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Abstract

Zeolites are expensive materials which find broad applicability as adsorbents and catalyst for a variety of
industrial processes attributed to their structure with specific surface, well defined pore dimension, and
chemical properties. The synthesis of zeolites from coal fly ash (CFA) is widely reported and offers an
opportunity to valorize waste in such a way that creates great environmental and economic impacts. In this
study the alkaline hydrothermal synthesis method was used to identify the key synthesis parameters for fly
ash-to-zeolites conversion and what their effects are on physiochemical properties of the resulting zeolite. The
raw CFA was obtained from Sasol Coal mining, Mpumalanga, South Africa, and used as source of alumina
and silica that gave the zeolite formation. Prior to hydrothermal synthesis, the CFA was calcined at high
temperature, fused with sodium hydroxide, dissolved with appropriate volume of deionized water, and exposed
to an aging step with stirring for a few hours. The synthesis was optimized by varying the reaction conditions,
such as composition of starting materials, synthesis temperature, and time which achieved a faujasite (FAU)
zeolite with good crystallinity yield. Treated CFA revealed good properties of Si/Al ratio, surface area, thermal
stability, improved morphology, N,-adsorption, and good cationic exchange capacity characteristic of FAU
zeolites. The as-prepared FAU zeolite showed very satisfactory desulfurization capacity, reducing sulfur to less
than half of its initial concentration in diesel and gasoline. Thus, the CFA-to-zeolite conversion can gain notice
amongst investors due to its potential market value while assisting with solid waste management as practical

way to relieve environmental pressures of coal ash dumps to support sustainable development.

1. Introduction

Coal fly ash (CFA) is a by-product from combustion of coal
in thermal power plants and is considered as one of the most
abundant anthropogenic materials [1]. While the use of coal as
source of energy still forms a core part of economic growth in
many parts of the world, the management of CFA increasingly
becomes important [2]. The enormous amount of CFA generated
annually causes large acres of land to be occupied by ash ponds
resulting in soil being unavailable to other important sectors
such as agriculture [3]. South Africa’s power stations generate
approximately 40 metric tons of CFA per year but only 5.5%
is reported to be utilized in construction industries as cement
additive (4). The lack of waste recycling opposes the circularity of
resources and becomes the great cause of several environmental
problems [3-5]. Creating production-to-consumption systems
that are restorative and regenerative could make engineering
systems more environmentally benign whilst creating positive
economic impacts for sustainable development [6,7].

There is a huge potential of CFA as cheap and effective raw

material for synthesis of highly valuable zeolites [3]. The
recoverable amounts of SiO, and ALO, in CFA make this
material a great precursor of zeolites (8). According to Petrov
and Michalev [9], CFA from coal-based power plants contains
up to 80 wt. % SiO, and Al O,. This may bring the cost of
zeolite production to 5 times lower than that of commercially
obtained zeolites (10) and breakthrough a large scale application
of zeolites constrained by high price of synthesis from chemical
reagents [3,11]. Wastes are cheaper resources and utilization
of these leads to by-products valorization, which may generate
great economic benefits, while reducing the costs associated
with managing waste, and enable circular economy.

Zeolites are a group of naturally occurring microporous of
hydrated crystalline aluminosilicates which find several industrial
applications as molecular sieves, catalysts, and adsorbents [12].
As demonstrated by several researchers, zeolites are candidate
materials for gas separation technology, petroleum refining
and, including water purification requiring minimal amounts
of sorbent [13-15]. Adsorptive desulfurization is a promising
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technology which can selectively remove sulfur from petroleum
fuels at ambient pressure and room temperature without adsorbing
aromatics and olefins present in the fuel [11]. Because CFA can
be used as starting material for the synthesis of valuable zeolites,
adsorptive desulfurization using zeolites could thus offer an
avenue of CFA valorization. There are well-known processes to
recover alumina silicates from CFA analogous to the formation of
natural zeolites from volcanic deposits; Yoldi et al. [11] reported a
few methds of zeolites synthesis from CFA including microwave
assisted hydrothermal, alkali-digestion hydrothermal, and molten
salt method. Ojha et al. [10] believe that the alkali-fusion method,
followed by hydrothermal treatment is the most reliable method
for obtaining FAU zeolites Na-X and Na-Y anlogous.

