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ABSTRACT 

 

Coal fly ash from an Italian coal-fired power plant, kaolinite from the Source Clay Repository of 

The Clay Minerals Society, and four derived mixtures were used to synthesize zeolite using 

hydrothermal treatment at 45 ◦C in distilled water after alkaline fusion. The results documented 

that geopolymers, 

A-type and X-type zeolites were formed in different quantities, depending on the starting material 

and the duration of the experiment. Zeolite-X was the prevailing phase synthesized using pure fly 

ash, zeolite-A formed in higher amounts from kaolinite, and comparable amounts of A- and X-type 

zeolites crystallized, thereby adding 20 and 40% kaolinite to the fly ash, respectively. Zeolite-A as 

main phase was synthesized already adding 60% or even up to 80% kaolinite to the fly ash. Sodalite 

occasionally formed from the source materials, whereas zeolite ZK-5 was synthesized from only 

fused fly ash (100FA). The data indicated that, in addition to the Si/Al ratio of solid source materials, 

zeolite formation was controlled by the time and chemistry of the solution. The polymerization of 

alumina-silicate gels changed during the experiments, likely due to the amorphization of metastable 

zeolites. 

 

1. Introduction 

 

Zeolites are hydrated aluminosilicate minerals that can be synthesized using several source materials, 

such as fly ash (e.g., [1-11]) and kaolinite (e.g., [12-19]). Experiments using fly ash have been performed 

with a hydrothermal reaction in alkaline solutions (e.g., [3,4]) and after a fusion pre-treatment (e.g., [9-

11]). Microwaves (e.g., [20,21]) and ultrasonic treatments (e.g., [22-26]) have been employed to increase 

kinetic reactions. The use of kaolinite generally requires calcination at high temperatures (600e1000 

◦C), and only a few recent studies have introduced pre-fusion treatment with alkalis [17,19,27] or 

hydrothermal treatment with an NaOH solution [28]. In spite of several papers detailing the synthesis of 

zeolites using kaolinite or fly ash, there are aspects that are not fully understood. The most relevant 
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aspects are related to the role of Si/Al in the starting material, the crystallization time and temperature 

and the incubation time. Different literature indicates that zeolite- A was formed with a molar ratio of 

Si/Al >2 (e.g., [29,30]) or Si/Al < 2 (e.g., [19,31-33]), whereas the zeolite-X was synthesized with pre-

fusion at an incubation temperature < 60 ◦C (e.g., [9-11]) or > 60 ◦C (e.g., [6]). In terms of the 

crystallization time, various authors synthesized zeolite-A between 8 and 24 h [34] or after 96 h (e.g., 

[19]). 

In a previous study [19], we documented that the use of almost pure kaolinite is mainly conducive to 

zeolite-A and to traces of zeolite-X, but if minor amounts of other silicate minerals (e.g., illite and quartz) 

are associated with kaolinite, the quantity of zeolite-X significantly increases. It has also been ascertained 

[11] that the presence of Mg and Ca in the contact solution plays a determinant role in the formation of 

zeolite-X. In addition to the chemical composition of the starting material and the contact solution, the 

incubation time may favour the crystallization of one type of zeolite with respect to another one (e.g., 

[35]); furthermore, it has been suggested [11] that the crystallization rates of zeolite-A and zeolite-X 

change over time. To provide more information about the role of Si/Al and time in controlling the 

hydrothermal synthesis of zeolites after fusion with NaOH, we performed new experiments by fixing 

the temperature at 45 ◦C and ageing a coal fly ash, a pure kaolinite, and four mixtures of these two 

materials in distilled water for 1-216 h. 

