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Abstract: Pre-processing provides an effective way for fly ash's high value-added utilization. However, 
the shortcomings of pre-processing methods such as grinding and flotation are apparent with many 
disadvantages that make it more challenging to use efficiently. Microwave heating helps the SiO2-Al2O3 
bond break, not only can make the structural change of the material can also promote the chemical 
reaction process. In the article, XRD, SEM, FT-IR, ammonia nitrogen adsorption, and other methods 
were used to analyze the changes in the properties of fly ash before and after microwave pre-treatment, 
the change in adsorption performance of fly ash before and after microwave treatment was analyzed. 
The study found that under microwave conditions of 600 W and 15 min, the adsorption rate of ammonia 
nitrogen by fly ash reached a maximum of 29.67%. The intensity of mullite and amorphous diffraction 
peaks decreased after 20 min at 600 W. The Si-O-(Si, Al) and Si-O-(Si) bonds showed significant changes 
at 15 min and 20 min under 600 W conditions. Based on the results, the microwave conditions were 
selected at 600 W for different periods, and semi-quantitative analysis was carried out by XRD-Rietveld, 
infrared peak fitting, and nuclear magnetic resonance. The XRD-Rietveld analysis showed that the 
amorphous phase content reached 46.18% at 15 min. In the infrared peak fitting, the fitting area at 1300-
900 cm-1 and 600-400 cm-1 peaks at 56.92% at 25 min and 17.5% at 15 min, respectively. The silicon-
oxygen network's degree of connection and polymerization was reduced after 15 min of microwave 
treatment for the nuclear magnetic resonance analysis. By combining specific surface area 
measurements, it was discovered that the maximum specific surface area attained a value of 3.122 m2/g 
at 15 min. 

Keywords: microwave, fly ash, semi-quantitative analysis, adsorption, XRD refinement, infrared fitting, 
NMR 

1. Introduction 

The increasing accumulation of fly ash has engendered significant land occupation and caused 
environmental pollution. It is an attractive way to refine fly ash from a wide range of low-priced sources 
into a valuable resource through specialized processing (Mathapati et al., 2021; Ma et al., 2022; Valeev 
et al., 2022; Das et al., 2023). Fly ash contains many valuable elements such as silicon, aluminium, iron, 
carbon, gallium, and germanium. Extracting valuable elements from fly ash is a meaningful way to 
realize the high value-added utilization of fly ash. The chemical composition of fly ash is similar to clay 
and a mixture of volcanic ash. Under certain conditions, fly ash can react with water, forming a 
cementitious material resembling cement in strength, which can be used in building materials. 
Applying fly ash in agriculture mainly improves the clay and acid soil by improving the soil's physical 
and chemical properties. Fly ash has a specific adsorption capacity and can be used as an adsorbent or 
catalyst in environmental engineering to treat wastewater and waste gas (Dindi et al., 2019; Um et al., 
2021; Majid., 2021; Nguyen et al., 2023; Rusănescu et al., 2023). However, low content of active 
components, high thermal stability, and poor formability limit the application and effectiveness of fly 
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ash. Therefore, improving the activity and performance of fly ash has become the focus of current 
research (Ma et al., 2021). 

Physical and chemical pretreatment is generally used to improve the activity of fly ash. Physical 
pretreatment refers to crushing glass particles without changing their chemical composition, increasing 
the specific surface area, and destroying the compact structure of glass, increasing the contact area 
between fly ash and pollutants to improve the adsorption capacity, thereby improving the activity of 
fly ash. In contrast, chemical pretreatment stimulates the activity of fly ash by changing the chemical 
composition and destroying the stable crystal structure of mullite and other phases (Moisili et al., 2022). 
However, various pretreatment methods have their limitations. For example, grinding methods are 
limited in enhancing mobility; gravity concentration is unsuitable for fine particles; flotation causes 
water resource waste; magnetic separation has low efficiency; high pressure requires advanced 
equipment requirements; and calcination leads to secondary pollution (Nguyen et al., 2021). Microwave 
pretreatment technology boasts the advantages of rapidity, efficiency, and environmental friendliness. 
Using microwave radiation can alter materials' physical and chemical properties by heating and 
evaporating their water molecules (Zhang et al., 2020). Research has demonstrated that microwave 
pretreatment can increase the reactivity in fly ash while enhancing its fluidity and dispersibility, thereby 
augmenting its application value (Shi et al., 2023). The application of microwave treatment to fly ash is 
an innovative approach that enhances the total utilization value of fly ash, promotes the resource 
utilization of industrial waste, and mitigates environmental pollution. (Gopalan et al., 2022). Revising 
the activity of fly ash was improved by microwave pretreatment and semi-quantitative analysis was 
conducted by XRD, FT-IR, and NMR is of great practical significance and application prospects in 
promoting the resource utilization of fly ash and mitigating environmental pollution (Panitsa et al., 
2022). Herein, a semi-quantitative analysis was performed to investigate the effects of microwave 
treatment on fly ash. It aimed to identify optimal microwave treatment conditions through this analysis 
of the effects of microwave treatment to obtain superior results. Additionally, we analyze the 
microwave energy that causes the fracture of the SiO2-Al2O3 bond of fly ash, resulting in the change of 
properties in fly ash properties before and after microwave treatment, further examining the degree and 
mechanism of influence that microwaves have on fly ash. 

