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Abstract: Coal combustion product in the form of fly ash has been sieved and successfully utilised
as a main substrate and a carrier of silicon and aluminium in a set of hydrothermal syntheses of
zeolites. The final product was abundant in zeolite X phase (Faujasite framework). Raw fly ash
as well as its derivatives, after being sieved (fractions: < 63, 63-125, 125-180 and > 180 pum), and
the obtained zeolite materials were subjected to mineralogical characterisation using powder X-ray
diffraction, energy-dispersive X-ray fluorescence, laser diffraction-based particle size analysis and
scanning electron microscopy. The influence of fraction separation on the zeolitization process under
hydrothermal synthesis was investigated. Analyses performed on the derived zeolite X samples
revealed a meaningful impact of the given fly ash fraction on synthesis efficiency, chemistry, quality
as well as physicochemical properties, while favouring a given morphological form of zeolite crystals.
The obtained zeolites possess great potential for use in many areas of industry and environmental
protection or engineering.

Keywords: coal combustion products; fly ash; sieving; zeolites; hydrothermal syntheses;
physicochemical characterisation; zeolite X; sieving separation

1. Introduction

In 2018, the global trend of increasing energy production continued, reaching +2.8% about
2017. The US and China were the main contributors to the increase in global energy production,
together contributing 54% of growth in 2018. In Europe, the opposite trend was observed—energy
production continued to decline owing to a slight decline in electricity production from nuclear sources,
the depletion of oil and gas resources and climate policy away from coal (which for now is still a highly
important, strategic energy resource for many countries) [1].

In 2018, worldwide energy consumption grew significantly by about +2.3% compared to 2017.
The main reason was the high growth in electricity and gas demand, prompted by sustained economic
growth and rising demand in China [1] (Figure 1).
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Figure 1. The global trend of energy and coal production/consumption in 2018 (based on [1]).

Coal usage for energy production has fallen due to environmental protection reasons, but coal is
still a strategic raw material used around the world. Despite this fact, 2018 was the third consecutive
year reporting coal production growth (about +1.9% in relation to 2017). The leadership position of
coal and lignite production was maintained by China (covering about 45% of global production) [1].
In 2018, coal consumption on a global scale recorded a rise of about +0.9% driven primarily by Asia
(+1.8%) [1] (Figure 1).

Coal combustion in power plants and combined heat and power plants, besides being a positive
aspect of energy generation, has also led to the generation of a series of gases (CO,, SOy, NO,, Hg?)
and large quantities of solid waste residues such as CFA [2,3]. Among the components of fly ash are
hazardous elements such as heavy metals: arsenic, lead, mercury, cadmium, chromium and selenium,
as well as antimony, barium, beryllium, boron, chlorine, cobalt, manganese, molybdenum, nickel,
thallium, vanadium and zinc. When those toxic elements enter the human body, they can strongly
impact health and cause a several diseases such as: cancer and nervous system impacts and cognitive
deficits; developmental delays and behavioural problems; heart damage; lung disease; respiratory
distress; kidney disease; reproductive problems; gastrointestinal illness; birth defects; and impaired
bone growth in children [2,3]. That is why attempts to facilitate the safe and sustainable utilisation
of CCP are highly important in relation to energy production from coal. This article addresses this
challenge regarding the utilisation of fly ash.

In recent years, many solutions for the management of fly ash have been put forward. Despite
the interesting proposals for the management of ashes, the hazardous properties of fly ashes should
be taken into account. The heavy metal concentration in coal fly ash varies depending on the type of
coal. High levels of arsenic (2.8-6300 ppm), mercury (0.02-0.36 ppm), molybdenum (1.2-236 ppm) and
selenium have been reported [4]. Several scientists have proposed the use of fly ash in agriculture,
mostly as soil fertilizing additives [5-9], as additive in concretes [10-14], building materials such
as bricks [15-18] and asphalts [19-22]. Utilisation via the synthesis of zeolite materials is one of
the researched and considered possibilities of using fly ash [23—-27]. The hydrothermal reaction using
strong alkaline medium leads to the dissolution of many compounds from fly ash. Considering the use
of zeolites as heavy metal adsorbents, knowledge about the loading of the hazardous elements and
their mobility during application for wastewater treatment and soil remediation is necessary [4,28].
Studies on the mobility of metals (investigated via leaching in aqueous solutions at various pH, for
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example, 1, 2, 12, 13) such as arsenic, lead, chromium and cadmium in zeolites have shown that, due to
the zeolitization process, heavy metal elements are immobilized in the zeolite structure, while part of
the metalloid elements migrated into the wastewater. The opposite was observed in the case of fly ash,
where migration of toxic elements was noticed, which confirms the need to recycle coal fly ash [29].

Zeolites are a group of solid, crystalline structures made of TO, tetrahedrons called PBUs. The T
atom position may be occupied by silicon or aluminium and the specific relation between Si and Al
gives the zeolite structure a charge: as the aluminium content increases, the structure charge is more
negative. These elements, bonded with oxygen through bridges, form a framework with chains, cavities
and channels called SBUs. Inside these bigger unit systems, cations water and/or small molecules may
reside. Positively charged ions can compensate for the resulting negative framework charge caused by
the Si/Al ratio [30].

The majority of fly ash particles are characterised as spheroids in terms of shape and their reactivity
with NaOH is different concerning the inner core of fly ash particles.

It has been observed that the smooth, outer boundary of the spherical particle, which is composed
of glassy material, exhibits higher reactivity compared to quartz and mullite embedded in the inner
portion of the fly ash particle. However, the amorphous silica and alumina found in the glass layer
become dissolved in alkaline solutions, causing the solution to enter the inner layers. The crystalline
phases of SiO; present in the quartz are attacked by cation (i.e., Na*) as a mineralizer, leading to
the formation of a soluble form of the sodium silicate and an increase in Si** in the solvent. The same
applies to mullite, resulting in an increased concentration of AI>* than Si** in the solvent solution [31,32].

