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Abstract

different crystal morphologies of zeolite SOD.

The formation of zeolite sodalite (SOD) as a by-product in the synthesis of zeolite X from clear solution extracted
from fused South African coal fly ash has recently been studied. However, the present study shows that zeolite X
as well as zeolite A should be seen as intermediate structures and that phase-pure sodalite can be obtained by
increasing crystallization time and temperature. To investigate the transition from zeolites A and X into SOD, the
crystallization was conducted at 70, 80, and 90°C for different times. In addition to structural and chemical analyses
by XRD and ICP, respectively, a detailed morphological characterization of the synthesis products by scanning
electron microscopy (SEM) was undertaken in order to investigate the effect of the crystallization conditions on
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Introduction

Coal-fired power plants accounted for 41% of the global electricity
production in 2006 and are expected to reach 44% in 2030. Apart
from activities to replace conventional energy from fossil fuel, coal
consumption increased globally for the decade of 2002-2012. A total of
750 million tonnes of fly ash were produced globally in 2012. Around
31 million tonnes of fly ash are produced just in South Africa per year
but only about 6% is recycled. With a focus on sustainable resource
management, because of the high content of silica and alumina coal fly
ash, it is of interest as suitable feedstock in the synthesis of high-value
zeolitic material and therefore competing with zeolites made from
pure industrial chemicals [1]. Hydroxysodalite Na [AlSiO,] (OH),-
2H,0 (SOD) as well as zeolites X, Y (FAU) and zeolite A (LTA)
belong to the class of zeolites which have the common characteristic
of B-cages (sodalite units) as common building unit. Although it is
well-known that sodalite can be ideally formed by direct attachment
of sodalite units, there is still a constant interest to study the process
of SOD synthesis. Sodalite can be successfully synthesized starting the
crystallization either from gels [2], applying hydrothermal reaction
conditions to mullite and quartz [3], or transformation of zeolite A
[4]. Al-Azmi [5] found that the synthesis temperature and the amount
of sodium hydroxide are the most important variables affecting the
sodalite formation and the morphology when starting from gels.
Furthermore, Huang et al. [6] mentioned that in zeolite A synthesis
gel, which was free of structure-directing agents, nanocrystalline
sodalite could be obtained when large amounts of ethanol were added.
From this point of view, they systematically studied the crystallization
of sodalite in the NaOH-ALO,-SiO,-H,O system in the presence
of ethanol. Structures with different morphologies were found. In
particular, clusters of sodalite discs, spherical aggregates of sodalite
nanoplates (e.g., thread-ball-like particles), and core-shell/hollow
sodalite structures were synthesized by varying the ethanol content
and hydrothermal synthesis time. In this context they reported, that
zeolite A is more stable in a water solvent system, whereas the presence
of ethanol accelerated phase transformation to sodalite. Early works
published by Borchert and Keidel [7] and Barrer and White [8] opened
the sodalite synthesis via hydrothermal conversion of kaolinite in the
presence of sodium hydroxide at low temperatures, whereas Novembre
et al. [9] investigated the solid state transformation of metakaolinite to
basic sodalite in the presence of NaCl in a so-called high temperature