2. Materials and methods 

2.1. Materials  

The fly ash sample used in this study was obtained from a Tangshan City, Hebei Province power plant, 
in China. The chemical composition of the sample was determined by chemical titration (Lv et al., 2018), 
and the results are presented in Table 1. The contents of SiO2, Al2O3, Fe2O3, and CaO of the sample were 
49.94%, 30.24%, 4.54%, and 4.06%, respectively. According to ASTMC618 (Han et al., 2003), the fly ash 
could be classified as grade F class fly ash with (SiO2 + Al2O3+ Fe2O3)>70% (Zhou et al., 2022).  

Table 1. Chemical composition of fly ash raw material 

Composition SiO2 TiO2 CaO MgO Al2O3 K2O Na2O Fe2O3 MnO C Other 
Mass fraction (%) 49.94 1.14 4.06 0.78 30.24 1.00 0.14 4.54 0.084 6.41 1.686 

 
The results for the XRD and SEM morphology analyses of the sample are shown in Figs. 1 and 2, 

respectively. Fig. 1 shows the "peak" in the 2θ range of 15~30° corresponds to the glassy phase material 
present in fly ash, which produces activity in the fly ash. The primary crystalline phases include fly ash 
mullite and quartz (Gultekin et al., 2023). Fig. 2 shows that fly ash has many spherical particles of 
different sizes, and the surface is smooth. The spherical material was the amorphous glass phase of fly 
ash. The granular material attached to the glass surface and the mass of material around the glass 
consisted of crystalline substances (quartz and mullite).  

2.2. Experimental details 

The screened fly ash was used as the experimental sample, and the microwave treatment was carried 
out at 400 W, 500 W, 600 W, 700 W, 800 W, and at 10 min, 15 min, 20 min, 25 min, and 30 min, 
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respectively. In the microwave high-temperature muffle furnace, the microwave frequency was 2450 
MHz. 

 
Fig. 1. XRD patterns of fly ash 

 

Fig. 2. SEM morphology of fly ash 

2.3. Experimental details 

The screened fly ash was used as the experimental sample, and the microwave treatment was carried 
out at 400 W, 500 W, 600 W, 700 W, 800 W, and at 10 min, 15 min, 20 min, 25 min, and 30 min, 
respectively. In the microwave high-temperature muffle furnace, the microwave frequency was 2450 
MHz. 

The untreated 0.2 g fly ash was treated under different microwave conditions for adsorption 
experiment and put into a simulated ammonia nitrogen wastewater prepared from ammonium chloride 
with a concentration of 10 mg/dm3 and adsorbed for 0.5 h under a magnetic agitator at 20℃ and a 
rotating speed of 200 rpm (Praipipat et al., 2023). After the adsorption, the solid and liquid were 
separated by pumping and filtration. The absorbance was measured by 722 s spectrophotometer, the 
absorption wavelength was 420 nm and the absorbance curve of standard solution was established to 
test the adsorption rate. Among them, the adsorption rate of untreated fly ash was 1.02%. 

A semi-quantitative analysis of fly ash before and after treatment was carried out using the XRD-
Rietveld refinement, infrared analysis, and nuclear magnetic resonance (Yildiz et al., 2020). The Rietveld 
method can refine XRD patterns and calculate the relative content of each phase in the sample. This 
method consists of two main steps: phase identification and whole pattern fitting. The phase 
identification is performed using Jade software, identifying the main crystalline phases in the raw fly 
ash as mullite and quartz. The pattern fitting uses the advanced Rietveld method and the phase 
identification results. The experimental pattern is fitted to the calculated one, and the intensities of the 
diffraction peaks are used to calculate the relative content of each crystalline phase. However, this 
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method only allows for calculating the relative content of crystalline phases, making it necessary to use 
a standard internal method to compare and calculate the content of amorphous phases. This method 
can effectively determine the content of amorphous phases and improve the accuracy of sample 
analysis. Origin2022 software was used for infrared spectroscopic analysis to compare the molecular 
vibration information of fly ash particles under different microwave conditions within the wavenumber 
range of 1300-400 cm-1 and performed peak fitting (Zuma et al., 2021). The flow chart of the experimental 
method is shown in Fig. 3. 

