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A B S T R A C T

This study presents the cenospheres formation based on the characteristic of the fly ash and the coal as well as
the potential production of cenospheres from fly ash from six coal-fired power plants in Indonesia. For ceno-
spheres characterization, SEM-EDS, petrography analysis, and particle analyzer distribution were applied
through all samples. Coal and fly ash chemical composition were analyzed using proximate analysis and ICP-MS.
Based on the characterization of cenospheres and fly ash chemical components, we correlate the concentration of
SiO2, Al2O3, SiO2/Al2O3, Fe2O3, Fe2O3+TiO2, CaO, MgO in the fly ash with cenospheres yield and diameter. The
cenospheres yield in six Indonesian coal-fired power plant fly ash is in the range of 0.04–0.16% and inline with
the ash content in the initial coal. Moreover, it was found that the cenospheres yield and diameter are in positive
correlation with the concentration of SiO2 and Al2O3 in the fly ash, but they are in vice versa correlation with
other chemicals. Ternary diagram of the cenospheres was made to their potential application and found that
most of the cenospheres are in the ferrocalsialic.

1. Introduction

Coal is considered as the most feasible fuel to generate electricity at
the moment. The abundance and easy to process of coal are the main
factors affecting its feasibility which leads to the lower price in com-
parison to other fuel sources. Moreover simple and economical tech-
nology applied in the coal-based power plant in comparison to that of
gas and oil power plants triggers the escalation of coal-fired power
plants worldwide [1,2], including Indonesia, as it can be seen in Fig. 1
[3]. As shown in Fig. 1 (a) and (b), there will be a significant increase in
the energy mix in Indonesia based on coal with twice-fold higher within
19 years from 2006-2025. As stated in Indonesian Presidential Reg-
ulation No. 5 of 2006, energy demand in the year 2025 will mostly be
supplied by coal with a percentage of 33% of total energy consumption
[3,4]. This coal dependency in the energy sector is also observed in the
Asia Pacific region at which more than 45% of energy demand will be
covered using coal [5]. This significant increase of coal usage in power

generation, especially in Indonesia produced about 8.31 million tonnes
of fly ash in 2019 with 5% per year increase. This abundance of fly ash
will indeed possess serious environmental problems, if it is not properly
managed [6–9]. Somehow, worldwide, the utilization of fly ash has not
been sustainably established with the average percentage of 16% of the
total ash [6,10,11]. Most of the utilization is based on the material stuff,
soil modification, synthesis of zeolite, and as a filler in composites
[12–17]. Another fly ash utilization is based on cenospheres recovery
[18–21]. Cenospheres are fly ash-derived particles, which are having
hollow spherical appearance, and primarily made from aluminosilicate
phases [11]. This materials could be utilized into valuable products,
such as lightweight construction products, syntactic foams, functionally
gradient materials, metal-matrix composites rubbers, nickel-coated
cenospheres for shielding and microwave absorption applications,
mullite-coated diesel engine components, metallic alloy, and porous
glass crystalline [11,17,22–26].

The amount of cenospheres in fly ash varies between 0.01–4.8%,
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commonly 0.3–1.5% [22]. The physical structure of cenospheres has
been studied by many researchers. The bulk density of cenospheres
typically is about 0.2–0.5 g/cm3; the size of 20–200 μm and shell
thickness to diameter ratio of 2.5–10.5 [17,27]. Cenospheres have
identifiable favorable characteristics such as low density; great com-
pressive strength; reduced shrinkage; supreme insulation; less water
absorption; high purity; good thermal resistance and electrical prop-
erties [11,17,23,25]. Many studies have been performed to correlate
the particle size and density, resulting in that density lower than
0.857 g/cm3 has a diameter between 50 and 150 μm (80% w.t.), 150
and 200 μm (15% w.t.), and 200 and 250 μm (5% w.t.) and density
lower than 1.282 g/cm3 consist of diameter between 40 and 50 μm
(10% w.t.), 50 and 100 μm (50% w.t.), 100 and 110 μm (20% w.t.) and
110 and 150 μm (20% w.t.) [24–27].

Cenospheres formation throughout the pulverized coal combustion
process can be identified by several notable factors, namely coal
properties; characteristics of ash droplets; and combustion conditions
[17,22,28]. Coal properties regarding chemical composition must have
a strong relation with cenospheres formation. Furthermore, the im-
portant aspect of the coal properties could be drawn from ash content
and its coal properties. Accordingly, the total ash content in the coal
affects positively but cenospheres yield [10]. Proximate analysis of fly
ash would be a very useful tool to determine the coal properties [28].