 

 

2. Materials and methods 

 

The experiments were performed with coal fly ash (FA) from an Italian thermoelectric power plant that 

we have used in previous experiments [9-11,25,26] and kaolinite (KGa-2) from the Source Clay 

Repository of The Clay Minerals Society. These two materials had a similar Si/Al ratio (FA:1.46; KGa-

2:1.01), and therefore it changed little in the four mixtures (Table 1). The major element chemical 

analyses were performed on pressed powder pellets using X-ray fluorescence spectrometry (XRF; 

Philips PW 1480). It was used a Cr anode tube at 60 kV and 50 mA. The loss on ignition (LOI) was 

measured by heating the sample at 900 ◦C for 3 h. The mineralogical composition was determined by 

powder X-ray diffraction (XRD) using a Rigaku Rint 2200 diffractometer equipped with Cu-Ka radiation 

(40 kV and 30 mA) and a graphite monochromator. The data collections were performed in the 2θ 

range 2-54◦ with step size of 0.02◦. 

The morphological features of the starting and aged materials were observed using a field emission 

scanning electron micro- scope (SEM, Zeiss Supra 40). The samples were carbon-sputtered (10 nm thick) 

in order to avoid charging of the surface. Elemental analyses were performed with an energy-dispersive 

X-ray spectrometer (EDS, Oxford Inca Energy 350) equipped with a Si(Li) detector. 

The starting materials were fused using NaOH (1:1.2 weight ratio) and, with distilled water added, 



 

were stirred overnight at room temperature. The suspensions were incubated at 45 ◦C for 1, 6, 12, 24, 

48, 72, 96, 120, 144, 168, 192, and 216 h in separate experiments. The incubation temperature was 

chosen based on our previous studies [9,10,19], which indicated that a large amount of zeolites formed 

at 45 ◦C from fly ash or kaolinite. The solids and solutions were then separated by centrifugation. 

The solids were washed with distilled water, dried in an oven at 30 ◦C and characterized using SEM and 

XRD. Quantitative mineralogical analyses were not reliable because of the presence of high amount of 

non-crystalline materials (mainly neoformed geopolymers) that continuously changed their 

polymerization state during the incubation time. An estimation of each neo-formed mineral in the 

different experiments was performed by 

comparing the integrated intensities of the selected XRD diffraction lines (X-type zeolite: I111 at 6.09◦ 

2 θ; A-type zeolite: I222 at 7.20◦ 2 θ; sodalite: I110 at 13.92◦ 2 θ; zeolite ZK-5: I200 at 9.30◦ 2 θ). 

The solutions were analysed for Si, Al, Ca, Mg, Na, and K contents using an inductively coupled plasma 

mass spectrometer (ICP-MS; Perkin Elmer ELAN 9000). Analytical precision was better than 5%   except 

for Ca (<10%). 

To obtain information regarding the coordination state of aluminium, the two starting materials (FA and 

KGa-2) and their fused products (100FA and 0FA) were analysed with a solid state nuclear magnetic 

resonance spectrometer (Bruker Avance I 400 MHz) using a magic angle spinning technique (MAS-

NMR). 

 



 

 

 

Fig. 1. Selected SEM images of zeolites synthesized using mixtures of fly ash and kaolinite after 

48 h of incubation. [a] octahedral crystals of X-type zeolite (40FA sample); [b] cubic 

crystals of A-type zeolite (0FA sample); [c] typical morphology of zeolite ZK-5 (100FA 

sample). 

 

Table 1 Mixtures of FA and KGa-2. Si/Al = molar ratio. 

 



 

Mixture FA KGa-2 Si/Al 

100FA 100 0 1.46 

80FA 80 20 1.35 

60FA 60 40 1.25 

40FA 40 60 1.16 

20FA 20 80 1.08 

0FA 0 100 1.01 

Si/Al: determined in FA and KGa-2 samples; “calculated” in the mixtures. 

 

 

Table 2 Specific integrated intensities measured on 100FA, 0FA and 4 mixtures at different 

incubation time. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ZeoX = X-type zeolite; ZeoA = A-type zeolite; Sod = sodalite; ZK5 = zeolite ZK-5. The highest 

values are shown in bold. 
 

