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Abstract The fly ashes (Class F and C) have been successfully used as the main substrates in the hydrothermal syntheses

of Na-A, Na-P1, Na-X and sodalite zeolites. Both ashes and their derivatives after milling with magnetic field grinder were

used. The paper investigates the effect of fly ash fraction size on the syntheses efficiency and physicochemical properties of

the obtained zeolites. The starting material and obtained zeolites were subjected to physicochemical characteristics using

X-ray diffraction, X-ray fluorescence, particle size analysis, and scanning electron microscopy methods. The paper showed

a significant effect of the used fly ash fractions on the quantity, purity, quality and level of crystallinity of the zeolites phase

obtained. The application of the grinding process prior to the syntheses of zeolites, with a relatively small financial outlay,

significantly increases their application potential. Obtained zeolites are a promising material in the context of their use,

inter alia, in environmental protection.
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1 Introduction

Nowadays, the generation of electricity is one of the main

factors driving the development of the economy. The

Polish energy sector is based mainly on the combustion

processes of fossil fuels such as hard coal and lignite.

Mining yield of these fuels in 2014-2018 in Poland reached

the level of 73.3, 72.7, 70.8, 66, 58.6 million tonnes for

hard coal and 63.9, 63.1, 60.2, 61.2, 63.8 million tonnes for

lignite, respectively (Central Statistical Office

2015, 2016, 2017, 2018, 2019). In 2016, Poland had the

leading position in terms of hard coal production and was

the second largest producer of lignite, after Germany

(171.5 tonnes) (EURACOAL statistics 2019a). Despite the

growing role of renewable energy sources, hard coal and

lignite are still worldwide strategic raw materials, as indi-

cated by the levels of extraction of these raw materials. In

2014, Poland ranked tenth and fifth among the world’s

largest producers of hard coal and lignite, respectively

(EURACOAL statistics 2019b). The majority of hard coal

and lignite extracted in Poland are consumed in power

plants and combined heat and power plants (Central Sta-

tistical Office 2017, 2018). The energy production by

combustion of fossil fuels in power boilers involves the

emission of a number of pollutants, which include volatile

compounds such as CO2, SO2, NOx, Hg0 or heavy metals

and coal combustion products (CCP), such as fly ashes,

slags, bottom ashes, gypsum after wet flue gas desulfur-

ization (FGD) (EURACOAL statistics 2019c). A mean-

ingful part of CCP has potential for re-use as an

anthropogenic raw material (Antiohos and Tsimas 2007;
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Garcia-lodeiro et al. 2017; Li et al. 2017a; Benassi et al.

2017).

Fly ash, which is the subject of research in this work, is

also recognized as one of the most important CCP wastes

due to the largest share of them CCP (approx. 65%

according to American Coal Ash Association). According

to data of Polish Central Statistical Office (GUS), the

production of fly ash (in Poland) between 2014 and 2018

reached 3.8, 3.8, 3.3, 3.4 and 2.8 million tonnes, respec-

tively. It constituted 2.89%, 2.52%, 2.57%, 2.99% and

2.08% in the annual general balance of generated waste

(excluding municipal waste) (Central Statistical Office

2015, 2016, 2017, 2018, 2019). Considering the new

restriction of BREF/BAT, they oblique energy sector to

introduce new technologies that can influence of quality

and properties of fly ash, disqualifying them for commer-

cial application. For example during failure of DeNOx

installations ammonia slip to fly ash simultaneously

exclude its application for concretes or mortars. Also due

to unconventional burning of coal a rich-carbon fly ash is

obtained what also disqualified it in building applica-

tions due to the high value of loss on ignition. It is also

know that in case of fly ash C class, percentage of them

usage is very low (Van den Berger and Cornelissen 1999;

Wdowin 2020).

Due to such large amounts of these wastes, new methods

of their application and effective re-use are still being

sought. An additional stimulus is the changing of legal

regulations regarding waste storage, which are to introduce

new restrictions and increase the fees for their storage

(Szczygielski 2015).

Due to the still not fully used possibilities offered by

material such as fly ash and in accordance with the zero

waste idea, the wide range of potential solutions for fly ash

management were proposed in recent years. When con-

sidering the various benefits of fly ash availability and their

physicochemical properties, a number of dangers should

also be taken into account. Main danger is strongly asso-

ciated with chemical composition of fly ashes and the

presence of some hazardous elements. Special attention

should be paid to heavy metals and threat of their leaching

and potential of release into the environment. Depending

on the coal type, the average concentration of heavy metals

is varied. Hazardous concentrations of arsenic

(2.8–6300 ppm), mercury (0.02–0.36 ppm), molybdenium

(1.2–236 ppm) and selenium have been reported in fly

ashes (Izquierdo and Querol 2012). So far, fly ash has been

successfully used, among others: in the green building

materials industry (Antiohos and Tsimas 2007; Imbabi

et al. 2012; Miranda et al. 2017), as an addition to asphalt

(Çelik 2008; Mistry and Roy 2016; Mohammadinia et al.

2017), in civil engineering (Cabrera and Woolley 1994;

Sato and Nishimoto 2005; Abdulhalim and Doğruyol 2014;

Kesharwani et al. 2017), in agriculture (Basu et al. 2009;

Kishor et al. 2010; Yunusa et al. 2012; Singh and Pandey

2013; Singh et al. 2014; Dahiya and Budania 2018), in

mining industry (Ram and Masto 2010; Shang 2016; Jiang

et al. 2017). One of the methods of fly ash reuse is their

application as a substrate (the main carrier of silicon and

aluminum) in the production of aluminosilicate zeolite and

other porous materials (Murayama et al. 2002; Querol et al.

2002; Franus et al. 2014; Wdowin et al. 2014a; Czarna

et al. 2016; Kunecki et al. 2017, 2018). Considering uti-

lization of fly ashes by using them as main subtracts in the

synthesis of zeolites it should also be noted that using

strong alkaline medium (the environment of hydrothermal

synthesis) leads to the dissolution of many compounds

from fly ash. The investigation of heavy metals mobility

during zeolite synthesis prove that the zeolitization process

leads to the immobilization of hazardous heavy metals

within the zeolite structure, despite the fact that some

metalloids may migrate to wastewaters occurred after

synthesis. In case of raw fly ashes migration of toxic ele-

ments was noticed (Feng et al. 2018).

The aim of this work is to evaluate the effect of grinding

degree and the chemical class of a number of fly ash on the

efficiency of hydrothermal synthesis of zeolites: Na-P1,

Na-X, Na-A and sodalite. Special attention is paid to the

factors of grinding degree as well as to the chemical class

of a number of fly ash in order to deeper understanding the

dependencies affecting nucleation, crystallization and the

efficiency of the synthesis of a number of zeolites. The

influence of grinding degree of fly ash in zeolitization

process was investigated due to the fact that it is know that

by grinding process the increase of reactive surface is

observed. Therefore such pre-treatment can influence on

extent of zeolite crystallization, time of reaction as well as

purity and ordering of structure obtained porous materials.

