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ABSTRACT

Coal fly ash is one of the industrial by-products that is produced from coal combustion. A large amount of coal fly ash
is currently dumped at a landfill, while the current utilization of coal fly ash has been limited to the raw material of soil
amendment production and cement concrete. Coal fly ash can be potentially utilized to be the raw materials for zeolite
synthesis due to the high amount of silica and alumina content. Zeolite is a large group of minerals consisting of
aluminosilicates that are balanced by calcium, sodium, or potassium. One of many methods to synthesize zeolite is the
alkaline fusion-hydrothermal method. By using this method, it results in the high quality and yield of product. This
study intended to discuss the procedure of zeolite synthesis from coal fly ash by alkaline fusion-hydrothermal method
and to know the effect of operating conditions. The journal articles indicate that there are four steps to convert coal fly
ash by alkaline fusion-hydrothermal method. These steps include pretreatment process, alkaline fusion process, aging
process, and hydrothermal process. Aging process is useful for reducing the crystallization time in hydrothermal time.
Before these steps, pretreatment is needed to purify the raw material. From the journal articles also indicates that the

types of zeolite synthesis and these properties are determined by operating conditions and starting material.
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1. INTRODUCTION

Coal is defined as natural fuel in the form of combustible
sedimentary rock with ash yield being less than 50 % [1].
From 2011 to 2018, total coal consumption is relatively
stable for the amount of 3,700 million tonnes of oil
equivalent per year [2]. Among the fossil fuel resources,
coal is still dominantly used as an energy source in the
world for electricity production with a percentage of 38% in
2018 [3]. This is because coal is considered to be an
affordable energy source and the most plentiful fossil fuel
in the world [4].

Even though coal has considerable benefits in providing
energy, burning coal in coal-fired power plants generates
incombustible solid residues, such as coal ash. There are
two types of coal ash, namely coal bottom ash and coal fly
ash. Generally, coal bottom ash is ash left from the boiler
and recovered from the bottom of the boiler, while coal fly
ash is recovered at the top of the boiler using dust collectors
[5]. The percentage of coal fly ash is higher than of coal
bottom ash in the range of 80-85% [6]. 15-18.75 tons of coal
is burned results in the generation of 1 megawatt of
electricity and 4.3-11 tons of coal ash.

Around 850 million tons were produced in the world per
year. However, only 52.6% of coal fly ash was utilized as
raw material, mainly in the production of soil amendment
and cement concrete [7]. Consequently, significant
quantities of coal fly ash require more area for disposal

needed. Coal fly ash accumulated in the area of landfills
causes environmental problems, such as air and
groundwater pollution. Therefore, it becomes an important
issue and needs methods to utilize fly ash into valuable
products. One of the potential applications is used as a raw
material of zeolite production due to similar composition
with the precursor of natural zeolite like volcanic material.
Fly ash contains high amounts of silica and alumina. The
applications of zeolites are adsorbents, cation exchangers,
as well as molecular sieves.

Zeolites are crystalline microporous aluminosilicates with
[AlO4]* and [SiO4]% tetrahedrons [8]. Many researchers
conducted a study about the conversion of coal fly ash to
zeolite by alkaline fusion-hydrothermal method. The
advantages of this method are improving the yield and
quality of synthetic zeolites [9]. The main purpose of this
article is to discuss the procedure of zeolite synthesis from
coal fly ash by alkaline fusion-hydrothermal method and to
know the effects of operating conditions on the types and
properties of synthetic zeolites.

2. METHODOLOGY

A systematic literature review was a method used in this
study. A systematic literature review is defined as a
literature review that identifies, assesses, and interprets all
findings on the research topics, then to answer the
objectives of the study. In this study, past journal articles
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have been reviewed to identify the good procedure for
converting coal fly ash to zeolite by alkaline fusion-
hydrothermal method. Furthermore, this literature review
discussed with emphasis the effect of operating conditions
on the type of zeolite and its properties. The journal articles
reviewed are journal articles published in standard scientific
journals.