dry process synthesis route at 850°C and ambient pressure. Silica,
alumina, and oxides of iron and calcium are the main constituent
parts of coal fly ash. Therefore coal fly ash, which is a by-product of
coal fired power plants, is an upcoming alternative to other industrial
resources used for the synthesis of zeolites [10]. The fly ash which was
used in the present study contained more than 70 wt.% SiO,+AlL O,
(defined as class F coal fly ash corresponding with ASTM C618) and
predominantly contaminated with Fe O, and low in lime. Although
several methods are available to convert fly ash into zeolites, there are
still technical and economical obstacles of products and processing at
semi-industrial scale to be solved before successful commercialization.
Besides the processing costs and low yields, the mobility of heavy and
toxic elements in fly ashes in contrast to the synthesis from industrial
pure chemicals are of particular relevance [11]. A simple way to obtain
zeolites from fly ash is the conventional hydrothermal conversion of a
mixture of fly ash and alkaline solution. In this way, fly ash conversion
of about 50% into zeolite, especially P and/or hydroxysodalite, was
reached as shown by Singer and Berkgaut [12] and Izidoro et al. [13].
But it seems hard from our point of view to remove the insoluble fly
ash impurities from the produced zeolitic material. As an alternative
to this procedure a mixture of fly ash and sodium hydroxide can be
fused at 550°C in order to convert insoluble SiO, and Al O, in the fly
ash into soluble sodium silicate and sodium aluminate. Before reacted
under hydrothermal conditions the soluble sodium silicate and sodium
aluminate can be separated from the insoluble fly ash constituents.
The zeolites can subsequently be crystallized from this clear solution
extract, which has to be additionally doped with an external solution
of aluminate to adjust the Si/Al ratio for the synthesis of selected
zeolite types [14]. Crystallization from clear solution yields much
lower amounts of zeolite, but the zeolite product exhibits significantly
higher purity compared to the conventional hydrothermal fly ash
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treatment. The high temperature fusion step makes it very energy
intensive, therefore the optional use of microwave-assisted heating for
the conversion of fly ash should not remain unmentioned to produce
zeolites [15,16], although homogenous heating of the reaction mixture
is then difficult. More than 60 wt.% of sodalite were formed from coal
fly ash in a 3 M NaOH medium in less than 1 hour heating time via
microwave-assisted heating [16]. It was stated that synthesis conditions
and yield of zeolites obtained are comparable to conventional
hydrothermal treatment, but activation time can be drastically reduced
using microwave technology. The phase fraction of sodalite containing
impurities of zeolite A was determined by XRD measurements and
increased with increasing the reaction time from 30 to 45 minutes,
suggesting that sodalite is the more stable zeolite phase compared to
zeolite A, which is also in agreement with the findings of Maldonado
etal. [17]. In most fly ash based zeolite synthesis processes, pure water
as solvent for NaOH is used [18-26]. When Musyoka et al. [27] used
waste industrial brine solutions instead of pure water, hydroxy sodalite
was formed in significant quantity contaminated with the remaining
amount of unconverted mullite and hematite from the fly ash feedstock.
This is not surprising because both cancrinite and sodalite can be
formed in alkaline solution from zeolite A depending on the types of
anions [27,28]. The mineral phases observed in a study suggested that
Cl and NO, direct the nucleation of sodalite, whereas Nos direct the
nucleation of cancrinite. It was also mentioned that some anions, such
as NO; and NOj can act as templates for both cancrinite and sodalite
as discussed by Deng et al. [29]. Subotic et al. [30] worked out details of
mechanistic aspects to synthesize hydroxy sodalite by transformation of
zeolite A in the presence of concentrated solution of sodium hydroxide.
From this point of view our interest was focused on sodalite which we
recognized as contaminant when studying the kinetics of zeolite X
formation based on in situ ultrasonic data starting from clear solution
extracted from alkali fused coal fly ash [31]. The progress of attenuation
of ultrasound during synthesis of zeolite X at different temperatures is
shown in Figure 1. There, the crystallisation of zeolite X was already
finished within 17 h in a temperature range between 80 and 94°C. It
was the purpose of the present study to investigate further time- and
temperature-dependent effects on zeolite X and SOD formation based
on the former synthesis route published in [31] with the aim to examine
formation and morphology of phase-pure SOD.

Figure 1: Progress of attenuation of ultrasound during synthesis of zeolite X at
different temperatures (Hums et al. [31]).

Experimental

Class F coal fly ash was supplied by ESKOM from a power plant
located in the Mpumalanga province of South Africa. The fly ash was
stored in sealed containers to preserve its compositional integrity.
The mineralogical composition of fly ash, the fused fly ash and the
crystallized products were determined by X-ray powder diffraction
(XRD) using a Philips X-ray diffractometer with Cu-Ka radiation
and graphite monochromator. ICP-OES was used for the chemical
characterization after digestion of 0.1 g sample in a solution of 8 ml
HF, 2 ml HNO,, and 2 ml HCI. The morphology of the solid samples
was studied using a scanning electron microscope with ultra-high
resolution (FESEM, ULTRA 55 Carl Zeiss MST AG). The zeolites were
synthesized from clear solution extracted from fused coal fly ash. This
was achieved by initially grinding the fly ash with sodium hydroxide
in a weight ratio of 1/2 using a ball mill for 20 min to obtain a fine
homogenously ground material. The resulting mixture was then fused
at 550°C for 2 hours in a muffle furnace to convert insoluble fly ash
mineral phases into soluble sodium silicate and sodium aluminate. The
solid material was cooled down, crushed, dispersed in demineralized
water in a weight ratio of 1/2.5 and stirred for 2 hours. The clear green
solution extract obtained was separated from the insoluble material
by filtration and subsequent centrifugation and then crystallized
without stirring in polypropylene flasks at 70,80 and 90°C for different
times. The resulting zeolitic material was isolated by centrifugation,
thoroughly washed with demineralized water until the pH of the
washing water was below 9. The synthesis products were tried at 75°C
overnight before characterization.

