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Table 1 Chemical composition of fly ash wi%
No. CaO SiO, ALO; Fe,03 MgO Na,O K,O TiO, SO; SrO BaO P,0s Cl CuO Total
LFA1 4.69 5243 30.00 6.01 0.61 0.31 2.27 1.97 0.45 0.15 0.16 0.17 0.00 0.02 99.25
LFA2 6.06 47.97 31.03 7.43 0.74 0.36 1.42 1.98 0.98 0.41 0.30 0.29 0.00 0.03 99.00
LFA3 7.29 49.73 22.72 10.43 1.76 1.20 291 1.54 0.84 0.29 0.33 0.15 0.00 0.01 99.21
LFA4 8.98 47.08 28.04 8.75 0.64 0.61 1.41 1.72 1.11 0.42 0.19 0.24 0.00 0.02 99.21
HFAL1 17.85 45.68 16.87 7.74 3.11 2.17 1.53 1.56 1.10 0.84 0.67 0.15 0.02 0.02 99.31
HFA2 18.57 40.17 13.69 9.40 2.70 2.61 1.97 1.66 0.84 1.06 0.89 0.11 5.57 0.01 99.26
HFA3 22.82 34.34 15.89 12.98 3.95 2.63 1.45 1.29 1.91 1.08 0.70 0.18 0.04 0.02 99.29
HFA4 25.69 27.30 13.79 23.82 2.51 0.31 1.28 0.97 2.18 0.44 0.62 0.17 0.00 0.01 99.09
w is mass fraction.
F2 MERUFEARNFIESE
Table 2 Chemical composition characteristics of fly ash w/%
No. SiO>+ALOs+Fe,03 Na,0+0.658K,0 No. Si0,+ALO3+Fe,0;3 Na,0+0.658K,0
LFA1 88.4 1.8 HFA1 70.3 32
LFA2 86.4 1.3 HFA2 63.3 3.9
LFA3 82.8 3.1 HFA3 63.2 3.6
LFA4 83.9 1.5 HFA4 64.9 1.2
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Fig. 1 Particle size distribution of fly ash
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Table 3 Fly ash particle characteristic size
No. D]o/].tl’l’l Dso/].Ll’l’l Dgo/].tl’l’l No. D]o/].tl’l’l D50/},Ll’l’l Dgo/].tl’l’l
LFA1 2.32 9.63 33.56 HFA1 1.46 11.25 83.42
LFA2 2.36 10.49 41.29 HFA2 3.10 37.67 204.97
LFA3 2.44 12.48 63.50 HFA3 1.50 8.41 43.57
LFA4 3.15 13.65 55.17 HFA4 1.74 11.49 53.12
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Fig. 2 Particle morphology of fly ash

BRIV 25, ISP IR R Best AR BCE iR At AT HhE, S A A S B K
BEATUCRE, XTUTREYI TR 5, Femlhl AR, RE, RIEEE 105 T, BEEN
JELHE R, PSP IR PRt B AN e S 2R S 1.0 o 5 kPa(0 kPa JYZEX HL 22 H 2 TRRAE TR 2 1E
ZJa, RGP P RO Nl HBREILE mi.



%54 55 8 W S

3 S B BOK T BOE RS B E B TE

- 2861 -

v Mullite ® Quartz ¢ Anhydrite * Free lime
e Periclase * Magnitite 4 Aluminate
v vwe v
v
LFA4

Intensity

LFA3
LFA2

LFA1

5 10 15 20 25 30 35 40 45 50 55 60 65
20/(°)
(a) LFA series

K3

v Mullite e Quartz ¢ Anhydrite * Free lime
e Periclase * Magnitite 4 Aluminate
[ ]
N *
[ ] AV
v Y Jo o¥e 4o 4 ox e

HFA4

HFA3
A

5 10 15 20 25 30 35 40 45 50 55 60 65
20/(°)
(b) HFA series

Intensity

AFAL

BRI XRD %

Fig. 3 XRD patterns of fly ash
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Table 4 Glass phase mass percentage after alkaline-acid two-stage dissolution
» After the NaOH dissolution stage m; After the HNOs acid dissolution stage m» Glass phase
No. Initial mass mo/g
Average/g SD/g Average/g SD/g content G, ¢ /%
LFA1 5.00 2.08 0.04 1.24 0.16 75.20
LFA2 5.00 1.85 0.02 0.91 0.05 81.80
LFA3 5.00 1.77 0.02 0.63 0.13 87.40
LFA4 5.00 2.47 0.04 1.34 0.05 73.20
HFA1 5.00 2.46 0.03 0.27 0.02 94.60
HFA2 5.00 2.63 0.01 0.47 0.02 90.67
HFA3 5.00 3.30 0.04 0.52 0.02 89.60
HFA4 5.00 2.11 0.02 0.55 0.02 89.00

SD is standard deviation.
3AMMARERAT E NN, PSRk 5 fox.
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Fig. 4 XRD patterns full-spectrum fitting illustration
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Table 6 Crystal phases and glass content of fly ash by QXRD method w/%
Phases LFALl LFA2 LFA3 LFA4 HFA1 HFA2 HFA3 HFA4 ICSD No.