The better the structure is developed and the higher purity

of zeolite material will be achieved, the more specific

zeolite application directions may be potentially available,

e.g. catalysts. The authors put forward a hypothesis that the

decrease in the size of the fraction of ash used will result in

the formation of zeolite phases with a higher purity and

crystallinity, which directly affect the improvement of the

physicochemical properties of the phases obtained.

2 Materials and methods

2.1 Starting materials and grinding process

The starting material used as the main substrate (silicon

and aluminum carrier) comprised the samples of 6 fly

ashes. These fly ashes resulted from the conventional

combustion of hard coal and lignite. The hard coal derived
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samples of fly ash are named F1000, F2000, F3000, F4000,

F6000 and were taken from electrostatic precipitators

installed in the Polish power plants located in Skawina,

Siekierki, Jaworzno, Połaniec and Puławy, respectively.

The sample F5000 was derived from lignite combustion in

power plant Bełchatów. In all power plants except Połaniec

(F4000) only coal is subjected to combustion (in Połaniec

Power Plant co-combustion of coal and biomass is used,

which may result in slightly different results). Each of the

analysed fly ashes was subjected to grinding in variable

magnetic field and homogenization processes. Using

magnetic field grinder for milling of small fraction is an

innovative approach. This research involved the use of a

magnetic inductor generating induction in the working field

at the level of 0.09 T with the demand for active power at

the level of 4 kW. The three-phase inductor of the elec-

tromagnetic field is made as an inductor with overt poles.

The outer yoke has the shape of a hexagon, the poles are

arranged symmetrically and perpendicular to the sides of

the hexagon. The windings of opposite poles are connected

in parallel and connected to interfacial tension. Generally,

the windings are connected in a triangle with the possibility

of star connection. The methodology of the F1000 grinding

process is presented in the Table 1 below. The next ashes

were milled analogously.

As a result, in this experiment a given ash occurred in

various grinding stages where e.g.: F1000 means the raw

fly ash sample with the lowest grinding degree and F1004

with the highest grinding degree. The raw fly ash sample

named F6000 was known to authors from the previous

laboratory tests and has been defined as most prospective in

terms of the zeolite synthesis. For this reason, the sample

has two grinding degrees more than the other fly ashes.

High purity ([ 98%) sodium hydroxide (NaOH) from

STANLAB was used as the agent alkalizing the environ-

ment of fly ash conversion into zeolite materials. In the

case of Na-P1 type zeolite and sodalite syntheses, halite

(NaCl) was used to increase the presence of the Na? ca-

tions. For the synthesis of Na-A type zeolite, an additional

aluminum source in the form of aluminum foil ([ 98 wt%

of Al confirmed by XRF) was used to reduce the Si/Al

molar ratio.

2.2 Methods

2.2.1 Particle size analysis (PSA)

PSA was performed in order to diagnose the degree of

grinding characterizing the ash samples. The study of the

particle size and distribution of the raw and milled fly ash

was carried out using the laser particle-size analyser.

2.2.2 Scanning electron microscopy (SEM)

SEM was used in order to characterize the morphological

properties in micro-area. The morphological forms of the

main mineral components were determined by means of

the scanning electron microscope equipped with a sec-

ondary electron detector.

2.2.3 Powder x-ray diffraction (XRD)

A number of mineralogical analysis were made in order to

comprehensively characterize the starting materials and

zeolite phases resulted from the hydrothermal synthesis.

XRD was used for phase composition analysis. XRD was

performed using powder method by X-ray diffractometer

with a goniometer and a Cu lamp, as well as a graphite

monochromator. The analysis were performed in the

angular 2h range of 5�–65�. For processing diffraction data,

X’Pert HighScore Plus software was used.

2.2.4 X-ray fluorescence spectroscopy (XRF)

XRF was used to determine the qualitative and semi-

quantitative chemical composition. The XRF analysis was

performed by means of energy dispersive X-ray fluores-

cence spectrometer. The test was carried out in the range of

Na–Am on an apparatus equipped with an X-ray tube (Rh

9 V, 50 kV, 1 mA), a 4096-channel spectrum analyser, six

measurement filters (Cu-500, Cu-300, Ti, Al-50, Al-200,

Table 1 Methodology of grinding process in electromagnetic grinder

Sample

name

Millner

size

Number of grinding

cycles

Air

ioniser

Sample

mass (kg)

Time of

cycle (min)

Current on the

winding (A)

Feeder

frequency (Hz)

F1000 N/A N/A N/A N/A N/A N/A N/A

F1001 Large 1 Yes 0.5 45 76 5

F1002 Large 2

F1003 Small 1

F1004 Small 2
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Ag) and an SDD high-resolution semiconductor detector

(Be window, with a thickness of 50 lm) cooled by a Peltier

cell. It is worthy to note that for XRF method they were

prepareinternal standards for Si and Al made based on

solution determined by ICP method. Thanks to such solu-

tion using XRF method it is possible to determine ions that

were dissolved.

2.2.5 Cation exchange capacity (CEC)

CEC—was determined using the NH4Cl method. The 0.5 g

of sample was mixed with 30 mL of 1 M NH4Cl. Next,

obtained solutions were mixed for 8 h using magnetic

stirrer and heated to the temperature of 60 �C. Afterwards,

the mixture was left for 24 h in order to separate and decant

the solutions over precipitates. The procedure was repeated

5 times. Next, using Atomic Adsorption Spectrometer

(AAS) instrument, the content of calcium, magnesium,

sodium and potassium were measured and the sum of

elements contents was calculated to CEC per 100 g of

sample (Franus and Wdowin 2010).

2.3 Laboratory scale synthesis procedures

and products

The zeolite materials (Na-P1, Na-X, Na-A and sodalite)

were synthesized using a simple one-step hydrothermal

method. In order to obtain the appropriate zeolite struc-

tures, a series of reactions were carried out according to the

following procedures:

Na-A: 20 g FA ? 250 mL 3 M NaOH ? 1 g of alu-

minum foil (temperature: 95 �C, time: 4 h)

Na-P1: 20 g FA ? 400 mL 1 M NaOH ? 100 mL 3 M

NaCl (temperature: 105 �C, time: 24 h)

Na-X: 20 g FA ? 500 mL 3 M NaOH (temperature:

80 �C, time: 24 h)

Sodalite: 20 g FA ? 400 mL 5 M NaOH ? 200 mL

3 M NaCl (temperature: 105 �C, time: 24 h)

For each of the syntheses, the substrates were placed in

1000 mL polypropylene containers and intensively mixed

until complete dissolution of the NaOH granules. Next, the

lids of the containers were covered with aluminum foil and

the prepared batches were placed in the oven at the set

temperature and time. After the synthesis, the excess

NaOH solution was poured off, the zeolite material was

rinsed several times with distilled water and then dried at

105 �C for 24 h and re-homogenized. The prepared mate-

rial was subjected to analyses. Origin of fly ash samples,

symbols of grinding degree as well as symbol of given

derived zeolites are summarized in Table 2 below.