3. RESULT AND DISCUSSION

3.1. Physical and Chemical Properties of Coal
Fly Ash

The physical characteristics of coal fly ash is dominantly
spherical [10] and has smooth surfaces due to amorphous
glass phase covers in part of the surface of coal fly ash [11].
Figure 1 showed the size of coal fly ash is varied. As stated
by Ramme-Tharaniyil [12], the size of coal fly ash is about
<1 pum to 150 um. Besides that, coal fly ash has specific
surface area of 5 m?g [13]. The color of coal fly ash
depends on its composition. According to the American
Coal Ash Association [14], high CaO content can be
determined by light color of coal fly ash and high iron
content can be determined by brownish color. The dark gray
to black is associated with high unburnt carbon content.
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Figure 1 SEM Image of Coal Fly Ash [15]

From Figure 2, coal fly ash contains amorphous phases
(silicate or aluminosilicate glass) and large crystalline
phases in the form mullite (2Si0,.3Al,03), quartz (SiO,),
and small amounts of hematite and magnetite. The presence
of amorphous phase is associated with the broad hump on
diffraction patterns in the region of 15-35 degrees [16].
Quartz is indicated by the intense peak at 26.85 degrees and
other crystalline phases are less intense peaks on the
diffraction pattern [11].
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Figure 2 XRD Image of Coal Fly Ash [11]

Generally, the chemical composition of coal fly ash is
varied because it depends on the types of coal (Table 1).
Silica and aluminum oxides are the main component of coal
fly ash, whereas the impurities consisted of metallic oxides
such as Ca dan Fe. The trace elements include MgO, Na,O,
Kzo, and TiOZ.

Table 1 Chemical Composition of Coal Fly Ash (% [12]
Types of SiO; | Al:Os | CaO | Fe:0s | MgO
coal

Lignite 15-45 | 10-25 | 15- 4-15 | 3-10
40

Sub- 40-60 | 20-30 | 5-30 | 4-10 1-6

bituminous

Bituminous | 20-60 | 5-35 | 1-12 | 10-40 0-5
Types of Na.O | K:O | SOs | LOI
coal

Lignite 0-6 0-4 0-10 0-5
Sub- 0-2 0-4 0-2 0-3
bituminous

Bituminous 0-4 0-3 0-4 0-15

3.2. Synthesis

3.2.1.  Pretreatment process of coal fly ash

Generally, coal fly ash consists of unburnt carbon, metallic
oxides, alkaline oxides (CaO, TiO,, MgO, K;0, N;0O), and
others. Unburnt carbon, iron oxides, and alkaline oxides are
undesirable materials for zeolite synthesis because they can
interfere the process. So it needs pretreatment to reduce the
composition of these materials. Unburnt carbon can reduce
by high temperature of calcination process. Based on Liu et
al. [17], the optimal condition of calcination process is 750
°C and 1.5 h, which resulted in a weight loss of 15.2%. The
weight loss is relatively unchanged at calcination
temperature > 750 °C.

Then, to reduce oxide impurities, coal fly ash is introduced
to an acid solution named acid-washing pretreatment. Acid-
washing pretreatment of coal fly ash has been studied by
Panitchakarn et al. [18] and Kondru et al. [19] using three
various acid solutions (HCI, H,SOs, HNO3). Based on
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Panitchakarn et al. [20], acid-washing pretreatment using
HCI solution at 20% wi/w resulted in the zeolite with high
purity (87% of SiO,, Al,Os, and Na;0O). This result is the
same with experimental data of Kondru et al. [19] who
reported that acid-washing pretreatment using HCI solution
is most able to increase surface area and able to reduce iron
and calcium oxides of coal fly ash. On the other hand, HCI
solution causes dealumination of coal fly ash. These
reactions are described as follows [20]:

Fe,Oz+ HCIl — 2FeCl; + 3H,0 (1)
Ca0 + HCl — CaCl, + H,0 @)
Al,O3z + HC1 — 2AICl; + 3H,0 (3)

3.2.2.  Alkaline Fusion

Alkaline fusion is conducted by calcination process of the
mixture of coal fly ash and alkaline material. Compared
with KOH, sodium hydroxide (NaOH) is an effective
material to extract silicon species of coal fly ash. Rios et al.
[21] have conducted experiments that use KOH and NaOH
as alkaline material in fusion. By using KOH showed a poor
efficiency to activate coal fly ash indicated by the formation
of an amorphous geopolymer as a product of zeolite
synthesis. Whereas, using sodium hydroxide showed that
most quartz and mullite were converted to soluble silicate
and aluminate salts (Figure 3), eventually take part in the
building of zeolite structure. According to Zhang et al. [22],
fusion reactions are as follows.

