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Abstract: Worldwide disposal of multi-tonnage solid waste from coal-burning thermal power plants
(TPPs) creates serious environmental and economic problems, which necessitate the recovery of
industrial waste in large quantities and at commercial prices. Fly ashes (FAs) and slag from seven
Bulgarian TPPs have been successfully converted into valuable zeolite-like composites with various
applications, including as adsorbents for capturing CO2 from gases and for removal of contaminants
from water. The starting materials generated from different types of coal are characterized by
a wide range of SiO2/Al2O3 ratio, heterogeneous structure and a complex chemical composition.
The applied synthesis procedure resembles the formation of natural zeolites, as the raw FAs undergo
long-term self-crystallization in an alkaline aqueous solution at ambient temperature. The phase and
chemical composition, morphology and N2 adsorption of the final zeolite products were studied
by scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), X-Ray Diffraction (XRD)
and Brunauer–Emmett–Teller (BET) analyses. The growth of faujasite (FAU) crystals as the main
zeolite phase was established in all samples after 7 and 14 months of alkaline treatment. Phillipsite
(PHI) crystals were also observed in several samples as an accompanying phase. The final products
possess specific surface area over 400 m2/g. The relationships between the surface properties of the
investigated samples and the characteristics of the raw FAs were discussed. All of the obtained
zeolite-like composites were able to remove the highly toxic dye (malachite green, MG) from water
solutions with efficiency over 96%. The experimental data were fitted with high correlation to the
second-order kinetics.
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1. Introduction

In the recent years, one of the most current topics is related to the deteriorating quality of the
environment, especially the purity of the atmospheric air and water basins. Their pollution is mainly
due to anthropogenic factors and the intensive development of various industries. An illustrative
example for this impact is the continuous increase in electricity consumption by both industry and
households, and the necessity for greater energy production from power plants. According to the
annual report of the International Energy Agency in 2018, the world gross electricity production was
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3.9% higher than in 2017 [1]. Coal-fired thermal power plants (TPPs) still possess the largest share of the
electricity market, 38% in 2018. At the same time, coal combustion is the main contributor to the green
house emission into the atmosphere and to the production of huge amounts of solid waste classified as
hazardous in some countries [2,3]. The main challenge facing the industry today is to meet energy
needs without having a negative impact on the environment. It could be expected that the future of
the energy sector will be based on the combination of variety of energy sources with a key role of the
traditional technologies, such as fossil fuel burning or nuclear fission, but at stricter environmental
requirements [4]. In recent decades, the capture of carbon dioxide (CO2) in TPPs has been intensively
studied. At the beginning, the concept for liquefaction of CO2 and its further deposition in deep
geological formation have been widely explored, referred to as carbon capture and storage (CCS).
Lately, this approach was displaced by carbon capture and utilization (CCU), in which the captured
CO2 is utilized in commercial products [5,6]. The CCS concept was gradually displaced by CCUS,
which is carbon capture utilization and storage [7]. It could be expected that CCUS technologies will
be commercialized soon and the requirements of the Paris Agreement to reduce CO2 emissions will be
met in time for TPPs [8]. However, this does not apply to solid waste from the combustion of coal,
which is produced as a by-product of the burning process. This residual consists of the mineral part
from the fuel, which is incombustible. It could be obtained as slag or fly ash (FA) depending on the
boiler design. Coal ash consists mainly of SiO2, Al2O3, Fe2O3, CaO, Na2O and traces of other oxides.
According to the World Wide Coal Combustion Products Network (WWCCCPN), the global annual
ash production for 2016 is 1221.9 Mt and almost a half is further utilized [9].

The most common approach for utilization of coal ash on an industrial scale is for production of
constructional materials and cement. Based on their composition, FAs are classified in two classes
C and F (50 wt. % < SiO2 + Al2O3 + Fe2O3 < 70 wt. % for class C and SiO2 + Al2O3 + Fe2O3 >