3 Results

3.1 Characteristics of fly ashes

3.1.1 Particle size analysis (PSA)

Figure 1 below shows the course of granulometric analysis.

In the case of fly ash F1000 and its derivatives, the analysis

of the granulometric composition clearly indicates that

each subsequent sample up to F1004 is characterized by the

more significant participation of smaller particles than the

previous one. An almost linear relationship is observed. For

the samples F1000 to F1004, the characteristic grain

diameters Dx(10), Dx(50) and Dx(90) were varied as fol-

lows: Dx(10): 4.51, 2.54, 2.20, 1.93, 1.52 lm; Dx(50):

24.50, 10.40, 10.40, 7.30, 5.81 lm; Dx(90): 96.9, 42.40,

48.20, 28.60, 23.60 lm. In the case of fly ash F2000 and its

derivatives, there is an anomaly in the analysis of F2003

sample, which—contrary to expectations—is characterized

by a higher proportion of larger particles than the F2001

and F2002 samples. The highest degree of grinding is

shown in the F2004 and F2002 samples, respectively. For

the F2000 to F2004 samples, the characteristic grain

diameters Dx(10), Dx(50) and Dx(90) were varied as fol-

lows: Dx(10): 7.64, 3.21, 2.78, 4.26, 2.22 lm; Dx(50):

56.20, 17.90, 17.90, 27.90, 12.50 lm; Dx(90): 205.00,

85.40, 90.80, 116.00, 73.30 lm. In the case of F3000 fly

ash and its derivatives, the same relationship appears as for

the F1000 ashes with derivatives. The analysis of the

granulometric composition shows an almost linear rela-

tionship—each subsequent sample—from F3000 to F3004

is characterized by larger participation of particles with a

smaller diameter than the previous one. For the samples

F3000 to F3004, the characteristic grain diameters Dx(10),

DX(50) and Dx(90) were varied as follows: Dx(10): 4.53,

3.86, 3.36, 2.86, 2.29 lm; Dx(50): 46.20, 29.20, 24.70,

17.50, 11.10 lm; Dx(90): 190.00, 112.00, 110.00, 82.40,

54.40 lm. In the case of the F4000 fly ash together with the

derivatives, an anomaly is observed for the F4001 sample,

which is the most similar to the most ground sample, i.e.

F4004 in terms of its granulometric characteristic. For the

samples F4000 to F4004, the characteristic grain diameters

Dx(10), Dx(50) and Dx(90) were varied as follows:—

Dx(10): 5.11, 2.32, 2.91, 2.62, 1.84 lm; Dx(50): 50.70,

10.80, 21.80, 15.20, 8.02 lm; Dx(90): 223.00, 69.30,

126.00, 72.10, 37.20 lm. The case of F5000 ash with

derivatives is similar to F1000 and F3000 (including

derivatives). By analogy, almost linear dependence is

observed here—each successive sample—from F5000 to

F5004 is characterized by larger participation of particles

with a smaller diameter than the previous one. This indi-

cates an efficiently controlled grinding process for these
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three ashes. For the samples F5000–F5004, the character-

istic grain diameters Dx(10), Dx(50) and Dx(90) were

varied as follows: Dx(10): 20.80, 24.40, 9.82, 5.76,

2.84 lm; Dx(50): 74.20, 78.50, 56.40, 42.90, 22.50 lm;

Dx(90): 163.00, 166.00, 136.00, 113.00, 89.70 lm. The

distribution curves are the sharpest in this case. The par-

ticle sizes are contained in the narrowest spectrum. The

anomalies observed during the analysis of grain size

composition are reflected in the results of the syntheses

conducted using individual fractions and types of fly ashes.

In the case of the F6000 fly ash and its derivatives, the

F6002 sample definitely stands out, which, contrary to

expectations, is characterized by the largest proportion of

small diameter particles. For the samples F6000 to F6006,

the characteristic grain diameters Dx(10), Dx(50) and

Dx(90) were varied as follows: Dx(10): 7.24, 4.69, 2.13,

3.64, 2.28, 4.43, 5.09 lm; Dx(50): 37.9, 28.4, 7.80, 19.00,

11.70, 28.20, 24.20 lm; Dx(90): 138.00, 106.00, 39.60,

75.60, 54.00, 122.00, 104 lm.

3.1.2 Scanning electron microscopy (SEM)

The analysis of SEM micrographs of fly ashes is shown in

Fig. 2 below. It is in accordance with the results of PSA

and shows the effects of the progressive process of grinding

the starting material for synthesis. The figure shows one

Table 2 Explanations regarding the origin and symbols denoting specific fly ashes, their ground derivatives and the zeolites obtained from them

Origin of FA

(power plant)

Symbol of FA grinding

degree (last digit)