 

3. Results 

 

3.1. SEM observations 

 

The SEM observations (Fig. S1) (see Supporting Information) confirmed that the coal fly ash was mainly 

composed of spherical particles of variable size, from some tens of nanometres to about one hundred 

micrometres. Occasionally, glass shards and unburned coal grains were also observed. The kaolinite 

 Zeolite Time (hours)  

  1 6 12 24 48 72 96 120 144 168 192 216  
100FA ZeoX - - 32 137 120 112 80 152 81 108 190 167 Si/Al = 1.46 

 ZeoA - - - - - - - - - - - -  
 Sod 29 29 35 - 125 77 61 78 107 101 - -  
 ZK5 - - 52 - 234 177 329 - 180 104 - -  
80FA ZeoX 234 269 284 250 153 194 143 130 140 200 168 188 Si/Al = 1.35 

 ZeoA - - 30 120 102 90 78 50 - 15 43 57  
 Sod - - - - - - - 38 76 32 29 31  
 ZK5 - - - - - - - - - - - -  
60FA ZeoX 247 262 175 139 134 213 130 100 149 115 150 150 Si/Al = 1.25 

 ZeoA - 54 107 205 113 154 79 60 141 79 92 114  
 Sod - 41 - - - - 134 32 - 152 99 28  
 ZK5 - - - - - - - - - - - -  
40FA ZeoX 94 59 145 85 116 85 91 75 85 99 69 120 Si/Al = 1.16 

 ZeoA - 39 150 260 213 349 186 181 293 287 270 137  
 Sod - - 27 - - - - - 11 13 - 127  
 ZK5 - - - - - - - - - - - -  
20FA ZeoX 104 337 48 35 21 27 26 39 48 58 22 40 Si/Al = 1.08 

 ZeoA 100 152 205 412 301 435 235 382 364 394 337 132  
 Sod 13 - - - - - - - 9 11 25 307  
 ZK5 - - - - - - - - - - - -  
0FA ZeoX - - 20 - - 25 - - - - - - Si/Al = 1.01 

 ZeoA - - 148 519 537 500 611 591 586 576 322 575  
 Sod 311 324 - - - - - - - 41 74 -  
 ZK5 - - - - - - - - - - - -  



 

crystals exhibited pseudo-hexagonal outlines with highly variable dimensions (from less than 300 nm to 

several micrometres). 

The SEM observations of the samples after incubation revealed the presence of zeolites with different 

morphologies. The most frequent zeolite observed was the X-type, which displayed the typical octahedral 

morphology (Fig. 1a), and the A-type, which was characterized by cubic outlines (Fig. 1b). The sizes of 

both morphological types were homogeneous (200e400 nm), and they frequently formed both 

homotypic and heterotypic aggregates. In some experiments involving 100FA, there were crystals 

showing morphologies ascribable to zeolite ZK-5 (Fig. 1c), whose presence was confirmed by XRD 

analyses. 

 

3.2. XRD analysis 

 

The XRD patterns of the starting materials and their incubated products are reported in Fig. S2 and Fig. 

S3-S4, respectively. The integrated intensities of the selected diffraction lines of the zeolites, which can 

provide better information about the amount formed from given starting materials at different times, are 

reported in Table 2. Calcite was detected in all of the samples in decreasing amounts, from 100FA to 0FA, 

as a function of the initial Ca content of the starting material. 

Fly ash and kaolinite. The patterns of FA and KGa-2 are reported in Fig. S2. The FA was mostly composed 

of amorphous alumino- silicates; however, mullite and quartz were present in low amounts. As expected, 

the KGa-2 was composed of poorly crystalline kaolinite with traces of anatase. 