70 wt. % for class F) according to the ASTM C618. Class C fly ash can be used as a porland cement
replacement due to its self-cementing and pozzolanic properties. Class F fly ash contains less CaO
and higher amounts of glassy aluminosilicates and quartz, and it is used as a pozzolanic additive
with less or without cementing values [10]. The unused part of the coal combustion wastes is stored
in landfills, which leads to the destruction of agricultural land and creates a potential risk of ground
water pollution. There are much published investigations on the opportunities for FA utilization
but with limited applications on industrial scales mostly because of the cost ineffectiveness [11–13].
One promising approach for FA processing, first proposed in 1985, is the conversion of coal FA into
zeolites due to their compositional similarities [14]. The most researched approach for synthesis of
zeolites is the hydrothermal activation of FA in alkaline solution and a pilot installation for scale
production is already in operation [15,16]. The biggest challenge facing this technique is the controlled
production of a determined zeolite structure with well-defined properties, which predetermines the
practical affordability of the material. Different zeolite structures or mixtures of them can be obtained
depending on the chemical composition of the raw FA and mostly on the SiO2/Al2O3 ratio. For FA
with a SiO2/Al2O3 ratio < 1.7 at low molarity of NaOH (1–2 M) and an activation temperature in
the region of 100–140 ◦C for a wide hydrothermal period from 2 to 96 h, the dominant structure in
the synthesized material is gismondine (GIS) [17–19]. At the same molarity of the NaOH activator,
but with an increase in the temperature of 150–200 ◦C, analacime (ANA) is obtained [17]. The lower
synthesis temperature (90 ◦C) leads to the crystallization of a mixture of linde (LTA) and faujasite
(FAU) zeolite structures in the final product [20]. For raw FA with 1.7 < SiO2/Al2O3 < 2.4, the tendency
in the crystallization of zeolite structures by hydrothermal alkaline activation is the same as in the
previous case. For these FAs, increasing the NaOH molarity from 1 M to 2 M, the main GIS phase
is replaced by phillipsite (PHI). A further increase in the molarity to 3.1–12.5 always leads to the
crystallization of sodalite (SOD) [21,22]. Low quantities of LTA have been observed for these FAs
at temperatures of 80–90 ◦C [22,23]. For raw FA with SiO2/Al2O3 > 2.4, the main zeolite phases
that crystallize at high activation temperatures (140–150 ◦C) and 3–4 M of NaOH are PHI, SOD, and
chabazite (CHA) [24]. At temperature of 60 ◦C and 168 h of hydrothermal treatment, a negligible yield
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of FAU < 5 wt. % is obtained [25]. The two-stage synthesis has been developed by Shigemoto et al.
in 1992. They introduced initial high temperature treatment of the mixtures of the raw FA and NaOH
prior to the hydrothermal treatment [26–28]. In this step, soluble silica and alumina salts are produced,
which facilitates the formation of hydrogel in water solution. The hydrogel then crystallizes onto
unreacted parts of the FA particles, which act as crystallization centers. In this approach the raw FA
composition does not affect the final zeolite structure, but the synthesis conditions are of key meaning.
At high temperatures above 100 ◦C and NaOH molarity above 3, SOD is crystallized [29]. At activation
temperatures below 100 ◦C and 2.0–2.5 M NaOH, the resultant structure is LTA, while at molarity
higher than 2.5 M NaOH, the only crystalized zeolite is FAU [30,31].

FAU is a typical large pore zeolite with well-defined textural characteristics and easily accessible
framework. These peculiarities make FAU suitable material for a wide range of applications mainly
as an adsorbent, catalyst and ion exchanger. The fly ash zeolites (FAZ) of FAU type have been
broadly studied for gas purification, soil recovery, heavy metal and radioactive species uptake,
water softening, desalination and purification, including removal of dyes, microorganisms, and
various organic and inorganic compounds [32,33]. In our previous studies, zeolite FAU obtained from
lignite FA by two-stage synthesis was successfully applied as a CO2 adsorbent, catalyst for VOCs
degradation, matrix for optical sensor, Fenton-like catalyst for removal of organic contaminants from
water, adsorbent for retention of heavy metals and dyes from waste effluents [34]. The obtained
results are promising but for applications on an industrial scale the two-stage synthesis would increase
drastically the waste processing costs. The water remediation systems are intended for treatment of
large water streams, which requires large amounts of the filtration materials.

In this study, we investigate the opportunity for a controlled obtaining of FAU-structured zeolite
from raw fly ashes with a wide range of SiO2/Al2O3 ratios. The proposed synthesis approach resembles
the formation of a natural zeolite as the raw FA undergoes self-crystallization in an alkaline water
solution at ambient temperatures. Until recently, this technique was considered inappropriate due
to the long crystallization time. However, the strategy of modern production is the development of
a circular economy, which imposes the need to recover industrial waste in large quantities and at
commercial prices. An advantage of recovering coal ash by zeolitization is that long-deposited ash
can also be processed to repair already-caused environmental damages. The obtained FA zeolites
are investigated in regard to their ability to remove dyes from contaminated water. The adsorption
of malachite green (MG) is studied because of its high toxicity and presence in water used for fish
farming. It has been established that MG remained in food could cause carcinogenesis, mutagenesis,
chromosomal fractures, teratogenicity and respiratory toxicity [35].