Commonly, there are several methods to separate cenospheres from
fly ash which are the sink-float method; centrifugal separation; and
combination of hydro- and aero-dynamic separation [11]. The fre-
quently used technique is the sink-float method exercised water as the
medium for density difference. Another method to separate ash ceno-
spheres in fly ash is the centrifugal separation which employs separa-
tion process due to density difference of cenosphere and its media such
as water, lithium metatungstate solutions, and combined solvent
(mixing carbon tetrachloride, dibromomethane, and di-iodomethane)
with density 1.5, 2.0, and 2.2 g/cm3 respectively [5,11,15]. However,
some integrated method with a combination of dry fluid bed gravity
separation and carefree cyclone technology also could be employed to
detach cenospheres [7,8,11].

The major constituents in cenospheres are an admixture of alumi-
nosilicate with an adequate amount of Ca, Fe, K, Mg; fewer amounts of
Na, Ti, S, P, and other trace elements. A ternary phase diagram is de-
veloped to allow a preferable overview of fly ash and cenospheres
produced, regarding on the ‘intersection’ of their major oxides which
are among the following groups of oxides: SiO2 + Al2O3 + K2O+TiO2

+ P2O5; calcic: CaO+MgO+SO3 + Na2O; and ferric: Fe2O3.
Therefore, the classification of fly ash and cenospheres based on their
major chemical composition could be grouped into Sialic,
Ferrocalsialic, Ferrosialic, Calsialic, Ferrocalcic, and Calcic. The che-
mical compositions can vary each other because inorganic substances of
the coal are not homogeneously distributed [7,24,26].

Aside from their benefits and ultimate characteristic for multi-pro-
ducts derivation, cenospheres produced from coal-fired power plants in
Indonesia have not been studied. Thus, the objectives of this work are to
characterize and to correlate the chemical composition and structure of
fly ash with obtained cenospheres from six coal-fired power plants in
Indonesia. To have a comprehensive study, detail properties of the
cenospheres have observed using several techniques such as scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS)
and particle size analyzer (PSA). Coal properties and fly ash chemical
composition have been identified using proximate analysis and induced
coupled plasma-mass spectroscopy (ICP-MS) to identify the correlation
with the cenospheres yield.

2. Materials and method

Coal and fly ash samples were obtained from six coal-fired power
plants in Indonesia, i.e.: UBJOM Paiton, Indramayu, Tuban, Pacitan,
Paiton, and Rembang as shown in Fig. 2. To determine the chemical
compositions, those samples were analyzed by ALS Canada Ltd. using
ICP-MS and method of ME-ICP06, OA-GRA05 with an analysis certifi-
cate of VA17182839.

To determine the number of cenospheres in fly ash quantitatively,
float and sink tests were carried out. A mixture of 10 wt% was prepared
using 50 g of fly ash and 500mL of distilled water. Ultrasonication
(Elmasonic S300H) was applied for 15minutes to ensure the stability of
individual particles. Afterward, the suspension was gently poured into a
1 L separatory funnel. The separatory funnel was then placed in a
holder attached to a vertical bar and was kept steady for 24 h for the
segregation process. Thereafter, the solid material which is float and
bottom products were collected discharged through a 0.2 μm paper
filter, subsequently, dried at 550 °C for 5 h using a laboratory furnace to
remove the unburnt carbon, and then weighted after ambient tem-
perature achieved. The top product was mostly consisted of ceno-
spheres, while the bottom product consisted of coal fly ash particles.
The procedures were repeated three times for each fly ash and ceno-
spheres yield was calculated from the average value.

Further analyses were conducted on cenospheres using SEM-EDS,
petrography analysis, and PSA. The SEM used in this study is JEOL JSM-
6510LA equipped with JED-2300 EDS. SEM analysis was operated using
an accelerating voltage of 20 kV. The SEM images were used to inter-
pret the morphology of cenospheres particles. To ensure the existence
of cenospheres in the fly ash, petrography analysis was conducted
through a thin section polished sample of fly ash that was prepared
using SpeciFix-20 Kit and Struers Labo System referring to the ASTM D
2798-72. The particle size distributions of the cenospheres were de-
termined using a Horiba SZ-100. Samples were prepared as a 1% sus-
pension of cenospheres and distilled water. To ensure the stability of
the individual particles, a liquid dispersant (Tween® 80) was added

Fig. 1. (a) Indonesian energy consumption profile (energy mix) in the year of 2006 and 2025 and (b) coal demand in the power plan sector released by Ministry of
Energy and Mineral Resource.
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during the sample preparation process.

3. Results and Discussion

The analysis of chemical constituents of coal, fly ash, and ceno-
spheres are mandatory to be conducted to find the correlation of
cenospheres formation with the fly ash and coal composition during the
coal-fired process. The proximate analysis of coal and chemical com-
position analysis of fly ash and cenospheres can be seen in Tables 1–3,
and respectively, while Table 4 and Fig. 3 shows the existence of
spheres (both cenospheres and plerosphere) in fly ash. Analysis for the
size distribution of cenospheres particles is also necessary to draw the
correlation of reaction mechanism during combustion which is also
being affected by the chemical compositions of fly ash. The correlation
of cenospheres' diameter with chemical composition is comprehen-
sively explained in Section 3.2. The chemical compositions analysis of
fly ash and cenospheres were compared by some studies from other
researchers [17,22,23,29].

