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ABSTRACT

Studies were conducted to determine if crystalline zeolites could be obtained from the filtrates of coal fly ash (CFA)/NaOH
slurries through sonication. The CFA/NaOH slurries were obtained by aging CFA in 3 M NaOH for 24 h at 50 °C using a solid/
liquid (S/L) ratio of 15 g/120 mL. FT-IR studies indicated that the ‘Lo’ regime ultrasonicated zeolite had higher intensities than that
of the ‘Hi’ frequency ultrasonicated zeolite. The bands associated with the ‘Lo’ regime ultrasonicated zeolite were observed at
1066 cm–1, 1400 cm–1 and 3600 cm–1, which were identified as Si-O asymmetric stretch, Al-O asymmetric stretch, O-H bend and O-H
asymmetric stretch, respectively. Based on PXRD studies, the zeolitic phases were most intense for the 90 min ultrasonicated
zeolite. Powder X-ray diffraction studies showed that the phases initially in CFA, such as quartz and aluminosilicate, were
converted into gismodine zeolite Na-P1. Morphological changes were seen as ultrasonication period was increased. At short
ultrasonication times, irregularly shaped fused-like grain structures were observed, while at longer times separate grain-like
structures became more apparent. Energy dispersive X-ray spectroscopy studies on the 90 min ultrasonicated zeolite indicated the
presence of Na, O, Si and Al, which were important building-blocks for the zeolites.
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1. Introduction
The application of ultrasonication is an attractive area of study
for many researchers, due to its positive influence on crystallization.1–4 Ultrasonication involves the conversion of an electrical
signal into physical vibrations directed towards a substance.
This method has useful advantages in that it is fast, simple and
does not require complicated facilities.5 This technique has been
reported to control nucleation, improve particle size distribution and morphology.6–7 Additionally, ultrasonication has been
observed to improve crystal growth,8 induction periods,9 nucleation6 and yields of crystalline zeolitic products.10 The mechanism of ultrasonication has been studied over the past several
decades. Cravotto et al.7 reported that ultrasonic waves are transmitted from a sound source through liquids causing oscillation
to take place in the direction of the wave, producing longitudinal
waves. This then results in the layer of liquid closest to the ultrasound source to be displaced, followed by displacement and
compression of neighbouring layers.11–12 The molecules within
these layers also become compressed resulting in pressure
changes causing the molecules to undergo geometrical changes
due to bond stretches. Thereafter, bond stretches form bubbles
(cavities) that when molecules try to regain their initial position,
make the cavities collapse, otherwise known as cavitation.7 It is
through this cavitation that attractive forces between molecules
are disrupted paving the way for new reactivities leading to
the formation of new species with unique morphologies and
size distribution of crystals.7 This energy propels initiation of
nucleation which is responsible for crystal growth.13 The use of
sound waves to obtain highly crystalline zeolites is a sought-after
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technique; however, research has lately been focused on generating zeolites from renewable sources.
Coal fly ash (CFA) is a coal combustion by-product abundant in
elements such as Al and Si, with traces of Ca, K and Na amongst
others. CFA generally has a spherical morphology and its
composition is dependent on the combustion conditions. CFA
zeolites are materials obtained from the dissolution of the
CFA matrix using an alkaline activating agent and subsequent
crystallization of the matrix solution.
Though work has been done on the synthesis of zeolites from
CFA using ultrasonication techniques, this work is focused on
the synthesis of crystalline zeolitic products from the filtrates of
CFA/NaOH slurry through ultrasonication. Aspects such as
purity, crystalline size, morphology and yield were evaluated.
Additionally, this study was aimed at addressing the environmental threat caused by the disposal of the CFA/NaOH filtrate
common to the hydrothermal treatment technique of CFA.
2. Experimental
2.1. Chemicals
Sodium hydroxide pellets were obtained from Rochelle Chemicals (Johannesburg, South Africa) and were used as alkaline
activating agents for dissolution of the aluminosilicate matrix in
