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A B S T R A C T

Fly ash, a by-product of coal-fired power plants, finds valuable application in the cement and 
concrete industry due to its pozzolanic properties. Environmental concerns necessitate the use of 
Selective Catalytic Reduction (SCR) systems to reduce nitrogen oxide emissions; however, this 
process introduces residual ammonia onto the fly ash, known as SCR-fly ash, which may affect its 
properties. This study investigates the characteristics and suitability of SCR-fly ash as a supple
mentary cementitious material in Portland cement and geopolymer cement composites, compared 
to conventional high-calcium fly ash. The results show that Portland-fly ash blended cement 
mixtures containing 20 % SCR-fly ash achieve comparable engineering properties to those with 
high-calcium fly ash, with a slight reduction in compressive strength of ~ 3.4 % at 28 days. 
Geopolymers with SCR-fly ash exhibit a significantly lower (~ 52.8 %) compressive strength than 
that of high-calcium fly ash 28 days. However, SCR-fly ash requires a resting period of at least 20 
days to reduce ammonia content before use. The larger particle size and presence of residual 
ammonia can react to form detrimental gypsum or ammonium salts that lead to reduced strength. 
Therefore, SCR-fly ash may need to be chemically treated to be suitable as a geopolymer pre
cursor. Overall, this work provides crucial insights into the potential utilization of SCR-fly ash in 
the cement and concrete industry, promoting resource recovery and environmental sustainability.
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1. Introduction

Fly ash, a byproduct of coal-fired power plants, is widely utilized in the cement and concrete industry due to its pozzolanic 
properties, which enhance strength, durability, and sustainability in construction. Traditionally, fly ash has been sourced from 
electrostatic precipitators, but recent environmental regulations aimed at reducing nitrogen oxide (NOx) emissions have led to the 
adoption of Selective Catalytic Reduction (SCR) systems. While these systems effectively mitigate air pollution, they introduce residual 
ammonia contamination in fly ash, potentially altering its physical, chemical, and mechanical properties. This ammonia-contaminated 
fly ash, referred to as SCR-fly ash, poses challenges and opportunities for its use as a supplementary cementitious material. Under
standing the implications of ammonia contamination is crucial, as it may influence hydration kinetics, setting behaviour, and long- 
term performance in both Portland cement and geopolymer cement applications. As SCR technology becomes widespread, further 
research is needed to evaluate SCR-fly ash’s feasibility in sustainable construction while mitigating durability concerns.

1.1. Fly ash in Portland cement and geopolymer cement

Fly ash is a major industrial by-product of coal-fired power stations. In the past, fly ash was considered a low-value waste and was 
often discarded in landfill sites. This resulted in various environmental problems, including the contamination of soil and water re
sources by leached heavy metals and harmful substances, and the release of micro-fly ash particles into the local atmosphere. As such, 
many attempts have been made to mitigate these problems over the past decades and a successful practical approach is to valorise fly 
ash in the cement and concrete industry [1,2].

Fly ash is commonly used as supplementary cementitious material (SCM) to partially replace Portland cement (OPC) for concrete 
production. Its chemical and physical properties are specified in standards, for example the ASTM C618 [3]. The use of fly ash reduces 
the OPC content in concrete, and therefore its overall cost and embodied carbon. Moreover, the spherical shape of fly ash can 
significantly enhance flowability and workability of the fresh concrete [4]. The pozzolanic reaction of fly ash leads to the formation of 
additional calcium silicate hydrate (C-S-H) that improves long-term strength and durability of the concrete. In addition, fly ash has 
been used to produce alternative cementitious materials, such as alkaline activated “geopolymer” cements [5].

Geopolymer cement (GP) is an alternative to OPC that reuses industrial wastes for low-carbon concrete production. GP is typically 
synthesized using pozzolanic aluminosilicate precursors such as fly ash, bottom ash, metallurgical slags and calcined clays [6]. 
Alkaline activators such as sodium hydroxide or sodium silicate are used to activate the polymeric reactions that form C-S-H and 
calcium/sodium aluminosilicate hydrate (C-A-S-H/N-A-S-H) phases. In most cases, heat curing at around 40–90 ◦C for 6–24 h is 
applied to accelerate the reaction and achieve better engineering performance [5,7]. Since GP can be synthesized from waste pre
cursors without requiring OPC, it offers many environmental and practical advantages.

However, the properties of fly ash depend on many factors such as the type of coal, installed system, preparation and combustion 
process, hazardous gases removal, fly ash collection, storage and others [8]. As such, fly ash is a heterogeneous waste material and the 
variability in its properties has significant implications on its utilization potential.