The present work identifies the synthesis conditions that yield
the best crystalline structure of FAU zeolite from coal fly ash
using hydrothermal alkaline method and assesses this against the
removal of metals such as Ca*, Mg*, and K* from water and
desulfurization of petroleum feedstocks such as gasoline and
diesel.

2. Method

2.1 Mechanism

Ojha et al. [10] suggested a mechanism that gives reasonable
information on zeolites formation from CFA as presented in
equations 1 and 2.

Fusion
NaOH + XA1203.ySi02 —>Na2$i02 + NazAIOZ 1
NaOH (aq) + Na,Al(OH),(aq) + Na,SiOs(aq)

room—temperature

353—-413K
—— Na,[(4l0,),(Si0,),]- RH,0

2.2 Materials

CFA, collected from Sasol coal mining, Mpumalanga, South
Africa, was used as feedstock for synthesis of FAU zeolite.
Electron scanning microscopy (EDS) analysis revealed the as-
received CFA comprising 21 wt. % Si, 56 wt. % O, and 16.5 wt.
% Al,. The amount of silica and alumina in the CFA confirmed the
suitability of using this waste for zeolite production. In addition
to CFA, NaOH was used as base, whereas HCI (20 %) was used
for acid treatment of CFA before hydrothermal crystallization.
Metal salts such as KCI, LiCl, AgNO,, and CuSO, were used as
source of cations for cationic exchange of zeolite.

2.3 Synthesis
The synthesis of FAU zeolite from CFA follows the alkaline

Fly Ash, Sasol
mining, SA

§ro——
: . Optimization
. I (NaOH/Ash ratio,

[Na,(AlO,)y(Si0,)z.NaOH.H,0](gel) 2

hydrothermal method from Ojha et al. [10], Wang et al. [16],
Ayele et al. [17], and Eterigho-ikelegbe et al. [18] (Fig 1). The
as received CFA was calcined at 850 °C for 2 hours to remove
volatile materials and unburned carbon, followed by acid
treatment in 20 % HCl solution (10 ml HC1/g Ash) to dealuminate
and remove iron in CFA for activation of aluminosilicate
minerals [19]. The acid treated CFA was then mixed with NaOH
and fused in a stainless-steel tray at 550 °C for 2 h and cooled
to room temperature. The sample was milled and dissolved with
appropriate amounts of deionized water (10g CFA/100 mL),
aged for 6 hours with stirring for colloidal formation at room
temperature. The resulting gel was then transferred to a Teflon-
lined stainless autoclave and kept undisturbed at 100 °C for 8
hours for hydrothermal crystallization.

Assessment

L | Temp, Time) 4
. h 4 o | |
Acid- Characterization
treatment > Hydrothermal - (FD, SEM, FTIR,
(HCD Synthesis FAU Zeolite TR, B A5

Figure 1: Schematic set-up of zeolite synthesis process

The experiment was repeated with varying NaOH/CFA (wt./
wt.) ratios (0.8 to 1.6), synthesis temperature (80 to 120 °C), and
time (6 to 48 h). A portion of as prepared FAU zeolite was ionic
exchanged using appropriate alkaline ionic solutions of LiCl and
AgNO;, at mild temperature for obtaining Li- and Ag-zeolite,

respectively. The resulting solutions were cooled, washed with
copious amount of deionized water until pH around 9, filtered,
and dried in an oven overnight at 100 °C. Mixed Li-Ag-zeolite
was obtained by further exchanging Li-zeolite in AgNO, solution
using the same cationic exchange procedure above.
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2.4 Characterization