Symbol of derived

Na-A zeolites

Symbol of derived

Na-P1 zeolites

Symbol of derived

Na-X zeolites

Symbol of derived

sodalite zeolites

Symbol

on figures

(F1) Skawina F1000 1000 Na-A 1000 Na-P1 1000 Na-X 1000 SOD A

F1001 1001 Na-A 1001 Na-P1 1001 Na-X 1001 SOD

F1002 1002 Na-A 1002 Na-P1 1002 Na-X 1002 SOD

F1003 1003 Na-A 1003 Na-P1 1003 Na-X 1003 SOD

F1004 1004 Na-A 1004 Na-P1 1004 Na-X 1004 SOD

(F2) Siekierki F2000 2000 Na-A 2000 Na-P1 2000 Na-X 2000 SOD B

F2001 2001 Na-A 2001 Na-P1 2001 Na-X 2001 SOD

F2002 2002 Na-A 2002 Na-P1 2002 Na-X 2002 SOD

F2003 2003 Na-A 2003 Na-P1 2003 Na-X 2003 SOD

F2004 2004 Na-A 2004 Na-P1 2004 Na-X 2004 SOD

(F3) Jaworzno F3000 3000 Na-A 3000 Na-P1 3000 Na-X 3000 SOD C

F3001 3001 Na-A 3001 Na-P1 3001 Na-X 3001 SOD

F3002 3002 Na-A 3002 Na-P1 3002 Na-X 3002 SOD

F3003 3003 Na-A 3003 Na-P1 3003 Na-X 3003 SOD

F3004 3004 Na-A 3004 Na-P1 3004 Na-X 3004 SOD

(F4) Połaniec F4000 4000 Na-A 4000 Na-P1 4000 Na-X 4000 SOD D

F4001 4001 Na-A 4001 Na-P1 4001 Na-X 4001 SOD

F4002 4002 Na-A 4002 Na-P1 4002 Na-X 4002 SOD

F4003 4003 Na-A 4003 Na-P1 4003 Na-X 4003 SOD

F4004 4004 Na-A 4004 Na-P1 4004 Na-X 4004 SOD

(F5) Bełchatów F5000 5000 Na-A 5000 Na-P1 5000 Na-X 5000 SOD E

F5001 5001 Na-A 5001 Na-P1 5001 Na-X 5001 SOD

F5002 5002 Na-A 5002 Na-P1 5002 Na-X 5002 SOD

F5003 5003 Na-A 5003 Na-P1 5003 Na-X 5003 SOD

F5004 5004 Na-A 5004 Na-P1 5004 Na-X 5004 SOD

(F6) Puławy F6000 6000 Na-A 6000 Na-P1 6000 Na-X 6000 SOD F

F6001 6001 Na-A 6001 Na-P1 6001 Na-X 6001 SOD

F6002 6002 Na-A 6002 Na-P1 6002 Na-X 6002 SOD

F6003 6003 Na-A 6003 Na-P1 6003 Na-X 6003 SOD

F6004 6004 Na-A 6004 Na-P1 6004 Na-X 6004 SOD

F6005 6005 Na-A 6005 Na-P1 6005 Na-X 6005 SOD

F6006 6006 Na-A 6006 Na-P1 6006 Na-X 6006 SOD
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SEM image from each fly ash with derivatives after

grinding process. In order to objectively show the size of

the particles that make up the given ash, one magnification

(40009) was selected. There is a visible trend showing the

disintegration of spherical and irregular fly ash particles

through the grinding process. Fly ash from Power Plant

Połaniec (Fig. 2d) showed the highest resistance to the

milling process. Probably this is the result of greater share

of finer particles in comparison to other fly ashes being

investigated. Even in the sample F4004, spherical alumi-

nosilicate enamel particles are still visible. This is probably

caused co-combustion of biomass (because only this sam-

ple of fly ash has different technology of combustion)

where in this case a grains of cenospheres and pleospheres

are smaller than in rest of tested fly ashes. Based on the

author’s experience it is very meaningful from the point of

view of zeolite synthesis. Fragmentation of fly ash samples

should result in an increase of the reaction surface during

dissolution of aluminosilicate glass and, consequently, it

should lead to obtaining more material for zeolites crys-

tallization. Increase of reaction surface resulting from

milling should provide the synthesis environment with a

significant number of new crystallization centers and

arouse more intensively nucleation processes. In this case

promotion of heterogeneous nucleation is expected—and

consequently increase the efficiency of zeolite synthesis

including purity and crystallinity level of the final product.

Fig. 1 Particle size analysis of raw fly ashes with their derivatives after grinding process (a FA Skawina, b FA Siekierki, c FA Jaworzno, d FA

Połaniec, e FA Bełchatów, f FA Puławy)
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Fig. 2 SEM micrographs of raw fly ashes with their derivatives after grinding process (a FA Skawina, b FA Siekierki, c FA Jaworzno, d FA

Połaniec, e FA Bełchatów, f FA Puławy)
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3.1.3 Powder x-ray diffraction (XRD)

The F1000, F2000, F3000, F4000 and F6000 fly ashes

possess similar mineralogical properties. Figure 3 shows

the phase composition investigation. The following

crystalline phases are present in all indicated samples:

mullite (Al6Si2O13), represented by a set of diffraction

peaks with following dhkl values: 3.37; 3.42; 2.20; 2.54;

5.37; 1.52; 2.68; 1.44; 2.29; 2.89 [Å]; quartz (SiO2) rep-

resented by a set of diffraction peaks with following dhkl

Fig. 3 XRD analyses of raw fly ashes and attempts of Na-A synthesis
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values: 3.34; 4.25; 1.81; 2.45; 2.28; 2.12; 1.54; 1.38 [Å].

Moreover, the F2000 sample (Fig. 3b) is characterized by

the highest degree of mullite crystallinity, which is indi-

cated by the relatively highest intensity of peaks charac-

teristic for this mineral observed on the diffractogram. A

similar degree of elevation of the diffractogram back-

ground is indirectly indicative of a similar content of

amorphous aluminosilicate.

The sample of fly ash marked as F5000 is definitely

different from the rest of the analysed ash. In Fig. 3e,

quartz was indicated as the main crystalline phase present

in the ash. Anhydrite (CaSO4) is the next phase charac-

terized with sharp and intense peaks. It is represented by

set of diffraction peaks with the following dhkl values: 3.49;

2.85; 2.32; 2.20 [Å]. A slight amount of gehlenite (Ca2-

Al(AlSi)O7) was also observed. The much lower back-

ground level than in the case of the rest of the analyzed ash

indicates a negligible share of amorphous aluminosilicate

glass. Already at the level of the initial mineralogical

analysis, it indicates that it is a material with much weaker

properties in the context of zeolite synthesis because alu-

minosilicate glass is dissolved the fastest in the basic

conversion environment (which is profitable for syntheses

of zeolites) providing aluminum and silicon for crystal-

lization of the zeolite phase.

3.1.4 X-ray fluorescence spectroscopy (XRF)

The analysed fly ashes (F1000, F2000, F3000, F4000 and

F6000) also have a similar chemical composition, as shown

in Table 3. The amount of aluminum in conversion to

Al2O3 fluctuates in the range from 21.45 wt% to

24.46 wt%, reaching the lowest value for F4000 and the

highest for F2000. The amount of silicon in the form of

SiO2 varies between 48.28 wt% and 53.79 wt%, reaching

the lowest value for F4000 and the highest for F6000.

Other elements found in fly ash, important from the point

of view of zeolite synthesis, also include iron, calcium,

sodium, potassium and magnesium (they can act as

exchangeable cations in zeolites) (Payra and Dutta 2003).

