%) in practical applications.

The concentration of activator plays a crucial role in AAM, as it governs the dissolution of alumina-silicate sources to produce
reactive silica and alumina ion species. Consequently, a lower concentration may result in reduced degrees of dissolution and poly-
merization of AAM [17]. This, in turn, may potentially have a detrimental effect on the mechanical strength of the AAM, despite the

Table 5
Purity, pH value, and viscosity of various grades of NaOH solution.
NaOH grade Standard Avg. purity of NaOH (% / std. dev.) pH Avg. viscosity (cP)
Laboratory grade TIS 150; 99.6% / (0.06) 12.38 £ 0.1 34.03
Industrial grade class I ASTM E291; 99.5% / (0.05) 12.35+ 0.1 33.67
Industrial grade class II BS 4130 98.7% / (0.06) 12.27 £ 0.1 33.67
No-grade 48.8% / (0.75) 10.03 £ 0.1 27.50
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favourable and cost-effective bulk unit price of no-grade NaOH. As a precautionary measure, it is essential to adopt a policy of rapid
pre-testing of NaOH purity, utilizing methods such as portable titration units, before selecting NaOH for AAM production in real-case
scenarios. For no-grade NaOH, it is noted that some small visible scattered dust particles were observed with high turbidity of the
solution. These impurities are usually found in low-grade/price of NaOH flakes. Impurities in NaOH can arise from various sources (as
shown in Table 2), including:

(i) Residual sodium chloride (NaCl) resulting from the electrolysis of brine.
(i) Sodium carbonate (NayCOs) formed during the carbonation and absorption of CO,.
(iii) Sodium chlorate (NaClOs) is generated as a side reaction during production.
(iv) Additional water (H20) due to the hygroscopic nature of atmospheric water.
(v) Metal ions introduced during manufacturing processes or storage.
(vi) Bulking agents used to increase the volume of the product.

However, laboratory-grade and industrial/commercial-grade NaOH typically undergo purification processes to minimize impu-
rities and maintain consistent quality. Consequently, the purification of such grades of NaOH often results in purity levels exceeding
98%. Despite these efforts, it is common to find numerous industrial applications employing bulk materials to thicken the gross mass or
serve as gelling agents, sizing agents, or adhesive additives [38,39]. One such commonly used bulk material is starch, a polysaccharide
that is odorless, tasteless, and white in appearance, known for its ability to increase volume and stiffness. It can also serve as a
backbone for partially biodegradable superabsorbent materials [40-42].

Within the scope of this study, it is confirmed that no-grade NaOH is unsuitable for engineering purposes due to the presence of
impurities and the potential adverse effects on desired properties. This no-grade type of NaOH may find suitability for general
household purposes. Nevertheless, further in-depth studies are planned to be undertaken in subsequent research work.

The Lab grade, Ind. grade I, and Ind. grade II achieved relatively high average pH values of 12.38, 12.35, and 12.27, respectively,
while an average pH value of 10.03 was observed in the no-grade NaOH solution. Considering the concentration of OH ions ina 16 M
NaOH solution, the expected pH range should be approximately 13-14. However, it has been observed that the measured pH can be
lower than expected, which can be attributed to an alkaline effect. This effect occurs when H' ions in the gel layer of the pH-sensitive
membrane are partially or fully replaced by alkali ions. Consequently, the measured pH appears lower than the actual number present
in the sample. This phenomenon is commonly known as ’the alkali error’ in pH testing [43]. As a result, pH values in the range of
10.03-12.38 may occur due to this alkali error. However, as expected, the higher NaOH purities resulted in alkaline solutions of higher
pH values.

A Brookfield rheometer was used to examine the viscosity of NaOH solutions. The percentage of applied torque on the solution
sampling was controlled from 85 to 100. The average viscosity of NaOH was reported in centipoise (cP). One cP equals one millipascal
second (mPa s), referring to the attempt to rotate a standard tip in the sampling solution. The greater the cP value, the more viscous the
liquid. For example, the viscosity at room temperature for freshwater = 1 cP, fresh milk = 3 cPs, honey = 10,000 cPs and ketchup
= 50,000 cPs. Results show that the Lab and Ind. grades of NaOH had very similar average viscosity of around 33-34 cP, while the no-
grade NaOH had a viscosity of only 27.5 cP. However, the alkaline activation could be decreased due to the reduced NaOH purity and
pH.