The analytical techniques used in this study include X-ray
diffraction (XRD), Scanning electron microscopy (SEM), and
Energy-dispersive X-ray spectroscopy (EDS) were used to
determine the crystallinity, morphology, and composition of the
as-prepared zeolite, respectively. The Brunauer-Emmett-Teller
(BET) method was used to measure the surface area, pore size
and pore volume distribution, and N_-adsorption isotherms of
the crystal and the Fourier-transform infrared (FTIR) was used
to analyze the chemical groups present in the as-prepared zeolite
thus to test its purity. The absorption spectroscopy (AAS) was
used to determine the cationic exchange capacity (CEC). A UV/

Area of Crystalline Peaks

vis spectrophotometer was used to determine the absorption of
desulfurized petroleum feedstocks relative to the absorption of a
standard of known sulfur concentration prepared in laboratory.
To determine the crystallinity index of the as-synthesized FAU
zeolite, the area of crystalline peaks were divided by the total
area of crystalline plus the amorphous peaks of the crystal
[19,20]. This was approximated by taking the ratio of the total
number of crystalline peaks of the experimental zeolite to the
number of crystalline peaks of the reference and multiply by
100 (Eq 3 and 4) [18]. The percent crystallinity was then simply
taken as the ratio of the sum of peaks intensity of experimental
zeolite to the reference and multiplied by 100 (Eq 5).

Crystallinity Index =

Crystallinity Index of Experimental Zeolite

Total area of crystalline and amorphous peaks

% Crystallinity =

Y. peaks Intensity of Experimental Zeolite

Crystallinity Index of Standard

% Crystallinity =

2.5 Desulfurization Assessment

The adsorptive desulfurization of refined petroleum fuels was
achieved by contacting the fuel samples with the fly ash-derived
FAU zeolite at batch conditions. The fuel was held inside a
vessel to which a known amount of catalyst was added. The
reaction mixture was stirred for 3 minutes and kept undisturbed
to settle. After an hour, the supernatant, which is the desulfurized
fluid, was removed from the solution and analyzed by UV/

Y peaks Intensity of Reference Zeolite

3

x 100 4
x 100

5

Vis Spectroscopy (Shimadzu UV-1800 Spectrophotometer) to
determine the residual sulfur concentration. The sulfur uptake
by FAU zeolite was calculated from the decrease of sulfur
concentration in the supernatant solution relative to the initial
sulfur concentration in the fuel, or simply by taking the difference
in the mass of sulfur in fuel before and after desulfurization per
gram of adsorbent (Equation 6).

__ Sulfur Concentration (ppm)xFuel Volume (L)

Desulfurization Capacity (%)

2.6 Assessment of Metal Cations Removal From Water

Removal of divalent and monovalent metals such as Ca?",
Mg?*, and K* from water was achieved by contacting the water
sample (municipality tape water) with the fly as prepared FAU
zeolite in batch conditions. The water was held inside a vessel to
which a known amount of FAU zeolite was added. The reaction
mixture was stirred for 3 minutes and kept undisturbed to settle.

- —

Mass of Adsorbent
6

After an hour, the supernatant was removed from the solution
and analyzed by Atomic Absorption Spectroscopy (AAS) to
determine the demineralization efficiency.

3. Results and Discussion
Raw coal fly ash and the as produced FAU zeolite are illustrated
in Photograph 1a and b, respectively.

——— ~

Photograph 1: a) Raw coal fly ash, b) As -produced zeolite
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Optical observations of this photograph granted some evidence
of the synthesis success before any characterizations were
made. Analysis by different analytical tools revealing the
physiochemical properties of the produced zeolite as presented
below.

3.1 Energy Dispersive X-Ray Spectroscopy Analysis

Energy-dispersive X-ray spectroscopy (EDS) analysis revealed
the coal fly ash composition of 21 wt.% Si, 56 wt.% O, and 16.5
wt.% AIl2. The treated CFA revealed good properties of Si/Al

"

ratio in a range of 1.4-1.6 which falls within law silica FAU-
type zeolites family [21]. The raw CFA contained trace mineral
elements such as potassium, calcium, titanium, and iron which
were absent from the acid treated and crystalized CFA.