Results and Discussion

The composition of raw fly ash was found to be mainly amorphous
(62%) with the remaining crystalline phase consisting of quartz (13.5%),
mullite (22.3%), hematite (1.6), and lime (0.5%) with a particle size <90
nm. After thermal fusion with sodium hydroxide the main mineral
phases were sodium aluminate and sodium silicate; no evidence of
quartz and mullite could be found as shown in [32]. Exemplarily for
raw fly ash and fused fly ash SEM images are presented in [28]. The
majority of the particles of the raw fly ash were observed to be spherical
in shape related to the cooling effect of flue gas under power plant
conditions. The predominantly spherical particles are transformed into
an agglomerated porous mass after fusion. The fly ash used for this study
showed insignificantly higher amounts of SO, and AL O, in comparison
with the fly ash used in our previous study [28]. The XRD patterns of the
samples obtained after crystallization and the corresponding reference
diffractograms for zeolites A (LTA; pdf 00-038-0241), X (FAU; pdf
00-038-0237), P (GIS; pdf 00-040-1464), cancrinite (CAN; pdf 00-046-
1332) and sodalite (SOD; pdf 00-037-0476) are shown in Figure 2. It
can be seen that only reflections of zeolites A, X and SOD occur in the
XRD patterns of samples a-d. Cancrinite, which is frequently reported
to crystallize as a accompanying or consecutive phase of SOD [29,33] is
not detected. According to the XRD results, hydrothermal treatment at
80°C for 25 hours (sample a) resulted in a mixture of zeolites A, X, and
SOD. This is also stated by the corresponding SEM images in Figure 3a
which show a mixture of particles with three different morphologies.
The octahedral particles represent the typical morphology of zeolite X,
zeolite A exhibits the typical cubic morphology and accordingly the
thread-ball to armadillo-like clusters can be assigned to sodalite and
not to a new morphology of hierarchical zeolite X as published in this
context by Musyoka et al. [34-36]. When the crystallization at 80°C
was extended from 25 hours (sample a) to 48 hours (sample b) the
diffraction peaks of sodalite increased whereas the diffraction peaks of
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Figure 2: XRD patterns of the synthesis products from clear solution extract after crystallization at different reaction temperature and reaction time: at 80°C after
25 (sample a) and 48 hours (sample b); at 90°C after 25 hours (sample c), at 70°C after 48 hours (sample d) including the references for zeolites A, X, P, CAN,

and SOD.

zeolite A disappeared, which is in agreement with the literature [32] and
states that a phase transformation from zeolite A to sodalite took place.
Also a decrease of the reflections of zeolite X can be observed, which
correlates with the SEM images (Figure 3b), where a lower amount of
octahedral zeolite X particles can be observed, whereas the amount
of thread-ball-like and armadillo-like particles (SOD) increased. Also
traces of zeolite A are still visible in the SEM images, but they start to
be overgrown with SOD phase, which suggests that the transformation
of LTA into SOD structure proceeds from the surface of the particles to
the interior. The same mechanism seems to work for the transformation
of zeolite X (FAU), because also zeolite X particles are overgrown with
SOD phase (Figures 3a and 3b). The increase of the crystallization
temperature from 80 to 90°C (sample c) accelerates the crystallization
(and transformation) process and the XRD pattern (Figure 2) shows
phase-pure SOD already after 25 h, whereas the reflections of zeolites X
and A completely disappeared. Accordingly, the SEM images in Figure
3c show solely particles with armadillo-like morphology. However,
two different sizes of SOD particles could be found during the SEM
analyses of sample ¢ (Figure 4). The large SOD particles seem to stem
from the transformation of LTA or FAU zeolite particles, which is
also evident from one SEM image where the armadillo-like phase
seems to overgrow remaining particles of zeolite A or X (Figure 5c).
In contrast, the smaller SOD particles might originate from SOD
seeds which started to form and to grow later in the crystallization
process. It is noticeable that two different types of SOD morphologies,
namely thread-ball like and armadillo-like morphology, were observed
depending on the crystallization conditions. The thread-ball-like SOD
morphology accompanied the transformed particles of zeolites A and
X and thus seemed to grow preferably on the surface of preformed
zeolites (which also contain sodalite cages as the secondary building
unit). This was also the case for the SOD impurities in zeolite X samples
previously reported [30]. In contrast, the SOD particles growing from

