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A B S T R A C T

Rice husk ash (RHA) is commonly considered a promising cement replacement in concrete; 
however, RHA obtained through uncontrolled combustion often exhibits limited pozzolanic ac
tivity due to excess unburnt carbon and a porous structure. This study investigates the effect of 
microstructure on the burning process for enhancing RHA properties and reducing cement con
tent in the binder. Coarse RHA and finely ground RHA were subjected to burning at various 
temperatures and durations, with Particle size distribution (PSD), Scanning electron microscopy 
(SEM), Loss of ignition (LOI), X-ray diffraction (XRD) and fluorescence (XRF) used to investigate 
their properties. The pozzolanic activity index and heat of hydration were examined in mortars 
incorporating RHA as a cement replacement. The results demonstrated that the microstructure of 
RHA had a marginal effect on silica properties during the burning process, as confirmed by XRD 
analysis of the materials at temperatures below 800 ◦C. Nevertheless, noticeable variations were 
observed in PSD, SEM, LOI, XRF, heat of hydration, and pozzolanic activity, indicating that 
burning coarse RHA had more beneficial effect on combustion efficiency compared to burning 
finely ground RHA. This highlights the importance of an effective combustion strategy to trans
form residual RHA into a potent supplementary cementitious material (SCM).

1. Introduction

Rice husk (RH) is an agricultural by-product of the milling of rice [1,2]. For every tonne of rice produced, approximately 0.20 
tonnes of RH are generated [1,3,4]. The global production of rice in 2022 has been estimated at 515.05 million tonnes [5]. This 
suggests that an enormous quantity of RH is produced annually, but the majority of this RH is underutilised, discarded in landfills, or 
burned in open fields, which has long-term environmental implications [2,6]. The common practice to mitigate this issue is to reuse RH 
as fuel for industrial heat production [6–8]. When RH is burned as fuel, a by-product called rice husk ash (RHA) is produced at a rate of 
20–25 % of the weight of RH [7,9]. Although RHA has many commercial applications, it is usually discarded in landfills because of 
inadequate guidelines and specifications for its use in developing countries [6]. This disposal can have adverse environmental con
sequences, such as soil and water pollution, ultimately affecting human health [6].

The availability and favourable chemical composition of RHA make it a viable supplementary material in cement composite ap
plications [6,10]. The composition of RHA varies depending on the rice source, soil chemistry, and geographic location [6,8,11]. The 
nature of silica formation can be different in dark- versus light-coloured ash depending on the presence of unburnt carbon impurities 
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[11], which in turn depends on the combustion equipment and the conditions of producing the RHA [12,13]. The RHA produced by 
uncontrolled combustion is unlike the one produced by controlled combustion. Uncontrolled combustion such as open field burning or 
open heap burning is a conventional process used for disposing of RH in various areas of the world and close to the rice milling factories 
[6,7,10,13]. The RHA produced by uncontrolled combustion tends to be black in colour because of unburnt carbon trapped beneath the 
molten surface of the ash [3,8,13,14]. This phenomenon occurs when potassium oxide decomposes during the combustion of RH, 
hindering the heterogeneous dispersion of heat and airflow [11,15]. In other words, during the conversion of RH to ash, uncontrolled 
combustion, resulting from its heterogeneous dispersion of oxygen, causes the rapid decomposition of potassium oxide into molten 
substances on the surface. This molten layer restricts the carbon from oxidising and accelerates the crystallization of SiO2 [11,15]. 
Under these conditions, RHA has low pozzolanic activity. The excess residue carbon contents on the ash also lead to more water 
absorption in the concrete. Therefore, adopting RHA generated under uncontrolled burning conditions as a cement replacement 
material is not feasible unless further treatments are employed [3,13,16,17].

One method to increase the effectiveness of RHA received from uncontrolled combustion is thermal treatment before blending with 
cement. Research suggests that this reduces the residual unburnt carbon and produces more effective RHA [8]. Typically, with rising 
temperatures, the crystalline structure might be destructed, leading to create of amorphous silica; however, this depends on appro
priate temperature and duration of the combustion. If RHA subjected to higher temperature and extended period of combustion, the 
amorphous silica can be transformed back to its original crystalline state [18–22]. Thermal treatment of black RHA from uncontrolled 
combustion has been conducted in many studies [8,13,14,23].