3.2 Fourier-Transform Infrared Spectroscopy

The functional groups and molecular bonding of as-produced
FAU zeolite were analyzed by Fourier-transform infrared (FTIR)
spectroscopy as illustrated in Figure 2.

‘*K/ﬁr—ﬁ‘x
" 3375.24cm™, 97.08%T 1638.83cm™”, 97.53%T

\
1 \
: \
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-

Figure 2: FTIR spectrum of the as-synthesized FAU Zeolite

The FTIR spectrum in Figure 2 reveals no organic chemical
groups. This indicates purity of the synthetized FAU zeolite
crystals. As reported by Ates [22], the weak peaks that appear
over 3376.24 cm™ and 1638 cm™ are characteristic of O-H
stretching and bending due to structural and nonstructural
adsorbed water molecules; only the peak with the highest
intensity (around 9670cm™) corresponds to vibrations due to the
tetrahedral asymmetric linkages. The remaining peaks at 674
cm™ and 84 cm™! indicate the presence of rings linkages in zeolite
structure [22].

3.3 Scanning Electron Microscopy Analysis

Analysis by scanning electron microscopy (SEM) reveals the
electron micrographs of areas in the mounted samples of the raw
CFA and the synthesized FAU zeolites at varying NaOH/Ash
ratios. As displayed in Figure 3 (a, b, ¢, and d), all the images
are back scattered electron images (BSE) and acquired at 20 kV.
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The typical morphology of raw CFA presents abundant spheres
associated with coarser and anhedral porous lumps of material
as illustrated in Figure 3 (a). In Figure 3 (b and c) some fine
angular particles are visible, indicating that zeolite formation
has been initiated. These angular particles are better defined
in fly ash treated at higher NaOH/Ash ratio of 1.6 (Fig 3d) a
product that has clearly resulted in the formation of euhedral
(well-formed crystal) aggregates of zeolite crystals.

3.4 X-ray Diffraction Analysis
A conversion method of CFA to zeolite capable of obtaining
high crystalline zeolitic structures is necessary to improve the

synthesis of zeolites from this waste towards high catalytic
performance. In comparing the XRD patterns of the as produced

600
500
400

300

Intensity (A.U)

200|

10

FAU zeolite with the XRD patterns of reference FAU zeolite
[23] it is observed that the synthesis was achieved with good
crystallinity yield. There is good similarity in the region
x-y theta of the as-synthesized zeolite depicted in Figure 8.4
when compared with the reference XRD patterns. Relating the
crystalline peaks of the reference zeolite (About 12 peaks) with
those generated by the experimental zeolite (10 peaks), using
Equation (5), gives a percent crystallinity yield of 83 %. Thisis a
reasonable fit and proves the success of the synthesis route used,
although some variations are observed by the peaks position and
intensities which could be caused by impurities due to possible
sample contamination during synthesis. The XRD of raw CFA
and as-prepared FAU zeolite are shown in Figure 4
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Figure 4: a) X-ray patterns of raw CFA, b) XRD of as-synthesized FAU Zeolite

J App Mat Sci & Engg Res, 2023

Volume 7 | Issue 2 | 133



It is quite uneasy to distinguish FAU zeolite-Y from its zeolite-X
analogous. According to Lassinantti [21], zeolite-X and Y are
analogous structures of same low silica FAU family but they are
slightly differentiated by their Si/Al ratios, 1 to 1.5 and 1.5 to 3,
for zeolite-X and zeolite-Y, respectively. Both have high cationic
exchange capacity (CEC) which enhances their applicability as
sorbents and catalysts [24].