CFA. Al2(SO4)3.18H2O and SiO2 were purchased from Associated
Chemical Enterprises (Johannesburg, South Africa) and
Sigma-Aldrich (Johannesburg, South Africa), respectively, and
were used as standards in the analysis of dissolved Si4+ and Al3+
species in the alkaline solution using the graphite furnace atomic
adsorption spectrometer (GFAAS). Ultra-pure water with
conductivity and resistance of 0.055 µS cm–1 and 18.2 mΩ, respec-
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tively, was obtained from a Direct-Q 5UV distiller (Vienna,
Austria) and was used for the preparation of NaOH solutions.
2.2. Materials
Sonication studies were done using a Labotech Scientech
Ultrasonic Cleaner Model-704 (Johannesburg, South Africa).
Crystallization studies were performed using a 278AC Brass Parr
Bomb obtained from the Parr Instrument Company (Illinois,
United States of America). A Labotec Ecotherm oven (Johannesburg, South Africa) was used for crystallization of zeolites. X-ray
fluorescence (XRF) analysis was conducted using a Bruker AXS
S2 Ranger spectrometer (Karlsruhe, Germany). Powder X-ray
diffraction (PXRD) studies were conducted on a Siemens D2
diffractometer (Cramerview, South Africa) using Co Kα radiation equipped with a Ni filter, steps of 0.02 ° with a scan range of
10–90 °. The morphological features of the samples were evaluated by scanning electron microscopy (SEM) (FEI Nova Nanolab
600) (Hillsboro, United States of America), by placing powdered
samples on an aluminium sample stub via double-sided carbon
tape as the adhesive and coat it with gold. Fourier transform
infrared (FT-IR) spectroscopy was performed using a Bruker
Alpha Platinum-ATR analyzer (Billerica, United States of America) to evaluate the absorption bands in the ultrasonicated
materials. Brunauer-Emmett-Teller (BET) was done using a
Horiba (Kyoto, Japan) SA-9600 analyzer to measure the specific
surface area of the prepared materials. The samples (0.35–0.50 g)
were first de-gassed before analysis at 110 °C using helium gas.
Nitrogen gas was then used as an adsorbate at –195.8 °C.
2.3. Methods
Fresh pulverized CFA was collected from precipitators of the
Modderfontein steam plant, South Africa. The CFA samples
were stored in polyethylene containers away from direct
sunlight. This was done to minimize exposure to the atmosphere
to maintain their initial overall phase composition.
During the ageing stage, a 3 M solution of NaOH was prepared
by dissolving 29.963 g of sodium hydroxide in 250 mL ultra-pure
Milli-Q water with a conductivity of 0.05 mS and resistance of
18 mΩ. 120 mL of the prepared NaOH solution was then mixed
with CFA (15.0 g). The mixture was stirred at 800 rpm for 24 h at
50 °C in a 250 mL polypropylene sealable bottle to allow for the
dissolution of Si4+ and Al3+ from the CFA material into the
NaOH activating solution, producing a slurry.
The aged CFA/NaOH slurries were filtered by gravity filtration
using Grade 1 Whatman filter papers resulting in a pale yellow
clear filtrate solution that was collected in 50 mL centrifuge
tubes. Studies were then done on the filtrates to determine if any
zeolites could be obtained by ultrasonication. This was done by
placing the filtrate containing centrifuge tubes in an ultrasonic
cleaner. The following variables were evaluated; ultrasonication
frequency, ultrasonication time and temperature. The filtrates
were subjected to ‘Hi’ and ‘Lo’ frequency settings. These
frequency settings affected the size and spread of the cavitation
bubbles, influencing the erosion and sonication action on the
surfaces of the sonicated material. The ‘Hi’ setting provided
minimal erosion of surfaces, while the ‘Lo’ setting was more
aggressive. The power was set at 150 and 300 W for 'Hi' and 'Lo'
frequencies, respectively. Once an optimized frequency was
obtained, ultrasonication time studies were conducted. The
sonication periods ranged from 30–210 min. All sonication
studies were conducted at room temperature. After the optimized frequency and ultrasonication time was obtained, the
filtrate (20 mL) was then crystallized using a 278AC Brass Parr
Bomb at 140 °C, 180 °C and 230 °C for a period of 12 h. This time
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was also used by Mokgehle et al.14 in previous studies. White
crystalline solids were obtained. The % yield of the solids was
calculated as shown in Equation 1.
⎛ mass of zeolite obtained ⎞
Percentage yield = ⎜
⎟ × 100
mass of CFA used ⎠
⎝