5.2. Fresh state properties of AAM

Table 6 shows the initial setting time, flowability, and unit weight of AAM pastes produced with various NaOH grades. The initial
setting times ranged between 70 and 210 min, which were well within the standard specification for Portland cement (ASTM C150) of
not less than 45 min. It can be seen that the AAM-Lab mix achieved the quickest setting time. The industrial grade mixes took twice as
long at around 2 h with little differences between AAM-Ind. I and II, while the AAM No-grade mix took over 3.5 h to set. The results
suggest that reactivity decreases with a decrease in the purity of the NaOH activator used. The average flow values (122-132%) and the
average unit weights (2.035-2.059 g/cm®) showed no considerable difference between mixes. Due to the absence of a specified grade,
it can be presumed that the no-grade NaOH used in the study contains a relatively low concentration due to the presence of bulking
agents and impurities. As a result, a lower viscosity was observed, as depicted in Table 5. This characteristic renders the no-grade
NaOH more favorable for AAM workability in comparison to higher-grade alternatives, as evidenced by its superior flow (132.4%)
and lower unit weight (2.035 g/cm3).

Table 6
Physical properties of AAM pastes produced in various NaOH grades.
Mixture Setting time (min.) Avg. Flowability (%) Avg. Unit weight (g/cmg)
AAM-Lab 70 122.5 2.043
AAM-Ind. I 122 123.2 2.059
AAM-Ind. I 147 121.9 2.041
AAM-No-grade 210 132.4 2.035
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5.3. Mechanical properties of AAM

Fig. 4 shows the average flexural strength and compressive strength of the AAM paste samples at 3, 28, and 60 days of age. It should
be noted that 36 samples were tested for flexural strength and 72 samples for compressive strength, with a standard deviation of less
than 8% for both properties. The 28-day flexural strength ranged between the maximum of 16.9 MPa and the minimum of 5.2 MPa,
while the 28-day compressive strength ranged between the maximum of 36.3 MPa and the minimum of 21.8 MPa, respectively. The
strengths slightly increased with curing time. The small difference in strengths with curing time was because the microstructural
developments were chiefly completed within the first 24 h of the heat-curing process. The results showed that all the AAMs’ flexural
strengths were around 23-46% of their compressive strengths.

It is interesting to note that the strength values of the Lab-grade AAM are slightly higher compared to those of the Ind.-grade AAM at
equivalent age. Overall, the mechanical properties of the Ind.-grade AAM were around 15-20% lower than those of the Lab-grade
AAM. This occurred even though these mixtures were synthesized with NaOH of over 98% purity. In contrast, the no-grade AAM
with reduced purity NaOH of 48.8% achieved only ~22 MPa in compressive strength, which is nearly 40% lower than that of Ind.-
grade AAM. This suggests that industrial-grade NaOH (Ind. I and Ind. II) has good potential for large-scale structural applications,
while no-grade NaOH is probably only useful for low-strength applications.
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Fig. 4. Flexural strength and compressive strength of AAM mixtures.
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5.4. Functional groups and structural composition

It is important to note that the particle shape, size and fineness of fly ash play a critical role in determining the mechanical
properties of the AAM after activation. Smaller particles with a higher surface area promote enhanced physical and chemical reactions
during polymerization, including accelerated dissolution rate, efficient ion transportation, and the formation of alumina-silicate
species. These factors exert significant control over the initial setting time and strength development in the AAM [38]. The proper-
ties of AAM are influenced by various factors, with the precursor being a crucial determinant. The BS EN 450-1 or ASTM C618 sets out
the requirements for utilizing fly ash as a supplementary cementitious material in concrete and cementitious systems [10,13].
Generally, there are two primary classes of fly ash: Class F (low-calcium) derived from burning anthracite or bituminous coal, and Class
C (high-calcium), resulting from burning sub-bituminous or lignite coal. Both classes offer the potential to produce viable AAM [15,
171].