3.4.1 The Effects of Varying the NaOH/ash Ratio on Crystallinity
Figures 5 and 6 depict the effects of varying NaOH/Ash ratios

3000
2500
2000

1500

Intensity (A L)

1000

on zeolite crystallinity. The structures obtained at NaOH/Ash
ratio below 1.4 are essentially amorphous in nature and not
shown here. As the NaOH/Ash was increased from 0.8 to 1.6 the
crystallinity yields increased while the proportion of amorphous
glass decreased. The intensity of crystalline peaks was intensified
at the NaOH/Ash ratio of 1.4. At the NaOH/Ash ratio of 1.6 the
peak intensities increased even further as the amorphous content
virtually disappeared (Fig 6). This indicates that CFA-to-FAU
zeolite conversion occurs optimally between NaOH/Ash ratios
of 1.4 and 1.6.
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Figure 5: XRD of zeolite formed at NaOH/ash 1.4.
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Figure 6: XRD of zeolite formed at NaOH/ash 1.6.

The diffratograms of zeolite sinthesized at NaOH/Ash ratios
below 1.4 are not shown since these samples were poorly
crystalline indicating that NaOH/Ash ratios below 1.4 are not
optimal for CFA-to-FAU zeolite conversion.

3.4.2 The Effects of Synthesis Temperature on Crystallinity
Varying the synthesis temperature from 100 °C to120 °C did
not convey significant structural changes. Altough not clearly
visible from the diffractograms in Figures 8 and 9, the crystalliity
obtained at 120 °C (Fig 7) was slightly higher when compared
with that of 100 °C (Fig 9).
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Figure 7: XRD Pattern at Synthesis Temperature (100 °C)
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Figure 8: XRD Pattern at Synthesis Temperature (120 °C)

The diffratograms of zeolite sinthesized below 100 °C are not
shown since these samples were poorly crystalline indicating
that the temperatures below 100 °C are not optimal for zeolite
synthesis. Increasing the temperature above 120 °C during
hydrothermal synhtesis would be unecessary waste of energy
since this would not improve the crystalinity but lead to

formation of other zeoites tyeps such as Sodalite instead of FAU
zeolite [25].

3.4.3 Effects of Synthesis Time on Crystallinity

As observed in Figure 9, the synthesis time below 12 hours
(black trace) did not generate a well-defined and intense peak of
crystalline structure when compared with the structure obtained
at 24 hours (blue trace).
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[

e
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Figure 9: XRD Patterns of the as prepared FAU zeolite at varying synthesis time
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Since there are no major structural improvements above 24
hours synthesis, there is no benefit in increasing the synthesis
time, the shorter time would also avoid energy penalties.

3.5 Brunauer-Emmett-Teller (BET) analysis

Physical properties of zeolites, such as specific surface area,
pore size, and pore volume distribution, are important factors in
various zeolite applications. The BET measurements of the as
prepared FAU zeolite, including the cationic exchanged forms,
are presented in Table 1 and Figure 10.

Sample BET (m2/g) | Pore Width (nm) | Pore Vol. (cm3/g) Particle Size (nm)
Starting Zeolite | 60.54 1.04 0.07 99.73
Ag-Zeolite 64.00 1.05 0.09 93.73
Li-Zeolite 121.98 0.52 0.10 49.20
LiAg -Zeolite 154.33 0.53 0.26 38.90

Table 1: Surface areas and pore structure measurement by BET

The trend displayed in Table 1 was expected; the surface area
usually increases with decreasing particle size and pore diameter.
Ag-exchanged zeolite shows BET profile remained closer to that
of the starting zeolite, the BET surface areas of other cationic-
exchanged zeolites increased significantly from around 60 m?g’
!in the starting zeolite to 154.33 m?g! after modifications by
cationic exchange. At the same time, the pore widths decreased
somewhat from 1 nm in the starting zeolite to near 0.5 nm.
According to Murphy [26] large surface areas are beneficial
for adsorption as these increase the sorbent loading capacity.
Murphy [26] reported pore diameters of 0.5 nm as being effective
for molecular sieving. Thus, Li-exchanged zeolite, having 5 A
pore diameter, offers a microporous nature capable of separating
N, from O, in the air based on their kinetic dimeters of 2.90
and 3.14 A, respectively [27,28]. This could possibly be the
reason why Li-exchanged zeolites have been recommend for
air separation [29]. LiAg-Zeolite, however, has the largest
surface area (154.3 m?g?') when compared with Li-exchanged