2. Materials and Methods

2.1. Materials

The crystallization of zeolites was investigated for raw FAs sampled from seven different sources
obtained by combustion of lignite, brown, and anthracite coal in Bulgarian thermal power plants (TPPs).
Five of the raw samples are fine powders collected from the electrostatic precipitators of TPPs, one is a
solid slag sampled from bottom ash, and another one is a mixture of FA with slag. Prior to the synthesis,
the slag was screened to obtain a fraction with particle sizes smaller than 0.2 mm. Detailed analyses of
the raw materials were reported in our previous studies, where mainly amorphous aluminosilicates
and crystalline phases of quartz, gypsum, mullite, and magnetite were detected [36,37]. The chemical
composition of FAs, SiO2/Al2O3 ratios, the FA classification and the weight part of the amorphous
ingredients calculated by integral deconvolution of XRD spectra of analyzed samples (uncertainty of
±2.5%) are summarized in Table 1.
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Table 1. Chemical composition and amorphous part of fly ashes (FAs) subjected to zeolitization.

Raw
FA 1

SiO2
wt. %

Al2O3
wt. %

Fe2O3
wt. %

Na2O
wt. %

CaO
wt. %

MgO
wt. %

SO3
wt. %

K2O
wt. %

TiO2
wt. %

SiO2/Al2O3
wt. ratio

FA
Class

AP 2

wt. %

FAB 40.29 20.49 13.59 0.79 13.11 2.14 3.21 4.09 2.30 1.97 F 58
FAG 12.50 8.36 45.87 0.65 6.42 0.49 25.72 0.00 0.00 1.50 C 36
FAM 39.51 22.89 16.09 1.78 9.88 2.58 5.34 1.34 0.59 1.73 F 57
FAR 54.63 28.67 5.94 0.00 1.53 1.94 1.08 4.87 1.35 1.91 F 54

FARE 49.30 27.02 14.40 0.00 3.23 2.08 0.00 3.98 0.00 1.82 F 94
FAV 46.75 27.13 10.31 1.08 3.73 1.55 2.99 6.46 0.00 1.72 F 65
SS 39.47 17.17 20.09 1.11 10.72 1.55 5.94 3.95 0.00 2.30 F 100

1 FAB (FA from TPP “Bobovdol”, 630 MW, brown coals with high ash content); FAG (from TPP “AES Galabovo”,
670 MW, lignite coals); FAM (FA from TPP “Maritza 3”, 900 MW, lignite coals); FAR (from TPP “Republika”, 180 MW,
brown coals); FARE (FA mixed with grinded in a planetary ball mill slag from TPP “Rousse East”, 400 MW); FAV (FA
from TPP “Varna”, 1260 MW, highly calorific and low sulphur anthracite coals); SS (slag from TPP “Sviloza”,
Svishtov, 120 MW, bituminous coals). 2 AP is the amorphous part in the samples calculated by deconvolution of the
XRD spectra.

2.2. Aging Method

The self-crystallization is performed as 10 g FA was added to 150 mL 5 M NaOH (purity > 98%,
Valerus, Sofia, Bulgaria), the slurries were filled in closed reaction vessels and stayed for aging at
ambient temperature. The mixtures were stirred for homogenization over long time intervals. A small
portion of the samples was taken out from the vessels after 7 and 14 months, washed with distilled water
until pH = 8 and dried at room temperature. The synthesized samples were named with prefix Z-zeolite
before FA acronyms, followed by dash and time of the conversion. The powdered products were
subjected to various analyses in order to evaluate their structure, morphology, and surface properties.

2.3. XRD Analysis

X-ray diffractograms of the all samples were measured on a Philips PW 1050 powder diffractometer
with CuKα filtered radiation and Bragg–Brentano geometry in the diffraction angle range 2θ from
6 to 84.95◦ at a step width of 0.05◦ (2θ) for scan time of 1 s. An equal mass of powdered samples and
identical sample holders was used in all XRD measurements. The identification of all crystalline phases
was performed by the X’Pert HighScore 3.0d software (2011 PANalytical B.V., The Netherlands) and
the database of X-ray patterns collection of the International Zeolite Association.