10NaOH + 3Al,03.2Si0, — 2Na,SiO;3 + 6NaAlO; + 5H,0
(4)

2NaOH + SiO, — Na,SiO3 + H,0 (5)

a ¢, *NaSiO,  NaAlO,
® Quartz A Mullite
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Figure 3 XRD of fused product (Ren et al., 2018)

Hu et al. [23] conducted a study to replace NaOH with low-
cost alkali, Na,CO3;. However, Na,COj3 has low alkalinity
and sluggish reaction at interface. To compensate these
disadvantages, Hu et al. [23] did fusion or calcination at
higher temperature (800 °C) and used tablet compression.
By using tablet compression, coal fly ash and Na,COs can
contact effectively and result in most coal fly ash material
could be converted to soluble materials. From this research,
molar compositions of reactant to synthesize zeolite A are
1.3 Na;0: 0.6Al,03:1Si0,:38H,0.

There are three alkaline fusion conditions that most
influence zeolite formation. These factors include:

Advances in Engineering Research, volume 198

1. NaOH/coal fly ash mass ratio

The amount of sodium hydroxide affects the composition of
soluble silicate and aluminate in material as well as the
alkalinity of the solution in the hydrothermal process. In the
hydrothermal process, the presence of Na* ions contributes
to the stabilization of sub-building unit of zeolite structure
and fundamental in the crystallization process. Hamadi and
Nabih [24] stated that the mixture of 5 grams of coal fly ash
and 1 gram of NaOH resulted in reducing peak of mullite
and quartz but zeolite was not formed. With the addition of
2-8 grams of NaOH, zeolite Na-Pl is formed and
crystallinity increase with increasing amounts of NaOH.
The crystallinity of zeolite Na-P1 on the addition of NaOH
2, 4, and 8 grams were 20.1; 64.4; and 92.7. Fotovat et al.
[25] stated that increasing NaOH/coal fly ash mass ratio
from 1.2:1 to 2:1 resulted in a slightly increase of
crystallinity from 84.7% to 88.6%. Ren et al. [26] observed
that no peak of zeolite A was found at NaOH/coal fly ash
mass ratio of 0.5:1. Zeolite A as main crystalline phase
found at a mass ratio of 1.5:1. When increasing the mass
ratio to 2:1, the peak of zeolite A decreased resulting in a
low yield and CEC value. Molina and Poole [27] stated
zeolite X can be produced at NaOH/coal fly ash mass ratio
of 1.2:1. Further increasing the mass ratio, zeolite X
transforms to hydroxy sodalite. Accordingly, a low amount
of NaOH is not effective to convert coal fly ash to soluble
silicate and aluminate salts as well as resulting in no zeolite
due to low crystallization rate. In contrast, a high amount of
NaOH produces more stable zeolite. Based on Ostwald’s
rule, the higher supersaturation because of higher soluble
species in solution with the increase of NaOH is the better
condition for synthesizing zeolite A or Na-X zeolite
(metastable phase), which further recrystallize and are
formed more stable zeolite (such as hydroxy sodalite) [28].

2. Fusion temperature

Ruen-ngam et al. [29] have researched about the influence
of fusion temperature variations on the percentage of zeolite
X. The percentage of zeolite X was 40% and 67% at fusion
temperature of 250 ‘C and 450 °C. Furthermore, the
percentage of zeolite X increased slightly to 79% at 550 °C.
Based on research by Kondru et al. [19], 550 °C was the
maximum fusion temperature to obtain the maximum value
of crystallinity and surface area. With further increase to
750 °C results in diminishes the crystallinity and surface
area from 65.79% to 41.59% and 74.39 m?/g to 65.68 m?/g,
respectively. Accordingly, the optimum fusion temperature
is temperature above the melting point of NaOH (318 °C).
However, fusion temperature above 550 “C decreases the
crystallinity because non-crystalline sintered glass was
formed [23, 30].