 
Fig. 3. Experimental flow chart 

2.4. Characterization of samples 

This study used a D/MAX2500PC X-ray diffractometer (XRD) to perform phase analysis on microwave-
treated fly ash. The testing conditions were 40 kV voltage, 100 mA current, Cu target material, 8°/min 
scan speed, and a scanning angle range of 10-80°. Before analyzing the sample morphology using an S-
4800 focused ion beam scanning electron microscope (SEM), it was necessary to use a gold-palladium 
mixture sputter coating to reduce harmful charge interference. In addition, Thermo Scientific Nicolet 
iS20 Fourier transforms infrared spectrometer (FTIR) was used to analyze the chemical groups on the 
surface of fly ash. Before conducting the infrared spectroscopy test, the sample must be dried to remove 
the influence of moisture and pressed into pellets after adding KBr, for scanning in the wavenumber 
range of 4000-400 cm-1. JW-BK112 specific surface area analyzer was used to measure the specific surface 
area and pore size. Agilent 600 M spectrometer (NMR) recorded solid-state 29Si DD/MAS NMR spectra 
at a resonance frequency of 199.13 MHz, using dipolar and high-power 1H decoupling (Chen et al., 
2022). The powder sample was placed in a 40 mm pencil-type zirconia rotor. The spectrum was obtained 
at a rotation speed of 8 kHz (4 µs 90° pulse), with a 3.6 µs recycle delay and a 5 s acquisition time. The 
Si signal of tetramethylsilane (TMS) at 0ppm was used as the reference for the 29Si chemical shift. The 
number of scans was 4000. 27Al MAS NMR spectra were recorded on an Agilent 600 M spectrometer, 
operating for 1 hour at a Larmor frequency of 600 MHz. A 4.0 mm double-resonance 1H-XMAS probe 
was used with a rotation frequency of 8 kHz. The 27Al experiment was performed at a Larmor frequency 
of 156.25 MHz. A 90° pulse with time-proportional phase modulation (TPPM) was used with a duration 
of 0.6µs and a delay time of 3 s. The number of scans was 128. The reference for scanning was AlC13 
(0.9 ppm) (Oluyinka et al., 2020). 

3. Results and discussion 

3.1. Effect of microwave power and time on the phase composition of fly ash 

3.1.1. XRD phase analysis of fly ash treated at different microwave powers 

Fly ash samples were treated at varying microwave powers for the same duration, and XRD analysis 
was employed to investigate the phase composition. 
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The phase composition analysis revealed that the microwave activation method did not alter the 
phase evolution pattern in fly ash. However, under the same temporal conditions, a change in the 
intensity of the diffraction peak was observed. Extending the time, the main crystal phases in the 400 W 
sample are quartz, mullite, and calcium feldspar, and the content of the crystal phases was relatively 
the diffraction peak intensity and area did not change. In the 500 W sample, the relative content 
corresponding to the diffraction peak intensity and area of mullite and quartz increased and decreased 
slightly. In the 600 W sample, the content of the amorphous and some crystal phases continued to 
increase. In the 700 W sample, the content of the amorphous phase decreased, while the content of 
quartz and mullite increased slightly. In the 800 W sample, the content of mullite and quartz continued 
to increase. The decrease in mullite content may have been because high-power microwave treatment 
caused rapid temperature and pressure rise in a short period, leading to the crystallization of the 
amorphous phase and the appearance of new crystal phases (Ei-Feky et al., 2020). At the same time, the 
increased temperature was conducive to decomposing the inert component mullite, thereby reducing 
its formation.  The microwave power also affected the phase composition of the treated fly ash. With 
the increase in microwave power, the content of some crystal phases in fly ash might have changed, and 
new crystal phases might have appeared. When the microwave time was short, the power reached 600 
W. As the microwave time was extended, the power was increased to 700 W, the content of mullite and 
quartz reached a minimum, fewer crystal phases appeared, and the content of the amorphous phase 
was higher. 

 
Fig. 4. XRD patterns of fly ash treated at different microwave powers for (a) 10 min, (b) 15 min, (c) 20 min, (d) 25 

min, and (e) 30 min 
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3.1.2. Quantitative analysis of the adsorption performance of fly ash treated at different microwave 
powers 

As observed in Fig. 5, it could be seen that the microwave power was optimal when it reached around 
600 W. When the power was less than 600 W, the adsorption rate was lower. When the power exceeded 
600 W, the adsorption rate decreased significantly, and local sintering conditions caused fluctuations 
and worse adsorption performance than the original ash. Based on this analysis, when the microwave 
power was low, the microwave energy could not fully penetrate the sample's interior, resulting in an 
unsatisfactory adsorption effect. The high-power microwave treatment produced higher temperature 
and pressure inside the fly ash in a short time than the low power, causing physical and chemical 
changes in the particles' interior and surface, removing many hydroxyl groups, and reducing 
adsorption performance (Tang et al., 2020). It could cause the local temperature to become too high, 
resulting in the sintering phenomenon, which blocked the internal pores, reduced porosity, and thus 
affected the adsorption performance. High power might have negative effects on the adsorption 
properties of fly ash by damaging the active sites, changing the microstructure, and affecting the surface 
properties. Therefore, when the microwave power reached 600 W, it reached the threshold for 
microwave power treatment of fly ash. Below 600 W, the sample surface temperature would slowly 
increase, and the microwave action time would be prolonged, which helped to protect the pore structure 
and improve the adsorption effect (Yakaboylu et al., 2019; Franus et al., 2019). 