The functional groups and structural formation of the fly ash-based AAM mixtures in various NaOH grades were studied using FT-IR
analysis and X-ray diffraction analysis, respectively. The infrared spectra of the AAM mixtures (Fig. 5) show absorption bands at
1650 cm ™., corresponding to the O-H stretching and O-H bending of water (H,0) left in the mixtures. Si-O and Al-O asymmetric
stretching vibrations were defined at the band around 1095 cm ™!, indicating an amorphous phase or fly ash vitreous aluminosilicate
material. A reaction between the fly ash and the alkaline activator was associated with the band at 945-960 cm ™, indicating the Si-O
stretching vibration of the SiO4 and AlO4 of the C-S-H, C(N)-A-S-H, or mixed gels. Furthermore, the formation of C(N)-A-S-H provided
strength to the AAM after the hardening process. The spectra at 670 and 620 cm ™' exhibited the combined characteristics of Si-O-Al
bending or C-H out-of-plane bending and C-O-H broad twisting, which are generally found in fly ash-based AAM with NaOH as the
activator [17,44-46]. However, all of the FT-IR spectra of the various tested NaOH grades were mostly identical. Therefore, the NaOH
grade exerted very small (or no) effects on the bonding of AAM functional groups [47].

The XRD spectra (Fig. 6) for all AAMs revealed the presence of similar phases, predominantly quartz (Q), calcite (C) and ettringite
(E). A typical formation of portlandite (P), in high calcium content, was also observed as a solid microcrystalline phase at around 18.5
two-theta degrees. The structure phase of C-S-H (C') was the semi-crystalline C-S-H gels in the alkali-activated systems rather than
typical amorphous gels that can be often found in the water-activated systems. Aluminium oxide (Al,0O3) and silicon dioxide (SiO3)
present in the silicoaluminous raw fly ash were found in the form of mullite (M) as Al4 g3 Si1.3209.66 from the Cambridge Structural
Database (CSD) and a recent study [48], at around 14 two-theta degrees. Other Na, Ca, Al, and Si compounds (S) were also detected, for
example, N-A-S-H or C-A-S-H gels. Goethite (G), a form of low-temperature sediment of iron mineral as FeO(OH) or FeAl,04, was found
in small quantities as indicated by the peak around 31.1 two-theta degrees in the hardened AAM pastes.

The strong peaks in the XRD spectra indicate the presence of crystalline phases, however, the broad hump observed between 10 and
45 two-theta degrees suggests the formation of amorphous phases of the alkaline-activated material. This was in line with previous
studies, which found that the strength of AAM is mainly achieved from the amorphous phases of AI**, forming AlO*~ tetrahedra [44,
49]. It should be noted that at higher curing temperatures, a higher degree of polymerization with a more robust polymeric chain and
denser matrices were formed through the amorphous phases. However, as demonstrated by the FT-IR results, the XRD patterns of the
various tested NaOH grades were very similar, indicating that the microstructures of well-designed Ind.-grade AAM were in the same

-~ Y - . ™
N 1) N 1) 1)
N
8 S| % SIS
1N © © © o
I »
AAM-Lab d ? S T
N & Q Q
S X S ) O
° % g N .
@ ~ o S < S
9 & X ;
[
S | AAM-Ind. |1 vl 8 22
< 2 %2
E 9 sl ls
om— e |
g % R
w
=
] AAM-Ind. Il
—
7
=
AAM-No-grade

2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavelength (cm?)

Fig. 5. FT-IR spectra of AAM with various NaOH grades at 28-day age.



T. Suwan et al. Case Studies in Construction Materials 19 (2023) e02427

Q-Quartz  P-Portlandite C-Calcite
CorC' E-Ettringite G-Goethite = M-Mullite
C'-CSH S-Na,Ca,Al,Si compound

M\M o) 2o WW\W‘V'W\ ) AAM-ind.

Intensi

C

C  AAM-No-grade

10 15 20 25§ 30 35 40 45 50 55 60
20 (Degree)

Fig. 6. XRD spectra of AAM with various NaOH grades at 28-day age.

order as those of typical Lab-grade AAM.

5.5. Microstructure

After the 28-day compressive strength test, selected broken pieces from each AAM mixture were collected and kept in a sealed
plastic bag. All were immediately sent to SEM analysis within two hours on the same day of the crushing test. Selected SEM micro-
graphs in the secondary electron mode of the AAM pastes are shown in Fig. 7a to d. The microstructure of all samples appears dense and
compact due to the formation of amorphous AAM polymeric gel phases. Nevertheless, some unreacted fly ash particles were found and
surrounded by scattered polymeric gel with visible microcavities in the Ind.-grade and No-grade AAMs.