100FA and 0FA. Fig. S3 indicates the XRD profiles of the fused fly ash (100FA) and the fused kaolinite 

(0FA) samples after incubation. In the 100FA, X-type zeolite formed beginning at 12 h (Fig. S3a); 

however, the amount decreased during incubation for 96 h. Zeolite ZK-5 was present in the experimental 

products at 12, 48, 72, 96, 144, and 168 h, but it was not detected in the other experiments. Sodalite was 

the sole zeolite formed during shorter incubation times (1 and 6 h), and it crystallized in variable 

amounts in all of the other products. It was not found in the samples incubated for 24, 192, and 216 h. 

The X-ray profiles of kaolinite (0FA) indicated that A-type zeolite was the main newly formed phase 

starting from 12 h; X-type zeolite was present in very low amounts after 12 h (Fig. S3b). During shorter 

incubation times (1 and 6 h), only sodalite formed; this mineral was also detected in the products 

incubated for 168 and 192 h. 

80FA Mixture. The XRD patterns of these samples (Fig. S4a) indicate the crystallization of X-type zeolite 

beginning after 1 h, whereas the A-type zeolite formed after 12 h, and the amount present changed 

significantly over time. The amount of X-type zeolite tended to decrease as the incubation time 

increased, whereas an irregular trend was detected for A-type zeolite. Sodalite formed after 120 until 216 

h. 

 

Table 3 XRF analysis of fly ash and kaolinite samples. 

 



 

Major elements 

(wt.%) 

F1 KGa-2 

SiO2 48.47 44.60 

Al2O3 28.03 37.48 

Fe2O3 4.38 1.20 

TiO2 1.45 2.30 

MnO 0.08 n.d. 

MgO 1.36 n.d. 

CaO 6.38 0.01 

Na2O 0.49 0.01 

K2O 0.94 0.04 

P2O5 0.44 0.04 

LOI 7.98 14.30 

n.d. Not detected. 

 

60FA Mixture. XRD analysis of the 60FA mixture (Fig. S4b) indicated that zeolite-X was the only phase 

formed after 1 h, but its amount decreased over time. Conversely, the amount of zeolite-A began to 

increase after 6 h. Sodalite formed after 6 h; it then disappeared after longer incubation times and 

crystallized again after 96 h until the end of the experiment. 

40FA Mixture. The XRD patterns of the 40FA mixture (Fig. S4c) indicated that the formation of zeolite-X 

began after 1 h of incubation, but its amount decreased after 24 h until 120 h and then increased until 

216 h. Zeolite-A formed after 6 h and increased in amount after 12 h until the end of the incubation. 

Small amounts of sodalite were synthesized after 12, 144, 168 h; during the longest incubation (216 h), 

the amount of sodalite significantly increased. 

20FA Mixture. The XRD profiles of 20FA (Fig. S4d) showed significant variation in the amount of zeolites 

formed during the short incubation times. After 1 h, the diffraction lines of A- and X-type zeolites were 

quite comparable. After 6 h, zeolite-X was the primary newly formed mineral. From 12 h until the end of 

the experiment, a larger amount of zeolite-A formed, whereas the amount of zeolite-X significantly 

decreased. Sodalite was detected after incubation for 1 h and then again after 168 h until the end of the 

experiment. 

 

3.3. MAS-NMR analysis 

 

27Al MAS NMR spectra are shown in Fig. S5. As expected, the spectrum recorded on KGa-2 contained a 

sole intense signal that shifted very close to 0 (at approximately 1.5 ppm) and was due to octahedral 

AlOVI. On the contrary, the fly ash exhibited a number of very low-intensity peaks, indicating that the Al 

existed in different chemical environments. The spectra of the fused products were very distinct from 

those of the pristine materials: the 0FA sample was characterized by the presence of an intense signal 



 

ascribable to AlIV (63.8 ppm) and by a very weak signal that shifted to 15 ppm due to octahedral 

aluminium. It should be noted that this latter signal was different from the AlOVI signal recorded on 

KGa-2, 

 

 

 

 

 

 

Fig. 2. Evolution of the Si and Al concentrations (mg/L) in the supernatant solutions over time. 