Their content in the form of oxides oscillates between 6.19

wt% and 8.71 wt% for Fe2O3 with the lowest value for

F1000 and the highest for F3000, respectively; from 1.64

wt% to 4.10 wt% for CaO with the lowest value for F2000

and the highest for F3000; from 1.96 wt% to 3.90 wt% for

Na2O with the lowest value for F2000 and the highest for

F4000; from 2.63 wt% to 4.21 wt% for K2O with the

Table 3 Chemical characteristics of raw fly ash samples: F1000, F2000, F3000, F4000, F5000 and F6000 (most important components from

zeolite synthesis point of are bolded and italicised)

Item Amount (wt%)

F1000 F2000 F3000 F4000 F5000 F6000

Na2O 2.12 1.96 2.96 3.90 1.79 2.12

MgO 1.64 1.10 1.96 1.39 1.22 1.21

Al2O3 23.55 24.46 22.20 21.45 14.99 24.41

SiO2 52.54 50.42 48.78 48.28 45.59 53.79

P2O5 0.91 1.35 0.86 1.37 0.54 1.40

SO3 0.74 0.85 1.02 0.85 6.31 0.43

K2O 3.48 3.06 3.31 4.21 0.22 2.63

CaO 2.56 1.64 4.10 4.03 19.14 2.41

TiO2 1.28 1.58 1.24 1.60 1.83 1.47

Cr2O3 0.03 0.04 0.03 0.04 0.03 0.04

MnO 0.08 0.04 0.08 0.09 0.03 0.04

Fe2O3 6.19 6.20 8.71 8.39 5.70 7.02

NiO 0.02 0.03 0.02 0.03 0.01 0.03

CuO 0.02 0.02 0.02 0.03 0.01 0.02

ZnO 0.02 0.02 0.05 0.04 0.02 0.02

BaO 0.07 0.07 0.07 0.11 0.02 0.09

LOI 4.67 7.16 4.50 4.14 2.51 2.82

R 99.91 100.00 99.91 99.92 99.97 99.94

R (SiO2 ? Al2O3 ? Fe2O3) 82.28 81.08 79.68 78.11 66.29 85.22

FA Class F F F F C F
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lowest value for F6000 and the highest for F4000; and from

1.10 wt% to 1.96 wt% for MgO with the lowest value for

F2000 and the highest for F3000. Loss of Ignition (LOI)

ranges from 2.82 wt% to 7.16 wt% showing the likely

variation in the content of unburned carbonaceous matter.

The lowest value of LOI was noted for F6000 and the

highest for F2000. On the basis of the chemical composi-

tion and the American standard ASTM C 618-89 (ASTM

International 2015), the indicated ashes were subjected to

classification. Reaching the sum (SiO2 ? Al2O3 ? Fe2O3)

above 70 wt%, the F1000, F2000, F3000, F4000 and

F6000 samples are classified as class F fly ash.

The chemical composition of F5000 sample meaning-

fully stands out from the samples described above

(Table 3). The content of the main elements building the

zeolite phases—silicon and aluminum, calculated as oxi-

des, is 45.59 wt% and 14.99 wt%, respectively. These are

the lowest values among all analysed fly ashes. This sam-

ple, compared to the rest of the ash, also has the lowest

content of iron, sodium and potassium, calculated as oxides

of 5.70 wt%, 1.79 wt% and 0.22 wt%. The content of

magnesium oxide is 1.22 wt%. The F5000 sample is also

characterized by a high content of calcium and sulphur; in

the form of CaO and SO3, it reaches 19.14 wt% and

6.31 wt%, respectively. This result corresponds to the

indicated presence of anhydrite and gehlenite. The LOI

amounted to 2.51 wt% which is also the lowest result

among the tested ashes. This indicates a negligible con-

tribution of unburned carbonaceous material. On the basis

of the chemical composition and the American standard

ASTM C 618-89, the indicated ash was subjected to clas-

sification. Reaching the sum (SiO2 ? Al2O3 ? Fe2O3

equal to 66.29 wt%) in the range 50 wt% –70 wt%

and[ 10 wt% of CaO, the indicated sample was classified

as class C fly ash.

3.1.5 Cation exchange capacity (CEC)

For each initial ash and its derivative with the highest

degree of grinding, the calculations of cation exchange

properties were made. Results are presented in Table 4

below. The milling process affected the decrease of the

cation exchange properties of raw fly ash.

3.2 Laboratory scale synthesis of zeolite phases

and their investigation

3.2.1 Powder X-ray diffraction (XRD)

Figures 3, 4, 5 and 6 below present the results of phase

composition analysis of initial fly ashes and zeolite phases

together with the residues resulting from hydrothermal

syntheses. The main substrate was fly ash with varying

grinding degree. In the figures, the corresponding letters

describe diffractograms characterized by the highest

intensity of peaks, indicating the best synthesis results.

The phase analysis of the materials collected after Na-A

zeolite synthesis from all fly ashes and their individual

fractions is shown in Fig. 3 below. In each case where class

F fly ash was used, the influence the fraction of fly ash used

on the efficiency of the synthesis is observed. Only in the

case of the synthesis using the F5000 fly ash and its

derivatives after grinding, zeolite was not obtained.

In the case of the F1000 fly ash with its derivatives after

grinding, the Na-A zeolite was obtained in each trial, with

the best result obtained for the 1004 Na-A sample

(Fig. 3a).

In analogous trials for the fly ash F2000 together with its

ground derivatives, the Na-A zeolite was obtained only for

syntheses marked as 2004 Na-A and 2002 Na-A, which

was the best result (Fig. 3b).

In the case of the F3000 fly ash with its derivatives after

grinding, the Na-A zeolite was obtained in the samples

from 3000 Na-A to 3003 Na-A. The synthesis of 3003 Na-

A gave the best result. Contrary to the preliminary

expectations, Na-A zeolite was not obtained in the syn-

thesis of 3004 (Fig. 3c).

In the case of F4000 ash together with derivatives, the

Na-A phase was obtained in all samples. The best results

was achieved in the syntheses of 4004 Na-A and 4001 Na-

A (the best result). The best results were obtained on ash

samples, which were characterized by the highest degree of

grinding (description of granulometric analysis above)

(Fig. 3d).

As a result of syntheses carried out using F5000 fly ash,

the Na-A zeolite was not obtained. Only the disappearance

Table 4 CEC values for raw FA samples and derivatives after

grinding

Sample name CEC value (mval/100 g)

F1000 18.93

F1004 6.28

F2000 13.54

F2004 10.43

F3000 19.10

F3004 10.85

F4000 15.47

F4004 8.90

F5000 18.15

F5004 15.79

F6000 15.95

F6006 11.96
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Fig. 4 XRD analyses of raw fly ashes and attempts of Na-P1 synthesis

Influence of the fly ash fraction after grinding process on the hydrothermal synthesis… 301

123



Fig. 5 XRD analyses of raw fly ashes and attempts of Na-X synthesis
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Fig. 6 XRD analyses of raw fly ashes and attempts of sodalite synthesis
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of the characteristic diffraction peaks of anhydrite and

reduction of the intensity of the characteristic gehlenite

peaks were observed, which indicates the disintegration of

these phases during the synthesis (Fig. 3e).