(1)

3. Results and Discussion
3.1. Effect of Ultrasonication Frequency on Filtrates of Coal
Fly Ash/NaOH Slurries
Sonication studies were done on the filtrates of the CFA/NaOH
slurries to evaluate the possibility of obtaining pure zeolites
before crystallization. At first, crystallization temperatures of
140 °C and 180 °C were attempted; however, the ultrasonicated
solution was still present, indicating no crystallization. It was
then decided to conduct crystallization at higher temperatures;
in this case at 230 °C. Following this, white crystalline solids were
obtained. Hence, a crystallization temperature of 230 °C was
used for all the experiments in this work. Fig. 1 shows the FT-IR
spectra of CFA and the zeolite products as the frequency was
varied. It was observed that the band at 1066 cm–1, due to Si-O
and Al-O asymmetric stretches became intense and shifted
towards low frequencies (875 cm–1) in the zeolite samples. Other
researchers observed a similar trend.15–16 Additionally, for the
zeolite ultrasonicated at ‘Lo’ frequency and crystallized at
230 °C, the Si-O, Al-O symmetric stretches and Al-O, Si-O bends
were observed in the regions of 804–805 cm–1 and 500–550 cm–1,
respectively. Furthermore, the band at about 1400 cm–1 correspond to stretching vibrations of Si-O bonds in SiO4.16 The band
at 700 cm–1 for both the ‘Hi’ and ‘Lo’ regime ultrasonicated
zeolites indicated that Si is liberated from the zeolite framework
and is substituted by additional Al and Na.16 This also indicated
that the glassy aluminosilicate layer of CFA reacted with the
NaOH activator to form zeolites.15 Comparison of FT-IR spectra
of separately treated ‘Hi’ and ‘Lo’ regime ultrasonicated materials in Fig. 1 showed that the ‘Lo’ regime ultrasonicated zeolite
had higher intensities than that of the ‘Hi’ frequency ultrasonicated zeolite at 1066 cm–1, 1400 cm–1 and 3600 cm–1. Furthermore, the ‘Lo’ regime material was observed to generate cavitation bubbles which formed high energy shock waves, that
probably changed the initial molecular arrangement in the
aluminosilicate glassy layer.7 Additionally, the separately treated
‘Hi’ and ‘Lo’ regime ultrasonicated materials were observed
to be hygroscopic, which is in agreement with the band due to

Figure 1 FT-IR spectra of CFA and the zeolites produced at 230 °C after
12 h ultrasonic treatment of separate filtrates at ‘Hi’ and ‘Lo’ frequencies.
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Figure 2 (a) SEM of 60 min ultrasonicated zeolite done at ‘Lo’ frequency at ×800 magnification and (b) the respective EDS spectrum (inset shows
the relative percentages of elements).