Another typical approach to enhancing the pozzolanic activity of RHA is to break down the cellular microstructure of the particles 
and decrease their size [6,7,10]. Mehta [24] observed that the pozzolanic activity of RHA depends mainly on the internal surface area 
of the particles. Xu [25] confirmed that decreasing the particle size of RHA affects its pozzolanic activity and showed that the 
pozzolanic reactivity of RHA increases as the ash becomes finer, with no corresponding effects on the proportion of crystalline and 
amorphous silica in the ash.

Although the available literature has established the relationship between the heat treatment and grinding of RHA and its 
pozzolanic activity, it is not clear how the microstructure of RHA affects the burning process to enhance its reactivity most effectively. 
Therefore, there remains a need to study the effect of burning both coarse and fine RHA. This study aims to provide recommendations 
and, outline a feasible insight for proposing RHA from uncontrolled combustion as a Portland cement replacement material. This can 
benefit not just in the proper disposal of the residual RHA, but also in reducing the cost of the concrete.

RHA obtained from an industrial source was subjected to various trial treatments, namely, 1) grinding prior to thermal treatment at 
various temperatures and for various durations and 2) thermal treatment at various temperatures and for various durations followed 
by grinding.

Particle size distribution (PSD), Scanning electron microscopy (SEM), Loss on ignition (LOI), X-ray diffraction (XRD) and fluo
rescence (XRF) were used to investigate the properties of the supplied and treated RHA. The pozzolanic activity and heats of hydration 
of mortars made with treated RHA as a partial cement replacement were examined.

Fig. 1. The raw RHA received for this study and ground RHA (G-RHA).
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Table 1 
Chemical composition and physical properties of the Portland cement (OPC, type I 52.5 MPa) 
and RHA used.

Composition Cement RHA

SiO2 (%) 19.69 79.86
Al2O3 (%) 4.32 -
Fe2O3 (%) 2.85 0.15
CaO (%) 63.04 1.11
K2O (%) 0.74 3.23
Na2O (%) 0.16 -
MgO (%) 2.17 -
SO3 (%) 3.12 0.15
TiO2 (%) 0.33 -
Specific gravity 3.15 2.03
Fineness (m2/kg) 384 -
Initial Setting Time (mins) 158 -
Loss on ignition (%) 3.03 13.49

Fig. 2. Thermo-mechanical treatment flowchart of RHA (G and B indicate respectively grinding and/or burning processes. X indicates the burning 
temperature in ◦C and Y indicates the burning duration in hours).
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2. Materials and experimental methods

2.1. Materials

Mortar specimens were prepared by mixing Ordinary Portland cement, RHA, standard river sand and water at different ratios. 
Ordinary Portland cement (OPC, type I 52.5 MPa) conforming to the EN-197–1 standard was used [26]. The fine aggregate used was a 
natural river sand with a maximum size of 1.18 mm. The RHA used in this study was sourced from Supsuvan Industry Co., Ltd., 
Thailand, where RH underwent uncontrolled combustion at approximately 475 ◦C between 30 min and 1 hour. This product tends to 
have a dark colour and irregularly shaped particles (Fig. 1). The chemical compositions of the OPC and RHA products obtained through 
XRF are shown in Table 1.

2.2. Sample preparation and testing program

The black colour appearance of the RHA is caused by uncontrolled burning during the thermal conversion of RH to RHA, leading to 
a non-uniform distribution of oxygen, a high rate of crystallisation, and poor pozzolanic reaction [11,13]. Additionally, as shown in 
Fig. 1, the particles of RHA are porous and cellular in nature, with unburnt carbon impurities in the ash, which can cause water demand 
issues [3,9,16,17]. Under these conditions, using RHA as a partial substitution for cement in concrete is not ideal [11,17]. Della et al. 
[8] reported that the structure of RHA is not only affected by heat treatment; it is also possible to convert black RHA into valuable raw 
materials after heat treatment and grinding. The black coarse RHA received was treated using thermal treatment (burning, B) in a 
furnace, mechanical grinding (G) and a combination of the following mechanical and thermal treatments either burning then grinding 
and vice versa, as explained below and in Fig. 2: 

1. Burning (B) at various temperatures and durations: the burnt samples denoted by B-RHA-X-Y. The RHA was placed in a furnace and 
heated at a rate of 10 ◦C/min to maximum temperatures of 400, 500, 600, 700, and 800 ◦C for either 3 or 6 h. The samples were 
then left in the furnace to cool down to room temperature.