In the case of the F6000 ash together with the grinding

derivatives, the Na-A phase was obtained in whole set of

syntheses from 6001 Na-A to 6006 Na-A. The best results

were obtained for the syntheses of 6002 Na-A and 6004

Na-A (the best result). It is worth noting that the F6002 fly

ash was characterized by the largest proportion of small

diameter particles (description of granulometric analysis

above) (Fig. 3f).

In all attempts indicated as the best results for the

selected group of fly ashes, the presence of Na-A zeolite

phase was diagnosed. The Na-A zeolite is represented by

set of characteristic diffraction peaks with dhkl values:

12.30 (100); 870 (54.1); 7.10 (25.4); 5.50 (17.8); 3.71

(46.3); 3.28 (43.3) 2.98 (47.6); 2.62 (34.6) (in parenthesis

the relative intensity of the peaks). In the case of syntheses

using Class F ashes, a residue was also observed in the

form of unreacted quartz and mullite. Along with the

decrease of the ash fraction used in the synthesis, the trend

of reducing the diffraction background on the diffraction

patterns of the obtained materials is also observed. This

demonstrates the increase in the dissolution efficiency of

aluminosilicate glass, which is influenced by the size of fly

ash particles.

The phase analysis of materials collected after the Na-P1

zeolite synthesis from all fly ashes and their individual

fractions is shown in Fig. 4 below. In the case of the

attempts to obtain Na-P1 zeolite in each synthesis using

class F and C ashes, the influence of the fraction of fly ash

used on the efficiency of the synthesis is observed.

In the case of use of F1000 fly ash with its derivatives

after grinding, the Na-P1 zeolite was obtained in each trial,

the best result achieved for the 1004 Na-P1 sample, where

the smallest fraction of fly ash was observed. The majority

of samples also indicated the Na-X zeolite occurrence

(Fig. 4a).

In analogous attempts for the F2000 fly ash together

with its grinding derivatives, the Na-P1 zeolite was also

obtained in all materials after synthesis. The 2003 Na-P1

trial gave the best results. Additionally, in this case, the Na-

X zeolite was observed in all synthesis attempts (Fig. 4b).

For the F3000 ash with derivatives, as in the previous

two cases, the Na-P1 zeolite was obtained in all samples,

and the presence of the Na-X zeolite was identified as well.

A trend of the increase in the intensity of the characteristic

peaks of the Na-P1 zeolite was observed along with the

decrease of the fractions used in the synthesis of ashes. The

synthesis of 3004 Na-P1 gave the best result (Fig. 4c).

In the case of the use of F4000 ash together with

derivatives, the Na-P1 phase was also obtained in all

samples. The best results were obtained in the 4004 Na-P1

trial. Moreover, in this case, the trend of increasing the

degree of crystallinity of the phases obtained along with the

decrease in the fraction of fly ash used is evident. Each

subsequent synthesis is characterized by sharper and higher

peaks characteristic of the Na-P1 phase. An accessory Na-

X is also visible in all samples (Fig. 4d).

As a result of the syntheses carried out using the F5000

fly ash together with derivatives, the Na-P1 zeolite with a

low degree of crystallinity was obtained. The presence of

the sodalite zeolite was also diagnosed. The disappearance

of the characteristic anhydrite peaks and the reduction in

the intensity of the characteristic gehlenite peaks was also

observed, which indicates the disintegration of these phases

during the synthesis test, as was the case with the Na-A

zeolite synthesis attempts (Fig. 4e).

In the case of using F6000 ash together with the

derivatives, the Na-P1 phase was obtained for all tests. The

best results were obtained for the synthesis of 6006 Na-P1.

This is the only case of using class F ash for the Na-P1

synthesis where the Na-X phase was not obtained (Fig. 4f).

In all attempts indicated as the best results for the

selected group of fly ashes, the presence of Na-P1 zeolite

phase was observed. Na-P1 zeolite is represented by set of

characteristic diffraction peaks with dhkl values: 7.07 (80);

4.99 (60); 4.08 (80); 3.15 (100); 2.88 (50); 2.66 (80). In the

case of the syntheses using Class F ashes, a residue in the

form of unreacted quartz and mullite was also observed,

whereas for the Class C ash in the residue only quartz was

found. As the ash fraction decreases, the trend of reducing

of diffraction background in the samples after synthesis is

also observed. This demonstrates the increase in the dis-

solution efficiency of aluminosilicate glass, which is

influenced by the size of fly ash particles.

The phase analysis of the materials collected after the

Na-X zeolite synthesis from all fly ashes and their indi-

vidual fractions is shown in Fig. 5 below. In the case of the

attempts to obtain the Na-X zeolite in each synthesis using

class F and C ashes, the influence of the fraction of fly ash

used on the efficiency of the synthesis is observed.

When using the F1000 fly ash with its derivatives after

grinding, the Na-X zeolite was obtained in each attempt.

As before, the best result was achieved by the sample

characterized with the smallest ash fraction, described as

1004 Na-X. The trend of increasing degree of crystallinity

of the phases obtained along with the decrease of the ash

fraction can be clearly observed (Fig. 5a).

In analogous attempts for the F2000 fly ash together

with its grinding derivatives, the Na-X zeolite was also

obtained in all materials after synthesis. As in the case of

the F1000 ash, the best result was obtained for the sample

where the share of smallest fraction is most significant,

named as 2004 Na-X. Similarly as before, the trend of
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increasing degree of crystallinity of the phases obtained

along with the decrease of the ash fraction is observed

(Fig. 5b).

A very similar situation is observed for the F3000 ash

with its grinding derivatives. As in the previous two cases,

the Na-X zeolite was obtained in all synthesis attempts.

There was also a growing trend pertaining to the intensity

of the characteristic Na-X zeolite peaks together with the

decrease of the fly ashes fractions used in the synthesis.

The trend is slightly less visible in this case as the Na-X

zeolites were obtained with a significant degree of crys-

tallinity in all samples. The synthesis of X type structure in

the case of the 3004 sample of fly ash gave the best result

(Fig. 5c).

In the case of the F4000 fly ash together with its

grinding derivatives, the Na-X phase was also obtained in

all samples. The best results were obtained in the 4004 Na-

X synthesis. Moreover, in this case, the trend of the crys-

tallinity increase of the phases obtained along with the

decrease in fraction of fly ash used is evident. Each sub-

sequent synthesis is characterized by sharper and higher

peaks characteristic for the Na-X phase. The resulting

diffractograms almost reproduce the synthesis results for

the F1000 ash together with the derivatives after grinding

(Fig. 5d).

As a result of the syntheses conducted using the F5000

fly ash together with its grinding derivatives, the Na-X

zeolite with very low degree of crystallinity was obtained.