 

thereby indicating, in accordance with XRD data, that the crystalline structure of kaolinite collapsed after 

alkaline fusion. The 100FA sample exhibited an intense peak at 63.7 ppm due to tetra-coordinated 

aluminium. 

 

3.4. XRF analysis 



 

 

The chemical compositions (major elements) of the FA and KGa- 2 are reported in Table 3. The silica 

contents of both samples were comparable (approximately 49% and 45% in FA and KGa-2, respectively), 

but the amount of alumina was higher in the KGa-2 (=38%) than in the FA (=26%). The difference in the Al 

content led to a slight difference in the Si/Al molar ratios (0.45; Table 1). The Fe2O3, MgO, CaO, Na2O and 

K2O contents were higher in the FA, whereas the TiO2 content was lower (1.45% and 2.30% in FA and 

KGa-2, respectively). 

 

3.5. ICP-MS analysis 

 

The Si and Al concentration in the supernatant solutions after incubation at different times are reported 

in Table S1 and in Fig. 2. In detail, in the 100FA, the Siaq and Alaq tended to an exponential decrease but 

over longer times their concentrations increased and later remained almost constant. The 80FA, 60FA, 

40FA and 20FA contact solutions were characterized by a generally exponential decreasing trend. A 

sensible Alaq variation was detected in the 60FA and 40FA solutions after 24 h of incubation, increasing to 

637 mg/L and decreasing to 271 mg/L, respectively. 0FA was characterized by a weak decreasing trend in 

Siaq and variable behavior of Alaq, with the highest (928 mg/L) and lowest (306 mg/L) values after 72 and 

192 h of incubation, respectively. However, the Al concentration in the supernatant solutions was 

generally higher than the Si concentration in the 40FA, 20FA and 0FA contact solutions. 

 

 



 

 

 

Fig. 3. Evolution of the Na and K (A), Ca and Mg (B) concentrations (mg/L) in the supernatant 

solutions over time. 



 

¼ 

 

 

Fig. 3. (continued). 

 

The Ca, K, Mg and Na concentrations in the supernatant solutions at different incubation times are 

reported in Table S1 and Fig. 3a and b. In detail, Caaq displayed a lower concentration in 0FA and higher 

concentrations in 80FA and 100FA, whereas Kaq was characterized by decreasing concentration from 

100FA to 0FA and was detectable at each incubation time. Finally, Mgaq was generally characterized by  

very low concentrations and a fluctuating behaviour in all of the samples, as did Naaq. 

 

4. Discussion 

 

The XRD data (Figs. S3 and S4) confirmed what is already known in the literature (e.g., 

[9,10,13,14,16,19,31,36e38]): the Si/Al of the starting material exerts an important role on controlling 

the synthesis of the zeolitic phases. In this study, crystallization of the zeolite-X was favoured using fly 



 

ash as starting material, whereas the A-type zeolite crystallized using KGa-2. However, the Si/Al ratio 

could not be considered the only factor controlling zeolite crystallization. In fact, if the four mixtures 

(with Si/Al values intermediate between those of FA and KGa-2) are considered (Fig. S4; Table 2), no 

gradual variations in the amounts of newly formed minerals were observed. The amount of zeolite-X 

tended to in- crease with the Si/Al ratio (up to Si/Al 1.35), and the zeolite-A concentration tended to 

decrease (Fig. 4); however, the two variables were not statistically correlated except in the samples incu- 

bated for 120 h (r2 0.93) and 192 h (r2 0.97). For a given Si/Al value, the amounts of the two minerals 

varied significantly depending on the duration of the experiment. This is apparent in Fig. 5 and Fig. S6, 

indicating that the amounts of zeolite-A and zeolite-X vary both over time and with the Si/Al value. The 

zeolite- X that formed in 100FA did not follow the trend outlined by the other five starting materials but 

was found in lower amounts from the trend depicted in Fig. 4. There is no simple explanation for this 

observation also because, as it will be showed below, there is a correlation between Siaq and Alaq 

concentrations and “amounts” of zeolite-X. 