2. Grinding process (G): ground samples are denoted as G-RHA. Grinding was performed using a vibratory disc mill for 5 min/100 g to 
allow the particles to break down and decrease the overall particle size (see Fig. 1).

Table 2 
Mix proportions by weight of the mortar for the strength activity and heat of hydration tests. water/binder (w/b) ratio; aggregate/binder (a/b) ratio; 
Standard deviation of the flow table test results (St. Dv).

Symbol w/b a/b Flow % St. Dv.

Control 0.48 2.75 63.75 0.25
As received RHA 0.71 2.75 66.25 0.30
B-RHA-X-Y B-RHA− 400–3 0.68 2.75 59.25 0.15

B-RHA− 400–6 0.68 64.00 0.45
B-RHA− 500–3 0.68 59.00 0.45
B-RHA− 500–6 0.68 63.25 0.17
B-RHA− 600–3 0.68 68.50 0.44
B-RHA− 600–6 0.67 65.00 0.24
B-RHA− 700–3 0.65 58.75 0.10
B-RHA− 700–6 0.65 66.75 0.28
B-RHA− 800–3 0.65 59.00 0.36
B-RHA− 800–6 0.65 68.50 0.31

G-RHA 0.50 2.75 59.00 0.41
GB-RHA-X-Y GB-RHA− 400–3 0.50 2.75 62.00 0.16

GB-RHA− 400–6 63.50 0.10
GB-RHA− 500–3 58.5 0.19
GB-RHA− 500–6 58.00 0.46
GB-RHA− 600–3 59.25 0.43
GB-RHA− 600–6 61.00 0.20
GB-RHA− 700–3 60.00 0.16
GB-RHA− 700–6 61.75 0.17
GB-RHA− 800–3 67.50 0.29
GB-RHA− 800–6 61.25 0.48

BG-RHA-X-Y BG-RHA− 400–3 0.50 2.75 59.75 0.21
BG-RHA− 400–6 58.75 0.25
BG-RHA− 500–3 59.00 0.12
BG-RHA− 500–6 63.00 0.12
BG-RHA− 600–3 62.25 0.21
BG-RHA− 600–6 58.75 0.30
BG-RHA− 700–3 61.88 0.63
BG-RHA− 700–6 58.75 0.48
BG-RHA− 800–3 63.00 0.12
BG-RHA− 800–6 62.50 0.19
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3. Grinding (G) before burning (B): RHA samples was ground into a powder and then burned at various temperatures and durations. 
These samples are denoted as GB-RHA-X-Y.

4. Burning (B) before grinding (G): RHA samples was burned and then ground to reduce its particle size. These samples are denoted as 
BG-RHA-X-Y, where X denotes the temperature in ◦C and Y denotes the duration in hours.

These different treatments were designed for the purpose of examining RHA’s microstructure, assessing its combustion efficiency in 
carbon removal, investigating its impact on the silica phase within the ash, and evaluating its compatibility with binders in mortar.

The particle size distribution of the materials was determined by laser diffraction technology using a Beckman Coulter LS 13 320 XR 
particle size analyser. The weight of cement used to produce the mortar mix was 666.6 Kg/m3 replaced with 20 % RHA, and the weight 
of the aggregate sand was 1833.3 Kg/m3 [27]. The mix compositions of the mortars are listed in Table 2. The control mortars were 
mixed at a water/binder (w/b) ratio of 0.48 and an aggregate/binder (a/b) ratio of 2.75. The w/b ratios of the mortars containing RHA 
were modified to achieve a flow within ± 5 % of that of the control mortar, as measured by the flow table test [27].

2.2.1. Loss of ignition weight and scanning electron microscopy
Loss of ignition weight was tested on the coarse and finely ground RHA as per ASTM D734–2021 [28]. Scanning electron mi

croscopy (SEM) using energy dispersive spectroscopy (EDS) was performed on the coarse and finely ground RHA before and after 
thermal treatment at selected temperature (400 ◦C) using a Carl Zeiss Sigma HD Field Emission Gun SEM. Secondary electron images 
(SEIs) were captured at a 15-mm working distance, 10 kV, a final aperture diameter of 60 µm, and a beam current of 1.5 nA.