2.4. SEM and EDX Analysis

The morphology and the integral chemical composition of the samples were studied by scanning
electron microscopy (SEM) on a JSM6390 apparatus, equipped with an Oxford Instruments EDX
analyzer (Highcombe, London, UK). The sample images were investigated in both secondary electron
imaging (SEI) and backscattered electron imaging (BEI) modes. SEI images provided by secondary
electrons originated from the surface or the near-surface regions of the samples give information for
the morphology, size and surface topography of the objects. Micrographs in BEI mode are derived by
the backscattered electrons detected out of the specimen interaction volume, which are proportional to
the atomic number of the attended chemical elements. As a result, the objects rich in heavy metals
look brightly shining on the dark background of the other particles (alumosilicates, calcites, etc.).
All energy-dispersive X-ray analyses (EDX) were performed at 20 keV. Elements with an atomic number
less than that of nitrogen are not included in the determination of the elements weight percentage
(wt. %). The average composition of the samples was estimated on the base of so-called “integral
spectra” taken at low magnification (~30×) from an area comprising several hundred to thousand
particles, scanned for at least 300 s. The elemental spectrum of single particles was determined using
“in point” analysis at substantially higher magnifications (~1000–300,000×), recorded for about 60 s.

2.5. Nitrogen Adsorption/Desorption Tests

The studies on the surface properties of all samples were performed with N2-adsorption/desorption
analysis by a volumetric gas analyzer Micromeritics TriStar 3020 (Micromeritics Instrument Corp.,
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Norcross, GA, USA), according to the ISO 9277:2010 standard [38]. The samples were pretreated at
260 ◦C for 4 h under continuous Helium flow to release moisture and atmospheric gases. The samples
were further degassed by evacuation with a rate of 0.67 kPa/s for 1 h provided by an Edwards vacuum
pump. The isotherms were built using N2 gas of analytical purity (5N) at cryogenic temperature of
77 K provided by liquid nitrogen. The adsorption/desorption tests were performed at 92 experimental
points in the pressure range p/p0 = 0.001–0.995, where p0 is the saturation pressure depending on
the ambient temperature (approximately 104 kPa). To the experimental isotherms, standardized
Brunauer–Emmett–Teller (BET), t-plot and Barrett–Joyner–Helenda (BJH) models were applied for
calculation of specific surface area (SSA, m2/g), micropore area (Smicro, m2/g), external surface area
(Sexternal, m2/g), micropore volume (Vmicro, cm3/g), mesopore volume (Vmeso, cm3/g), and average pore
width (Å). The relative pressure range of the monolayer adsorption for application of the BET model
was calculated from the extreme value of the function na.(1 − p/p0) = f(p/p0) (na is quantity of N2

adsorbed, mmol/g).

2.6. Dye Adsorption

The adsorption tests were performed in 100 mL water solution of MG (96% of purity, Valerus,
Sofia, Bulgaria) with stock concentration of 10 mL/l by immersing of 5 g fly ash zeolites obtained
after 14 months of crystallization (FAZs-14). The adsorption kinetics was studied by measuring MG
concentration by the help of UV spectrophotometer, 1200 Series, Cole Palmer Instruments Company,
East Bunker Court, IL, USA. Various kinetic models were applied to the experimental data to evaluate
the parameters of the water purification process.