 

Fig. 5. Adsorption curves of fly ash treated at different microwave powers for the same duration 

3.1.3. XRD phase analysis of fly ash treated by microwave for different durations 

According to Fig. 6, when the power was fixed, the main crystal phases in the 10-minute sample were 
quartz, mullite, and calcium feldspar, and the content of the crystal phases remained relatively stable. 
In the 15-minute and 20-minute samples, the content of the amorphous phase and some crystal phases 
increased. In the 25-minute sample, the content of the amorphous phase decreased, while the content of 
quartz and mullite increased slightly. In the 30-minute sample, the content of the amorphous phase 
further decreased. The increase in microwave treatment time might have been due to physical and 
chemical reactions caused by microwave energy that destroyed the crystal structure. At the same time, 
the content of mullite changed slightly. The microwave time also affected the phase composition of the 
treated fly ash. With the increase in microwave time, microwave treatment could have promoted 
chemical bond breakage, and weakened the connection strength of silicon-oxygen bonds and 
aluminium-oxygen bonds, thus forming more amorphous substances. According to the XRD pattern, it 
could be observed that when the microwave time reached 15-20 minutes, the content of mullite and 
quartz was relatively low, and fewer crystal phases have appeared. In contrast, the content of the 
amorphous phase was higher. 
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Fig. 6. XRD patterns of fly ash treated at different microwave times for (a) 400 W, (b) 500 W, (c) 600 W, (d) 700 W, 
and (e) 800 W 

3.1.4. Quantitative analysis of adsorption performance of fly ash treated by microwave for different 
durations 

As observed in Fig. 7, it could be seen that the adsorption rate generally reached its peak when the 
adsorption time reached 15 minutes. After 15 minutes, the adsorption performance continuously 
decreased. Before 15 minutes, the adsorption performance was slightly enhanced compared to the 
untreated fly ash, but the enhancement was weak. This analysis showed that microwave treatment 
heated the fly ash particles faster than traditional heating. If the adsorption time is too long, the 
adsorption activity center at the active site might have been denatured or deactivated, thus reducing its 
adsorption capacity to wastewater. There might have been phase change, melting, or sintering in the fly 
ash, resulting in the destruction or reduction of the pore structure, and these changes might have led to 
the reduction of the pore volume or the change of the pore size, which would have affected the 
adsorption capacity. Microwave treatment increases fly ash's adsorption rate of fly ash, but if the time 
is too short, the adsorption rate might not have reached its maximum value, thus affecting adsorption 
performance. Microwave digestion has a strong ability, could decompose the substances inside and on 
the surface of particles in a short time. However, if the treatment time was short, the fly ash particles 
might have become fragile and easily breakable, causing damage to the pore structure and affecting the 
adsorption performance. Therefore, it could be inferred that when the microwave time reached 15 
minutes, it could have accelerated the chemical reactions and decomposition inside and on the surface 
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of particles quickly, thus forming more, larger and more uniform pore structures. These pores could 
have increased fly ash particles' specific surface area and pore volume, enhancing their adsorption 
performance (Hosseinpour et al., 2023). It could have also increased the broken surface of the particle 
surface, i.e., the reaction contact area, to enhance the activation effect and thus enhance the adsorption 
performance. 

 
Fig. 7. Adsorption curves of fly ash treated by microwave for different durations at the same power 

3.2. Effect of microwave power and time on the chemical bonds in fly ash 

3.2.1. FTIR analysis of fly ash treated at different microwave powers 

To analyze the infrared absorption peaks of minerals and aluminosilicates, focusing on the mid to low-
frequency region between 1400 and 400 cm-1 was usually necessary. Therefore, comparing and 
analyzing the FTIR spectra of fly ash treated at different microwave powers in this region was crucial 
(Ghani et al., 2023). 