1.2. Fly ash from SCR process

Combustion activities produce NOx emissions that are harmful to human and animal health. There are two NOx reduction processes 
currently in use, selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR). Both are based on the injection of 
ammonium compounds into the combustion chamber. However, SNCR consumes much higher energy to reach the required operating 
temperature than the catalytic-based SCR process [8–10]. Therefore, SCR is more widespread and has undergone significant de
velopments in many industries over the past decades. Furthermore, SCR is capable of capturing other pollutants such as SOx and small 
particulate matter that are relevant to coal-fired power stations [11,12].

The core principle behind the SCR system is the injection of aqueous ammonia or urea and other reductants into the furnace or flue 
gas combustion chamber to convert NOx to N2 and water according to Eq. (1). 

NO + NO2 + 2NH3→2N2 + 3H2O                                                                                                                                             (1)

Although this is highly effective for removing NOx, it has been found that some unreacted ammonia can escape from the chamber 
during the injection process and contaminate the collected fly ash [9]. As a result, the properties of fly ash from the SCR process, 
so-called ‘SCR-fly ash’, are different from that of typical fly ash. This issue has become a major concern for the cement and concrete 
industry that wishes to utilize SCR-fly ash as an SCM [9,11]. However, the effects of contaminated SCR-fly ash on the properties of fresh 
and hardened concrete are not well established [9].

1.3. Challenges and opportunities for utilizing SCR-fly ash in concrete

Globally, there is a growing demand for low-carbon cement and concrete materials to satisfy infrastructure development in a 
sustainable manner. However, there is a dwindling limited supply of conventional fly ash, and the typical fly ash precipitator is 
increasingly being replaced by the SCR process. SCR-fly ash is thus becoming an attractive option for the concrete industry [13,14]. 
Previous studies on SCR-fly ash found that a limited amount of ammonia contamination can be controlled by adjusting the catalysts or 
chamber temperature [15,16], leading to additional operating costs. Michalik et al. [9] showed that direct use of SCR-fly ash in 
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OPC-based concrete decreased mechanical strength compared to typical fly ash blended concrete due to an unexpected expansion 
caused by ammonia. As such, a resting time to allow for the release of ammonia from SCR-fly ash before use has been recommended 
[17,18].

As a case study, the largest coal-fired power plant in Thailand (Mae Moh power plant) is now transitioning from an ultra- 
supercritical process with low NOx burner to the SCR process for fly ash collection and storage. With the environmental policies 
mandated by the Electricity Generating Authority of Thailand (EGAT), this 2200-Megawatt Mae Moh power plant will be required to 
utilize their massive amount of generated SCR-fly ash very soon. A study on the possible utilization of SCR-fly ash in the concrete 
industry is therefore urgently required. Given the concerns about the presence of ammonia posing a risk to long-term performance [9, 
19], this study aims to investigate the effects of SCR-fly ash on the fresh and hardened state properties of Portland blended cement and 
geopolymer cement-based materials.

While the use of fly ash as a supplementary cementitious material is well established, the influence of SCR-fly ash on cementitious 
systems remains inadequately studied. Previous research has primarily focused on conventional high-calcium fly ash, with limited 
insight into how residual ammonia affects hydration reactions, setting time, and long-term mechanical performance. Additionally, the 
potential risks associated with ammonium-based reaction by-products have not been thoroughly quantified. This study addresses these 
gaps by systematically evaluating the engineering properties, microstructural characteristics, and chemical interactions of SCR-fly ash 
in both OPC-fly ash blended cement and geopolymer systems. The results will offer valuable insights for incorporating SCR-fly ash into 
sustainable construction methods while addressing potential durability challenges.

2. Experimental program

2.1. Materials

Portland Cement (OPC) Type 1 ASTM C150 with a specific gravity of 3.14 was used. Two types of fly ashes from Mae Moh coal-fired 
power plant (Lampang province, Thailand) were used. These were typical high calcium fly ash (HC-fly ash) and fly ash from the se
lective catalytic reduction process (SCR-fly ash). These had a specific gravity of 2.85 and 2.58, respectively. Table 1 shows the main 
oxide compositions of OPC, HC-fly ash and SCR-fly ash from X-ray fluorescence (XRF) analysis. The SCR-fly ash was collected from the 
power plant and stored in a dry and cool location for approximately 200 days before casting. A mixture of sodium hydroxide and 
sodium silicate solution was used as an alkali activator for geopolymer samples. Micro-pearl sodium hydroxide (NaOH, 99 % purity) 
was used to prepare a 10-molar sodium hydroxide solution. The sodium silicate solution (Na2SiO3) was SL-2.4 C grade of 45.83 % w/w 
and silicate modulus (Ms) of 2.10 (16.3 % Na2O, 34.2 % SiO2, and 49.5 % H2O).