* = Adsorption

—=— Desorption

@
=)

-
=1

@
=)

=
=1

w
=1
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20 C)
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Relative Pressure (P/Po)

Quantity Adsorbed (Cma/g STP)

zeolite (121.98 m?g?). This gives an evidence to why Epiepang
et al. [30] observed a considerable N, -adsorption improvement
when mixed cations zeolite, such as LiAg-zeolite, was used as
sorbent for air separation. Mixed cations exchanged zeolites also
increase the electrostatic interactions between the adsorbent and
the adsorbate which enhances the catalytic activity in addition to
size-exclusion mechanism [30].

All isotherms in Figure 10 (a, b, ¢, and d) show some hysteresis
consistent with micropores. As presented in section 3.3, cationic
exchange increased the zeolitic surface area while the pores
sizes decreased. Cationic exchange also increases the zeolite
acidity [27] which improves adsorption. Hence, exclusion by
molecular size is not the only separation parameter considered
in adsorption. In fact, N, has stronger electrostatic interaction
with FAU zeolite than O, which makes separation of these two
molecules much easier [31,32].

120,
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Figure 10: N ~Adsorption of a) Starting zeolite b) Li — zeolite ¢) Ag — Zeolite ¢) d) LiAg — zeolite
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The cations on exchanged zeolites improved the zeolite
adsorption performance while lowering the amount of sorbent
required to elicit an effect [30]. This is observed in Figure 10
(d) which shows a different adsorption pattern when compared
to the isotherms in Figure 10 (a, b, and c). Addition of merely
minute amounts of silver to a previously lithium-exchanged
zeolite enhanced the adsorptive properties of a singly lithium-
exchanged zeolite as supported by Sebastian [33]. Based on

the results displayed, high aluminium, low silica, and cation-
exchanged FAU zeolite gives the best zeolite architecture for
N, -adsorption separation.

3.6 Thermogravimetric Analysis

The thermogravimetric analysis (TGA) proved to be a fast and
consistent method to determine the thermal stability of the as-
synthesized FAU zeolite.
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Figure 11: TGA Analysis of Experimental FAU Zeolite (100°C -900 °C)

As illustrated in Figure 11, FAU zeolite exhibits a total mass loss
(green trace) of 6.9% after heat treated to 600 °C from around
100 °C. The mass loss is due to nonstructural water evaporation
[34] which did not affect the structural arrangement of the
crystalline; the sorbent still retained its catalytic activity after
heat treatment. The zeolitic thermal resistance is an outstanding
physical property that enhances its application in catalysis in
addition to its wide use for production of construction materials
[35]. It is exactly this attribute that makes zeolite a choice
material for catalysis in harsh environments such as in extreme
temperatures of internal combustion engines.

3.7 Removal of Divalent And Monovalent Metals From Water
Atomic Absorption Spectroscopy (AAS), which relates the light
absorbed with the concentration of an element, was the fastest
method to determine the cationic exchange capacity (CEC)
of the as-produced FAU zeolite to assess its effectiveness on
removal of metal cations from water. The CEC value of 3.5
MEQ)/g zeolite was obtained by taking the difference of the total
concentrations of cations in each volume of sample water before
and after contacting with the zeolite adsorbent as summarised
in Table 2.

Cation Sample mg/L. | Control mg/L | Diff. mg/L. | 0.1 L
Mg+ 3.1 0.3 2.8 0.3
K+ 22.4 0.4 22.0 2.2
Ca+ 10.8 0.8 10.0 1.0
CEC (MEQ/g Zeolite) 3.5

Table 2: CEC Analysis by AAS

Table 2 shows a significant reduction in the concentration of
metal cations in demineralized water. This is very satisfactory
because the removal of trace heavy metal cations, such as Cd*",
Pb*, and Zn?* from wastewater is critical for water purification