3. Results and Discussions

3.1. Phase Composition of the Coal Fly Ash Zeolites

The results from XRD analyses are plotted in Figure 1, presenting the patterns of the raw FAs,
synthesized products after 7 and 14 months, and referent zeolite FAU for comparison. The most
intensive reflexes of FAU could be found in all FAZs, and at 2θ ≈ 26.6◦ the zeolite peak overlaps with
that of the quartz transferred into the products from the raw FA. Thus, the presence of unreacted quartz
could not be confirmed unambiguously by XRD analysis, but it could be assumed when expansion or
splitting of the peak characteristic of both phases is observed. Only at XRD patterns of FAZs obtained
from completely amorphous raw fly ashes, such as SS and FARE, it can be considered undoubtedly
that the intensive peak at this angle belongs to FAU. For samples of the all series, the longer synthesis
time leads to a slight increase in the intensity of the reflexes. At the zeolite obtained from FAB after
14 months of alkaline aging, a mixture of zeolite structures is observed, as, in addition to FAU reflexes,
two intensive peaks of PHI are identified on its patterns. A single PHI reflex is also appeared at the
XRD spectra of the samples synthesized from FAR and FAV. On their XRD patterns, a shoulder at the
base of the peak assigned to FAU could be also seen, which is indicative for incomplete assimilation
of the quartz in the zeolitization process. For the samples aged 14 months, the shoulder is more
pronounced as compared to FAZs obtained under shorter time of incubation. This indicates that, due to
its thermodynamic instability, FAU begins to recrystallize after prolonged incubation in the reaction
mixture. Considering that the same amounts of all samples are subjected of XRD analysis, it could be
supposed that maximum yield of zeolite FAU is obtained at FAZs from the series FAR, FARE, and FAV
because their patterns are characterized by the largest total areas described by FAU peaks.

3.2. Morphological Study of Coal Fly Ash Zeolites

More detailed studies on the crystallization of zeolites from FA were achieved by performing the
morphological SEM analysis of the obtained samples. The results for the samples originated from FAB,
FAG, and FAM are shown in Figure 2, while for those from FAR, FARE, FAV, and SS are presented in
Figure 3. The SEM images of ZFAB-7 (zeolite from FAB obtained after 7 months of exposure) show the
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presence of single FAU crystals with average diameter of 3.5 µm and agglomerates of smaller FAU
particles (1 µm). On the second image of the same sample, crystals with prismatic morphology typical
for zeolite PHI are also observed. The longer synthesis time leads to intensive growth of PHI crystals
which corresponds to an increase in the intensity of the peaks of this zeolite phase on the XRD pattern
of the sample ZFAB-14.
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Figure 2. Scanning electron microscopy (SEM) images of fly ash zeolites obtained from FAB, FAG, and
FAM after 7 and 14 months of crystallization.

On the SEM images of the materials synthesized from FAG, typical FAU crystals could also be
identified but in a strong morphological disorder. The first image of ZFAG-7 shows the crystallization
of new structures onto particles of irregular shape probably remnants of unreacted fly ash. The images
with higher magnification indicate the presence of disordered FAU crystals with sizes ranging from 0.1
to 1.5 µm. Prolongation of the reaction time does not lead to a substantial change in the morphology
of the sample (ZFAG-14). The morphology analyses of samples derived from FAM show intensive
crystallization of FAU, as submicron individual crystals were obtained after 7 months of reaction, as it
is revealed by the SEM image of ZFAM-7. The doubling of the reaction time leads to an increase in
the diameters of the individual crystals, and to their agglomeration, as it is observed in the images
of ZFAM-14.

The SEM images of the ZFAR-7 sample correspond very well to the XRD data, as the simultaneous
presence of FAU and PHI crystals is observed at a shorter synthesis time. The crystallization of zeolite
structures occurs over unreacted FA particles, which act as crystallization centers and this could be
observed in the SEM micrograph of ZFAR-14. Unlike previous samples, SEM analyses of the FARE
series indicate FAU crystallization from FA with homogeneous distribution of the individual crystals
by their size. Similar morphology with respect to the crystalline shape is observed for the sample
obtained from FAV after 7 months of synthesis, but the size of the individual particles is almost twice
lower. The SEM image of ZFAV-14 confirms the observation on the XRD pattern of the same sample,
as prismatic crystals of PHI grow among the FAU structure. At the sample ZFAB-7, the crystallization
of PHI is related to the XRD peak at 2θ ≈ 20.9, while at ZFAB-14 the growth of PHI crystals is associated
to the intensive peak at 2θ ≈ 27.6, which is the most pronounced reflex for the pure phase. At the
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series of samples obtained from SS, the presence mainly of the FAU structure is also confirmed, as for a
shorter time of 7 months the crystals are well-shaped with sizes of 5–7 µm. However, the prolongation
of the reaction leads to agglomeration and to obtaining of dense aggregates of particles.Crystals 2020, 10, x FOR PEER REVIEW 8 of 18 
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3.3. Surface Properties of Coal Fly Ash Zeolites