From Table 1, the data show that mostly fixed carbon+ volatile
matter (wt%) values are above 95% with ash content vary from 1.81 to
3.72%. Those data represent the quality of coal used in power plants.
The higher the fixed carbon+ volatile matter (wt%) value, the better
the quality of coal is, while the yield of fly ash and cenospheres was
found inline with the percentage of ash content in initial coal. The
detailed correlation of ash content and cenospheres yield is discussed in
Section 3.1. Tables 2 and 3 show the characteristic of fly ash and
cenospheres respectively. The chemical compositions of fly ash and
cenospheres have slightly similar values because cenospheres are
known as a by-product of fly ash. In Table 4, we can see the composi-
tion of cenospheres that is dominating than that of plerosphere ob-
served in the fly ash (see Fig. 3) with a percentage of above 88%.

3.1. Correlation between cenospheres yield and fly ash chemical
composition

Cenospheres chemical composition is generally defined as a mixture
of aluminosilicate with a fair amount of other substances [11]. To
distinguish fly ash and cenospheres type in this study, a ternary phase
diagram was promoted regarded on the major oxides components as
follows: ferric (Fe2O3); calcic (CaO+MgO+SO3+Na2O); and oxides
(SiO2+Al2O3+K2O+TiO2+P2O5). The ternary diagram is presented
in Fig. 4 with most of the samples, cenospheres, are in ferrocalsialic
regime. It means that the cenospheres produced from the power plant
are magnetic particles as ferrocalsialic nature. From the fly ash samples
of the coal-fired power plant, it was found that the cenospheres are in
the region of sialic and ferrocalsialic regimes in accordance with other
studies [11–14].

The mechanism of cenospheres reaction has been developed by
many researchers [14,30–34]. The first ideal condition to describe the
cenospheres formation is by comparing the amount of fly ash formed
directly yielding in cenospheres. Meanwhile, the value of float and sink
tests results can be seen in Fig. 5a showing the cenospheres yield ran-
ging from 0.045% to 0.16% which is still in the range of cenospheres'
concentration in the fly ash [22]. Moreover, it is found that the more fly
ash formed in coal combustion, duly, the more cenospheres obtained is;
which can be seen from Fig. 5b. Although, the R-square value of Fig. 5b
is very small of 0.24. It is due to out-layered data of the Tuban power
plant in which the ash content is 2.68%. Also, the chemical composition
of the coal used in the Tuban power plant is roughly different from
other power plants. From Table 2, the value of Si/Al from fly-ash
analysis of the Tuban power plant is under 2 while other power plants
possess a ratio value higher than 2. It confirms that the value of SiO2/
Al2O3 from fly ash greatly affects the cenospheres yield because the
chemical composition of cenospheres is mainly on these oxides
[11–14].

A comprehensive comparison between each substance and ceno-
spheres yield was conducted to observe the effect of chemical sub-
stances in cenospheres production. As mentioned by some researchers
[14,17], the chemical components in fly ash were directly affected by
the chemical composition of coal and combustion conditions. As a re-
sult, if the correlation of fly ash composition can predict the ceno-
spheres yield, the upscaling process of cenospheres utilization will be
easily drawn to calculate the amount of cenospheres production. In this
study, the relationship analysis between the major component of silica
oxide (SiO2), Alumina oxide (Al2O3), ratio value of silica and alumina
(SiO2/Al2O3), iron oxide (Fe2O3), iron and titanium oxides (Fe2O3 +
TiO2), calcium oxide (CaO), magnesium oxide (MgO) and cenospheres

Fig. 2. Indonesian Coal-Fired Power Plant Location of the samples taken in this study.

Table 1
Proximate analysis of coal in this research.

No Coal sources Fixed carbon+ volatile
matter (wt%)

Ash Content
(wt%)

Moisture
Content (wt%)

1 UBJOM Paiton 97.60 1.81 0.59
2 Indramayu 94.90 3.72 1.38
3 Tuban 96.90 2.68 0.42
4 Pacitan 96.10 3.46 0.44
5 Paiton 95.30 4.01 0.69
6 Rembang 96.20 3.54 0.26
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yield was conducted and presented in Fig. 6a–f (black data points),
respectively. It can be seen that the higher concentration of SiO2 and
Al2O3, the higher the cenospheres yield will be gained. On the other
hand, other chemicals provide a vise versa trend in which the higher
SiO2/Al2O3, Fe2O3, Fe2O3 + TiO2, CaO, and MgO, the lesser ceno-
spheres yield is obtained. The values of R-square from data fitting for
chemical components and cenospheres yield in this study are varied in
the range of 0.66–0.93 showing a good correlation in comparison to
other studies [17,22,26,34].