In the 5001 Na-X synthesis attempt, the presence of

sodalite zeolite was also identified, while the 5004 Na-X

sample contained small Na-P1 zeolite peaks. The disap-

pearance of the characteristic anhydrite peaks and the

reduction in the intensity of the characteristic gehlenite

peaks was also observed, which indicates the disintegration

of these phases during the synthesis, as was in the case with

previous Na-A and Na-P1 syntheses (Fig. 5e).

In the case of synthesis attempts, using the F6000 fly ash

together with its grinding derivatives, the Na-X phase was

obtained for all tests. The best results were obtained for the

6002 Na-X synthesis, which definitely stands out from the

rest of Na-X zeolite synthesis attempts based on the F6000

ashes. The F6002 fly ash used was characterized by the

highest degree of grinding according to the PSA analysis

(Fig. 5f).

In all attempts indicated as the best results for selected

group of fly ashes, the presence of the Na-X zeolite phase

was confirmed. The Na-X zeolite is represented by set of

characteristic diffraction peaks with dhkl values: 14.47

(100); 8.85 (18); 7.54 (12); 5.73 (18); 3.80 (21); 2.88 (19).

In the case of the syntheses using Class F ashes, a residue

in the form of unreacted quartz and mullite was also

observed, whereas for the Class C ash in the residue only

quartz was found. As the ash fraction decreases, the trend

of reducing of diffraction background in samples after

synthesis is observed as well. This demonstrates the

increase in the dissolution efficiency of aluminosilicate

glass, which is influenced by the size of fly ash particles.

The phase analysis of materials taken after the attempt

of synthesis of the sodalite zeolite from all fly ashes and

their individual fractions is presented in the following

Fig. 6. In the case of the attempts to obtain the sodalite

zeolite in each synthesis using class F and C fly ashes, the

influence of the fraction of fly ash used on the efficiency of

the synthesis is observed.

In the case of F1000 with its derivatives after grinding,

sodalite was obtained in each attempt, and as in all previ-

ous tests, the best result was obtained for the synthesis

where the participation of smallest ash fraction was most

significant (1004 SOD sample). Moreover, in this case, the

trend of increasing the degree of crystallinity of the phases

obtained along with the decrease of the ash fraction is

clearly observed. In the tests from 1000 SOD to 1003 SOD,

the Na-X zeolite is also present in a negligible amount

(Fig. 6a).

In analogous synthesis attempts, using the F2000 fly ash

with derivatives, sodalite was also obtained in all materials

after synthesis. As in the case of the F1000 ash, the best

result was obtained for the synthesis 2004 SOD where the

smallest ash fraction was used. As before, the trend of

increasing degree of crystallinity of the phases obtained

along with the decrease of the ash fraction is observed. All

samples were also characterized with Na-X zeolite occur-

rence (Fig. 6b).

For the F3000 fly ash with derivatives, as in the previous

two cases, sodalite was obtained in all samples. A trend of

increasing the intensity of the characteristic peaks of

sodalite along with the decrease of ash fractions used in the

synthesis was observed as well. The synthesis of 3004 SOD

gave the best result. This is the only case where sodalite is

the sole zeolite obtained in all samples (Fig. 6c).

In the case of the F4000 ash together with its grinding

derivatives, sodalite was also obtained in all samples. The

best results were obtained in the synthesis of 4004 SOD. A

trend of increasing the intensity of the characteristic peaks

of sodalite along with the decrease of ash fractions used in

the synthesis was observed (Fig. 6d).

As a result of the syntheses conducted using F5000 fly

ash, along with derivatives, sodalite was obtained with a

good degree of crystallinity. It is the only zeolite that was

produced as a result of the hydrothermal conversion of fly

ash class C in a recognizable and well-shaped form. The

best result was obtained for the 5002 SOD sample. In the

5002 SOD and 5004 SOD samples, very small peaks

characteristic for the Na-A zeolite were also identified. The

disappearance of the characteristic anhydrite peaks and

reduction of the intensity of the characteristic gehlenite
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peaks was also observed, which indicates the disintegration

of these phases during the synthesis test, as was the case

with previous Na-A and Na-P1 and Na-X syntheses

(Fig. 6e).

For the F6000 fly ash with its grinding derivatives,

sodalite was obtained in all samples. The strongest sodalite

peaks are observed in the 6006 SOD sample. As an

accompanying phase, the Na-X zeolite was identified,

which occurs in all samples except 6002 SOD (Fig. 6f).

In all attempts indicated as the best results for selected

group of fly ashes, the presence of sodalite zeolite phase

was confirmed. Sodalite is represented by set of charac-

teristic diffraction peaks with dhkl values: 6.33 (43.1); 3.65

(100); 2.58 (17); 2.39 (14.1); 2.11 (24.9). In the case of the

syntheses using Class F fly ashes, a residue in the form of

unreacted quartz and mullite was also observed, whereas

for the Class C fly ash in the residue only quartz was found.

As the ash fraction decreases, the trend of reducing of

diffraction background in samples after synthesis is also

observed. This demonstrates the increase in the dissolution

efficiency of aluminosilicate glass, which is influenced by

the size of fly ash particles.

3.2.2 Scanning electron microscopy (SEM)

Figure 7 below shows the SEM micrographs of the samples

that gave the best results for the synthesis of a given type of

zeolites. In the Na-A zeolite synthesis, 1004 Na-A samples

were the best results. The SEM images show well-formed,

cubic LTA type zeolite crystallites with side lengths up to

approx. 3 lm. Some individual crystals reveal overgrowth.

In addition to the zeolite phases, residuum in the form of

unreacted aluminosilicate glass is visible.

During the Na-P1 zeolite synthesis trials, the best results

were obtained for the 6006 Na-P1 sample. The Na-P1

zeolite crystallites grow on the surface of fly ash particles.

Zeolite creates rosette forms that reach sizes up to approx.

5–6 lm. This observation indirectly indicates the

heterophasic mechanism of nucleation and crystallization

of zeolite.

In the case of the Na-X zeolite synthesis, the 3004 Na-X

sample gave the best result. The crystallites of this phase

form quite irregular, sharp-edged forms. They partially

build up on the remains of unreacted aluminosilicate glass,

partly form separate crystals.

The best result among the synthesis of sodalite was

obtained for the 3004 SOD test. Well-formed zeolite needle

crystals of approximately 1 lm are visible on the SEM

images. Crystal forms spherical clusters with a diameter of

up to 2–3 lm, growing on the surface of fly ash particles.

Additionally, in this case, this observation indirectly indi-

cates the heterophasic mechanism of nucleation and crys-

tallization of zeolite.