O-H bend at 1450 cm–1 and O-H asymmetric stretch around
3000 cm–1. The best zeolite material was produced from the
CFA/NaOH filtrates treated with the ‘Lo’ regime and crystalized at 230 °C. This material was used for further crystallization
studies.
The ‘Lo’ regime ultrasonicated material was further characterized by SEM-EDS, as shown in Fig. 2. Fig. 2a shows the SEM
images taken at ×800 magnification, showing fused-like particles with an intricate network of channels. The EDS spectrum
(Fig. 2b) indicated the presence of Na, O, Si and S. The dominant
elements (Na and O) in the material were observed to be from
the CFA/NaOH mixture that was filtered. The detection of Si in
the sonicated material was due to the dissolution of Si4+ into the
alkaline (NaOH) solution during ageing of CFA (Fig. 2b).
Murayama et al.17 and Jha et al.18 reported that the OH– from the
NaOH activating agent contributed significantly to the dissolution of Si4+ and Al3+ from CFA. It was observed that Al from the
aged CFA was present in trace amounts of about 0.1% (inset in
Fig. 2b) though it could not be detected on the EDS spectrum
(Fig. 2b). The EDS spectrum also indicated the presence of S,
which was most likely to have originated from the parent coal
material of the CFA. The parent coal material probably had
sulfides in the form of pyrite (FeS2) or marcasite (FeS2).19
Powder X-ray diffraction (PXRD) studies were done to determine the zeolitic phases obtained under ‘Lo’ regime ultrasonic
frequencies and examine the conversion of the CFA aluminosilicate and quartz phases. The PXRD spectrum of the zeolite
crystallized at 230 °C, after an ultrasonication treatment done at
‘Lo’ frequency for 60 min, is shown in Fig. 3. The sharp peaks in
Fig. 3 indicated the crystalline nature of the zeolite, as reported
by Vijaya et al.20 The dominant mineral phases observed was that
of gismodine zeolite Na-P1 (2Θ 17, 25, 28, 34,26, 40, 48, 52, 54,
65, 87). Musyoka et al.21 and Vadapalli et al.22 also reported the
characteristic 2Θ values for zeolite Na-P1.

general increase in peak intensities at 710 cm–1 and 810 cm–1
associated with Si-O and Al-O symmetric stretches, respectively.
This was seen with the relatively lower intensities of the 180 min
and 210 min spectra relative to the shorter (<90 min) ultrasonication times, (Fig. 4c). Fig. 4b is a comparison of CFA and
the 60 min ultrasonicated zeolite, the band at 1100 cm–1 for the
zeolite is due to internal (Si,Al)O4 tetrahedral asymmetrical
stretching.
In Fig. 4c the regions of 570–630 cm–1 and 880–920 cm–1 were
assigned to a (T-O) (T=Si, Al) bend and a Si-O, Al-O tetrahedral
vibration, respectively. Additionally, as the ultrasonication time
was increased, the bands characteristic for asymmetric Si-O and
Al-O stretch at 1100 cm–1 moved toward higher energy, as
observed by Musyoka et al.21 and Fernández-Jiménez et al.23 This
signified that increasing the ultrasonication time strengthened
the Si-O and Al-O network structure in the zeolite as shown in
Fig. 4.
3.2.2. PXRD Investigation
A series of ultrasonication studies were conducted on the
filtrates obtained from the aged slurries at ‘Lo’ frequency setting,
which were then subjected to crystallization at 230oC (shown in
the PXRD spectra in Fig. 5). Additionally, in the absence of

3.2. Effect of Ultrasonication Time on Filtrates of Coal Fly
Ash/NaOH Slurries
3.2.1. FTIR Investigation
Figure 4a shows FTIR spectra of the zeolites obtained as a function of ultrasonication time, which were then subjected to the
230 °C hydrothermal treatment step. Similar patterns were
observed for all the spectra, with the 120 min ultrasonicated
zeolite generally having the highest intensities of peaks in the
region of 500 cm–1 to 1200 cm–1 (Fig. 4c). This probably indicated
that ultrasonication for longer periods played a role in the