2.2.2. X-ray diffraction and fluorescence
XRD was used to assess the crystallinity degree of the silica in the ash. Scans were carried out with a Philips PW1710 Automated 

Powder Diffractometer using Cu Kα radiation at 35 kV and 40 mA with a range of 10–60◦ 2θ at a scan speed rate of 0.04◦ 2θ/s. Phase 
identification was done using the Philips PC Identify software, and the peak areas were used to perform a semi-quantitative analysis 
and to calculate the percentage of each phase present. The effect of the sequential order of thermal treatment and grinding processes on 
the chemical composition of RHA was analysed using XRF at selected temperatures of 400 ◦C and 800 ◦C.

2.2.3. Pozzolanic activity
The strength activity index (SAI) defined by ASTM C311- 2022 [27] was used to assess the pozzolanic activity of the RHA and its 

suitability for partial substitution of cement. A control mortar with no RHA replacement served as a reference for SAI measurement. 
The cement mortar mix was poured into a cubic steel mould (50 mm) and manually compacted by tamper. Following a 24-hour curing 

Fig. 3. Particle size distribution of the materials of Ordinary Portland cement (OPC), as received rice husk ash (RHA), ground RHA (G-RHA), burnt 
ground RHA (GB-RHA-X-Y), burnt RHA followed by grinding (BG-RHA-X-Y). The 3-digit number (X) indicate the temperature (in ◦C) of the thermal 
treatment, and the final digit (Y) indicates the duration in hours.
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Fig. 4. SEM of selected RHA: (a) overview of the particles, (b) particles layers, (c) interlayer structure of received RHA, (d) interlayer structure of 
burnt RHA (B-RHA-400–6), (e) and (f) porous structure of RHA subjected to burning following by grinding (BG-RHA-400–6).
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period at 20 C̊, the samples were demoulded and placed in a saturated lime water tank for additional curing to prescribed ages. 
Compressive strength test was then carried out on each specimen at 7 and 28 days [27].

2.2.4. Heat of hydration
The effects of the studied treatments of the received RHA on its hydration in the test mortars were assessed using an isothermal 

calorimeter with eight channels (Calmetrix, I-Cal 8000 HPC) [29] at a temperature of 20 ◦C. The large sample size, surpassing that in 
previous studies [13,30], allowed for accurate monitoring of the hydration heat output in the test mortars, ensuring high precision in 
the results. The heat measurement readings were recorded every minute over a time span of 100 h. The heat generation rates of the 
samples were subsequently calculated based on their mix proportions.

3. Results

3.1. Characterisation of RHA as received and treated

3.1.1. Microstructure, elemental analysis and chemical composition
The SEM image in Fig. 4.a shows the external and internal surfaces of the RHA. The image Fig. 4.b shows interlayers containing 

crisscrossed meshes of chips. The chips are organised in a honeycombed arrangement consisting of many holes (Fig. 4.c). More pores 
can be observed after burning of the RHA (Fig. 4.d). This is attributable to the thermal decomposition of the molten layer and organic 
impurities in the raw RHA verified by LOI% (Table 4), which leaves pores in the structure [13,31]. In contrast, RHA particles appear to 
be more rounded after grinding (Fig. 5). In terms of the impact of the preference order between burning and grinding on the 
microstructure of RHA (Fig. 4.e, Fig. 4.f, Fig. 5.d, Fig. 5.e), it was observed that the RHA subjected to thermal treatment before grinding 
(BG-RHA-400–6) left more pores in structure, leading to increased fineness (see Fig. 3) compared to the RHA which underwent 
grinding before thermal treatment (GB-RHA-400–6). This is because grinding followed by burning results in lower decomposition of 
impurities, as verified by LOI results, due to the formation of surface melting.

This is verified by the XRF analysis shown in Table 3. The rapid decomposition of potassium oxide (K2O) in RHA subjected to 
grinding before thermal treatment resulted in a lower fraction of the K2O compared to RHA that underwent thermal treatment before 

Table 3 
XRF results of selected treated RHA samples.

Symbol SiO2 (%) K2O (%) CaO (%) Other%

RHA 79.86 3.23 1.11 0.30
B-RHA− 400–6 86.04 3.05 1.11 0.29
B-RHA− 800–6 86.47 3.10 1.19 0.18
G-RHA 70.48 2.50 1.02 0.27
GB-RHA− 400–6 83.92 2.53 1.21 0.43
GB-RHA− 800–6 78.40 2.44 1.04 0.35
BG-RHA− 400–6 79.64 2.73 1.60 0.56
BG-RHA− 800–6 77.71 2.63 1.28 0.51

Table 4 
Loss of ignition (LOI %) of received coarse and ground RHA subjected to different thermal treatments.