Considering the mechanism of the zeolitization of fly ash by an alkaline solution, it is necessary
to know the properties of raw fly ash in physical, chemical and mineralogical terms. According to
David et al. [33] and Murayama et al. [34], differences in the size of ash particles determine their use
in obtaining sorbents. It was found that CFA particle sizes > 100 um (+140 mesh), due to the high
content of unburned carbon, are used to obtain sorbents such as activated carbons, while finer fractions
(=140 mesh) favour the formation of zeolites.

To date, many papers have been focused on the synthesis of zeolites using raw fly ash [24,35,36]
or magnetic fractions separated from it, which essentially does not participate in the zeolite synthesis
reaction [37]. So far, no attempts have been made to analyse the impact of the separated fly ash fraction
on the formation of zeolites in the synthesis process.

This paper offers an analysis of fly ash-derived fractions in the formation/crystallization process of
zeolite syntheses. Fly ash is a carrier of silicon and aluminium which, in ash, exist mainly in the form
of amorphous enamel. This form of silicon and aluminium existence allows for easy delivery of
these elements to the reaction solution, in turn providing building material for zeolite frameworks.
The main aim of this paper is the examination of the effect of fly ash fractions on the effectiveness
of the hydrothermal synthesis of Zeolite X—known as the FAU [30]. The aim is also to indicate
whether the given fractions of the starting material favour the formation of spherical, rosette-shaped or
X-shaped crystals (indirect considerations on homogeneous and heterogeneous nucleation). Authors
also considered whether delivering fine fractions to the solution works better (larger reaction surface
with NaOH solution = more Si and Al passes into solution, homogeneous nucleation > heterogeneous
nucleation) or whether larger fractions work better (providing more potential crystallization centres,
heterogeneous nucleation > homogeneous nucleation) This is an innovative approach worthy of study,
which has not yet been described in the specialist literature.

2. Experimental Details

2.1. Materials and Reagents

Samples of CFA (F class) were obtained from a power plant in Poland using a conventional
combustion system with hard coal. Sodium hydroxide (NaOH) in the form of anhydrous pellets
(>98% purity), purchased from STANLAB (Lublin, Poland), was used as an alkali activating agent.
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2.2. Fraction Separation and Zeolite Synthesis Procedures

Prior to hydrothermal synthesis, 1 kg of raw CFA was sieved using an electromechanical sieve
shaker, whose average mesh diameters were 63, 125 and 180 um. Fly ash was sieved for about 5 min.
As a result, four fractions of fly ash were obtained: < 63, 63-125, 125-180 and > 180 pm.

A total of 20 g of CFA (both CFA and separated fractions) was mixed with the alkali activating
agent in a water solution (Cnaon = 3 M; VNaon = 500 cm?). The mixture was then incubated at 85 °C
for 23 h under static conditions and atmospheric pressure. After this process, the solid product was
filtered and washed in distilled water several times. A flow chart for one of the samples is shown in
Figure 2. All syntheses of zeolites from separated fractions (1) and raw CFA (2) (used as a comparative
material) were carried out in the same manner.

NaOH.,,
(c=3 M; V=500 cm’)

(1 ) CFA above 180 pm

@% CFA125-180pm |, dncubation . g0 liquid phase
CFA 63-125 pm T=85°C, t=23h
CFA under 63 um \

(2) solid phase

s 2
distilled watt’r; washing drying L X raw CFA

(1)

X above 180 um
X 125-180 pm

X 63-125 um

X under 63 ym

Figure 2. The synthesis of zeolite X from CFA (coal fly ash) preceded by a sieving process.
2.3. Characterisation Methods

The phase composition was determined via the powder XRD method using a Panalytical X'pert
MPD diffractometer (with a PW 3050/60 goniometer) (Malvern, UK), a Cu lamp and a graphite
monochromator. The analysis was performed within the angle range of 5-65°20. Panalytical X'Pert
Highscore software was used to process the diffraction data. The identification of mineral phases was
based on the PDF-2 release of the 2010 database, formalized by the ICDD, and on the IZA-SC Database
of Zeolite Structures. The experimental calculations of the unit cell parameters were performed using
UnitCell software.

Chemical analysis was performed via the EDXRF method, using the Epsilon 3 Panalytical
spectrometer (Malvern, UK) with the following parameters: RTG Rh 9 W, 50 kV and 1 mA lamp.
The analysis ranged from Na to Am. The sample was air-dried.

PSA was performed in order to diagnose the degree of grinding in the case of the ash samples.
The study of the particle size and the distribution of the raw and milled fly ash was carried out using
a laser particle size analyser, the Mastersizer 3000, manufactured by Malvern.

The morphological forms and the chemical composition of the main mineral components were
determined by means of SEM with the FEI Quanta 250 FEG (Hillsboro, OR, USA).

3. Results and Discussion

According to [38], sieving is the simplest way to remove unburned carbon, particularly when
large amounts of coarse carbon are present in raw fly ash. Many types of CFA that are rich in unburned
carbon contain a relatively large amount of coarse carbon particles in fractions >150 pm. Although this
often accounts for only 10% of the total mass of fly ash, these coarse carbon particles may be present in
up to 50% of the total unburned coal [39].
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In the case of the analysed fly ash, the highest weight percent has fractions of 63-125 um, equating
to 59.5%. On the other hand, the weight percent of the fractions with the coarsest particles (i.e., above
180 pum) is equal to 3.95% and the highest proportion of unburned coal is expected in them (Table 1).

Table 1. Weight percent of each fraction referring to the total mass of CFA.