2.2. Fly ash characterization

The fly ashes were characterized using various techniques. Scanning electron microscopy (SEM, JEOL JSM-5910LV) was used at 
30 kV in vacuum mode to observe microstructure. A Malvern Zetasizer ZS particle size analyzer was used to determine particle size 
distribution in the range of 0.3 nm to 10.0 microns. X-ray diffraction (XRD) was conducted using a 4-circle kappa goniometer 
diffractometer with a microfocus sealed tube (Mo) and direct photon-counting detector (HyPix-Bantam), to investigate crystalline 
composition. Fourier Transform Infrared (FT-IR, Thermo Nicolet 6700) spectroscopy with attenuated total reflectance (ATR) was used 
to identify functional groups within spectral wavelengths 450–4000 cm− 1. A potassium chloride (KCl) extraction technique was 
specifically adapted with colorimetry to produce a colored compound for spectrophotometric measurement of ammonium residue 
concentration in the SCR-fly ash. KCl solution was used to leach ammonium ions from the fly ash particles, preventing the conversion 
of ammonium ions (NH4+) to ammonia gas (NH3) in alkaline environments. The concentration of ammonium residue in the SCR-fly ash 
was determined after 10, 20, 30, and 200 days of storage following collection from the power plant.

2.3. Mix proportions

A total of nine cement paste mixes were prepared. These were divided into two series: I) OPC-fly ash blended cement mixes, and II) 
geopolymer cement mixes. Details of mixture proportions are presented in Table 2.

The OPC-fly ash blended cement mixtures were prepared at a water-to-cement (w/c) ratio of 0.35. The OPC-to-fly ash mass ratio 
was varied from 100:0 (control mix) to 80:20, 60:40, and 40:60. 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 cement paste was cast into 40 × 40 × 160 mm prism moulds (EN 196-1) and 
wrapped immediately with plastic sheeting to prevent moisture loss. Then, the samples were demoulded, wrapped with plastic 
sheeting again, and sealed cured at room temperature (28 ± 2◦C) until reaching the testing age of 3, 28, and 90 days.

Table 1 
Chemical compositions (oxides) of the binders from XRF analysis (%).

Material SiO2 Al2O3 Fe2O3 CaO SO3 SrO MnO K2O LOI

OPC 11.93 2.46 4.06 74.96 4.89 - - 1.03 1.0
HC-fly ash 17.99 8.61 30.31 31.73 7.71 0.29 0.22 2.55 N/A
SCR-fly ash 22.75 10.67 27.17 29.23 6.09 0.26 0.23 2.72 N/A
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The geopolymer cement mixtures were prepared using a 1:1 mixture of 10 molar sodium hydroxide solution and sodium silicate 
solution as the alkaline activator. The prepared alkaline solution was added to fly ash at a liquid-to-binder (L/B) mass ratio of 0.60 to 
achieve good workability. Wet mixing was carried out for 90 s at 140 ± 5 rpm at a room temperature of 28 ± 2 ◦C in a 5-l mortar mixer. 
After thorough mixing, the fresh geopolymer mixture was cast into prismatic moulds and wrapped immediately with plastic sheeting to 
prevent moisture loss. The samples were demoulded after 24 h, then wrapped with plastic sheeting and sealed cured at room tem
perature until reaching the testing age of 3, 28, and 90 days.

2.4. Tests

The prepared paste samples were subjected to fresh and hardened state properties testing. Fresh cement pastes were tested for 
setting time using a Vicat apparatus according to ASTM C191 and flowability using a flow table apparatus according to ASTM C1437. 
Compressive strength was measured using 40 mm × 40 mm × 40 mm cubic specimens cut from the prepared prisms. For each mix, six 
specimens were tested in accordance with the EN 196-1 standard using a 250 kN Controls universal testing machine. Additionally, 
scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier Transform Infrared (FT-IR) analysis were conducted to 
investigate the phase assemblage and microstructural changes within the samples.

3. Results and discussion

3.1. Fly ash characterization

3.1.1. Particle size distribution
Figs. 1 and 2 show the average particle size distribution from two replicate batches of the fly ashes, as determined using the Malvern 

particle size analyzer. The average D10, D50, and D90 of SCR-fly ash were 4.7 µm, 20.7 µm, and 113.0 µm, respectively. In contrast, the 
corresponding values for HC-fly ash were 2.9 µm, 10.6 µm, and 32.0 µm, respectively. HC-fly ash exhibited a smaller volumetric mean 
diameter (14.5 µm) and a correspondingly higher specific surface area (0.879 m²/g) compared to SCR-fly ash (39.1 µm and 0.516 m²/g, 
respectively). The specific surface area of SCR-fly ash exhibited variability, likely due to its origin from a different power plant 
compared to the HC-fly ash. It is worth noting that the differences in the particle size distribution of SCR-fly ash can be attributed to 
variations in its production processes and physicochemical properties. Residual ammonia in SCR-fly ash can promote particle 
agglomeration, resulting in a broader, coarser, and less uniform particle distribution. Additionally, these differences also depend on 
variations in combustion temperatures, coal types, and SCR system configurations [20].

Table 2 
Mix proportions for OPC-fly ash blended cement and geopolymer cement pastes.