Sample Burning temperature (◦C) Burning duration (h) Loss on ignition (LOI %) St. Dv.

Coarse RHA As received from the supplier 13.49 0.240
400 3 3.30 0.079

6 3.11 0.009
500 3 2.53 0.151

6 2.43 0.042
600 3 1.84 0.086

6 1.78 0.103
700 3 1.57 0.151

6 1.50 0.282
800 3 1.46 0.081

6 1.05 0.147
Ground RHA 400 3 3.60 0.130

6 3.30 0.033
500 3 3.10 0.201

6 3.10 0.129
600 3 2.36 0.241

6 2.08 0.031
700 3 1.95 0.302

6 1.64 0.134
800 3 1.52 0.194

6 1.25 0.194
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Fig. 5. SEM of selected ground RHA (G-RHA): (a) overview of the particles, (b) and (c) porous structure of G-RHA, (d) and (e) porous structure of 
ground RHA followed by burning (GB-RHA-400–6).
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grinding. For example, in the case of RHA that was burned followed by grinding (BG-RHA-400–6), the K2O was 2.73 %. In contrast, 
when RHA was ground before burning (GB-RHA-400–6), the K2O was slightly lower at 2.53 % suggesting a higher loss of potassium 
oxide from the original material. This confirms that the burning process of the ground RHA results in increased decomposition of the 
K2O, consequently making it more challenging for organic impurities to decompose.

3.1.2. XRD analysis
The X-ray diffraction (XRD) pattern of the received RHA is shown in Fig. 6. The pattern indicates the presence of amorphous silica 

along with some crystalline silica (quartz and cristobalite) in RHA. However, the crystallisation rate tends to be high [11,23], which 
can result in poor pozzolanic activity [3,13].

The XRD pattern of the treated RHA is presented in Fig. 6. Semi-quantitative analysis was performed to determine the percentage of 
each phase in the samples by assessing the peak areas of the major peaks for each phase in each sample. Diffractograms presenting a 
significant background signal suggested the presence of amorphous material, possibly corresponding to amorphous silica, based on the 
sample chemistry. A pronounced amorphous-like hump in the region of 20–25◦ 2θ indicated the development of amorphous silica 
phase. Higher burning temperatures caused the peaks to become sharper, indicating that the crystallite size increased with increasing 
temperature. The crystalline phase formation is intensified when the K2O in RHA decomposes to molten substances [11,15]. The 
results are shown in Table 5.

The findings indicate that the crystallisation of silica phases was more pronounced at 800 ◦C, particularly for burnt ground RHA 
(GB-RHA). Overall, the effect of the proposed thermal treatment of RHA on its silica nature was minimal when the temperature was 
below 800 ◦C. Similar observations have been reported in previous study [32], with no significant differences being observed in the 
XRD patterns at temperatures below 800 ◦C. In addition, the findings indicate that the grinding process had a minimal effect on XRD 
analysis outcomes, consistent with [25].

3.2. Influence of RHA treatments on binder reactivity in mortar

3.2.1. Hydration kinetic
The isothermal calorimetry findings (Fig. 7 and Fig. 8) show that incorporating the received RHA as a binder replacement for 

cement resulted in the formation of different hydrated products. These, in turn, influence the stages of hydration, including the 

Fig. 6. XRD pattern of selected RHA as supplied and treated for detailed view, a) received RHA and burnt RHA (B-RHA), b) ground RHA (G-RHA) 
and burnt ground RHA (GB-RHA-X-Y), c) burnt RHA followed by grinding (BG-RHA-X-Y). (▴ = Cristobalite; ■ = Quartz; ● = Amorphous material).
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induction period, acceleration period, deceleration period, and diffusion period (Fig. 7), which can also impact the cumulative heat 
output (Fig. 8). Using RHA in mortar as a partial cement replacement delayed the hydration process compared to that of the reference 
mortar. RHA influences cement hydration through three primary mechanisms: the pozzolanic effect, the dilution effect, and residual 
carbon effect [33–35]. The high silica content in RHA can contribute to decreasing the Ca/Si ratio and forming additional C-S-H 
products, which in turn enhances the hydration reaction [34]. However, the porous structure of RHA affects its pozzolanic reaction 
with cement by absorbing water. Some free water is absorbed by the pores of RHA particles during mixing, which can lower the 
material’s w/b ratio [33,34]. As a result, the dilution effects of RHA particles in decreasing early-age hydration can be significant. 
Furthermore, the high carbon content and residual carbon of RHA can adversely affect cement hydration, delaying the hydration peak 
[35].