3. Fusion time
Volli and Purkait [31] obtained that the mixture material of
coal fly ash and sodium hydroxide was fused at 550 °C

during 0.5 resulted in no peaks of the product appear. Then,
the fusion time increase to 1 h resulted in zeolite X peaks
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appears. Further increasing fusion time to 2 h, the peaks of
zeolite X more intensified. It is clearly indicated that the
minimum fusion time needed for the synthesis of zeolite X
is1h.

3.2.3.  Aging process

The aging process is the process to dissolve Si** and AP*
and promote crystal nuclei. By aging process, it can reduce
crystallization time [19]. The aging process is done at room
temperature because the energy required is relatively low,
which is 16 kJ/mol [32]. The aging process is carried out by
dissolving and stirring the fused solids containing sodium
silicate and sodium aluminosilicate with aqgua DM. The
reactions are explained as follows:

Na;SiO; + H,0 — Na,SiO; (6)
NaA|02 + 2H,0 — NazAl(OH)4 (7)
NaOH + Nazsi03 + NazAl(OH)4 —

[Nax(AlO,),(Si0O2),.NaOH.H,0] (8)
According to Kondru et al. [19], the stirred aging period
affects Si/Al ratio of zeolite, crystallinity, and specific
surface area. Increasing the stirred aging period from 10 h
to 24 h resulted in Si/Al molar ratio of zeolite from 1.88 to
1.92. Further, increasing stirred aging period obtained Si/Al
ratio of zeolite diminishes. On the other hand, the
crystallinity and specific surface area increase with the
increasing aging period. Based on Yao et al. [33], increasing
of aging period until a certain time resulted in the increasing
soluble species which then increases the supersaturation of
starting material. This condition is better to nucleate
metastable phases.

Some researchers added alumina source or silica source
before or after aging process to control Si/Al molar ratio.
Volli and Purkait [31] adjusted Si/Al molar ratio by adding
NaAlO; 10-30 wt%. Based on this study, it was known that
the addition of 10 wt% of NaAIlO; resulted in zeolite X with
Si/Al molar ratio of 1.94. Next, increasing the amount of
NaAlO; added into a mixture of 20 wt% was obtained the
formation of zeolite A with a Si/Al molar ratio of 1.67.
Fotovat et al. [25] varied the amount of NaAlIO, powder
added to the mixture in order to know the influence of
different Si/Al molar ratios. From this research, it was
obtained that Si/Al molar ratio in the mixture of lower than
2, between 2-2.4 and between 2.4-3 produced zeolite A,
zeolite X, and zeolite Y, respectively. According to Ameh
et al. [34], pure zeolite A can be formed at Si/Al molar ratio
of mixture of < 1. By using sodium aluminate, it can provide
enough amount of sodium ions into the mixture and further
sodium ions stabilize the aluminosilicate during
hydrothermal. Chareonpanich et al. [35] have discovered
that ZSM-5 could be synthesized at SiO,/Al,O; molar ratio
of 20-40, crystal ZSM-5 can be formed. They adjusted the
SiO2/Al,O3 molar ratio by adding sodium silicate which was
extracted from rice husk ash.

Advances in Engineering Research, volume 198

3.2.4.  Hydrothermal process

The hydrothermal process is carried out by heating aging
products at a certain temperatures and time. In this step, the
gel formed in aging process (nuclei) crystallizes to form
well-structured material. Equation 9 describes the reaction
of gel to form zeolite A that occur in the hydrothermal
process is shown as follows:
[Nax(AlO2)(Si02),.NaOH.H,O](gel) —
Na12[SiOz)12(A|02)12].27Hzo (ZeOlite A) (9)
There are three hydrothermal process conditions that most
influence zeolite formation. These factors include:

1. Hydrothermal temperature

Based on Hu et al. [23], synthesis zeolite at hydrothermal
temperature of 60 ‘C and hydrothermal time of 8 hours
showed wide and short peaks indicating low crystallinity
and product purity. In the hydrothermal temperature
between 60 and 100 °C, the pure zeolite Na-A phase is
obtained. These findings are in agreement with the
experimental data of Sivalingam and Sen [36]. They stated
that low crystallization temperature leads to the formation
of zeolite with low crystallinity percentage and crystal size.
According to Zhang et al. [22], the synthesized zeolite with
a high value of cation exchange capacity was obtained at a
hydrothermal temperature of 90-100 °C. Whereas, at a
hydrothermal temperature above 120 “C or under 90 °C
resulted in the reduction of cation exchange capacity.