Fraction CFA > 180 CFA 125-180 CFA 63-125 CFA < 63 um Material Mass
pm pm pm Lost
wt% 3.95 8.25 59.5 274 09

3.1. Chemical Composition

Qualitative and semi-quantitative chemical composition analyses allow for a comparison of
the major and minor components of raw fly ash and the fractions separated from it. Table 2 below
presents the most important components in CFA and its derivatives after sieving as well as the zeolites
obtained from them (the results were calculated in relation to oxides and normalised to 100%).

Table 2. Chemical composition of fly ashes and zeolites.

Compounds (wt.%)

Fractions MgO ALO; SiO, P,05 SO; K,O CaO TiO, Fe;O3 Na,O Sl/ﬁixass
Raw CFA 184 2646 5606 056 045 434 303 148 7.08 - 1.87
CFA
CRAandits >180,m 9% 2365 5330 046 086 499 267 171 1003 - 1.99
derivatives CFA
ror 180125 um 166 2334 5286 046 066 496 291 169 1066 - 2.00
sieving CFA 1.87 2455 5617 059 048 429 298 146 698 . 2.02
125-63 pm
CFA
179 2436 5527 064 048 452 330 158 7.35 - 2.00
<63 um
X
RawCEA 241 2467 5075 051 007 327 446 166 818 336 1.81
Zeolites X
fomCEA  >150um 263 2656 4862 011 008 110 298 162 969 606 1.61
and its X
derivatives 180125 um 222 2681 4794 010 012 142 263 158 908 756 1.58
after X 218 2699 4720 016 005 1.65 339 187 889 695 1.54
sieving 125-63 pum
X 228 27.00 4742 022 005 152 345 176 804 7.64 1.55
<63 um

In the case of sieved fly ash samples, there is an insignificant trend that allows us to list two similar
groups of samples. Considering the silicon and aluminium weight percent, it can be stated that samples
of CFA < 63 um and CFA of 63-125 um (smaller fractions) are characterised with a slightly higher
weight percent of 5iO, and Al,Oj3 in relation to CFA of 125-180 um and CFA > 180 um. Differences
are in the range from 2.41 to 3.31 wt.% in the case of SiO, and from 1.02 to 1.21 wt.% in the case of
AlyOs. Thus, they may affect the effectiveness of zeolite syntheses. Mg, P and Ca are also more strongly
associated with smaller fractions of fly ash. The opposite situation is observed in the case of S, K, Ti and
Fe, whose content increases in samples of CFA equal to 125-180 pm as well as CFA > 180 um. The Si/Al
mass ratio of sieved ashes is similar and balanced in the range from 1.99 to 2.0. This phenomenon
indicates the uneven distribution of elements constituting fly ash fractions after sieving. In the case of
sieved fly ash samples, there is an insignificant trend that allows us to list two similar groups of samples.
Considering the silicon and aluminium weight percent, it can be stated that samples of CFA < 63 pum
and CFA of 63-125 um (smaller fractions) are characterised with a slightly higher weight percent of
SiO; and Al,Os in relation to CFA 125-180 um and CFA >180 um. Differences are in the range from
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2.41 to 3.31 wt.% in the case of SiO, and from 1.02 to 1.21 wt.% in the case of Al,Os; thus, they may
affect the effectiveness of zeolite syntheses. Mg, P and Ca are also more strongly associated with
smaller fractions of fly ash. The opposite situation is observed in the case of S, K, Ti and Fe whose
content increases in samples of CFA equal to 125-180 pm as well as CFA > 180 pm. The Si/Al mass
ratio of sieved ashes is similar and balanced in the range from 2.25 to 2.29. This phenomenon indicates
the uneven distribution of elements constituting fly ash fractions after sieving. Chemical analyses of
derived zeolite samples show other variabilities which may inform a deeper understanding of zeolites’
formation chemistry. Samples of zeolite X derived from raw, not sieved, fly ash are characterised
by the highest weight percent of Si in relation to Al. This directly translates into the possibility of
exchangeable ions being incorporated (lowest content of Na).

The weight percent of Mg and K significantly decreased in zeolite samples in comparison to fly ash
fractions used involving Na. Sodium ions were delivered to the reaction system with the help of NaOH,
the agent that alkalises the synthesis environment. During synthesis, Mg?*, K*
for cation exchange sites in the newly created zeolite framework [30,40]. According to chemical analyses,
Na™* displaces magnesium and potassium ions to become the dominant exchangeable cation. There is
also a visible decrease in the silicon weight percent in relation to substrates. In turn, the aluminium

and Na* ions compete

wt.% increases in the entire set of derived zeolites samples—this leads to a reduced Si/Al ratio,
which oscillates between 1.75 and 1.83. The weight percent of phosphorus falls by 300%-400% while
the amount of sulphur decreases even more. This element is probably rinsed out during syntheses.

3.2. Phase Composition

Figure 3 below presents diffractograms of raw CFA, while Figure 4 presents the derivatives after
fraction extraction as well as the zeolites obtained from them and their residues after the synthesis
processes. The whole set of CFA samples possesses quite similar mineralogical properties. Some
important differences affecting the efficiency of zeolite synthesis are apparent. The following crystalline
phases are present in all indicated samples: mullite (Al4SipO13), represented by set of diffraction
peaks with dpy values of 3.37, 3.42, 2.20, 2.54, 5.37, 1.52, 2.68, 1.44, 2.29 and 2.89 A; and quartz (SiO,)
represented by a set of diffraction peaks with dyy values of 3.34, 4.25,1.81, 2.45, 2.28, 2.12, 1.54 and
1.38 A. All of the CFA samples are characterised by a similar level of diffractogram background.
This is indirect proof that the distribution of amorphous aluminosilicate in each fraction is regular.
However, significant differences in peak intensity are visible. Where the characteristic quartz peaks
reach the highest values (CFA of 125-180 um) in the case of substrates, the lowest zeolite phase
intensity values are achieved in the case of products (X 125-180 um). Zeolite X phase is achieved
in each synthesis and represented by set of characteristic diffraction peaks with the following dpy
values: 14.47 A (100); 8.85 A (18); 7.54 A (12); 5.73 A (18); 3.80 A (21); 2.88 A (19). The highest degree
of zeolite X crystallinity is achieved in samples of X < 63 um and X equal to 63-125 um. This is
important information from the viewpoint of the weight distribution of ash samples after the sieving
process (fly ash samples in the case of X < 63 pm and X of 63-125 um possess a weight percent of
27.4 and 59.5, respectively). The visible elevation of the diffractogram background in samples after
synthesis proves that there are still meaningful amounts of unreacted amorphous phase that may serve
a substrate. Moreover, the characteristic peaks for quartz and mullite indicate that the dissolution
process may be performed to a more effective degree. Very slight characteristic peaks of chabazite
have also been observed in the entire set of diffractograms for obtained zeolites. The above results
underscore the significant impact of fly ash fractions on zeolite syntheses.