It is seen that the main peak in the acceleration period is erratic showing two peaks due to different reactivity of different cement 
minerals. More C3S phase hydrated in the first hours, as indicated in the first hydration peak, resulting in greater heat release. Then the 
heat of hydration rate starts to decrease as the hydration of C3S is impeded. In the interval between the initial and subsequent peak, the 
hydration of the less reactive C2S phase starts to take place, resulting in an increased rate of heat emission. Generally, the total heat 
generated during the second peak is higher than that during the first peak, because the overall heat generated by the combined of 
hydration of C3S and C2S is higher than that generated merely by C3S [36–38]. The height of the second peak was observed to slightly 
increase when treated RHA was used (Fig. 7.b and Fig. 7.c) with cement in the mortar, due to the nature of pozzolanic products. The 
first peak is related to the rapid hydration reaction between cement and water, whereas the second peak is related to the pozzolanic 
reaction of RHA with calcium hydroxide resulting in the production of C-S-H phases [33–35].

The heat flow of control samples reached its peak at about 14 h. For the samples containing RHA, it is found that the heat flow 
reached its maximum at much later stage. Burning RHA to remove residual carbon slightly contributed to the development of hy
dration kinetics. This is because residual carbon in the ash absorbs more water and retards the hydration of the mortar [3,13,35]. The 
kinetic hydration of the burnt ash at 400 ◦C was more pronounced than that at 800 ◦C because of the presence of amorphous silica. 
Despite the high silica content in RHA, the maximum heat flow of the samples containing burnt RHA is still lower than that of the 
control sample. Grinding RHA finely to break down its cellular structure has a tendency to improve the hydration kinetics due to filler 
effects [17,25]. Decreasing the particle size and disrupting the cellular structure enhances the homogeneity of the material and in
creases its fineness. This contributes to an increase in the C-S-H content and enhances the hydration reaction since finer particles 
provide more nucleation sites, leading to higher reactivity [17,25]. Therefore, G-RHA exhibited enhanced hydration kinetics. The 
effects of the difference between thermal treatment and grinding can take place during the hydration process. Burning the RHA prior to 
grinding resulted in slightly more pronounced reactivity because its effectiveness in removing carbon impurities (see the LOI values in 

Table 5 
Semi-quantitative analysis of XRD patterns of RHA as supplied and treated.

Sample Amorphous material % Cristobalite % Quartz %

Original RHA 60 38 2
B-RHA-X-Y B-RHA− 400–3 64 34 2

B-RHA− 400–6 61 37 2
B-RHA− 500–3 59 38 1
B-RHA− 500–6 58 40 2
B-RHA− 600–3 61 38 1
B-RHA− 600–6 59 39 2
B-RHA− 700–3 56 43 1
B-RHA− 700–6 55 44 1
B-RHA− 800–3 45 55 -
B-RHA− 800–6 31 68 1

G-RHA 60 37 3
GB-RHA-X-Y GB-RHA− 400–3 59 38 3

GB-RHA− 400–6 64 36 2
GB-RHA− 500–3 66 33 1
GB-RHA− 500–6 55 39 6
GB-RHA− 600–3 59 39 2
GB-RHA− 600–6 57 42 1
GB-RHA− 700–3 56 43 1
GB-RHA− 700–6 52 47 1
GB-RHA− 800–3 23 74 3
GB-RHA− 800–6 - 97 3

BG-RHA-X-Y BG-RHA− 400–3 61 37 2
BG-RHA− 400–6 62 37 1
BG-RHA− 500–3 60 37 3
BG-RHA− 500–6 61 36 3
BG-RHA− 600–3 55 44 1
BG-RHA− 600–6 57 41 2
BG-RHA− 700–3 56 43 1
BG-RHA− 700–6 54 44 2
BG-RHA− 800–3 45 54 1
BG-RHA− 800–6 36 63 1
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Table 4).
The cumulative heat of hydration of the investigated samples rises over time (Fig. 8). The treatments positively affected the hy

dration kinetics. It was observed that the total cumulative heat output of the control mortar was 249.3 J/g. The replacement of 20 % 
wt. cement with the received RHA led to a decrease in the total cumulative heat output of the mortar to 185.5 J/g. On the other hand, 
thermal and grinding treatments of RHA contributed to a greater reactivity. Furthermore, burning the RHA before grinding resulted in 
a slightly more pronounced reactivity. The total cumulative heat output of BG-RHA-400–6 was 232.6 J/g, whilst GB-RHA-400–6 was 
227.0 J/g.