As analyzed in Fig. 8, it could be seen that at the same treatment time, with the increase of microwave 
power, the absorption power at 400 W. At microwave treatment times of 25 min and 30 min, there was 
an increase in microwave power at 500 W and 600 W. This analysis showed that chemical bond breaking 
or formation might have occurred as the microwave power gradually increased, increasing the intensity 
of related infrared absorption peaks. As the heating process continued, the intensity of related infrared 
absorption peaks gradually decreased after reaching a certain threshold, possibly due to changes in the 
equilibrium state of chemical reactions. The absorption peak near 1100 cm-1 in the Si-O-(Si, Al) anti-
symmetric stretching vibration peak is related to the glass body, so its enhancement might have 
increased the amorphous phase content and improved the adsorption performance. The absorption 
peak near 460 cm-1 reached its maximum at 500 W and 400 W after 10 min, 15 min, and 20 min of 
microwave treatment, respectively, and then decreased. When the microwave treatment time is 25 min 
and 30 min, the peak reached its highest point at 500 W. This vibrational peak was the bending vibration 
of Si-O-(Si) in quartz, and it reached its maximum value between 400~500 W, after which its relative 
content gradually decreased with increasing power. Therefore, it could be analyzed that the increase in 
microwave power led to the depolymerization of quartz. The Si-O-(Al) peak at 726 cm-1 and the 
symmetric stretching vibration of Si-O-Si between 800~600 cm-1 were less affected by microwave power 
and showed little change. 

3.2.2. FTIR analysis of fly ash treated at different microwave treatment times 

As can be seen from Fig. 9, it was observed that at microwave powers of 400 W, 500 W, and 700W with 
the increase of treatment time, the absorption peak intensity near 1100 cm-1 gradually increased and 



9 Physicochem. Probl. Miner. Process., 59(6), 2023, 174897 
 

then decreased. At 400 W, the absorption peak was enhanced at 10 and 15 min and then decreased with 
increasing time. At 700 W, the absorption peak is enhanced at 15 and 20 min, then decreases with 
increasing time. At microwave powers of 600 W and 800 W, there was little change in the peak before 
15 min, and the peak intensity decreased significantly after 15 min. This analysis showed that prolonged 
microwave treatment time could cause decomposition or degradation reactions of compounds in fly 
ash, thereby changing their composition and structure. This change could lead to changes in the 
position, shape, and intensity of infrared absorption peaks. The experimental analysis showed that the 
glass body content might be higher at 15 min. The absorption peak near 460 cm-1, which belonged to the 
bending vibration of Si-O-(Si) in quartz between 600~400 cm-1, began to weaken after 15 min under 
microwave powers of 400 W, 600 W, and 800 W. There was little change before 15 min at microwave 
powers of 500 W and 700 W, then the peak increased. It was possible that when the microwave treatment 
time was too long, some quartz particles in the sample might undergo thermal decomposition, melting, 
or dissolution, leading to changes in their content (Luo et al., 2023). The Si-O-(Al) peak at 726 cm-1 and 
the symmetric stretching vibration of Si-O-Si between 800~600 cm-1 were less affected by the microwave 
treatment time due to their lower content. 

 
Fig. 8. FTIR spectra of fly ash treated at different microwave powers for (a) 10 min, (b) 15 min, (c) 20 min, (d) 25 

min, and (e) 30 min 
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Fig. 9. FTIR spectra of fly ash treated at different microwave treatment times for (a) 400 W, (b) 500 W, (c) 600 W, 
(d) 700 W, and (e) 800 W 

As can be seen from Fig. 9, it was observed that at microwave powers of 400 W, 500 W, and 700W 
with the increase of treatment time, the absorption peak intensity near 1100 cm-1 gradually increased 
and then decreased. At 400 W, the absorption peak was enhanced at 10 and 15 min and then decreased 
with increasing time. At 700 W, the absorption peak is enhanced at 15 and 20 min, then decreases with 
increasing time. At microwave powers of 600 W and 800 W, there was little change in the peak before 
15 min, and the peak intensity decreased significantly after 15 min. This analysis showed that prolonged 
microwave treatment time could cause decomposition or degradation reactions of compounds in fly 
ash, thereby changing their composition and structure. This change could lead to changes in the 
position, shape, and intensity of infrared absorption peaks. The experimental analysis showed that the 
glass body content might be higher at 15 min. The absorption peak near 460 cm-1, which belonged to the 
bending vibration of Si-O-(Si) in quartz between 600~400 cm-1, began to weaken after 15 min under 
microwave powers of 400 W, 600 W, and 800 W. There was little change before 15 min at microwave 
powers of 500 W and 700 W, then the peak increased. It was possible that when the microwave treatment 
time was too long, some quartz particles in the sample might undergo thermal decomposition, melting, 
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or dissolution, leading to changes in their content (Luo et al., 2023). The Si-O-(Al) peak at 726 cm-1 and 
the symmetric stretching vibration of Si-O-Si between 800~600 cm-1 were less affected by the microwave 
treatment time due to their lower content. 