 

 



 

 

 

Fig. 4. Plot of the integrated intensities of the I222 and I111 diffraction lines for A-type and X-type 

zeolites, respectively, versus the Si/Al molar ratio of the starting material at different times. 

 

Variations in the amounts of zeolite-A and zeolite-X in the products formed during the experiments 

could be related to the solubilization of the minerals because of their metastable behaviour, but it 

should be noted that a decrease in the amount of a phase at a given time does not correspond to an 

increase in the Si and Al concentrations in the solutions (Fig. 2). This behaviour has already been 

observed in a previous study on the 

synthesis of zeolites from fly ash at room temperature (25 ◦C) in artificial seawater [11]. However, 

although some crystals exhibited traces of dissolution (p. 118; Fig. 4g and h), it was not possible to 

establish whether the minerals dissolved or amorphized; furthermore, a speculative hypothesis was 

formed suggesting detailing “a continuous ion transfer from solid to solution (zeolites and geopolymers 



 

dissolution) and vice versa (precipitation/growth of zeolites and amorphous or poorly crystal- line solids)”. 

Now, there is experimental evidence for this hypothesis that also provides a better understanding about 

the mechanisms governing the synthesis of zeolites. Amorphization implies changes in the geopolymer 

arrangement, and it can be derived by measuring the 2-theta position of the maximum in- tensity of the 

amorphous diffraction band. The results of these measurements are reported in Fig. 6. After 24 h (48 in 

the case of 100FA), the amorphous diffraction bands shifted approximately from 18◦-40◦ 2θ to 20°-

39◦ 2θ and, correspondingly, the maximum intensities move from about 29◦ 2θ (d ~ 0.31 nm) to about 

32◦ 2θ (d ~ 0.28 nm), (thereby indicating the contraction of aluminosilicate gels. These values, however, 

varied over time, indicating that the average distances of the geopolymeric net-works changed during 

the experiments, likely because of crystallization/amorphization processes. However, it should be 

clearly stated that there is no correspondence between the variation in the maximum of the amorphous 

diffraction bands and the intensities of the zeolite-A and zeolite-X diffraction peaks. This is likely because 

the geopolymeric distances are influenced both by the zeolite crystallization/amorphization and by ion 

exchanges between the solid and solution. It should also be noted that the 100FA and 0FA trends 

differed significantly. These differences could be ascribed to their different Si/Al ratios and cations, but 

the presence of the residual AlOVI (Fig. S5) might have played a role in determining the more stable 0FA 

geopolymer. 

In accordance with previous studies (e.g., [11,19]), sodium silicate and sodium aluminosilicate formed 

after the alkaline fusion of kaolinite and fly ash. These compounds dissolved in distilled water, 

generating amorphous aluminosilicate gels that, after 24-48 h (Fig. 6), formed a shorter-range Si-Al 

network (geo- polymer). Except for calcium, which mainly participated in the formation of calcite, the 

concentrations of the other elements in the contact solutions decreased significantly during the first 

24e48 h, thereby indicating that they participated in gel polymerization. After 48 h, decreasing trends 

were recorded, but the concentrations fluctuated over time, likely due to the precipitation/dissolution 

processes that accompanied mineral crystallization/amorphization. The distributions differed 

depending on the chemical composition of the starting material. It is interesting to note that the relative 

position of the Siaq and Alaq distribution patterns corresponds to the relative position of the distributions 

of zeolite-A and zeolite-X (Fig. 7): higher Siaq corresponds to higher zeolite-X, and higher Alaq 

corresponds to higher zeolite-A. As stated before, correlations among neoformed zeolites and the Si/Al 

ratio were not statistically significant, but we should compare the “amounts” of zeolite-A and -X with the 