Mullite 27.44 22.76 8.46 2513 0.92 1.65 1.45 3.04 158098
Anhydrite 0.36 0.77 0.66 0.75 0.99 1.07 1.62 0.70 15876
Quartz 7.91 2.72 10.24 9.60 3.95 7.30 3.01 6.85 174
Lime 0.03 0.02 0.18 0.05 0.48 0.75 2.04 0.26 75786
Periclase 0.12 0.15 0.28 0.35 0.75 1.58 2.39 0.36 9863
Aluminate 0.24 0.27 0.37 0.86 0.97 2.04 3.44 0.67 100221
Magnetite 0.20 0.21 0.62 0.65 0.22 0.59 1.36 2.13 30860
Glass 63.69 73.10 79.19 62.61 91.72 85.03 84.69 86.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 7 Residual mass percentage after NaOH dissolution

After the NaOH dissolution stage Mass percentage of

No. Initial mass/g

Average/g SD/g residual material/%
LFAl 5.00 1.94 0.01 38.73
LFA2 5.00 1.89 0.03 37.87
LFA3 5.00 1.70 0.04 34.07
LFA4 5.00 221 0.10 44.13
HFA1 5.00 2.49 0.04 49.80
HFA2 5.00 2.73 0.03 54.53
HFA3 5.00 3.27 0.09 65.47
HFA4 5.00 2.15 0.02 42.93

R8 IMRKIIT HNOs AR REZREBEYRRESH

Table 8 Residual mass percentage after HNO3 dissolution
After the HNOj3 acid Mass percentage
Initial . .
No. dissolution stage of residual
mass/g .
Average/g SD/g material/%
LFA1 5.00 4.26 0.05 85.20
LFA2 5.00 3.95 0.12 78.93
LFA3 5.00 3.40 0.06 68.07
LFA4 5.00 391 0.03 78.27
HFA1 5.00 2.02 0.13 40.40
HFA2 5.00 291 0.08 58.20
HFA3 5.00 1.92 0.21 3833
HFA4 5.00 2.76 0.21 55.20
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Table 9 QXRD result of LFA1 fly ash after alkaline and/
or acid dissolution w/%
LFALl
Name .. AfterNaOHand After After  After
Original HNO; HF NaOH HNO;
Mullite 27.44 73.71 86.00 50.73  29.62
Anhydrite 0.36
Quartz 791 14.54 0.55 9.52 8.02
Lime 0.03
Periclase 0.12
Aluminate 0.24
Magnetite 0.20 0.57 0.28 0.38 0.16
Hydromagnesite 0.14
Gorceixite
Tobermorite
Kainite 3.77
Ardealite 1.30
Bonattite 235
Glass 63.69 11.18 13.02 3195 6220
Total 99.99 100.00 99.99  100.00 100.00