3.3. Effect of microwave treatment on the morphology of fly ash 

As shown in Fig. 10, the surface of the smooth fly ash had irregular granular material, and 
depolymerized mullite and quartz were adsorbed on the surface; this was different from the fly ash 
without microwave treatment in Fig. 2. This indicated that microwave treatment could induce changes 
in the morphology of fly ash, resulting in surface irregularities and fractures in some particles. 
Microwave treatment induced the fragmentation of fly ash particles and dissociation of quartz and 
mullite phases, leading to voids and cracks in the hollow fly ash particles (Ioana et al., 2022). The 
fractures of fly ash particles could increase their specific surface area and enhance the reactivity. On the 
other hand, continuous microwave treatment induced polarization of the quartz and mullite phases in 
fly ash, resulting in cleavage of the Al-O and Si-O bonds. This promoted the partial melting of fly ash 
and its transformation into the amorphous phase, facilitating the conversion of dissociated quartz and 
mullite phases. As pozzolanic activity was mainly attributed to the hydration reaction of the amorphous 
phase, increasing this phase could accelerate the early-stage reaction rate and enhance the activity of fly 
ash (Al-Dahri et al., 2022). 

 
Fig. 10. SEM morphology of pre-treated fly ash 

3.4. XRD-Rietveld refinement semi-quantitative analysis and infrared peak fitting semi-
quantitative analysis 

XRD-Rietveld refinement semi-quantitative analysis and infrared peak fitting semi-quantitative 
analysis were carried out on fly ash treated at microwave power and time with results from phase and 
infrared analyses and adsorption performance tests. Through adsorption experiment, phase and 
strength analysis, and spectral analysis, the samples treated at 600 W for 10 min, 15 min, 20 min, 25 min, 
and 30 min were selected for analysis (Singh et al., 2023). 

3.4.1. XRD-Rietveld refinement semi-quantitative analysis 

The Rietveld full-pattern fitting results of fly ash before and after microwave treatment are shown in 
Figs. 11 and 12. 

After multi-phase fitting, the proportion between different crystal phases could be obtained. The 
quartz, mullite, and amorphous phases in fly ash could be calculated by comparing the content of zinc 
oxide doped internally. The semi-quantitative analysis results of various phases in fly ash are presented 
in Table 2. As shown in Table 2, after the microwave treatment, there was a slight decrease in the quartz 
and mullite content, while the mullite and amorphous phase increased inversely. The decrease in 
mullite content and the relative increase in amorphous phase content indicated that mullite may have 
undergone  depolymerization,  and  the  glassy  structure  on  the  surface  of  fly  ash had been destroyed,  
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Fig. 11. The Rietveld whole pattern fitting result of the fly ash is shown in the Fig., where the experimental values 

(crosses) are fitted to the calculated values (solid line) 

 

Fig. 12. Rietveld whole-pattern fitting results of fly ash under microwave for (a) 600 W-10 min, (b) 600 W-1 5min, 
(c) 600 W-20 min, (d) 600 W-25 min and (e) 600 W-30min 
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leading to an increase in the amorphous phase content. At the same time, with the prolongation of 
microwave time, the content of quartz continued to decrease, indicating that the prolonged high 
temperature might reduce the crystallinity of quartz (Marjanović et al., 2014). 

Table 2. Rietveld fitting of the relative content of each phase in fly ash under different microwave conditions 

Samples Mullite Quartz (％) Amorphous (％) 
Fly ash 45.9 17.64 36.46 

600 W 10 min 43.55 17.1 39.35 
600 W 15 min 41.8 12.02 46.18 
600 W 20 min 40.38 14.7 44.92 
600 W 25 min 44.36 9.3 46.34 
600 W 30 min 45.72 11.04 43.24 

3.4.2. Infrared peak fitting semi-quantitative analysis 

Fig. 13 shows the fitted spectrum. According to the analysis of the peak areas in the infrared peak fitting 
semi-quantitative analysis spectrum, the relative percentage content of Si-O-(Si, Al) chemical bonds 
between 1300~900 cm-1 was between 49.47% and 56.92%, all of which were higher than that of the 
original fly ash. Compared with the original fly ash, the proportion of peak area gradually increased 
until 15 min and then gradually decreased. The relative percentage content of Si-O-(Si) chemical bonds 
between 600~400 cm-1 is between 17.5% and 28.9%, with a relatively even proportion of peak area at 600 
W and a significant decrease at 15 min. The semi-quantitative analysis of infrared peak fitting showed 
the change in the peak area of the spectrum, as shown in Table 3. 

 
Fig. 13. Infrared semi-quantitative analysis chart of fly ash treated with microwave for (a) original fly ash, (b) 10 

min, (c) 15 min, (d) 20 min, (e) 25 min, and (f) 30 min 
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Table 3. The peak area of the main absorption under different conditions 

Samples Peak position (cm -1) Peak area ratio (％) Peak position (cm -1) Peak area ratio (％) 
Fly ash 1300~900 47.98 600~400 28.14 

600 W 10 min 1300~900 49.47 600~400 25.8 
600 W 15 min 1300~900 54.01 600~400 17.5 
600 W 2 min 1300~900 51.64 600~400 28.9 
600 W 25 min 1300~900 56.92 600~400 25.14 
600W 30 min 1300~900 50.21 600~400 25.36 

3.5. Specific surface area test 

By using a JW-BK112 type surface area and aperture distribution tester, degassing and impurity 
removal of raw ash, 600 W-10 min, 600 W-15 min, 600 W-20 min, 600 W-25 min, and 600 W-30 min fly 
ash samples were carried out. After degassing treatment, adsorption and desorption experiments were 
carried out. Nitrogen was selected as the adsorbent gas, and the test temperature was -195.79℃ of liquid 
nitrogen evaporation temperature. The specific surface area and porosity were tested, and various 
parameters related to pore structure were obtained, including the specific surface area of fly ash (BET 
method was used), micropore volume average pore size, and so on. The test results are shown in Table 
4. 