Series Mix ID w/c ratio L/B ratio OPC (%) HC-FA 
(%)

SCR-FA (%)

I) OPC-fly ash blended cement Control OPC 0.35 - 100 - -
HC-FA20 0.35 - 80 20 -
HC-FA40 0.35 - 60 40 -
HC-FA60 0.35 - 40 60 -
SCR-FA20 0.35 - 80 - 20
SCR-FA40 0.35 - 60 - 40
SCR-FA60 0.35 - 40 - 60

II) Geopolymer HC-FA GP - 0.60 - 100 -
SCR-FA GP - 0.60 - - 100

Fig. 1. Particle size distribution of HC-fly ash.
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These observations were corroborated by SEM at 500 × magnification (Fig. 3), which revealed a predominantly spherical 
morphology for both fly ashes due to the electrostatic collection process. The SEM images qualitatively confirmed the significantly 
smaller size of HC-fly ash compared to SCR-fly ash. The difference in FA particle size could influence reaction rates when blended in a 
Portland cement or geopolymer cement system.

3.1.2. Ammonia content
Previous studies on denitrification through SCR and SNCR under similar conditions were conducted by Michalik et al. and Lar

rimore [9,11]. Therefore, some of their findings were used as comparison in assessing the reduction of ammonia concentration in Mae 
Moh SCR-fly ash over the observed time period of 0–200 days after collection. The highest reduction (roughly 50 %) occurred within 
the first 20 days of exposure to ambient air for samples No. 1–4 [9,10]. Literature suggests that the excess ammonia content in fly ash 
can range from 50 to 300 mg/kg [9,11]. While previous studies reported significantly higher ammonia levels in SCR-fly ash [10,11], all 
observed a similar trend of decreasing ammonia content over time, especially within the first few weeks.

Fig. 4 shows the ammonia content in fly ash measured from the literature and from the KCl extraction method for Mae Moh SCR-fly 
ash samples after storage periods of 10, 20, 30, and 200 days. The ammonia content in SCR-fly ash from the Mae Moh power plant 
decreased from 12.4 mg/kg to 2.2 mg/kg. Importantly, no ammonia was detected in the HC-fly ash samples. It can be observed that ~ 
50 % of ammonia reduction occurs within the first 20 days of exposure to ambient air, similar to previous studies [9–11]. It is worth 
noting that the cement mixtures in the current study were prepared with 200-day-old Mae Moh SCR-fly ash.

3.1.3. Functional groups and amorphous phases
Fig. 5 shows the FT-IR spectra of HC-fly ash and SCR-fly ash within the first few days after collection. Strong bands corresponding to 

Si-O-Si and Al-O stretching vibrations were observed around 465–500 cm⁻¹, 620–700 cm⁻¹, and 790–800 cm⁻¹, indicating the abun
dance of silicon and aluminium in the samples. A broad peak around 1630–1700 cm⁻¹ is attributed to O-H bending in adsorbed water. 
A unique broad peak around 1400–1450 cm⁻¹ was identified, potentially indicating either C-H bending in residual organic matter or 
the presence of carbonate (CO₃) groups. Since SCR-fly ash used ammonia (NH₃) for NOx capture, N-H bending vibrations in ammonium 

Fig. 2. Particle size distribution of SCR-fly ash.

Fig. 3. SEM images of HC-fly ash, and SCR-fly ash at 500x magnification.
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salts or ammonium ions (NH₄⁺), typically appearing around 1400–1390 cm⁻¹, can be detected, occasionally overlapping with other 
functional groups.

XRD analysis revealed no significant compositional differences between the HC-fly ash and SCR-fly ash samples (see Fig. 6). Typical 
phases were identified by their characteristic peaks including quartz (Q; SiO2), mullite (M; 3Al2O3–2SiO2), and magnetite (Mt; Fe3O4). 
Additionally, hematite (Ht; Fe2O3), hercynite (H; FeAl2O4), and periclase (P; MgO) were detected, further confirming the expected 
compositional profile of the fly ash. Broad humps observed between 10◦ and 40◦ 2θ in the patterns of both fly ashes indicate the 
presence of amorphous phases.

Fig. 4. Ammonia in Mae Moh SCR-fly ash and HC-fly ash after different storage durations following collection from the power plant.

Fig. 5. FT-IR spectra of HC-fly ash and SCR-fly ash.

Fig. 6. X-ray diffraction patterns of HC-fly ash and SCR-fly ash.
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Quantitative analysis using the embedded Match! program, performed by calculating the area under the respective XRD patterns, 
revealed an amorphous phase content of 61.2 % and 38.8 % crystalline phase content for HC-fly ash, and 59.9 % amorphous and 
40.1 % crystalline phase content for SCR-fly ash. These results show that there are no significant differences in the overall phase 
compositions of the fly ash samples.