The isotherms of N2-adsorption/desorption for the raw FAs and FAZs of different raw materials
converted for 7 and 14 months are plotted in Figure 4. The raw FAs are characterized by weak N2

adsorption and isotherms of Type III corresponding to non-porous materials, as it is demonstrated for
FAR and FAM (Figure 4). The isotherms of all FAZs refer to Type IV according to the International Union
of Pure and Applied Chemistry (IUPAC) classification, and their shape is typical for porous solids
with mixed micro-mesoporosity. At all plots, fast adsorption at low pressure range p/p0 = 0.001–0.05
is observed due to the micropores filling and monolayer formation. The part of the isotherms at
p/p0 = 0.05–0.85 corresponds to the multilayer adsorption of molecules and the filling of mesopores.
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The different slope of this region determines the share of mesopores into the structure. The region of the
adsorption isotherms at p/p0 = 0.85–0.99 represents the filling in macropores or gas adsorption in the
inter-particles free volume of the powdered material. The desorption branches go above the adsorption
isotherms, describing hysteresis loops which are closed at p/p0 = 0.45 for all samples. The type of
all hysteresis loops is H3, which corresponds to parallel plate-shaped pores with different widths,
depending on the hysteresis area [39]. The most intensive monolayer filling is observed for samples
from series FAV and FARE, as the quantity of the adsorbed gas reaches 4.3 mmol/g at p/p0 = 0.025,
and their specific surface area is expected to be the highest. The sample ZFAV-14 possesses higher
adsorption in the low pressure region as compared to ZFAV-7, which could be explained by the higher
yield of zeolite FAU after a longer time of synthesis. The other sample sets follow the same trend with
some exceptions, mostly for the ZSS series. ZSS-14 obtained after 14 months of crystallization has
weak adsorption, which is not typical for zeolite FAU. This could be explained by the degradation of
the crystallized FAU after its longer incubation into the alkaline solution. Zeolite FAU is obtained as
a metastable phase and, upon prolonged alkaline treatment, it recrystallizes to a more stable zeolite
phase, but with a lower surface area. Similar observations have been made in our previous studies
on self-crystallization of FA investigating the influence of the reaction mixture alkalinity on the final
product [11]. The raw fly ash SS is highly amorphous, which predetermines faster kinetics of its
alkaline conversion. Most likely, the crystallization of FAU from SS has reached the maximum rate
at a shorter reaction time and further incubation of the product in the alkaline solution is led to the
destruction of FAU.

The data from N2 isotherms of FAZs are processed by different mathematical models to calculate
their surface characteristics. The determined surface properties of FAZs are listed in Table 2.

Table 2. Surface properties of FAZs calculated by the N2-adsorption/desorption experimental isotherms.

Sample SSA
m2/g

Smicro
m2/g

Sexternal
m2/g

Vmicro
cm3/g

Vmeso
cm3/g

Vtotal
cm3/g

Wpores

Å
Mshare

%

ZFAB-7 296 210 86 0.0834 0.1755 0.2589 65.55 32
ZFAB-14 282 201 81 0.0801 0.1607 0.2407 64.60 33
ZFAG-7 123 37 86 0.0154 0.1275 0.1429 50.47 11

ZFAG-14 139 43 96 0.0176 0.1241 0.1417 46.25 12
ZFAM-7 224 140 84 0.0568 0.1862 0.2430 63.65 23
ZFAM-14 210 133 77 0.0539 0.1669 0.2209 61.41 24
ZFAR-7 238 174 64 0.0684 0.1338 0.2022 68.46 34

ZFAR-14 248 182 66 0.0717 0.1264 0.1981 63.48 36
ZFARE-7 404 357 47 0.1344 0.0742 0.2086 48.51 64
ZFARE-14 389 339 50 0.1279 0.0867 0.2147 51.97 60
ZFAV-7 341 275 66 0.1050 0.1196 0.2247 65.14 47

ZFAV-14 387 319 68 0.1222 0.1190 0.2412 62.22 51
ZSS-7 169 131 38 0.0502 0.0687 0.1189 67.68 42

ZSS-14 43 13 30 0.0057 0.0588 0.0646 67.00 9

Note SSA—specific surface area, Smicro—micropore area, Sexternal—external surface area, Vmicro—micropore
volume, Vmeso—mesopore volume, Vtotal—total pore volume, Wpores—average pore width, Mshare—volume
share of micropores.