SEM-EDS analyses were conducted on randomly selected points of the AAM-Lab mixture and the AAM-No-grade mixture for
comparison. The results show that Si, Al, Ca, and Fe elements were detected as they are the main components of the raw starting
material, fly ash. Sodium (Na) element was also detected due to the presence of the NaOH activator. The Si/Al and Ca/Si ratios in these
mixtures were effectively within the range of those observed in previous studies [50]. Therefore, C-(A)-S-H gel (mainly Ca and Si
contents) and (C,N)-A-S-H, or polymeric gel (indicated by substantial Si, Al, and Na contents), were formed.

5.6. Cost of AAM production and possible implications

The comparison of the production cost of AAM (per m®) with various NaOH grades is presented in Table 7. It is noted that all
references on cost are based on the authors’ survey of bulk prices from Thailand market suppliers. The exchange rate of £ 1 was
approximately 42.3 THB (November 2022). It only considers material costs with no inclusion of transportation or other production
costs. The alkaline solution-to-fly ash ratio was set at 0.40 with 5% added water to maintain workability. The production cost of each
primary material (November 2022) was OPC (£60.4/tonne), water (£3.5/tonne), fly ash (£11.6/tonne), sand (£10.5/tonne), and gravel
(£12.8/tonne), respectively.

In general, the selling price of OPC strength class C25 (25 MPa) is around £ 42. However, AAM has a significantly higher production
cost due to the cost of the alkaline activator (NaOH). The highest price was reached with the AAM-Lab mixture with 16 M-NaOH of ~
£ 394 per m®, and this decreased to ~£ 156 per m> with 4 M-NaOH. The cost of AAM reduced substantially with industrial-grade or no-
grade NaOH, to within the range of ~£ 38 to £ 98 per m®, which becomes more comparable to OPC concrete of similar strength class.

Fig. 8a shows the production costs for all AAM concrete mixtures against NaOH grades. It can be seen that the AAM-Lab mixtures
had the highest production cost for all NaOH concentrations, followed by AAM-Ind. I, AAM-Ind. II, and AAM-No-grade. The selected
compressive strengths (Fig. 8b) of the AAM-Lab and AAM-Ind. II concrete mixtures with NaOH concentrations of 8 M and 16 M are also
compared with the designed OPC concrete strength class of 25 MPa (£41.7/m>). At 8 M-NaOH, the AAM-Ind. II (10.3 MPa) achieved
slightly higher strength than the AAM-Lab (8.1 MPa), while its production cost was as little as around 1/5 of the typical AAM-Lab
mixture (£52.5 and £254.5, respectively). At a high NaOH concentration of 16 M, the compressive strength of the AAM-Lab
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Fig. 7. SEM images of hardened AAM pastes with various NaOH grades.

achieved 34.3 MPa (£393.9/m3), while the AAM Ind. I was 30.6 MPa (£68.5/m>). Again, the compressive strengths of the 16 M-NaOH
mixtures were not significantly different, but the Ind.-grade was almost six times cheaper [10,51].

Although the current production cost of AAMs is higher than that of normal OPC-based concretes, further research is expected to
develop and improve the cost-effectiveness of AAMs for commercial markets in the near future. In the meantime, the achieved
compressive strengths of the low-NaOH-concentration AAM-Industrial grades (e.g., 5 Molar) have surpassed the target compressive
strength of cement-treated base (CTB) for pavements or unfired bricks of between 2.1 MPa and 7.0 MPa [51].

6. Conclusion

The fresh state properties, mechanical strengths and microstructure of high calcium fly ash-based AAM using conventional
laboratory-grade (=99.6% NaOH), industrial-grade (>98% NaOH), and no-grade alkaline activators (<48.8% NaOH) cured up to 60
days have been investigated, including an evaluation of their production cost. The main conclusions are as follows:

1) The use of industrial-grade and no-grade NaOH activators increased the setting time (by a factor of 2-3), and increased flowability
(by up to 10%) of fresh AAM due to the decrease in concentration, reactivity, and viscosity of the activator.