Siaq and Alaq concentrations by excluding the experiments with incubation times shorter than 48 h. This 

is because the gel drastically changes in terms of the degree of polymerization during the initial 24 h as 

clearly indicated by the shift of the position of the maximum intensity of the amorphous diffraction band 

from 29◦-30◦ 2θ to 31◦-33◦ 2θ (Fig. 6); therefore, the neoformation of zeolites was strongly 

dependent on the local environmental conditions. The results of such a comparison (Fig. 8) confirmed 

the existence of statistically significant correlations: they were positive between the Siaq and zeolite-X 

and between the Alaq and zeolite-A; conversely, they were negative between the Siaq and zeolite-A and 



 

the Alaq and zeolite-X. 

Another important aspect to highlight is the behavior of Na and K. As expected, they had similar trends, 

and the concentration of potassium reflected the chemical composition of the starting materials (Fig. 

3a). However, in spite of their geochemical affinity, Na is preferred to K (Fig. 9) in forming zeolites (e.g., 

[4]). 

 

 

 

Fig. 5. Evolution of the integrated intensities of the I222 and I111 diffraction lines for A-type and X-

type zeolites, respectively, over time. 

 

EDS chemical analyses of gels incubated for 1 h indicated that their average Si/Al ratio was 

comparable to that of the starting material before alkaline fusion (max difference: 10%), but the values 

varied over a wide range, with the differences between the lowest and the highest values compared to 



 

the initial ones as large as 50%. The inhomogeneous composition of geopolymeric materials, which 

changed during the experiments, could be the cause of the random sodalite crystallization, which occurs 

in all of the mixtures, irrespective of the incubation time, and of zeolite ZK-5, which crystallized in some 

experiments involving 100FA. In other words, the minerals formed where the geopolymer chemical 

composition was  favourable to their formation. 

 

5. Concluding remarks 

 

Experiments using coal fly ash, kaolinite and their mixtures in distilled water at 45 ◦C were performed to 

obtain information regarding the factors that may play a role in controlling the crystallization of A-type 

and X-type zeolites at 45 ◦C using different types of source materials. The results indicate that, in 

addition to the Si/Al ratio of the starting materials, the synthesis of these minerals was driven by 

incubation times and the supernatant solution chemistry. The SEM-EDS analyses indicated that the Si/Al 

ratio of the geopolymers varies locally. It is likely that this variation determines the local chemical 

conditions favourable to the formation of other zeolitic phases, such as sodalite and ZK-5. The zeolites 

amounts changed during incubation. Because there is no chemical evidence of their dissolution, it has 

been suggested that they amorphized. This mechanism, together with ionic exchanges between gels and 

solutions, may be the cause of variation in the polymerization state of the alumino-silicate network over 

time. Sodalite and ZK-5 may form depending on the local favourable chemical composition of 

geopolymers. 

 



 

 

 

Fig. 6. Plot of the 2-theta position of maximum intensity of the amorphous diffraction band over 

time showing the “contraction” of the geopolymer after 24-48 h of incubation. Variations in 

the position of the band, i.e., “contraction-expansion” of the geopolymer network, may be 

partially due to the crystallization e amorphization of the zeolites. 

 

 



 

 

 

Fig. 7. Comparison of the Si and Al distributions (concentrations, in mg/L) in the supernatant 

solutions and the XRD intensity of zeolite-A and zeolite-X over time. 

 



 

 

 

Fig. 8. Plot of the integrated intensities of the I222 and I111 diffraction lines for A-type and X-type 

zeolites, respectively, versus the Si and Al concentrations in the supernatant solutions. Data 

points for incubation times <48 h have been excluded (see text). 



 

 

Fig. 9. Evolution of the Na/K molar ratio over time in the supernatant solutions. 
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