Although, the zeolite FAU was identified by XRD and SEM at the all synthesized samples,
FAZs differ in their textural properties. The specific surface area of the samples varies in a wide
range as the highest obtained value is 404 m2/g for the sample ZFARE-7. Slight decrease in SSA
and in the share of micropores is obtained for longer time of synthesis at ZFARE-14, which could be
indicative for the beginning of recrystallization process. The SSAs of the samples of ZFAV series are
comparable, as the yield of zeolite FAU remains high after 14 months of reaction. The volume fraction
of micropores for ZFAVs is relatively lower than that for ZFAREs, because of the different amorphous
part in the structure of the raw materials. Similar textural properties are calculated for the samples
from the series ZFAB, ZFAM, and ZFAR with SSAs in the range of 210–296 m2/g. Despite the lower
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surface area compared to the previous series of samples, the total pore volume of these FAZs is higher,
reaching values of 0.2589 cm3/g due to the wider pores with sizes up to 68.46 Å. The well-developed
mesopore structure of these materials is beneficial for their application in systems for adsorption of
gases or for removal of pollutants from waters. The lowest values for all surface characteristics are
calculated for the samples from the ZFAG and ZSS series, which is in accordance to the observation
from XRD, SEM, and N2-adsorption analyses.
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There is no unified approach to estimate the zeolitic yield in the products of FA conversion.
In the literature, data from thermogravimetric analyses, water vapor adsorption and release,
XRD deconvolution, and SSA comparison have been applied for the estimation of the zeolitization
extent [40]. In this study, the SSA of the synthesized samples was used to evaluate the influence of
the raw fly ashes properties onto the crystallization of zeolite FAU. The dependences of SSAs and
Mshare of the investigated samples (excluding SS because of the FAU destruction observed) on the
SiO2/Al2O3 ratio and the amorphous constituent of FA are represented in Figure 5. The increase in SSA
and the yield of zeolite FAU are directly related to the enhancement of the amorphous content in the
raw fly ash. The same dependence is observed for the micropores share in the synthesized samples
(index µ on the plot) predetermined by the better solubility of alumina and silica in alkaline media and
further crystallization of the obtained hydrogel in a determined zeolite phase. The presence of PHI in
some of the samples does not influence the porosity of the FAZs. It was established that the chemical
composition of the raw FA does not affect significantly the zeolitization process in the SiO2/Al2O3

range of 1.5–2.3, and the FAU structure is obtained by all of the investigated raw materials.Crystals 2020, 10, x FOR PEER REVIEW 12 of 18 
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3.4. Adsorption of Malachite Green from Coal Ash Zeolites

The adsorption of MG onto the surface of the synthetic zeolites is investigated at 10 mg/L
concentration of the stock solution by adding 3 g/L of the zeolite products. The removal efficiency
RE (%) of coal fly ash zeolites toward MG at different times of analyses is calculated by the following
equation:

RE(%) = ((C0−Ce)/C0)·100 (1)

where C0 is the initial concentration of MG in the test solutions; Ce is the measured equilibrium
concentration of MG in the liquid phase after the adsorption, mg/L.

The results from the MG kinetic study on FAZs are plotted in Figure 6.
The experimental results were described applying the pseudo first- (Equation (2)) and second-order

(Equation (3)) kinetic models. The linear forms of the model equations used are as follows:

−ln(CMG,τ/CMG,0) = k1τ (2)

τ/CMG,τ = 1/(k2·CMG,0) + τ/CMG,0 (3)
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where k1 and k2 are the reaction rate constants for the kinetic models of the pseudo first- and
second-order, min−1 and M−1

·min−1, correspondingly; τ is the reaction time, min.Crystals 2020, 10, x FOR PEER REVIEW 13 of 18 
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Figure 6. Adsorption kinetics of Malachite green onto the surface of synthetic fly ash zeolites 
obtained after 14 months of self-crystallization. 

  

Figure 6. Adsorption kinetics of Malachite green onto the surface of synthetic fly ash zeolites obtained
after 14 months of self-crystallization.

Linear plots of pseudo first- (PFO) and second- (PSO) order kinetic models are shown in Figure 7
together with the results from regression analyses. The PFO does not correlate to the experimental
data, as R-Square varies in the range of 0.22–0.63, while the PSO effectively describes the kinetics of the
adsorption with R-Square of 0.999 for all samples.