Figure 3 PXRD spectrum of the zeolite crystallized at 230 °C, after an
ultrasonication treatment was done at ‘Lo’ frequency for 60 min. The
label 'P' indicates zeolite Na-P1.
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ultrasonication time. The mineral phases observed in Fig. 5 were
those of gismodine zeolite Na-P1 (2Θ 17, 25, 28, 34, 26, 40, 48, 52,
54, 65, 87). At ultrasonication periods above 90 min, minimal
crystallization was observed. This indicated that longer ultrasonication periods interfered with the nucleation process of the
zeolites. Ultrasonication was shown to play a role in improving
the crystallinity of zeolites, and this is in agreement with what
was reported by Andac et al.,10 Fernández-Jiménez et al.,23 Bukari
et al.25 and Belviso et al.26 Hence, the 90 min ultrasonication
time was observed to be the optimum time for the formation of
crystalline zeolitic phases.
The yields of the zeolites ranged from 47.6%–96.0%. The most
crystalline zeolite (ultrasonicated for 90 min) was obtained with
a yield of 62.0% (Table 1). The low yields obtained particularly for
the 60 min and 180 min ultrasonicated materials, could be due to
very little amounts of the solid residue zeolitic material being
deposited into the filtrate solution, since ultrasonication studies
were conducted on the filtrate.
Table 1 Yields of the various zeolites as ultrasonication time is varied.

Figure 4 FT-IR spectra of CFA and the zeolite produced at 230 °C after an
ultrasonication treatment done at ‘Lo’ frequency and at different times:
(a) full scan; (b) CFA and 60 min ultrasonicated zeolite; (c) 90–210 mins
over the 500–1200 cm–1 region.

ultrasonication (0 min), no crystalline peaks were obtained as
shown in Fig. 5. The crystalline peak intensities were observed to
increase as the ultrasonication time was increased. The most
prominent diffraction peaks were observed for the 90 min

Time/h

Mass/g

Yield/%

60
90
120
180
210

1.19
1.55
2.40
1.25
1.78

47.6
62.0
96.0
50.0
71.2

3.3. Percentages Mineralogical Conversion of Coal Fly Ash
into Zeolitic Phases
Table 2 is a comparison of the mineral phases present in both
the CFA and the optimized zeolite ultrasonicated for 90 min. The
composition of CFA consists of spheres containing an amorphous aluminosilicate glass phase composed of mullite needles
within its structure. Additionally, the quartz phase may also be
embedded within the glass phase or may be found as separate
particles.19 Analysis of the CFA used in this study with X-ray
fluorescence indicated that the CFA was class C21, with a Si/Al
ratio of 1.19 and a loss of ignition (LOI) of 3.29%.21 The majority
of CFA was composed of a larger percentage of Si4+ relative to
Al3+. Similarly, the mineral phases present in CFA included
mullite, quartz and aluminosilicate with percentages of 26%,
28% and 46%, respectively. These phases were also present in
the CFA reported in the literature.19,24,27 It was observed that the
aluminosilicate, quartz and mullite phases in CFA were digested
in the ultrasonicated zeolite, as shown by the percentages of 12, 6
and 4%, respectively, (Table 2). This observation is consistent
with what was observed in Fig. 5. The dominant mineral phases
observed in the ultrasonicated zeolite was the gismodine zeolite
Na-P1 phase, with the merlinoite and mordenite phases being
the least abundant.
The SEM micrographs of the un-sonicated filtrate (0 min) and
ultrasonicated filtrates were done for a duration of 90 and
210 min are shown in Fig. 6a–c), respectively. In Fig. 6a the unsonicated material was observed as irregularly shaped fusedlike grain structures. From Fig. 6a–c, morphological changes
were observed in the material, indicating that sonication period
played a role in the shapes of the materials studied.28–29 Separate
grain-like structures became more apparent, as the ultrasonication period was increased, as seen in Fig. 6b and Fig. 6c. In
Fig. 6c, the grain-like structures appeared to be more uniform
indicating that longer ultrasonication times influenced the
distribution of the particles.
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Table 2 Percentage comparison of the mineral phases present in CFA
and the zeolite crystallized at optimum conditions for 90 min.
Mineral phase