Materials 2020, 13, 1035 7 of 13

M: mullite
Q: quartz

X: zeolite X
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Figure 3. Phase analyses of raw CFA (coal fly ash).
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Figure 4. Phase analysis of CFA (coal fly ash) samples, after sieving, and zeolites obtained from
them.(a) CFA fraction under 63 pm and X type zeolite from it; (b) CFA fraction from 63 pm to 125 pm
and X type zeolite from it; (c) CFA fraction from 125 um to 180 um and X type zeolite from it; (d) CFA
fraction above 180 um and X type zeolite from it.

According to the obtained XRD results, using UnitCell Software, some crystallographic
considerations and calculations have been made, as presented in Table 3 below. An observable
trend follows from them: Zeolites obtained from the finest fly ash fraction (< 63um) are characterised
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by the least mature unit cell—the side length and the volume of the unit cell possess, in this case,
the lowest values in relation to the reference zeolite on the database (reference code: 00-038-0237,
sample from the PDF-2 release of the 2010 database formalised by the ICD and on the IZA-SC Database
of Zeolite Structures [41]) and to the rest of the zeolites obtained from the thicker fractions. With an
increase in the average grain diameter of the fly ash used, the level of maturity of the unit cell increases,
in the direction where the unit cell parameters are similar to those of the reference zeolite.

Table 3. Unit cell parameters of obtained zeolites in comparison to the reference zeolite sample.

Unit Cell Reference X Raw X 125-180
Parameters Zeolite X CFA X<63pm  X63-125 um um X2 180 pm
a,b,c, (A) 24.99 2498 24.92 24.94 24.96 24.96
By, (® 90 90 90 90 90 90
Vv (A3) 15606.26 15590.14 15490.64 15504.07 15556.50 15534.08

3.3. Laser Diffraction-Based PSA

Figure 5 below presents an analysis of the particle size distribution of fly ash sieved through
appropriate sieves, which confirms the progressive nature of the sieving process. The most even particle
size distribution characterises the raw CFA sample. Sieved fly ash samples form two groups and have
evidently different characteristics. CFA samples <63 pm and equal to 63-125 pum are slightly similar in
shape to raw CFA. On the other hand, the functions of CFA samples of 125-180 and >180 um are much
sharper and more concentrated around a narrower group of particle size values. The observation of
a relation with the Dx (10), Dx (50) and Dx (90) indices is more proof of the effectiveness of the sieving
process but this also indirectly provides us with further knowledge about the heterogeneity of fly ash
particle shapes. This is especially visible for CFA samples of 125-180 um where the Dx (90) indicator is
232 pm. This indicates that, despite the use of a sieve with a 180 um mesh screen, some bigger particles
got through the sieve. This confirms the heterogeneous nature of the fly ash particles’ shape, which is
probably needle- or spindle-like, elongated in one direction.

Fly ash fractions:

Raw | <63 um 63 —125 pm (125 — 180 um| > 180 um
Dx (10)| 5.69 3.62 5.42 103 168
Dx (50)| 51.6 14.9 44.1 159 286
Dx (90)| 247 45.6 124 232 471
20
Raw CFA

| CFA <63 pm
CFA 63— 125 um
—— CFA 125- 180 pm

[S=
19}

Volume share [% ]
o
[—]

—— CFA 2180 pm
5 .
///
0 = B N
0.3 3 30 300 3000
Diameter[pum]

Figure 5. Particle size analyses of raw fly ash and fly ash fractions after sieving.
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3.4. The Morphological Form Based on SEM

Analyses of SEM microphotographs (Figure 6) reveal that fly ash fractions are composed mainly
of bigger aggregates of amorphous aluminosilicate enamel as well as spherical particles. Raw CFA
samples < 63 pm and equal to 63-125 um are characterised by a significant share of spheres in relation
to bigger aggregates. The opposite situation is observed in CFA samples equal to 125-180 and > 180 pm.
This is yet confirmation of the effectiveness of the sieving process. The deep insights provided by
the microphotographs enable us to observe an interesting phenomenon during SEM analyses of
obtained zeolite X phases. In the entire set of the obtained samples, two morphological, polymorphous
forms of zeolite X crystals occurred—1) spherical, rosette-shaped and 2) X-shaped crystals. Depending
on the specific fly ash fraction used as a substrate, one of the morphological forms was more abundant
and dominant in a given sample. Using CFA fractions < 63 um and equal to 63-125 um led to spherical,
rosette-shaped crystallites. These are probably partly dissolved aluminosilicate spheres, on the surface
of which heterogeneous nucleation occurred. In the second case, when CFA samples of 125-180 and
> 180 pm were used as a substrate, the X-shaped crystals of zeolite X occurred. Here, X-shaped
crystals occurred individually or in clusters on the surface of partially dissolved bigger aggregates
of aluminosilicate.