The calculated rate constant k2 (M−1
·min−1) and half-life time τ1/2 (min−1) from the PSO kinetics

modelling and the obtained maximum removal efficiencies of FAZ toward MG are listed in Table 3.
The fastest adsorption kinetics is calculated for the samples ZFAR-14 and ZFAV-14 but the highest
removal efficiency is achieved at ZFAR-14. Although the investigated samples are characterized with
surface areas varying in a wide range, all of them reach almost full remediation of the water solutions
from MG. At these concentration levels of MG, the adsorption process probably takes place on the
external surface of the ZFAs and the MG molecules do not penetrate into the pore volume composed
of micro and mesopores. This is a prerequisite for the FAZs to have the capacity to remove completely
even higher levels of this contaminant.
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Table 3. Parameters of pseudo-second-order kinetic model for adsorption of Malachite green onto fly
ash zeolite surface and the obtained removal efficiencies.

PSO ZFAB-14 ZFAG-14 ZFAM-14 ZFAR-14 ZFARE-14 ZFAV-14

k2 M−1
·min−1 0.0075 0.0070 0.0080 0.0180 0.0081 0.0174

τ1/2 min 13.42 14.22 12.45 5.57 12.37 5.76
REmax % 96.6 97.0 98.6 97.5 97.0 97.0

The study of the sorption kinetics of wastewater treatment is important to clarify the process
mechanism, the rate of retention of contaminants, and the time for exhaustion of the sorbent capacity.
These characteristics are important in the design of efficient sorption treatment plants for water
treatment of specific pollutants. It was found that the pseudo-second-order model provides the
best correlation to the adsorption kinetics of MG onto FA, which means that the rate-limiting stage
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is chemisorption involving valence forces by electronic sharing or exchange between sorbent and
sorbate [41]. This is confirmed by the fact that no unambiguous tendency of increase in the adsorption
rate constant with increase in the specific surface of coal ash zeolites is established. In a case that the
adsorption process proceeds with diffusion control, then the surface characteristics of the adsorbent,
such as particle size, specific surface area and pore diameter will be essential for the process kinetics,
which is not observed for the present adsorption studies. It could be assumed that the chemisorption
mechanism of MG onto FAZ is obeyed by the cationic behavior of this dye upon its dissolution into
water. Cationic dyes carry positive charges in their molecules and dissociate into cations in the aqueous
solutions [42]. In this case, an ion exchange process can occur between the mobile cations in the
zeolite structure and the dye cations from the solution. Finally, it could be supposed that the rate of
adsorption of MG on FAZ will initially be dominated by surface factors, and as the process progresses,
the concentration and the distribution of the ion exchange sites in the zeolite framework will play a
key role. Some studies reveal that the raw fly ash can also behave a high retention capacity for some
pollutants, for example, toward anionic surfactants [43]. However, adsorbents based on zeolitized
ash definitely have a number of advantages in water purification. Coal ash zeolites have a higher
specific retention capacity per unit mass, which means less need for adsorbent to treat a unit volume of
water. Another advantage is that zeolitized coal ash releases fewer impurities into the remediated
water as compared to the parent ash, which is characterized by substantial leaching. The ability of coal
zeolites to act as ion exchangers and adsorbents makes them applicable in the cleaning of industrial
sludges, acid mine drainages, industrial, agricultural and domestic waters by a variety of techniques,
such as filtration, coagulation and catalytic degradation of contaminants. Moreover, they can serve as
permeable reactive barriers for remediation and barriers against infiltrations of toxic components into
ground water.

4. Conclusions

The focus of this study is on the crystallization of zeolites from different coal fly ashes at ambient
conditions. The obtained materials were investigated for two times of aging in regard to identify the
phase composition and morphology of the final products. It was established that the self-crystallization
process at low temperature ensures long-term controllable synthesis of zeolite FAU from FA of different
coal types, at a wide range of SiO2/Al2O3 ratios, and varying extent of amorphization. It was also
observed that the yield of the zeolite FAU is mainly favored by the higher amounts of the amorphous
aluminosilicates in the raw material. The values of the experimentally determined specific surface area
over 400 m2/g and the textural properties of the synthesized zeolites are beneficial for a wide range of
possible applications. This synthesis approach is promising for large-scale waste utilization because
of its simplicity, zero energy demands and low operational costs. It could be easily applied in the
places of fly ash landfills and long-accumulated waste can be recovered. The quasi natural synthesis
procedure would meet the environmental challenges of waste storage management, and in the same
time would produce a valuable commercial product. In this study, one of the possible approaches for
useful utilization of the coal fly zeolites obtained by different sources was investigated. The successful
adsorption of malachite green was achieved with removal efficiency over 96%. The experimental data
were fitted to the second-order kinetic reaction model with high correlation.
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