=10 LFA2 ¥R RBIARA/HESAMEER QXRD EES

EER
Table 10 QXRD result of LFA2 fly ash after alkaline
and/or acid dissolution wi%
LFA2
Name .. AfterNaOHand After After  After
Original HNO; HF NaOH HNO;
Mullite 22.76 81.66 87.52 4185 2634
Anhydrite 0.77
Quartz 2.72 6.26 0.30 2.95 3.67
Lime 0.02
Periclase 0.15
Aluminate 0.27
Magnetite 0.21 1.07 0.23 0.55 0.27
Hydromagnesite
Gorceixite
Tobermorite
Kainite 3.34
Ardealite 1.40
Bonattite 2.10
Glass 73.10 11.01 1195 4781 69.72
Total 100.00 100.00 100.00 100.00 100.00
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Table 11 QXRD result of LFA3 fly ash after alkaline Table 13 QXRD result of HFA1 fly ash after alkaline
and/or acid dissolution w/% and/or acid dissolution w/%
LFA3 HFA1
Name . AfterNaOHand After  After  After Name " After After  After  After
Original HNO; HF NaOH HNO; Original NaOH and HNO;  HF NaOH HNO;3
Mullite 8.46 39.24 30.62  13.51  10.64 Mullite 0.92 21.40 4.04 1.90 3.64
Anhydrite 0.66 Anhydrite 0.99
Quartz 10.24 34.38 3.12 1291  10.62 Quartz 3.95 31.87 1.03 5.15 8.59
Lime 0.18 Lime 0.48
Periclase 0.28 Periclase 0.75
Aluminate 0.37 Aluminate 0.97
Magnetite 0.62 4.88 107 162 094 Magnetite 0.22 12.55 040 113 199
Hydromagnesite 561 Hydromagnesite 5.03
Gorceixite 9.54 Gorceixite 9.63
Tobermorite 4.51 Tobermorite 9.90
Kainite 520 Kainite 1023
Ardealite 3.70 Ardealite 558
Bonattite 273 Bonattite 3.80
Glass 79.19 21.50 4550 6033 77.80 Glass o172 34.10 69.90 7220 8578
Total 100.00 100.00 9997  100.00 100.00 Total 100.00 99.92 99.93  99.99 100.00

%12 LFAS HEIEERASESREN QXRD 2Bsy 14 HPAZIBRIRRRAVMIAREH QXRD 275
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Table 12 QXRD result of LFA4 fly ash after alkaline Table 14 QXRD result of HFA2 fly ash after alkaline
and/or acid dissolution W% and/or acid dissolution w/%
LFA4 HFA2
Name - After NaOH  After  After  After Name Original After NaOH  After  After  After
Original and HNO, HF NaOH HNO; and HNOs HF NaOH HNO;

Mullite 25.13 59.04 50.54 2804  28.59 Mullite 1.65 16.11 279 163 371
Anhydrite 0.75 Anhydrite 1.07
Quartz 9.60 15.49 053 938 984 Quartz 730 35.04 025 721 1181
Lime 0.05 Lime 0.75
Periclase 0.35 Periclase 1.57
Aluminate 0.86 Aluminate 2.04
Magnetite 0.65 2.12 0.42 144 0.86 Magnetite 0.59 8.54 0.23 1.60 1.26
Hydromagnesite 1.47 Hydromagnesite 6.13
Gorceixite 0.25 Gorceixite 920
Tobermorite 0.93 Tobermorite 8.50
Kainite 4.30 Kainite 7.94
Ardealite 2.11 Ardealite 5.45
Bonattite 523 Bonattite 3.67
Glass 62.61 23.35 4586 49.50  60.70 Glass 85.03 40.30 7290 7249 83.22

Total 100.00 100.00 100.00  100.00  99.99 Total 100.00 99.99 100.00  99.99  100.00




J Chin Ceram Soc, 2026, 54(8): 2857-2873

2026 4

- 2868 - CHERR #h 7100
15 HFA3 MHRIEARR/REARER QXRD €5
e
Table 15 QXRD result of HFA3 fly ash after alkaline
and/or acid dissolution w/%
HFA3
Name o After NaOH  After  After  After
Original and HNO3 HF NaOH HNO;s
Mullite 1.45 13.33 1.38 0.97 5.51
Anhydrite 1.62
Quartz 3.01 14.64 0.07 6.94 7.72
Lime 2.04
Periclase 2.39
Aluminate 3.44
Magnetite 1.36 13.83 0.24 2.20 4.04
Hydromagnesite 7.12
Gorceixite 10.86
Tobermorite 13.53
Kainite 9.15
Ardealite 7.31
Bonattite 433
Glass 84.69 58.20 66.80 69.10 82.73
Total 100.00 100.00 100.00  100.00  100.00
16 HFA4 MR IEA BRI/ REAREH QXRD EE5
R
Table 16 QXRD result of HFA4 fly ash after alkaline
and/or acid dissolution wi%
HFA4
Name o After After  After  After
Original NaOH and HNO; HF NaOH HNO;
Mullite 3.04 20.90 8.25 3.70 6.73
Anhydrite 0.70
Quartz 6.85 18.86 0.34 7.55 8.34
Lime 0.25
Periclase 0.36
Aluminate 0.67
Magnetite 2.13 15.14 1.05 4.12 3.71
Hydromagnesite 8.02
Gorceixite 12.69
Tobermorite 12.19
Kainite 5.24
Ardealite 5.44
Bonattite 5.14
Glass 86.00 45.10 5740 6880 81.21
Total 100.00 100.00 99.94 9999  99.99
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Fig. 15 Comparison of the masses of three crystalline phases in the residues from raw fly ash dissolved in alkaline and/or acid solutions
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Extended Abstract