Raw CFA Raw X

CFA<63 um X <63 um
e ’ \ ot .

CFA 63 — 125 um X 63— 125 um

CFA 125 — 180 pm X 125 - 180 pm

Figure 6. Morphological analyses of raw fly ash, fly ash fractions after sieving and zeolites obtained
from them.

Rosette forms of crystals occurring in fine fractions (< 63 and 63-125 pm) have diameters in
the range of 1-10 um, while the X-shape crystals occurring in fractions 125-180 and > 180 um have
a length in the range 1-5 um.
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4. Conclusions

Raw fly ash and its derivatives after sieving process were successfully used as the main carriers of
silicon and aluminium in a set of hydrothermal syntheses of zeolite X, performed in a basic synthesis
environment and on a laboratory scale. The results obtained during this study reveal a meaningful
impact of the fly ash used on the synthesis efficiency, chemistry, quality and physicochemical properties
of the derived zeolites.

According to the specialized available literature, it can be stated that great progress has already
been made in increasing the efficiency of zeolite synthesis from fly ash. Several of scientists have used
various techniques leading to the conversion of fly ash, nucleation and the crystallization of zeolites.
One of the most important and economically effective synthesis techniques is hydrothermal synthesis.
This technique was developed and described by several authors [23,24,42]. In order to increase
synthesis effectiveness and the quality and quantity of zeolite as final product, a series of works has
been undertaken, including the use of microwaves [43,44], ultrasonic assistance [27,45,46], the merging
of fusion-hydrothermal syntheses [26,37] or molten salt methods [47]. Attempts have also been made
to understand the impact of various factors affecting zeolite synthesis (e.g., temperature [48-50],
pressure [51-53], Si/Al ratio [54-56], reaction time [25,57,58] and alkalizing agent concentration [59-61]).
Fly ash fractions can be counted as the next important factor affecting zeolite synthesis from this CCP
waste. This paper has highlighted the impact of fly ash fractions on the physicochemical properties
of zeolite X phase, with particular emphasis placed on favouring a given morphological form of
zeolite (X-shape or spherical, rosette) crystals, depending on the fly ash fraction. In addition, phase
composition has shown that, for the finer fraction (< 63 and 63-125 pum) intense X zeolite peaks were
observed. This is confirmed by the fact that fractions are more often used for the synthesis of zeolite
X, while fractions with larger diameter are used for other types of sorbents (e.g., activated carbon
due to the higher content of unburned carbon). In order to deepen our understanding of synthesis
mechanisms, further research should include the use of a wider range of fly ash fractions and an
attempt to synthesize other zeolite phases, such as Na-P1 (Gismondine framework), A (Linde type A
framework) and Sodalite (Sodalite framework).

But taking into account the economics of the process, further investigation should also consider
the necessity to separate fractions. Therefore, before considering the sieving process, specific
applications of the obtained zeolite should be evaluated. Future plans aim to expand the number
of fraction ranges as well as analysing the syntheses efficiency of other zeolite structures such as:
Na-P1 (GIS), Na-A (LTA) and sodalite (SOD). The set of research methods will also be expanded.
Additional tests are planned to show texture changes in the resulting zeolite phases (specific surface
area, distribution of pores, etc.). Additionally, the Rietveld method will be used to examine the impact
of individual fly ash fractions on the amount of a given zeolite phase in the final product.
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Abbreviations

cce coal combustion product

CFA coal fly ash

Dx average grain diameter

EDAX energy-dispersive X-ray analysis
EDXRF energy-dispersive X-ray fluorescence
FAU Faujasite framework

PBU primary building unit

PSA particle size analysis

SBU secondary building unit

SEM scanning electron microscopy

XRD X-ray diffraction

References

1.  Enerdata. Coal and lignite domestic consumption. In Global Energy Statistics Yearbook;

10.

11.

12.
13.

14.

15.

16.

17.

18.

Enerdata: Grenoble, France, 2019; Available online: https://yearbook.enerdata.net/coal-lignite/coal-world-
consumption-data.html (accessed on 11 July 2019).

U.S. Environmental Protection Agency. Human and Ecological Risk Assessment of Coal Combustion Wastes; RTI
International: NC, USA, 2007; Volume 409.

Borm, PJ.A. Toxicity and Occupational Health Hazards of Coal Fly Ash (Cfa). A Review of Data and
Comparison To Coal Mine Dust. Ann. Occup. Hyg. 1997, 41, 659—676. [CrossRef]

Izquierdo, M.; Querol, X. Leaching behaviour of elements from coal combustion fly ash: An overview. Int. J.
Coal Geol. 2012, 94, 54-66. [CrossRef]

Basu, M.; Pande, M.; Bhadoria, P.B.S.; Mahapatra, S.C. Potential fly-ash utilization in agriculture: A global
review. Prog. Nat. Sci. 2009, 19, 1173-1186. [CrossRef]

Dahiya, H.S.; Budania, Y.K. Prospects of Fly Ash Application in Agriculture: A Global Review. Int. J. Curr.
Microbiol. Appl. Sci. 2018, 7, 397-409. [CrossRef]

Singh, J.S.; Pandey, V.C. Fly ash application in nutrient poor agriculture soils: Impact on methanotrophs
population dynamics and paddy yields. Ecotoxicol. Environ. Saf. 2013, 89, 43-51. [CrossRef] [PubMed]
Yunusa, .A.M.; Loganathan, P.; Nissanka, S.P.; Manoharan, V.; Burchett, M.D.; Skilbeck, C.G.; Eamus, D.
Application of Coal Fly Ash in Agriculture: A Strategic Perspective. Crit. Rev. Environ. Sci. Technol. 2012, 42,
559-600. [CrossRef]

Kishor, P.; Ghosh, A.K.; Kumar, D. Use of fly ash in agriculture: A way to improve soil fertility and its
productivity. Asian J. Agric. Res. 2010, 4, 1-14. [CrossRef]

Imbabi, M.S.; Carrigan, C.; McKenna, S. Trends and developments in green cement and concrete technology.
Int. |. Sustain. Built Environ. 2012, 1, 194-216. [CrossRef]

Milano, P. The Use of Fly Ash in High Strength Concrete Mix Design. In Proceedings of the 18th Conference
on Environment and Mineral Processing and Exibition, Ostrava, Czech Republic, 29-31 May 2014.