Table 4. Specific surface area and porosity under different conditions 

Samples 
Specific surface area  

(m2·g-1) 
Pore volume  

(cm3·g-1) 
Average pore size 

(nm) 
Adsorption average pore diameter 

(nm) 
Fly ash 2.436 0.013 13.099 8.788 

600 W 10 min 2.762 0.013 13.094 9.444 
600 W 15 min 3.122 0.015 14.358 10.327 
600 W 20 min 3.058 0.015 15.069 10.850 
600 W 25min 2.793 0.015 16.064 10.851 
600 W 30 min 2.813 0.016 15.541 10.728 

As shown in Table 4, the specific surface area increased and then decreased with time, which was 
higher than the original fly ash. The specific surface area reached a maximum of 3.122 m2/g at 15 min 
of microwave treatment. The pore volume increased continuously with microwave treatment time, 
while the average pore size first increased and then became stable. From this analysis, the specific 
surface area and pore volume of fly ash increased in the early stage of microwave heating because the 
volatilization of some volatile components and the decomposition and removal of oxygen-containing 
functional groups generated new pore structures, promoting micropore development. However, as the 
heating time increases, microwave radiation will erode the existing pore structure, and some 
frameworks will begin to collapse, increasing pore size. Because the specific surface area of fly ash was 
a key factor affecting its adsorption efficiency, the larger the specific surface area of fly ash, the more 
adsorption sites could be provided, which increased the rate and amount of adsorption reaction 
(Kunecki et al., 2023). Therefore, it was vital to adsorb substances such as ammonia nitrogen.  

As shown in Fig. 14, the microwave-treated fly ash samples' nitrogen adsorption-desorption 
isotherms were above those of raw fly ash. The adsorption increased in the low-pressure region and 
entered a relatively stable increasing zone. When the relative pressure reached the middle-pressure 
region, the adsorption increased significantly. When the relative pressure reached the high-pressure 
region, adsorption increased sharply, representing the characteristics of micropore adsorption, 
mesopore adsorption, and macropore adsorption. At the highest point of adsorption, under the same 
pressure, the adsorption amount was higher at 15 min and 20 min, followed closely by 30 min, 25 min, 
and 10 min, all of which had a significant increase in adsorption compared to raw fly ash (Jain et al., 
2022; Elkarrach et al., 2023). 

3.6. Nuclear magnetic resonance (NMR) testing 
Solid-state nuclear magnetic resonance was an essential tool for analyzing the local magnetic environ- 
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Fig.14. Nitrogen adsorption-desorption isotherms of raw and microwave-treated fly ash 

 

Fig. 15. MAS NMR spectra of fly ash before and after microwave treatment for (a) 29Si and (b) 27Al 

ments of nuclei in mineral structures. A deeper understanding of the microstructural evolution of fly 
ash during the microwave process could be obtained through 29Si and 27Al MAS NMR spectra 
(Medykowska et al., 2022). This method provided a direct approach that could be used to explore the 
microstructure and chemical reaction mechanisms of solid materials. 

As shown in Fig. 15, the fly ash belonged to the framework structure before and after microwave 
treatment. In the early stage of microwave treatment, the intensity of the Q4Si signal in the 29Si spectrum 
decreased, indicating that the microwave caused crystal defects, distortions, and deformations in the 
fly ash, thereby reducing its orderliness. Among them, the signal intensity was higher, and the peak 
was broader at 600 W and 15 min with time, the chemical shift began to change, showing a trend of first 
increasing and then decreasing, reaching a maximum of -110.770 ppm at 600 W and 15 min. It indicated 
a significant structural change and an increase in the degree of amorphization at this time. The peak 
curves of the 27Al spectrum before and after microwave treatment had a similar shape, indicating that 
the coordination state types of Al3+ in the structure under various microwave conditions were similar. 
However, the proportions of each coordination state that constitutes Al3+ were different. With the 
change in microwave time, the peak value of the 27Al spectrum line shifted, indicating that the structural 
status of aluminium-oxygen in the fly ash changed accordingly (Alakent et al., 2022). 