3.2. Setting time, flowability and unit weight

Fig. 7a presents the initial and final setting times of the cement pastes. The pure OPC paste was used as a control reference which 
exhibited initial and final setting times of 114 min and 240 min, respectively. The pastes containing SCR- or HC-fly ash demonstrated 
longer setting times compared to the control, attributable to the retardation effect of fly ash on early-age reactions. The setting time 
increased proportionally with the amount of fly ash, with the SCR-fly ash mixtures exhibiting a longer delay compared to HC-fly ash 
mixtures. This difference is probably due to the larger particle sizes of SCR-fly ash. Consequently, the setting behaviour of SCR-fly ash 
blended cement is more delayed compared to that of HC-fly ash blended cement.

The geopolymer mixtures exhibited a flash setting behaviour, particularly for the HC-fly ash geopolymer, which had an initial 
setting time of only 5–10 min. In contrast, the SCR-fly ash geopolymer had a slightly longer initial setting time of 50–60 minutes. Both 
fly ashes, classified as high calcium Class C fly ash (ASTM C618), typically exhibit rapid reactions when combined with a strong 
alkaline solution (NaOH activator) [7]. Despite their similar chemical compositions, as determined by XRF analysis, differences in 
particle size and SiO₂/Al₂O₃ ratios probably influenced their setting times. SCR-fly ash has larger particle sizes and a slightly higher 

Fig. 7. Setting time and workability of OPC-fly ash blended cement and geopolymer cement pastes.

T. Suwan et al.                                                                                                                                                                                                         



Case Studies in Construction Materials 22 (2025) e04563

8

SiO₂/Al₂O₃ ratio (2.14) compared to HC-fly ash (2.08). A higher SiO₂/Al₂O₃ ratio can result in a longer setting time due to the slower 
dissolution rate of SiO₂. Conversely, a lower ratio leads to rapid setting time but can compromise mechanical integrity of the geo
polymer due to insufficient silicate species necessary for network formation [21,22].

Fig. 7b shows the workability of the pastes, assessed using the flow table test. The OPC mix exhibited a flowability of 81 % (of the 
test plate diameter), while both 20 % fly ash replacement mixtures (SCR-FA20 and HC-FA20) demonstrated higher flowabilities at 
122 % and 106 %, respectively. The smaller particle size and higher surface area of HC-fly ash increased water demand and reaction 
compared to SCR-fly ash, resulting in a decreased spread (lower fluidity) in the flow table test. Mixtures with over 40 % fly ash 
replacement exceeded the flow table limits, meaning they were too fluid to measure accurately. It was observed that excessive fly ash 
content led to flow values that exceeded the dimension of the flow table test (Fig. 7b). This indicates that while moderate fly ash 
replacement can enhance workability, too high a replacement level can result in excessive fluidity, complicating the measurement and 
potentially affecting the structural integrity of the cement [23].

Fig. 8 shows the unit weight of the cement pastes at 28 days of age. The OPC reference paste had a unit weight of 1.978 g/cm³. For 
OPC-fly ash blended pastes, both SCR- and HC-fly ash replacements (at 20 %, 40 %, and 60 %) led to a gradual decrease in the unit 
weight of the samples initially. However, after hydration and pozzolanic reaction over time, HC-fly ash blended pastes achieved a 
slightly higher unit weight and therefore a denser microstructure. A factor contributing to this could be the smaller, spherical particles 
of HC-fly ash compared to SCR-fly ash. A similar trend was observed in the geopolymer pastes, where HC-fly ash-based geopolymer 
achieved a higher unit weight of 2.023 g/cm³ compared to 1.935 g/cm³ for SCR-fly ash-based geopolymer.

3.3. Compressive strength

Fig. 9 shows the compressive strength of the cement pastes at 3, 28, and 90 days of age. The results indicate variations in the 
compressive strength across different mixtures, age and replacement levels of fly ash. The OPC reference mixture exhibited a 
compressive strength of 50.7 MPa at 3 days, 56.1 MPa at 28 days, and 72.0 MPa at 90 days. The OPC-fly ash blended paste showed 
decreasing compressive strength with increasing fly ash content. Specifically, the SCR-fly ash mixtures showed a compressive strength 
of 40.6 MPa, 53.4 MPa, and 70.6 MPa at 20 % replacement; 27.4 MPa, 50.9 MPa, and 63.3 MPa at 40 % replacement; and 17.2 MPa, 
40.5 MPa, and 49.0 MPa at 60 % replacement at 3, 28, and 90 days, respectively. In comparison, the HC-fly ash mixtures demonstrated 
slightly higher compressive strengths: 42.6 MPa, 55.3 MPa, and 71.4 MPa at 20 % replacement; 29.4 MPa, 51.0 MPa, and 68.0 MPa at 
40 % replacement; and 19.5 MPa, 45.6 MPa, and 51.0 MPa at 60 % replacement at 3, 28, and 90 days, respectively. At the standard 
cement testing age of 28 days, it was found that OPC-fly ash blended mixtures containing 20 % SCR-fly ash (53.4 MPa) achieved 
comparable average engineering properties to those containing 20 % HC-fly ash (55.3 MPa), with a slight reduction in compressive 
strength of approximately 3.4 %. And, at the same age and fly ash replacement percentages, SCR-fly ash achieved slightly lower 
strength than the HC-fly ash mixtures by 0.2 % and 11.2 % for 40 % and 60 % FA replacement, respectively. Nevertheless, the sig
nificant increase in strength with age is attributed to the formation of additional secondary calcium silicate hydrate (C-S-H) from the 
pozzolanic reaction between Ca(OH)2 and fly ash [24].