Obla, K.H. Engineering, Specifying Fly Ash for Use in Concrete. Concr. InFocus Spring 2008, 60—-66.
Abdulhalim, K.; Dogruyol, M. An Experimental Study on Strength and Durability for Utilization of Fly Ash
in Concrete Mix. Adv. Mater. Sci. Eng. 2014, 2014, 417514. [CrossRef]

Kesharwani, K.C.; Biswas, A.K.; Chaurasiya, A.; Rabbani, A. Experimental Investigation on Use of Fly Ash
in Concrete. Int. Res. J. Eng. Technol. 2017, 4, 1527-1530. [CrossRef]

Aakash, S.P.; Garud, D.B. Engineering Properties of Clay Bricks With Use of Fly Ash. Int. ]. Res. Eng. Technol.
2015, 3, 75-80. [CrossRef]

Naganathan, S.; Mohamed, A.Y.O.; Mustapha, K.N. Performance of bricks made using fly ash and bottom
ash. Constr. Build. Mater. 2015, 96, 576-580. [CrossRef]

Kayali, O. High Perform Bricks from Fly Ash. In Proceedings of the World of Coal Ash, Lexington, KY, USA,
11-15 April 2005.

Moyo, V.; Mguni, N.G.; Hlabangana, N.; Danha, G. Use of coal fly ash to manufacture a corrosion resistant brick.
In Proceedings of the 2nd International Conference on Sustainable Materials Processing and Manufacturing,
Sun City, South Africa, 8-9 March 2019. [CrossRef]


https://yearbook.enerdata.net/coal-lignite/coal-world-consumption-data.html
https://yearbook.enerdata.net/coal-lignite/coal-world-consumption-data.html
http://dx.doi.org/10.1016/S0003-4878(97)00026-4
http://dx.doi.org/10.1016/j.coal.2011.10.006
http://dx.doi.org/10.1016/j.pnsc.2008.12.006
http://dx.doi.org/10.20546/ijcmas.2018.710.043
http://dx.doi.org/10.1016/j.ecoenv.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23260239
http://dx.doi.org/10.1080/10643389.2010.520236
http://dx.doi.org/10.3923/ajar.2010.1.14
http://dx.doi.org/10.1016/j.ijsbe.2013.05.001
http://dx.doi.org/10.1155/2014/417514
http://dx.doi.org/10.17577/ijertv6is060469
http://dx.doi.org/10.15623/ijret.2014.0321016
http://dx.doi.org/10.1016/j.conbuildmat.2015.08.068
http://dx.doi.org/10.1016/j.promfg.2019.05.072

Materials 2020, 13, 1035 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Adorjanyi, K. Properties of Hot Asphalt Mixes Containing Fly Ash Filler Properties of Hot Asphalt Mixes. In
Proceedings of the International Road Conference, Budapest, Hungary, 23-25 April 2006. [CrossRef]
Woszuk, A.; Bandura, L.; Franus, W. Fly ash as low cost and environmentally friendly filler and its effect on
the properties of mix asphalt. J. Clean. Prod. 2019, 235, 493-502. [CrossRef]

Mistry, R.; Roy, T.K. Effect of using fly ash as alternative filler in hot mix asphalt. Perspect. Sci. 2016, 8,
307-309. [CrossRef]

Sobolev, K.; Flores, I.; Bohler, J.D.; Faheem, A.; Covi, A. Application of Fly Ash in ASHphalt Concrete: From
Challenges to Opportunities. In Proceedings of the World Coal Ash Conference, Lexington, KY, USA, 22-25
April 2013.

Wdowin, M.; Franus, M.; Panek, R.; Badura, L.; Franus, W. The conversion technology of fly ash into zeolites.
Clean Technol. Environ. Policy 2014, 16, 1217-1223. [CrossRef]

Querol, X.; Moreno, N.; Umana, J.C.; Alastuey, A.; Herndndez, E.; Lopez-Soler, A.; Plana, F. Synthesis of
zeolites from coal fly ash: An overview. Int. . Coal Geol. 2002, 50, 413—423. [CrossRef]

Kunecki, P.; Rafat, P; Koteja, A.; Franus, W. Influence of the reaction time on the crystal structure of Na-P1
zeolite obtained from coal fly ash microspheres. Microporous Mesoporous Mater. 2018, 266, 102-108. [CrossRef]
Boycheva, S.; Zgureva, D.; Shoumkova, A. Recycling of Lignite Coal Fly Ash by its Conversion into Zeolites.
Coal Combust. Gasif. Prod. 2014, 6, 1-8. [CrossRef]

Musyoka, N.M.; Petrik, L.F.; Hums, E. Ultrasonic Assisted Synthesis of Zeolite a From Coal Fly Ash Using Mine
Waters (Acid Mine Drainage and Circumneutral Mine Water) as a Substitute for Ultra Pure Water; International
Mineral Water Association: Aachen, Germany, 2011; pp. 423-428.