Aluminosilicate
Quartz
Mullite
Hydroxysodalite
Faujasite
Gismondine
Analcime
Merlinoite
Mordenite

% Composition
CFA

Ultrasonicated zeolite

46
28
26
–
–
–
–
–
–

12
6.0
4.0
5.0
13
16
6.0
4.0
2.0
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(Si, Al and O), essential for the Si-O-Al network, and the zeolitic
mineral phases, as highlighted in Table 2, all indicate that the
obtained material is zeolite. Therefore, based on the intensity of
the Na-P1 crystalline phase in the PXRD spectrum (Fig. 5) and
the EDS spectra (Fig. 7), the ultrasonication time of 90 min gave
the best ultrasonicated material.
3.4. Brunauer-Emmett-Teller (BET) Analysis
The specific surface area, pore volume and pore size distribution of 90 min ultrasonicated zeolite and parent CFA were studied using BET analysis, as shown in Table 3. The surface area of
the ultrasonicated zeolite was determined to be 4.311 m² g–1,
while the pore volume was observed to be 0.077 cm g–1. The
average pore width was 71.32 nm. The specific surface area, the
pore volume of pores and the average pore width of the
ultrasonicated zeolite were observed to be greater than the CFA.
Based on the comparison of the physical properties of the 90 min
ultrasonicated zeolite and parent CFA (Table 3), the ultrasonicated zeolite could potentially be a more suiTable adsorbent for
heavy metal removal than CFA.
Table 3 Values describing the physical properties of ultrasonicated
zeolite based on BET studies.
Physical properties

Specific surface area/m² g–1
Single point adsorption total pore volume of pores
/cm g–1
Adsorption average pore width/nm

Figure 5 PXRD spectra of ultrasonicated zeolites, when the time was
varied. The mineral phases are denoted as follows: the label 'P' indicates
zeolite Na-P1.

The EDS spectra and the corresponding relative percentages
of the elements present are shown in Fig. 7. It was observed that
Na was the dominant element in all the characterized material
followed by O, which was derived from the NaOH activating
solution that was filtered with the CFA slurry. Traces of Si were
observed in both the un-sonicated material (0 min) (Fig. 7a) and
in the 90 min sonicated material (Fig. 7b). However, only Na and
O were observed for the 210 min ultrasonicated material
(Fig. 7d). It was also observed that the main elements (Na, O, Si
and Al) that constituted the formation of zeolites were all
present in the 90 min sonicated material as shown in Fig. 7c, with
Al being approximately 0.05%. The presence of zeolitic elements

Values
CFA

Zeolite

3.314

4.311

0.017
28.01

0.077
71.32

4. Conclusions
Ultrasonication studies were conducted to determine whether
the crystalline phases of zeolite could be obtained. Crystalline
zeolites were obtained, with the optimum zeolite obtained after
an ultrasonication time of 90 min.
Both FT-IR and PXRD studies indicated that the zeolites
ultrasonicated at a ‘Lo’ frequency were observed to show a
greater conversion of the aluminosilicate, mullite and quartz
phases initially present in CFA. The phases initially in CFA were
converted into gismodine zeolite – Na-P1. The SEM images
showed transitions in morphologies of the sonicated materials
from fused-like to separate grain-type structures as ultrasonication time was increased. The EDS spectra indicated the
presence of Na, O and Si. The 90 min sonicated material had the
inclusion of Al, which was an important building-block for
zeolites. Brunauer-Emmett-Teller studies conducted on the
zeolite indicated that the material had a surface area, pore
volume and pore size of 4.311 m2 g–1, 0.077 cm3 and 71.31 nm,
respectively.

Figure 6 SEM images of (a) un-sonicated material (0 min) and sonicated materials (b) 90 min and (c) 210 min.
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Figure 7 EDS spectra of (a) un-sonicated material (0 min) and sonicated materials for (b) 90 min including (c) the percentage composition, and
(d) 210 min.
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