The results indicate that the type of fly ash has a slight impact on compressive strength development. This may be attributed to 
differences in particle size, surface area, and the presence of residual ammonia in SCR-fly ash. The presence of ammonia (as ammonium 
sulfate; (NH4)2SO4) has been reported to react with calcium hydroxide (Ca(OH)2), forming unwanted gypsum as shown in Eq. (2) [25]. 
Therefore, it is important to impose a resting period of approximately 20–30 days (see Fig. 4) after collection to allow for the 
attenuation of ammonia before utilizing SCR-fly ash as an SCM in concrete production. 

Fig. 8. Dry unit weight of cement pastes at 28-days age.
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Ca(OH)2 + (NH4)2SO4 → CaSO4•2H2O + 2NH4OH                                                                                                                    (2)

The geopolymer cement pastes exhibited similar strength performance trends to the OPC-fly ash blends. The HC-fly ash geo
polymers displayed compressive strength of 30.1 MPa, 46.2 MPa, and 56.6 MPa at 3, 28, and 90 days, respectively. Conversely, the 
SCR-fly ash geopolymers recorded lower compressive strengths of 15.0 MPa, 21.8 MPa, and 40.0 MPa at the same respective ages. At 
the standard cement testing age of 28 days, it was found that in geopolymer mixtures, SCR-fly ash (21.8 MPa) exhibits significantly 
lower compressive strength compared to HC-fly ash (46.2 MPa), with a reduction of approximately 52.8 %.

The difference in strength between OPC-SCR-fly ash blends and SCR-fly ash-based geopolymers is due to their distinct bonding 
mechanisms and the distribution of reaction products. In OPC-SCR-fly ash systems, C-S-H gel forms through hydration and pozzolanic 
reactions, ensuring a strong, interwoven microstructure despite ammonia residue, which remains dispersed in the pore solution. This 
results in only a slight 3.4 % strength reduction. In contrast, geopolymer strength relies on N-A-S-H/C-A-S-H gels formed via alkaline 
activation, which are highly susceptible to residual ammonium salts. Ammonium sulfate and chloride disrupt geopolymerization by 
encapsulating fly ash particles, preventing full dissolution, and weakening the gel network. This leads to higher porosity, micro- 
cracking, and a drastic 52.8 % strength reduction. SEM and FT-IR analyses confirm that OPC-based samples exhibit a dense, well- 
formed C-S-H matrix, whereas geopolymer samples contain unreacted fly ash, voids, and disrupted aluminosilicate bonding. Thus, 
the primary reason for poor geopolymer performance is the destabilizing effect of ammonium salts on gel formation, which weakens 
the structural integrity compared to the more robust C-S-H network in OPC blends.

Overall, the 20 % replacement of both SCR-fly ash (SCR-FA20) and HC-fly (HC-FA20) exhibited promising results in terms of good 
early strength (3 days) and later age strength comparable to the reference mix. Blending fly ash with OPC offers several other benefits, 
including reduced overall cost, lower hydration heat and enhanced workability. At 40 % replacement level, both fly ash types also 
demonstrated good performance, albeit with lower strength and exceeding the 25 % limit stipulated by ACI 318M-99 [24]. However, 
the geopolymers systems, in particular those containing SCR fly ash, performed less well compared to the OPC blends. The larger 
particle size and residual ammonia contamination in SCR fly ash are postulated to be the primary factors behind its lower strength 
development. These findings emphasize the critical effects of physical and chemical characteristics in the overall performance of 
cementitious materials [18,26,27].

3.4. Microstructure

Fig. 10 shows examples of SEM micrographs of 28-day OPC-fly ash blended pastes at 20 %, 40 %, and 60 % replacement levels. 
Qualitatively, the pastes with 20 % SCR-fly ash and 20 % HC-fly ash exhibit a more compact microstructure, which correlates to their 
enhanced compressive strength, compared to higher fly ash replacement levels (40 % and 60 %). Many unreacted fly ash particles are 
present with SCR-fly ash being larger in particle size compared to HC-fly. Additionally, the presence of C-S-H, portlandite and ettringite 
is observed within the microstructure, indicating active hydration processes.