Scott, J.; Guang, D.; Naeramitmarnsuk, K.; Thabuot, M.; Amal, R. Zeolite synthesis from coal fly ash for
the removal of lead ions from aqueous solution. |. Chem. Technol. Biotechnol. 2002, 77, 63-69. [CrossRef]
Feng, W.; Wan, Z.; Daniels, J.; Li, Z.; Xiao, G.; Yu, J.; Xu, D.; Guo, H.; Zhang, D.; May, E.F; et al. Synthesis
of high quality zeolites from coal fly ash: Mobility of hazardous elements and environmental applications.
J. Clean. Prod. 2018, 202, 390—400. [CrossRef]

Baerlocher, C.; McCusker, L.B.; Olson, D.H. Atlas of Zeolite Framework Types; Elsevier: Amsterdam,
The Netherlands, 2007. [CrossRef]

Inada, M.; Eguchi, Y.; Enomoto, N.; Hojo, J. Synthesis of zeolite from coal fly ashes with different silica—alumina
composition. Fuel 2005, 84, 299-304. [CrossRef]

Jha, B.; Singh, D.N. Fly Ash Zeolites; Springer: Singapore, 2016. [CrossRef]

David, E.; Sandru, C.; Armeanu, A. Zeolitization characteristics of fly ash and its use to manufacture porous
materials. Arch. Mater. Sci. Eng. 2018, 2, 56—67. [CrossRef]

Murayama, N.; Yamamoto, H.; Shibata, ]J. Mechanism of zeolite synthesis from coal fly ash by alkali
hydrothermal reaction. Int. ]. Miner. Process. 2002, 64, 1-17. [CrossRef]

Franus, W.; Wdowin, M.; Franus, M. Synthesis and characterization of zeolites prepared from industrial fly
ash. Environ. Monit. Assess. 2014, 186, 5721-5729. [CrossRef]

Kunecki, P; Panek, R.; Wdowin, M.; Franus, W. Synthesis of faujasite (FAU) and tschernichite (LTA) type
zeolites as a potential direction of the development of lime Class C fly ash. Int. ]. Miner. Process. 2017, 166,
69-78. [CrossRef]

Kotova, O.; Shabalin, L.L.; Kotova, E. Phase transformations in synthesis technologies and sorption properties
of zeolites from coal fly ash. J. Min. Inst. 2016, 220, 526-531.

Soong, Y.; Schoffstall, M.; Gray, M.; Knoer, J.; Champagne, K.; Jones, R.; Fauth, D. Dry beneficiation of high
loss-on-ignition fly ash. Sep. Purif. Technol. 2002, 26, 177-184. [CrossRef]

Hower, J.C.; Robl, T.L.; Anderson, C.; Thomas, G.A.; Sakulpitakphon, T.; Mardon, S.M.; Clark, W.L.
Characteristics of coal combustion products (CCP’s) from Kentucky power plants, with emphasis on mercury
content. Fuel 2005, 84, 1338-1350. [CrossRef]

Yang, Y.X.; Burke, N.; Zhang, ].F; Huang, S.; Lim, S.; Zhu, Y.G. Influence of charge compensating cations on
propane adsorption in X zeolites: Experimental measurement and mathematical modelling. RSC Adv. 2014,
4,7279-7287. [CrossRef]

IZA-SC. Database of Zeolite Structure. Available online: http://www.iza-structure.org/databases/ (accessed
on 11 July 2019).

Cundy, C.S.; Cox, P.A. The hydrothermal synthesis of zeolites: Precursors, intermediates and reaction
mechanism. Microporous Mesoporous Mater. 2005, 82, 1-78. [CrossRef]


http://dx.doi.org/10.13140/2.1.1772.4169
http://dx.doi.org/10.1016/j.jclepro.2019.06.353
http://dx.doi.org/10.1016/j.pisc.2016.04.061
http://dx.doi.org/10.1007/s10098-014-0719-6
http://dx.doi.org/10.1016/S0166-5162(02)00124-6
http://dx.doi.org/10.1016/j.micromeso.2018.02.043
http://dx.doi.org/10.4177/CCGP-D-14-00008.1
http://dx.doi.org/10.1002/jctb.521
http://dx.doi.org/10.1016/j.jclepro.2018.08.140
http://dx.doi.org/10.1016/B978-044453064-6/50287-5
http://dx.doi.org/10.1016/j.fuel.2004.08.012
http://dx.doi.org/10.1007/978-981-10-1404-8
http://dx.doi.org/10.5604/01.3001.0012.0663
http://dx.doi.org/10.1016/S0301-7516(01)00046-1
http://dx.doi.org/10.1007/s10661-014-3815-5
http://dx.doi.org/10.1016/j.minpro.2017.07.007
http://dx.doi.org/10.1016/S1383-5866(01)00162-9
http://dx.doi.org/10.1016/j.fuel.2004.09.029
http://dx.doi.org/10.1039/c3ra46987e
http://www.iza-structure.org/databases/
http://dx.doi.org/10.1016/j.micromeso.2005.02.016

Materials 2020, 13, 1035 13 of 13

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Inada, M.; Tsujimoto, H.; Eguchi, Y.; Enomoto, N.; Hojo, ]. Microwave-assisted zeolite synthesis from coal fly
ash in hydrothermal process. Fuel 2005, 84, 1482-1486. [CrossRef]

Querol, X.; Alastuey, A.; Lépez-Soler, A.; Plana, F; Andrés, ].M.; Juan, R.; Ferrer, P.; Ruiz, C.R. A Fast Method
for Recycling Fly Ash: Microwave-Assisted Zeolite Synthesis. Environ. Sci. Technol. 1997, 31, 2527-2533.
[CrossRef]

Belviso, C.; Cavalcante, F; Lettino, A.; Fiore, S. Effects of ultrasonic treatment on zeolite synthesized from
coal fly ash. Ultrason. Sonochem. 2011, 18, 661-668. [CrossRef] [PubMed]