[15]. The high CEC displayed by the as-produced FAU zeolite
on divalent Ca?", Mg?*, and monovalent K* cations is evidence
that the material could be used for removal of monovalent and
divalent metal cations from wastewater effluents.
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3.8 Desulfurization of Gasoline And Diesel
The performance of the as-prepared FAU zeolite on removal
of sulfur in gasoline and diesel was determined by UV/Vis

spectroscopy measurements of the original and desulfurized
fuel samples.
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Figure 12: Performance of FAU zeolite on gasoline and diesel desulfurization

There was a considerable drop of sulfur concentration from 270
ppm in the non-desulfurized diesel sample to less than 100 ppm
after desulfurization (Fig 12). Before desulfurization, gasoline
had a sulfur content of approximately 61 ppm, which was reduced
to 37 ppm. Thus, halving sulfur levels gasoline and diesel and
achieving this at ambient pressure and room temperature could
make adsorptive desulfurization very economic with fly ash
zeolite as catalyst.

3.9 Cost-benefit Analysis

Production of zeolites from waste resources such as CFA is
economically attractive and may overcome the high cost of
synthesis from chemical reagents such as silicate and aluminate
[9-11]. The recoverable amounts of SiO, and Al,O, in CFA make
this material a great precursor of zeolites with catalytic activity
similar to commercial zeolites [8,16]. Table 3 estimates the cost
of preparation of zeolites from CFA at batch scale.

Description Unit Quantity | Cost$ USD
Commercial Zeolite g 1000 1160
Subtotal 1160
Experimental Zeolite

NaOH g 1600 128

Water L 100 0.2

Energy KWh 29 2

Subtotal 130

Gross Margin 1029

Table 3: Cost-benefit analysis of production of CFA versus commercial zeolite

Table 3 gives an estimate of daily household energy use which
is assumed to cover the daily energy requirements of producing
1 Kg of CFA zeolite. The total daily energy cost of § USD 2 was
obtained by multiplying the price energy of $ USD 0.07 [36] per
kWh times 29 kWh per day. The cost of reagents such as NaOH
could be obtained at suppliers’ website such as Sigma Aldrich.
The synthesis at 24 hours gave satisfactory crystallinity yield of
the as-produced zeolite, therefore, the energy cost of producing
1 kg zeolite gives reasonable estimate. The amount of water
used for hydrothermal synthesis and washing was recorded
during experiments and was considered in cost estimation. The
water price was obtained from local municipality government

websites. This analysis shows that reducing the gross margin
to half of the current value due to additional costs such as
equipment and labour would keep the cost of zeolites production
5 times lower than commercial zeolites.

Conclusions

The fly ash-to-zeolite conversion has potential to offer an
inexpensive alternative to current synthetic zeolites production
from chemicals. Many optimization methods have been
investigated for hydrothermal synthesis of zeolites from coal
fly ash and the combination of these offers the best synthesis
zone achieved in this study. The temperature ranging from 100
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°C to 120 °C, over 24 hours synthesis time, offered the optimal
conditions for zeolite conversion, and the NaOH/Ash ratio of 1.6
gave the best crystallinity yield. The composition of the synthesis
mixture with respect to the NaOH/Ash ratio, the temperature,
and duration of the synthesis were the most important parameters
determining the crystallinity and significantly enhanced the
morphology of the crystal. The surface area increased by
45.3m2g-1 on average after cationic exchanging with selected
metal cations while the pore sizes halved to 0.5 nm from 1 nm.
Zeolitic adsorptive desulfurization successfully achieved the
removal of sulfur from 270 ppm to less than 100 ppm and from
61 ppm to 37 ppm in diesel and gasoline samples, respectively,
at stopped flow and ambient conditions. Treated fly ash is
therefore a promising alternative to the refiners’ hydrotreatment
methods expected to improve the environmental performance of
fossil fuels. The physiochemical properties of the as produced
FAU zeolite, such as the high cationic exchange capacity, N -
adsorption, and chemical resistance, grant this material broad
industrial applicability in catalysis, gas and liquid separation,
and water purification. As zeolites continue fueling their market
growth, making the pursuit of methods of efficient production
and scalability becomes a subject of practical interest.
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