In contrast, the SEM micrographs for pastes containing 40 % and 60 % fly ash reveal higher amounts of unreacted fly ash particles 
as expected, and increased porosity relative to the 20 % fly ash pastes. This is consistent with their lower compressive strengths. The 
most pronounced structural weaknesses are seen in the mixtures with 60 % fly ash, which exhibits the most porous microstructure, 
with numerous microcavities and voids filled with unreacted fly ash particles. This demonstrates that excessive replacement of OPC 
with fly ash compromises the material integrity.

Fig. 11 presents the SEM micrographs of 28-day geopolymers. The SCR-fly ash geopolymers exhibit a more porous microstructure 

Fig. 9. Compressive strength of all mixtures at 3-, 28- and 90-day age.
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with abundant micro-cracks. In contrast, the HC-fly ash geopolymers are more compact and denser, presumably due to their 
composition, finer particle size, and higher reactivity. These observations are consistent with the setting time, unit weight and 
compressive strength data. The SEM micrographs show that fine fly ash particles efficiently dissolve in the alkaline activator and 
undergo polymerization over time. Although the geopolymers were cured under ambient conditions rather than at elevated tem
peratures, an extended curing period allows the polymerization process to occur and achieve good compressive strength at later ages, 
comparable to the OPC-fly ash blended pastes.

Fig. 10. Example SEM micrographs of OPC-fly ash pastes at 28 days.
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3.5. Phase analysis and functional groups

3.5.1. XRD
The XRD patterns of all mixtures at 28-day are presented in Fig. 12. The OPC paste shows the presence of calcium silicate hydrate, 

calcium hydroxide and calcite, and small amounts of ettringite and mullite. A similar trend was observed in the OPC-fly ash blended 
pastes. With increasing fly ash content (20 %, 40 %, and 60 %), a broad hump at around 30◦ 2-theta appears, indicating an increased 
presence of amorphous phase that forms via the pozzolanic reaction. Additionally, small peaks of quartz were observed, attributed to 
the silica content in the binders.

Notably, pastes with high amounts of SCR-fly ash (SCR-FA40 and SCR-FA60) exhibited small peaks of gypsum (CaSO₄) and 
ammonium salt (NH₄Cl). These results are supported by the studies of Skaf [29] and Li et al. [28], which indicate that ammonia can 
react with sulphur oxides, leading to the formation of ammonium sulfate and bisulphate. These compounds can encapsulate fly ash 
particles, altering their physical characteristics, promoting agglomeration, and resulting in larger particle sizes compared to HC-fly 
ash. However, only small peaks were observed in this study because the SCR-fly ash used had been stored for over 200 days before 
testing. Consequently, the XRD detected only a minimal amount of these compounds [28–30].

This is likely due to the trace ammonia remaining in the SCR-fly ash after 200 days of storage prior to casting (Fig. 4). This suggests 
a longer storage period for SCR-fly ash may not necessarily eliminate the potential for these undesirable phases to form.

Significant differences in XRD patterns were observed in the geopolymer mixtures, which form predominantly amorphous calcium 
aluminate silicate hydrate (C-A-S-H) and sodium aluminate silicate hydrate (N-A-S-H). Although small peaks of quartz (Q) and calcite 
(C’) were observed, the majority of the phase assemblage is amorphous as indicated by the broad hump at around 30◦ 2-theta, 
consistent with the SEM micrographs shown in Fig. 11. Table 3 shows a qualitative assessment of the relative percentages of the 
crystalline and amorphous phases calculated using the embedded XRD software Match! following Eqs. (3) and (4). 

%Amorphous =
(Global area − Reduced area)

Global area
∗ 100 (3) 

%Crystalline = 100 − %Amorphous (4) 

Where the global area represents the cumulative sum of areas under both the hump and peaks in the specified region of the XRD 

Fig. 11. Example SEM micrographs of geopolymer cement pastes at 28 days.
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spectrum, while the reduced area represents the sum of areas under the peaks only. The results confirm that geopolymers are pre
dominantly amorphous (> 75 %). In contrast, the phase assemblage of the OPC and OPC-fly ash blended paste are predominantly 
crystalline, with the percentage of crystallinity decreasing with increasing fly ash replacement level as expected.

3.5.2. FT-IR
Fig. 13 shows the FT-IR spectra of the fly ash and geopolymer mixtures. The broad absorption bands around 3450 cm⁻¹ and 

1650 cm⁻¹ correspond to O-H stretching and bending vibrations, indicating the presence of hydroxyl groups, likely from water or 
hydroxide ions in the systems. The bands in the range of 1400–1420 cm⁻¹ indicate internal reactions of asymmetric Si–O and Al–O 
bonding in both SCR- and HC-fly ash geopolymers. The presence of ammonia residues, detected at around 1400 cm⁻¹, suggests the 
formation of ammonium salts, which appear more intense in SCR-FA GP compared to HC-FA GP. These ammonium salts may be 
ammonium chloride (NH₄Cl) from N-H bending or ammonium sulfate ((NH₄)₂SO₄) from N-H stretching vibrations, and they could 
explain the lower compressive strength of the SCR-fly ash geopolymers.