SOD seeds had armadillo-like morphology. For the phase-pure SOD
sample (sample c) it was observed that even the large SOD particles had
the coarser armadillo-like morphology, suggesting that the thread-ball
like morphology transformed into a more stable (less external surface)
armadillo-like morphology. Different types of SOD morphologies were
also found in the literature [28] where the morphology was influenced
by several factors like NaOH concentration, type of anion, Si/Al ratio,
salinity. Finally, a mix of cancrinite and sodalite was obtained by
transformation of zeolite A [29,33]. Gualtieri et al. [37] also recognized
that zeolite A is replaced by hydroxy-sodalite at higher crystallization
temperatures and/or after longer heating periods. They suggested a
nucleation of sodalite, because direct solid-state transformation of
zeolite A to sodalite seemed impossible due to the large energy required
to reform the double-four membered ring units. According to Subotic
et al. [29] the transformation should be controlled by a solution-
mediated process starting with the dissolution of zeolite A, followed
by supersaturation of the synthesis solution and then heterogeneous
nucleation as reason for the proposed phase transformation process. In
the present study sodalite seems to nucleate close to the phase boundary
of zeolite X via Ostwald ripening, proceeding from the surface to the
inside of the particles as shown in the SEM images in Figure 5. Results
of the elemental composition of the fly ash and the resulting phase-pure
sodalite analysed by ICP are summarized in Table 1. It is important to
be mentioned that the amount of foreign elements such as Ca, Fe, Ti
and Ba in the final zeolite product is significantly reduced compared to
the initial fly ash material.

Conclusions

The present study showed that the clear solution extracted from
South African type F fly ash exhibited a proper H,0/SiO,/ALO,/
NaOH ratio for the synthesis of zeolite sodalite without the need to
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Figure 3: Selected SEM images corresponding to XRD patterns of the products synthesized at 80°C after 25 (sample a) and 48 hours (sample b), at 90°C after 25 hours
(sample c) at 70°C after 48 hours (sample d).

Figure 4: Overview: SEM image of different sizes of SOD.
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Figure 5: SEM images of armadillo-like phase overgrowing remaining particles of zeolite A and X showed by SEM images.

Element Fly ash [wt-%] ICP After crystallization [wt-%] ICP
Si 26.52 16.20
Al 14.53 11.00
Fe 3.46 0.38
Mn 0.01 0.01
Mg 0.62 0.01
Ca 1.47 0.04
Na 0.03 10.15
K 0.37 <0.22
Ti 0.93 <0.08
P n.a. 0.09
S n.a. n.a.
Ba 0.00 0.00
Ce n.a. n.a.
Co 0.01 0.00
Cr 0.02 0.01
Cu 0.00 0.01
Li 0.01 n.a.
Mo n.a. <0.14
Nb n.a. n.a.
Ni n.a. 0.01
Pb n.a. n.a.
Rb n.a. n.a.
Sr n.a. n.a.
Th n.a. n.a.
U n.a. n.a
Y n.a. 0.00
Y n.a. n.a.
Zn 0.01 0.01
Zr n.a. n.a

n.a.=not assigned

Table 1: ICP-OES results of elements of fly ash and synthesized sodalite from
clear solution extracted from fused coal fly ash.

add any additional reactants. From XRD and SEM analyses it could
be seen that (for the synthesis composition used) the crystallization of
SOD, X and A is significantly affected by thermodynamic and kinetic
parameters, from which finally zeolite SOD results. On this basis it was
possible to suppress the formation of zeolites X and A by raising the
crystallization temperature to 90°C. Furthermore, the morphology of
the obtained SOD particles was found to vary with the crystallization
conditions between thread-ball-like and armadillo-like. Since the
zeolites were crystallized from the clear solution extracted from fused
fly ash, there was no other solid material after crystallization except
zeolite crystals. Also, the content of heavy metals in the product could
be clearly reduced due to the lower content of heavy metals in the clear
solution extract compared to the content of heavy metals in zeolites
which were crystallized directly from fly ash [28]. However, it should
be noted that with the procedure applied here, the yield of zeolite in
respect to the amount of fly ash used is far away from an economically
desirable quantity for the use of fused coal fly ash as industrial
feedstock for zeolite syntheses. Nevertheless, in order to increase the
yield of zeolite it seems promising to optimize the extraction step of the
fused fly ash. Economically promising for a feasible scale-up option to
synthesize zeolites is an approach to replace high temperature fusion
by a short sonochemical treatment step in order to enrich aluminate
and silicate in the clear solution extracted from fly ash. This technique
is also profitable to reduce the ageing period and to increase the rate of
crystallization [38,39].
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