Czuma, N.; Zarebska, K.; Baran, P. Microwave and ultrasound energy in the process of fly ash zeolite
synthesis and its application for CO,sorption. In Proceedings of the 2017 IEEE 7th International Conference
Nanomaterials: Application & Properties (NAP), Odessa, Ukraine, 10-15 September 2017. [CrossRef]
Park, M.; Choi, C.L.; Lim, W.T.; Kim, M.C.; Choj, J.; Heo, N.H. Molten-salt method for the synthesis of zeolitic
materials I. Zeolite formation in alkaline molten-salt system. Microporous Mesoporous Mater. 2000, 37, 81-89.
[CrossRef]

Kovo, A.S. Effect of temperature on the synthesis of zeolite x from ahoko nigerian kaolin using novel
metakaolinization technique. Chem. Eng. Commun. 2012, 199, 786-797. [CrossRef]

Boosari, S.S.H.; Eskandari, S.; Eskandari, S.; Fathizadeh, M. Effect of Heating Period and Temperature on
the Synthesis of Nano-Beta Zeolite Assisted by Microwaves. ]. Membr. Sci. Technol. 2018, 8, 8-11. [CrossRef]
Hui, K.S.; Chao, C.Y.H. Effects of step-change of synthesis temperature on synthesis of zeolite 4A from coal
fly ash. Microporous Mesoporous Mater. 2006, 88, 145-151. [CrossRef]

Mazur, M.; Arévalo-Lopez, A.M.; Wheatley, P.S.; Bignami, G.PM.; Ashbrook, S.E.; Morales-Garcia, A;
Nachtigall, P; Attfield, J.P,; Cejka, J.; Morris, R.E. Pressure-induced chemistry for the 2D to 3D transformation
of zeolites. |. Mater. Chem. A 2018, 6, 5255-5259. [CrossRef]

Santoro, M.; Gorelli, FA.; Bini, R.; Haines, J.; van der Lee, A. High-pressure synthesis of a polyethylene/zeolite
nano-composite material. Nat. Commun. 2013, 4, 1557. [CrossRef] [PubMed]

Nearchou, A.; Cornelius, M.L.U.; Jones, Z.L.; Collings, L.E.; Wells, S.A.; Raithby, PR.; Sartbaeva, A.
Pressure-induced symmetry changes in body-centred cubic zeolites. R. Soc. Open Sci. 2019, 6, 182158.
[CrossRef] [PubMed]

Aboul-Fotouh, S.M.K,; Ali, L.I,; Naghmash, M.A.; Aboul-Gheit, N.A K. Effect of the Si/Al ratio of HZSM-5
zeolite on the production of dimethyl ether before and after ultrasonication. J. Fuel Chem. Technol. 2017, 45,
581-588. [CrossRef]

Gao, Y.; Zheng, B.; Wu, G.; Ma, F,; Liu, C. Effect of the Si/Al ratio on the performance of hierarchical ZSM-5
zeolites for methanol aromatization. RSC Adv. 2016, 6, 83581-83588. [CrossRef]

Zhang, R.; Li, ].; Wang, B. The effect of Si/Al ratios on the catalytic activity of CuY zeolites for DMC synthesis
by oxidative carbonylation of methanol: A theoretical study. RSC Adv. 2013, 3, 12287. [CrossRef]

Meftah, M.; Oueslati, W.; Chorfi, N.; Amara, A.B.H. Effect of the raw material type and the reaction time on
the synthesis of halloysite based Zeolite Na-P1. Results Phys. 2017, 7, 1475-1484. [CrossRef]

Ayodeji, A.A.; Kofi, HF,; Oladele, O.].; Esther, O.A.; Fayomi, O.S.; Chisom, U.C. Effect of crystallisation time
on the synthesis of zeolite y from elefun Kaolinite clay. Int. J. Appl. Eng. Res. 2017, 12, 10981-10988.

Pa, EC.; Chik, A. Effect of NaOH concentration and reaction time on zeolite synthesized from treated oil
palm ash. AIP Conf. Proc. 2018, 2030, 20214. [CrossRef]

Fukui, K.; Nishimoto, T.; Takiguchi, M.; Yoshida, H. Effects of NaOH Concentration on Zeolite Synthesis
from Fly Ash with a Hydrothermal Treatment Method [Translated]. KONA Powder Part. |. 2006, 24, 183-191.
[CrossRef]

Ayoola, A.; Hymore, F.; Ojewumi, M.; Uwoghiren, O. Effects of Sodium Hydroxide Concentration on Zeolite
Y Synthesized from Elefun Kaolinite Clay in Nigeria. Int. . Appl. Eng. Res. 2018, 13, 1536.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.fuel.2005.02.002
http://dx.doi.org/10.1021/es960937t
http://dx.doi.org/10.1016/j.ultsonch.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20851662
http://dx.doi.org/10.1109/NAP.2017.8190267
http://dx.doi.org/10.1016/S1387-1811(99)00196-1
http://dx.doi.org/10.1080/00986445.2011.625065
http://dx.doi.org/10.4172/2155-9589.1000180
http://dx.doi.org/10.1016/j.micromeso.2005.09.005
http://dx.doi.org/10.1039/C7TA09248B
http://dx.doi.org/10.1038/ncomms2564
http://www.ncbi.nlm.nih.gov/pubmed/23463000
http://dx.doi.org/10.1098/rsos.182158
http://www.ncbi.nlm.nih.gov/pubmed/31417704
http://dx.doi.org/10.1016/S1872-5813(17)30030-0
http://dx.doi.org/10.1039/C6RA17084F
http://dx.doi.org/10.1039/c3ra40256h
http://dx.doi.org/10.1016/j.rinp.2017.04.013
http://dx.doi.org/10.1063/1.5066855
http://dx.doi.org/10.14356/kona.2006020
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Materials and Reagents 
	Fraction Separation and Zeolite Synthesis Procedures 
	Characterisation Methods 

	Results and Discussion 
	Chemical Composition 
	Phase Composition 
	Laser Diffraction-Based PSA 
	The Morphological Form Based on SEM 

	Conclusions 
	References