In this study, DMFIT software was used to perform peak fitting analysis on the samples' NMR 29Si 
and 27Al spectra, and the fitting results obtained were in good agreement with the original spectra. The 
results of the peak fitting are shown in Figs. 16 and 17. The relative contents of the three coordination 
states ([AlO4], [AlO5], and [AlO6]) in the 27Al spectrum and the four coordination states (Q1, Q2, Q3, and 
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Q4) in the 29Si spectrum were obtained through integration calculations of the peak areas, as shown in 
Table 4 and 5. As shown in Table 5, Al3+ in fly ash mainly exists in the form of [AlO4] and [AlO6], with 
a relatively small proportion of [AlO5]. The [AlO4] coordination state showed a gradually increasing 
trend and could form a unified network with [SiO4], strengthening the polymerization degree (Chen et 
al., 2022). The content of [AlO5] and [AlO6] formed by Al3+ in the structure would increase accordingly, 
causing a decrease in the polymerization degree of the aluminium-oxygen network. It could be seen 
from Table 5 that the content of [AlO5] and [AlO6] was the highest at 15 minutes, indicating a lower 
polymerization degree at this time (Aelst et al., 2014) This occurred because microwave heating broke 
the silicon-oxygen network bond in fly ash, and the coordination state formed by aluminum ions in the 
silicon-oxygen network was closely related to the amount of free oxygen. Insufficient free oxygen led to  

 
Fig. 16. Peak fitting of the 27Al spectrum and after microwave treatment for (a) original fly ash, (b) 10 min, (c) 15 

min, (d) 20 min, (e) 25 min, and (f) 30 min 
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Fig. 16. Peak fitting of the 29Si spectrum and after microwave treatment for (a) original fly ash, (b) 10 min, (c) 15 

min, (d) 20 min, (e) 25 min, and (f) 30 min 

the formation of [AlO4] by Al3+, which is inadequate for establishing a network with [SiO4]. 
Consequently, the Al3+ peak shifts, causing changes in the structure of the silicon-oxygen network and 
resulting in a gradual decrease in polymerization. 

As shown in Table 6, the sum of the proportions of Q3 and Q4 before and after microwave treatment 
was both higher than 67%, indicating that silicon-oxygen tetrahedra in fly ash mainly exist in the form 
of 3-4 bridging oxygen, and the silicon-oxygen network was between layered and framework structures. 
With time, the integral contents of Q1 and Q2 decreased significantly at 10 minutes and 15 minutes. The 
proportion of Q3 and Q4 increased after 10 minutes, increasing the connectivity and polymerization 
degree of the silicon-oxygen network in the sample. The connectivity of the silicon-oxygen network in 
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the structure was thus strengthened. After 15 min, the proportion of Q3 and Q4 was the lowest, and the 
proportion of Q1 and Q2 increased, indicating a decrease in the polymerization degree (Nie et al., 2012; 
Bernard et al., 2023). 

Table 5. Calculated peak areas of the 27Al fitting before and after microwave treatment 

Samples [AlO6] (％) [AlO5] (％) [AlO4] (％) 
Fly ash 37.20 8.31 54.49 

600 W 10 min 43.55 0.17 56.28 
600 W 15min 45.02 0.12 54.86 
600 W 20min 42.54 0.45 57.01 
600 W 25min 39.25 2.73 58.02 
600 W 30 min 42.17 1.10 56.73 

Table 6. Calculated peak areas of the 29Si fitting before and after microwave treatment 

Samples Q1 (％) Q2 (％) Q3 (％) Q4 (％) 
Fly ash 15.72 16.31 32.33 35.64 

600 W 10 min 7.06 11.54 21.78 59.62 
600 W 15 min 6.82 15.10 20.55 57.83 
600 W 20 min 0.54 19.20 31.91 48.35 
600 W 25 min 0.02 24.11 31.88 43.99 
600 W 30 min 6.80 14.96 25.88 52.96 

4. Conclusions 

The improvement of the performance of fly ash after microwave pretreatment was mainly due to the 
breakage of chemical bonds, which was mainly caused by the high-frequency electric field generated 
by the microwave, resulting in uniform heating of the material, increased collisions and disorderly 
movement of molecules after absorption of energy, leading to an increase in surface area and an increase 
in utilization efficiency. The researchers in this study characterized the microwave pretreatment of fly 
ash using traditional analysis methods and semi-quantitative analysis. It was found that microwave 
pretreatment did not significantly affect the phase of fly ash. However, it did change the adsorption 
performance by increasing the adsorption rate by 28%. The microwave pretreatment also caused the 
breaking of chemical bonds and increased the specific surface area of the fly ash. Moreover, the 
microstructure changes resulted in the depolymerization of quartz and mullite. Through semi-
quantitative analysis, the optimal microwave condition was 600 W for 15 min. Under these conditions, 
the content of the amorphous phase increased significantly. the infrared absorption peak area also 
increased. Furthermore, the degree of polymerization of the silica network, as observed in the 29Si and 
27Al spectra, decreased after 15 min of microwave pretreatment. To further improve performance, future 
investigations should explore the effects of combining microwave pretreatment of fly ash with other 
pretreatment methods. 
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