2) The flexural strength of AAM ranged between 5 and 17 MPa, while compressive strength ranged between 20 and 36 MPa for all
mixtures. The measured strengths decreased with a decrease in the purity of the NaOH activator.

3) The mechanical properties of AAM produced using industrial-grade activators (>98% NaOH) were only 15-20% lower than those
of typical laboratory-grade AAM. AAM produced using a no-grade activator (<48.8% NaOH) achieved the lowest strength. The
results suggest that industrial-grade NaOH has good potential for large-scale structural applications, while no-grade NaOH is not
recommended for engineering purposes due to its uncertain quality and low purity.
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Table 7
The production cost of AAM concrete with various NaOH grades per cubic meter (m®). Note: Based on the Thailand market and suppliers.
Mix (M) OPC Water Fly ash Sand Gravel NaOH solid (£/tonne) NaOH (solid form) Unit weight (kg/m®) Unit cost (£/m>)
4M 8M 12M 16 M
kg. £ kg. £ kg. £ kg. £ kg. £ kg. £ kg. £ kg. £ kg. £

OPC - 323.0 19.5 170.0 0.59 - - 825.0 8.63 1010.0 12.92 - - - - - - - - - 2328.0 41.68

AAM-Lab 4 - - 128.0 0.45 350.0 4.07 825.0 8.63 1010.0 12.92 6740.0 19.3 130.1 - - - - - - 2332.3 156.15
8 - - 113.0 0.39 350.0 4.07 825.0 8.63 1010.0 12.92 - - 339 2285 - - - - 23319 254.50
12 - - 102.0 0.36 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - 45.4 306.0 - - 2332.4 331.97
16 - - 92.0 0.32 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - - - 54.6 368.0 2331.6 393.95

AAM-Ind. I 4 - - 128.0 0.45 350.0 4.07 825.0 8.63 1010.0 12.92 1320.0 19.3 255 - - - - - - 2332.3 51.54
8 - - 113.0 0.39 350.0 4.07 825.0 8.63 1010.0 12.92 - - 33.9 447 - - - - 23319 70.76
12 - - 102.0 0.36 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - 454 599 - - 2332.4 85.91
16 - - 92.0 0.32 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - - - 546 721 2331.6 98.02

AAM-Ind. II 4 - - 128.0 0.45 350.0 4.07 825.0 8.63 1010.0 12.92 780.0 19.3 151 - - - - - - 2332.3 41.12
8 - - 113.0 0.39 350.0 4.07 825.0 8.63 1010.0 12.92 - - 339 264 - - - - 23319 52.46
12 - - 102.0 0.36 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - 454 354 - - 2332.4 61.39
16 - - 92.0 0.32 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - - - 54.6 42.6 2331.6 68.53

AAM-No-grade 4 - - 128.0 0.45 350.0 4.07 825.0 8.63 1010.0 12.92 640.0 19.3 124 - - - - - - 2332.3 38.42
8 - - 113.0 0.39 350.0 4.07 825.0 8.63 1010.0 12.92 - - 339 217 - - - - 23319 47.71
12 - - 102.0 0.36 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - 454 29.1 - - 2332.4 55.03
16 - - 92.0 0.32 350.0 4.07 825.0 8.63 1010.0 12.92 - - - - - - 54.6 349 2331.6 60.89
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Fig. 8. Production cost and compressive strength of all AAM mixtures against various NaOH grades.

4) It is important to check the grade and purity of the activator to ensure acceptable performance of the resulting AAM. A rapid test
(for example, by titration e.g., >98% NaOH purity for industrial-grade) may be used as a quality control/assurance measure to
check the suitability of a particular activator for AMM production.

5) The production cost of AAM concrete ranged from £ 40 to £ 390 per m>, which is significantly higher compared to conventional
OPC concrete at a similar strength grade (C25, £41 per m®). This is mainly due to the cost of the alkaline activator. Using an
industrial-grade activator with a suitable (low) concentration could reduce the production cost of AAM to be comparable with OPC
concrete of the same strength class.

Finally, the combined approach of using industrial-grade activators at a suitable concentration could increase the feasibility and
commercial viability of AAM as an alternative construction material for field applications. With more knowledge from future research
studies, the conversion of wastes into recycled-grade alkaline activators could also be used in the same manner as the presence of
alkaline activators that could support the feasibility of AAM production onwards.
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