4 Short overview of potential application for coal
fly ash derived zeolites

According to the results described in this article, the

dependence for fly ash grinding as a sufficient way of

substrate preparation before zeolite synthesis is clear. The

grinding process was performed in order to reduce fraction

of substrates and in consequence led to increase the surface

of aluminosillicate dissolution reaction. Progressive

grinding degree of substrates led to obtaining zeolites with

higher degree of crystallinity and purity. This phenomenon

may be explained by providing more aluminum and silicon

to the reaction solution through the increased surface of the

aluminosillicate glass dissolution reaction. Silicon and

aluminum are the main elements that create tetrahedrons—

Primary Building Units of zeolites and their amount in

reaction solution directly affect the effectivity of synthesis.

In the literature, no work describing the attempt to improve

the efficiency of fly ash derived zeolite syntheses through

ash grinding has been presented so far. After deep insight

into the XRD results, it may be stated that the most positive

response for fly ash grinding is observed in set of Na-P1

and X structures syntheses. On the basis of the tests carried

out, it can be concluded that grinding the substrate in the

form of fly ash may bring the best results in the syntheses

of GIS (Gismondine) and FAU (Faujasite) type zeolites.

These structures, owing to a number of properties, have

been widely used for years.

According to a whole set of attractive and useful cation

exchange, catalytic, molecular sieves, sorption properties

for many years, new applications and new directions of

utilization have been sought for zeolites. Among the most

important directions of the application, the following can

be indicated as most interesting: as addition in asphalt

production (Sengoz et al. 2013; Topal et al. 2014; Woszuk

and Franus 2016, 2017; Woszuk et al. 2017; Woszuk

2018), civil engineering (Feng and Peng 2005; Tanijaya

and Jardjito 2008; Markiv et al. 2016; Linek et al. 2018), in

agriculture (Shi et al. 2009; Ramesh and Reddy 2011;

Eprikashvili et al. 2016; Behzadfar et al. 2017; Nakhli et al.

2017), in detergent production (Van Dalen and Vooijs

2000; Sekhon and Sangha 2008; Fruijtier-Pölloth 2009;

Ayele et al. 2016), in medicine and pharmacy (among other

as potential drug carriers) (Andronikashvili et al. 2009;

Pavelić and Hadzija 2010; Selvam et al. 2014; Moham-

madkhani et al. 2016; Backova et al. 2018; Kraljević

Pavelić et al. 2018; Krajišnik et al. 2019), environmental

protection and engineering (Maèala et al. 2009; Wdowin

et al. 2014b; Burmańczuk et al. 2015; Franus et al. 2015;

Ates and Akgül 2016; Czarna et al. 2016), in cosmetology

(Joughehdoust and Manafi 2008), in food industry (Kuley

et al. 2012), in catalysis (Yilmaz and Müller 2009;
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Fig. 7 SEM micrographs of selected best synthesis of Na-A, Na-P1, Na-X and Sodalite
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Weckhuysen and Yu 2015; Abdo and Wilson 2017; Li

et al. 2017b).

5 Conclusions and discussion

On the basis of the obtained XRD analysis results (for the

zeolites obtained from each initial fly ash together with

derivatives after grinding), it can be concluded that the

most advantageous way of fly ash preparation by grinding

using electromagnetic grinder was through the usage of

small mills and double cycle of grinding. It can be also

stated that in the Na-A zeolite synthesis, the best results

were obtained by the following samples: 1004 Na-A, 2002

Na-A, 3003 Na-A, 4001 Na-A and 4004 Na-A, 6002 Na-A

and 6004 Na-A. From the class C fly ash marked as F5000,

together with derivatives, the Na-A zeolite was not

obtained. Among all Na-A zeolite syntheses, 1004 Na-A

has the best properties.

In the case of Na-P1 zeolite synthesis, the best results

were obtained by the following samples: 1004 Na-P1, 2003

Na-P1, 3004 Na-P1, 4004 Na-P1, 5004 Na-P1 and 6006

Na-P1. Among all Na-P1 zeolite syntheses, the 6006 Na-P1

sample is characterized by the best properties.

For the Na-X zeolite synthesis, the best results were

obtained by the following samples: 1004 Na-X, 2004 Na-

X, 3004 Na-X, 4004 Na-X, 5004 Na-X and 6002 Na-X.

Among all Na-X zeolite syntheses, the 3004 Na-X material

is characterized by the best properties.

For the synthesis of the sodalite zeolite, the best results

were obtained by the following samples: 1004 SOD, 2004

SOD, 3004 SOD, 4004 SOD, 5002 SOD and 6006 SOD.

Among the sodalite zeolite syntheses, the 6006 SOD

sample is characterized by the best properties.

The aim of this paper was to investigate the impact of fly

ash grinding degree on zeolite synthesis. Special emphasis

was paid to insight on quality (crystallinity level, purity)

and quantity of final zeolite product after syntheses using

several fly ashes and their derivatives after grinding pro-

cess. For most cases of the conducted series of syntheses, it

was found that the fraction of used fly ash has a huge and

meaningful impact on the quality and quantity of the

obtained zeolites. By providing increasingly finer fly ash

enamel particles, a much larger area of ash reaction was

obtained. Due to this, much more effective dissolution of

the amorphous aluminosilicate enamel was achieved and

consequently larger amounts of aluminum and silicon were

found in the reaction solution giving basic material to

Primary Building Units. At the same time, the fly ash

grinding process also allowed the supply of new crystal-

lization centers to the environment of syntheses what

resulted in the promotion of heterogeneous nucleation.

Research conducted in this study allowed to deepen and

better understand the relationship between the fly ash

fraction used as the main substrate and the efficiency of the

synthesis of a number of zeolites: Na-A (LTA Group), Na-

P1 (Gismondine Group), Na-X (Faujasite Group) and

Sodalite (Sodalite Group). Obtained results contribute in

physicochemical characterization and nature of fly ashes as

well as increase the chances of their more effective uti-

lization through conversion to zeolites. The hypothesis that

the decrease in the fraction of fly ash used resulted in the

formation of zeolite phases with a higher degree of crystals

formation, much higher purity and a higher degree of

crystallinity was confirmed. It correlates directly with the

improvement of physicochemical properties and signifi-

cantly increases the application potential with a relatively

small financial outlay needed to carry out the grinding

process of fly ash.

In the next stage of works, the selected fly ash fractions

will be tested for the synthesis of zeolites on prototype

installation in quarter-technical scale already been reported

in previous publication (Wdowin et al. 2014a). Further-

more, economic analysis of the use of zeolites from sepa-

rated fractions for specific industries will be carried out. In

further stages of planned works, a thorough investigation of

crystallization centers as well as a comparative impact

analysis of the grinding process and the previously

described (Czarna-Juszkiewicz et al. 2020) fly ash frac-

tionation process will be carried out.
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