The Si-O symmetric stretching groups, corresponding to the band around 1110 cm⁻¹, were detected in high-calcium fly ash powder 
and HC-fly ash geopolymer cement. This indicates the formation of more polymeric Si–O–Si bonds, which contribute to stronger and 
more interconnected geopolymeric chains within the hardened geopolymer cement at later ages. Additionally, the intensity of the 
peaks from 950 to 956 cm⁻¹ presents the Si-O and Al-O stretching vibrations of SiO₄ and AlO₄, which are indicative of geopolymeric gel 
and mixed (C,N)-A-S-H gel. The Si-O and Al-O symmetric stretching vibrations in C-S-H appear at the peak of 870 cm⁻¹, indicating the 
formation of C-(A)-S-H. Overall, the FTIR analysis demonstrates the transformation of fly ash materials to geopolymeric structures, via 
the development of aluminosilicate networks and hydration products [7,16,17].

Fig. 12. XRD patterns of OPC and fly ash-based mixtures at 28 days (M = Mullite, C’ = Calcite, C = Calcium Silicate Hydrate (C-S-H), E = Ettringite, 
P = Portlandite (Ca(OH)2), Q = Quartz, G = Calcium sulfate, A = Ammonium salt).

Table 3 
Percentages of crystalline and amorphous phases of all mixtures at 28 days.

Mixtures Global area Reduced area % Amorphous % Crystallinity

OPC 4360.70 2823.74 35.22 64.78
HC-FA60 4674.67 2674.26 42.77 57.23
HC-FA40 4822.42 2851.20 40.86 59.14
HC-FA20 5105.98 3058.71 40.07 59.93
SCR-FA60 4864.50 2762.94 43.19 56.81
SCR-FA40 4713.41 2759.60 41.44 58.56
SCR-FA20 4668.12 2910.05 37.64 62.36
SCR-FA GP 4113.44 971.98 76.37 23.63
HC-FA GP 3952.23 860.01 78.24 21.76
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4. Conclusions

This paper presents an experimental study on the potential of ammonia-contaminated fly ash from the selective catalytic reduction 
(SCR) process as a viable supplementary cementitious material in OPC blended and geopolymer cement systems. The properties and 
effects of SCR-fly ash are compared against conventional high-calcium (HC) fly ash. The main findings are: 

a) The particle size and surface area of fly ash affect the setting time and flowability of fresh OPC-fly ash blended cement paste. The 
smaller spherical particles of HC-fly ash increased their reactivity, resulting in a shorter setting time and lower flow value compared 
to the coarser SCR-fly ash.

b) SCR-fly ash can be used as a supplementary cementitious material to partially replace OPC. At 20 % replacement, SCR-fly ash 
performs similar to typical HC-fly ash, with only a slight reduction in compressive strength. It offers the advantage of reducing 
Portland cement consumption while maintaining good engineering properties.

c) However, it is crucial that SCR-fly ash be exposed to the ambient atmosphere for at least 20 days to allow the release of residual 
ammonia. Excessive ammonia content could lead to the formation of deleterious gypsum or ammonium salt, which affects reac
tivity and strength development.

d) In conclusion, this new type of fly ash from selective catalytic reduction process at the Mae Moh power plant in Lampang province, 
Thailand, demonstrates potential as a supplementary cementitious material. However, it may not be suitable as precursor for 
geopolymer due to its significantly lower mechanical properties compared to HC-fly ash. This study serves as an initial investigation 
into the potential applications of SCR-fly ash.
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[9] A. Michalik, J. Babińska, F. Chyliński, A. Piekarczuk, Ammonia in fly ashes from flue gas denitrification process and its impact on the properties of cement 

composites, Buildings 9 (11) (2019) 225.
[10] E.N. Nedkvitne, Ammonia Hydrometallurgy and Other Innovations for Sustainable Management of Waste Incineration Fly Ash, 2024.
[11] L. Larrimore, Effects of ammonia from post-combustion NOx control on ash handling and use, Fuel Chem. Div. Prepr. 47 (2) (2002) 832–833.
[12] European Environment Agency, Directive 2010/75/EU of the European Parliament and of the Council of 24 November 2010 on industrial emissions (integrated 

pollution prevention and control), 2010. Available at: 〈https://www.eea.europa.eu/policy-documents/directive-2010-75-eu-of〉 (Accessed 11 January 2024).
[13] T.S. Yelland. Cleaner Coal Combustion Technologies–The Impact on NOx Emissions and Fireside Corrosion (Doctoral dissertation), University of Sheffield, 2020.
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