3.2.2. RHA reactivity by strength index activity
To investigate the feasibility of using RHA in concrete, the strength activity index (SAI) of the ash was assessed according to [27]

using cubic samples tested at 7 and 28 days of curing. SAI was calculated as follows: 

SAI =
(

A
B

)

× 100 (1) 

where A is the average compressive strength of the test pozzolan cubes (MPa) and B is the average compressive strength of the control 

Fig. 7. Heat flow for control mortar and mortars containing raw and treated RHA, normalised by the weight of binder (milliwatt per gram of 
cementitious materials). a) received RHA and burnt RHA (B-RHA), b) ground RHA (G-RHA) and burnt ground RHA (GB-RHA-X-Y), c) burnt RHA 
followed by grinding (BG-RHA-X-Y).
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cubes (MPa). As per the guidelines in [39], when pozzolanic materials are substituted for Portland cement at 20 % by weight of the 
binder, they should result in SAI values of at least 75 % of those of the control mortar at 7 and 28 days.

The results (Fig. 9 and Fig. 10) indicate that the supplied ash (RHA) with cement in the binder does not achieve the required 
minimum SAI levels. Therefore, the various studied treatments were evaluated to assess whether they improved the feasibility of using 
the supplied RHA as a partial cement replacement in the binder.

Burning RHA can eliminate remaining carbon impurities and increase the quantity of silica in the ash [8]. Fig. 9 shows that burning 
temperatures up to 700 ◦C resulted in convergent pozzolanic activity. However, at 800 ◦C, the crystallinity of the silica started to be 
more pronounced, as previously illustrated by the XRD pattern outcomes. The burning duration also affects. For example, the 
B-RHA-400–6 exhibited higher pozzolanic activity than B-RHA-400–3.

However, the irregularly shaped particles (the cellular structure) of RHA associated with water adsorption (Table 2) due to the large 
pore size prevented the achievement of the required strength index [6]. Hence, grinding is necessary, along with heat treatment. 
Grinding RHA (G-RHA) to break down its cellular structure into finer particles tends to enhance RHA’s pozzolanic reactivity because of 
the filler effects and void filling achieved, which improve the compressive strength of the mortars [17]. Decreasing the particle size of 
the remaining RHA increases the C-S-H content and enhances the pozzolanic activity because finer particles provide more nucleation 
sites [17,25]. This mitigates the adverse effect of the cellular structure of the ash particles and enhances the homogeneity of the 
materials.

Grinding burnt coarse RHA (BG-RHA) produces a more effective material for partial cement replacement. The cellular structure of 

Fig. 8. Cumulative heat flow for control mortar and mortars containing raw and treated RHA (Joule per gram of cementitious materials). a) 
received RHA and burnt RHA (B-RHA), b) ground RHA (G-RHA) and burnt ground RHA (GB-RHA-X-Y), c) burnt RHA followed by grinding (BG- 
RHA-X-Y).
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RHA is thought to absorb the heat of combustion in its pores, leading to more efficient combustion. Further processing of burnt RHA by 
grinding breaks down the cellular shape of the particles, reducing the large pore sizes responsible for water demand issues [6,40]. This 
ensures high-quality RHA with consistent chemical and physical properties. Grinding the RHA before burning (GB-RHA) is not the 
preferred sequence of treatments for producing an effective RHA cement replacement product, as illustrated in Fig. 9 and Fig. 10. 
Breaking the cellular structure of RHA down into finer particles is thought to make the particles more packed and agglomerated and 
can make it more difficult to burn the particles completely, resulting in incomplete combustion and poor pozzolanic activity.

Fig. 9. The strength activity index (SAI) of the studied samples at 7-day. a) received RHA and burnt RHA (B-RHA), b) ground RHA (G-RHA) and 
burnt ground RHA (GB-RHA-X-Y), c) burnt RHA followed by grinding (BG-RHA-X-Y).