2. Hydrothermal time

Chang and Shih [13] stated that higher hydrothermal
temperatures and longer hydrothermal time generated the
formation of dense and stable zeolite. Zeolite X (metastable
zeolite) can transform into zeolite P at longer hydrothermal
time. Liu et al. [37] and Xiao et al. [7] said, longer
hydrothermal time can transform zeolite A to hydroxy

sodalite phase.

3. Liquid/solid ratio

Zhang et al. [22] obtained that the optimum liquid/solid
ratio to get maximum CEC value is 5 ml/g. The low
liquid/solid ratio caused high alkalinity of the solution in the
hydrothermal process. Furthermore, it produced hydroxy
sodalite with low CEC value [15, 38]. In contrast, a high
liquid/solid ratio caused formation of amorphous phase or
unidentified phase [39].

Many experiments conducted by researchers about the
conversion of coal fly ash to zeolite by alkaline fusion-
hydrothermal method and its parameters are summarized in
Table 2.
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Table 2 Zeolite Synthesized by Alkaline Fusion-Hydrothermal Method
Parameter Zeolitic phases
Parameter rg?:)aorf AIkZIl:ZIeO/n Aging Hydrothermal and other Crystallinity CEC
Studied starting Alkaline Coal fly T t L/S t T t () synthetic (%) (meqg/100g) | Ref
material | S°UTC® | aen (9/0) ¢cC) | (h)y | (mlig) | (h) °0) products
SIOIALOs | NaoH | 121 | 600 | 1 | 49 |25 | 100 | 4 Cancrinite * «
) < [22]
A;'Okui'l':ge s|o:2/2A1|203 KOH | 121 | 600 | 1 | 49 | 25| 100 | 4 No zeolite * *
5'92{’2'7203 NaCO | 5y | goo | 2| = | 1| 8 | 6 Zeolite A x x [24]
=1, 3
SIOJA0s | NaoH | 021 | 650 | 2 | 10 | 2 | 100 | 12 | Nozeolite . *
SI0JA0s | NaoH | 041 | es0 | 2 | 10 | 2 | 100 | 12 Na-PI 201 *
Si0,JALOD; ) [25]
Y NaOH 0.8:1 650 2 10 2 100 12 Na-PI 64.4 *
SI(ZZZ//-L\lles NaOH 16:1 650 2 10 2 100 12 Na-PI 92.7 *
SIOAROs | NaOH | 121 | 600 |15| 5 | 8 | 100 | 12 | Faujasites 84.7 488
SI0JALD; ) — [26]
) o4 NaOH 2:1 600 15 5 8 100 12 Faujasites 88.6 4.18
N o [ SWAI=1 | NaOH | 051 | 650 | 2 | 5 |12 | 8 | © No zeolite * *
and coal fly | _SVAI=1 | NaOH | 151 | 650 | 2 5 |12 ] 8 6 Zeolite A * *
ash The peaks of [10]
Si/Al=1 NaOH 2:1 650 2 5 12 85 6 zeolite A * *
decreased
SI0/ALOs | NaoH | 11 | es0 | 2 | 5 |12 | 8 | 6 Zeolite X « The
=3.62 maximum
; The peaks of CEC value
Sl(zzé/_glzzm NaOH 121 550 1 * 24 90 6 zeolite X * is obtained
- increased in zeolite 28]
SiO,/AlL,03 . . Zeolite X, . synthesized
963 NaOH | 1.6:1 550 1 24 90 6 Hydroxysodalite with
. NaOH/coal
S'(zzé'zlzzm NaOH 2:1 550 1 * 24 90 6 | Hydroxysodalite * fly ash ratio
e of 1.2:1
Si/Al= 4.06 NaOH 2.25:1 250 1 * 12 90 2 % Zeolite X= 40% * 206
Si/Al= 4.06 NaOH 2.25:1 350 1 * 12 90 2 % Zeolite X= 45% * 224 30]
Si/Al= 4.06 NaOH 2.25:1 450 1 * 12 90 2 % Zeolite X=67% * 241
Si/Al= 4.06 NaOH 2.25:1 550 1 * 12 90 2 % Zeolite X=79% * 240
Fusion o 90- .
temperature Si/Al=1.51 NaOH * 350 1 * 10 100 17 Zeolite Y 36.87 *