Introduction Determining the glass content in fly ash is crucial for characterizing its compositional properties (i.e., glass content,

crystal types and quantities, and glass phase composition) and serves as a fundamental parameter for regulating and optimizing its

engineering performance (i.e., fresh workability, volume stability, hydration process and products, anti-permeability, and mechanical

performance). The glass content of four low-calcium and four high-calcium fly ash samples can be quantitatively analyzed by three
methods, i.e., the alkaline-acid two-step dissolution method (NaOH followed by HNO3), the acid dissolution method (HF), and
quantitative X-ray diffraction (QXRD) method. A comparison of the three methods demonstrates that QXRD offers superior testing
precision and characterizes the full components of fly ash, unlike the two dissolution methods. Although the two dissolution methods

can provide a rough estimation of glass content, their precision is relatively poor. This low precision is attributed to the dissolution of

crystalline phases (like quartz and mullite), the formation of new crystalline phases (such as hydromagnesite and tobermorite) during

the dissolution process, and the residual undissolved glass phases. Consequently, QXRD can be recommended for the quantitative

analysis of fly ash glass content.
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Methods The glass content of eight different fly ash samples was measured by three characterization methods, i.e., the alkaline-acid
two-step dissolution method (NaOH followed by HNOs), the acid dissolution method (HF), and quantitative X-ray diffraction
(QXRD). A comparison of the results revealed a significant discrepancy between these three testing methods, highlighting a need for
further research. To investigate the dissolution power of the NaOH and HNOs solutions, two additional methods (i.e., the alkaline
dissolution method (NaOH) and the acid dissolution method (HNO3) were adopted. The respective dissolving capabilities toward both
the crystalline and glassy phases of the eight fly ash samples were ultimately disclosed via using QXRD to analyze the dissolving
effect of these four dissolution methods.

Results and discussion The dissolving characteristics of the four dissolution methods (i.e., alkaline, HF acid, HNOs acid, and
two-step) on the crystalline and glass phases of fly ash are analyzed by linear regression and the Pearson correlation method, based on
the measured glass and crystal contents remaining after each treatment. The linear regression between the crystal content of the raw
fly ash and the residual crystal content after dissolution demonstrates that the crystalline phases of fly ash are dissolvable by both
alkaline and/or acid solutions. Furthermore, the results confirm that glass phase residue remains after all alkaline and/or acid
treatments, indicating that none of the dissolution methods can achieve a precise selective dissolution of the fly ash's glassy phase.
The Pearson correlation method is employed to investigate the dissolving tendency of the crystalline and glass phases in the different
solutions. The resulting fly ash component-Pearson correlation coefficient diagram effectively reveals the dissolution characteristics
of fly ash components in various alkaline and/or acid solution, thereby clearly explaining the underlying dissolution mechanism and
demonstrating the infeasibility of using these alkaline and/or acid dissolution methods for accurately determining the fly ash’s glass
content.

Conclusions The quantitative analysis of the glass content in four low-calcium and four high-calcium fly ash samples was
conducted by three methods, i.e., the alkaline-acid two-step dissolution method (NaOH followed by HNO3), the acid dissolution
method (HF), and quantitative X-ray diffraction (QXRD). For the three methods, QXRD demonstrated superior precision and
comprehensiveness, determining the glass content and the types and quantities of crystalline phases, whereas the two dissolution
methods showed a lower precision. The QXRD analysis of the dissolution residues revealed that using alkaline (NaOH) and/or acid
(HNO3, HF) solutions failed to achieve an ideal selective dissolution of the fly ash's glass and crystalline phases. Furthermore, new
crystalline phases were sometimes generated during the dissolution process, fundamentally limiting the accuracy of using these
dissolution methods for quantitative analysis of glass content. Based on the results of QXRD tests on both the raw fly ash and the
alkaline/acid dissolution residues, the error sources were associated with using alkaline and/or acid dissolution methods for
determining fly ash glass content. The application of the Pearson correlation method and the resulting interpretation of the reaction
mechanisms and products between fly ash components and the NaOH, HNOs, and HF solutions mechanistically revealed the
dissolution process and mechanism of fly ash, thereby fundamentally explaining the infeasibility of accurately quantifying fly ash
glass content by alkaline and/or acid dissolution methods.

Keywords fly ash; glass content; alkaline-acid two-step dissolution method; acid dissolution method; quantitative X-ray diffraction