Fig. 10. The strength activity index (SAI) of the studied samples at 28-day. a) received RHA and burnt RHA (B-RHA), b) ground RHA (G-RHA) and 
burnt ground RHA (GB-RHA-X-Y), c) burnt RHA followed by grinding (BG-RHA-X-Y).
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4. Discussion on the study of RHA treatment

Table 4 shows, further thermal treatment of the received RHA resulted in variation in the amount of carbon in the ash. This 
variation arises from the oxidation of restricted carbon and the elimination of the K2O layer. Prior to the removal of carbon from the 
ash, if the temperature reaches a level sufficient to cause surface melting of the ash, at which the K2O layer decomposes, carbon 
becomes confined in the melted surface, and crystallisation of the silica is accelerated [11]. Once the carbon becomes restricted in this 
way, it cannot be oxidised as easily, as it becomes shielded from direct contact with the air, even at higher burning temperatures [11, 
41]. When RHA particles are heated uniformly, it is possible for the remaining carbon to oxidise before the decomposition temperature 
of K2O is reached [11]. Before grinding, the RHA particles tend to have a honeycomb arrangement with numerous holes (Fig. 4.c). 
These small holes likely contribute to significant heat absorption between particles, resulting in a more uniform temperature distri
bution. However, if sudden and heterogeneous heating occurs, the remaining carbon can be confined to the melt, preventing its 
oxidation. As a result, the LOI% of RHA particles (Table 4) subjected to grinding prior to burning is higher than that of RHA particles 
which are thermally treated before grinding. Breaking down the cellular structure of RHA into finer particles makes the silica in the 
particles more susceptible to temperature effects. As Fig. 5.a, b, and c show, RHA particles are more spherical and therefore can be 
packed and agglomerated. This can result in more heat stress on the exposed surfaces of the particles, resulting in a heterogeneous 
temperature distribution. The crystallisation point was not evident from the XRD results, but it appeared to be pronounced at 800 ◦C, 
which exceeds the surface melting temperature. This effect was more pronounced in the GB-RHA-X-Y than in the BG-RHA-X-Y. The 
effect of molten layers on the crystallisation of SiO2 was apparent in the heat of hydration and pozzolanic activity, with BG-RHA-X-Y 
resulting in a higher peak in hydration and higher pozzolanic activity than GB-RHA-X-Y, as it delays crystallisation of the silica in RHA.

The above results indicate that burning RHA before grinding increases the temperature required to reach the melting point to 
decompose K2O while burning ground RHA decreases this temperature threshold. This suggests that thermal treatment of RHA before 
grinding can effectively remove residual carbon in the RHA. This underscores the importance of meticulously managing the treatment 
procedure to prevent unfavourable reactions and successfully eliminate carbon from the RHA. A thorough understanding of the 
relationship between the microstructure of RHA and its responses to the thermal treatment is vital for optimising the material to meet 
various application requirements. Further studies are required to investigate this in more detail.

5. Conclusion

In this study, the impact of the microstructural characteristics of RHA on its responses to burning treatment was investigated to 
assess its effect on the pozzolanic reactivity of RHA in cement binders. The following conclusions were drawn from the results: 

• The sequential treatment of burning followed by grinding produces a material with a lower LOI value and increased fineness due to 
more destruction of the impurities and leaving pores. The decomposition of potassium oxide (K2O) at high temperature can result in 
restricts the carbon from oxidising and accelerates the crystallization, which occur earlier when grinding RHA prior burning.

• The effect of the burning RHA on its silica nature as shown by XRD patterns, was minimal. However, the crystallisation of silica 
phases was pronounced at 800 ◦C, particularly for ground RHA that was subsequently burned.

• The hydration kinetic of mortars incorporating received RHA are deteriorated due to excess residual carbon, but improvement is 
observed with proposed treatments. Additionally, the heat of hydration results supports the beneficial of applying a process of 
burning RHA followed by grinding showing its possibility to enhance the cumulative heat output and develop its pozzolanic activity 
in the mortar.

• The findings underscore the importance of rigorously managing the thermal treatment and grinding of RHA to enhance its 
effectiveness as supplementary cementitious material. Properly managing sequence treatment between burning and grinding is 
vital step in developing a product with the desired properties for use as a partial replacement for cement in concrete applications.

Further research is needed to investigate the scalability of the proposed treatment to enhance the application of residual RHA in the 
binder. This will assess to solidify the role of RHA as effective cement replacement.
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