SiAI=151 | NaOH | * 550 | 1| * | 10| 2| 1 Zeolite Y 65.79 x [20]
Si/Al=1.51 NaOH * 750 1 * 10 ]?(()JO 17 Zeolite Y 41.59 *
* NaOH * 550 | 05 | 10 * * * No zeolite * With
* NaOH * 550 1 10 * * * Zeolite X * increasing
of fusion
time from
Fusion time %?Eg t\?alzulg’ [32]
* NaOH * 550 2 10 * * * Zeolite X * increased
from 82.6
t0192.3
meq/100 g
. 90- The highest
- * * * *
Si/Al=1.51 NaOH 550 1 10 100 17 crystallinity
: - 90- is
P;g;:gg Si/Al=1.51 NaOH * 550 1 * 24 100 17 * corespondi * [20]
P 90- ng to aging
Si/AlI=1.51 | NaOH * 550 1 * 48 17 * period of *
100 48h
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A million ton of coal fly ash is generated in the world. The
higher amount of coal fly ash produced means the larger
area for disposal needed. One of the potential utilization is
the use of coal fly ash to synthesize zeolite. The literature
review indicates that alkaline fusion-hydrothermal method
is one of the methods successfully used to synthesize zeolite
from coal fly ash. The steps of alkaline fusion-hydrothermal
method include the pretreatment process, alkaline fusion
process, aging process, and hydrothermal process. Aging
process is beneficial to reduce crystallization time in
hydrothermal process. Operating conditions and starting
material are impact to type of zeolite synthesis and its
properties. Most journal articles that have been reviewed
indicate that the type of zeolites that can be synthesized
using coal fly ash as raw material is zeolites with a low Si/Al
molar ratio.
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PRESS
Si/Al<2 NaOH 1.2:1 600 15 5 8 100 12 Zeolite A *
Si/Al molar SI/?': 2 NaOH 1.2:1 600 15 5 8 100 12 Zeolite X * [26]
ratio -
SUA 24| NaoH | 121 | 600 |15| 5 | 8 | 100 | 12 Zeolite Y *
. The peak of
SIQIALOs | NaCO | 80 | 2| * | 1| 60 | 8 | zeoliteAare x
T 3 broad and short
S|OZ/A|203 Na,CO * * . *
Hydrother =167 X 800 2 1 80 8 Zeolite A
mal Si0/AIOs | N2CO | 80 | 2 | * | 1| 100 | 8 Zeolite A * 24]
temperature =1.67 3
SIOz/Alzog NazCO * * Zeolite A, * *
=1.67 3 800 2 ! 120 8 hydroxysodalite
SIOZIAI203 Na,CO * * Zeolite A, * *
=1.67 3 800 2 1 150 8 hydroxysodalite
SIO/AIOs | NaoH | 051 | 650 | 2 | 27 | 1 | e | 35 | ZeolieAas * The
=2.2 main product maximum
SIOAR0s | NaOH | 051 | 650 | 2 | 27 | 1| 90 | 4 * CEC value
Hydrother " Zeolite A -
mal time 5'03’2A2'203 NaOH | 0.5:1 650 2 2.7 1 90 45 transform into * corﬁzp;tnd'
—— sodalite and
SIO/ALO hilinsite hydrotherm
19/A%0: | NaoH | 051 | 650 | 2 | 27 | 1 | 9 5 phifip * al time of
=22 35h
Si/lAl=2 NaOH 1.2:1 550 1.5 3 12 90 15 * * The
Si/Al=2 NaOH 1.2:1 550 15 5 12 90 15 * * maximum
SilAl=2 NaOH 1.2:1 550 15 10 12 90 15 * * CEC value
Liquid/soli is 23]
d ratio corespondi
Si/Al=2 NaOH 1.2:1 550 15 15 12 90 15 * * ng at
liquid/solid
ratio of 5
* data is not available
4. CONCLUSION
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