It can be seen from the collected data that the coal ash content
significantly affects the yield of cenospheres. Meanwhile, the amount of
fly ash produced, undeniably, has a chemical composition which also
influences the yield of cenospheres with different alteration on every
substance. The chemical composition of fly ash is affected by the coal
properties; coal type, particle size, mineral characterization, and com-
bustion parameters. The combustion parameters are strongly believed
to affect the cenospheres formation because they are related to tem-
perature, pressure, combustion duration, and oxygen fraction in which
those parameters determine the atmospheres of the reaction during the
combustion process. Three types of substances are widely known in the
coal namely organic maters, crystalline and amorphous material. Due to
high temperatures during the combustion of coal, crystalline and
amorphous material are burnt by a further process such as decom-
position, dehydration, further complex reaction, and melted some
substances with a lower melting point. At this stage, the remaining
product, notably, consists of aluminosilicate substances in the amor-
phous glass phase (29–90wt%) and crystalline phases [14,16,31,32].
The major mineralogy constituent of microcrystalline contains several
crystalline forms such as ferrite spinel (FeAl2O4), quartz, feldspars,
lime, aluminates, periclase, etc. [31,33,34].

During the combustion process, those associated minerals in coal
undergo for the further melting process at a higher temperature
(1300–1400 °C in the power plants included in this study), forming
various eutectic systems such as FeO–SiO2 (±CaO, Al2O3),
FeO–CaO–Al2O3–MgO–SiO2 and K2O–Al2O3–SiO2 (± FeO, CaO) [11].
Along with other minor oxides (TiO2, Na2O, MgO, etc.), these eutectic
systems will greatly influence the formation of different spheres
(cenosphere, plerosphere, and magnetosphere). As stated in Table 2, fly
ash from Tuban possesses the highest SiO2 content, while the UBJOM
Paiton has the lowest content of SiO2. The opposite trend can be ob-
served for Fe2O3. Petrography analysis in Table 4 verifies the effect of
initial oxide composition towards the tendency of the formation of
different spheres. Fly ash from Tuban with the SiO2 content contains a
relatively higher content of cenosphere (90.8 %), whereas UBJOM

Paiton's fly ash produces the highest plerosphere content (Fig. 7a).
Higher plerosphere content can be obtained due to a higher amount of
minor oxides (CaO+MgO+Na2O) which leads to the formation of
complex mineral phases and changes the viscosity of molten materials
[11]. The existence of encapsulated complex phases which have dif-
ferent viscosity may cause different cooling rate and solidification
process, as well as generation of gases from CaCO3 decomposition and
H2O release from clay minerals. The formation of plerosphere also
could be explained by the entrapment of microspheres inside the ex-
panded cenosphere [35]. Based on those facts, the cenosphere forma-
tion is highly possible occurred in a higher
SiO2+Al2O3+K2O+TiO2+ P2O5 content with a certain amount of
Fe2O3 depends on the chemical compositions of initial coal. Iron oxide
is an essential substance for cenosphere formation, and the amount of
Fe2O3 also determines the appearance and physical properties of the
spheres. As the Fe2O3 content increase, it is expected there is the in-
corporation of Fe atoms in Si-Al crystal system, and some of Fe atoms
also form ferrospinel phases which lead to an increase of the surface
roughness [36], as can be seen in Fig. 7b. The relation oxide compo-
sitions towards the tendency of formation of different spheres can be
drawn in Fig. 8.

3.2. Correlation between cenospheres diameter and fly ash chemical
composition

There is two hypotheses for cenospheres formation process which
have been recommended [11]. Firstly, the effective one, condensed
gases formed during the decomposition of several substances, i.e. or-
ganics compound, carbonates, sulphines, sulfates, etc. and evaporation
of water in the pore of molten microsphere escalate the molten up to
500 μm, which takes on spherical and hollow particles formation
[17,22,26]. Secondly, the flue gas which initially penetrated the molten

Table 2
Oxide compositions of fly ash in this research (ash basis).

No Components (wt%) SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO SiO2/Al2O3 LOI

1 UBJOM Paiton 34.10 9.53 22.00 15.40 14.10 0.61 0.99 0.01 0.52 0.37 0.05 0.11 0.25 3.57 0.84
2 Indramayu 42.60 20.40 13.75 9.62 6.61 0.67 0.89 0.01 0.79 0.21 0.23 0.08 0.16 2.08 2.57
3 Tuban 50.90 28.70 9.04 3.31 2.23 0.82 0.85 0.02 1.04 0.07 0.23 0.07 0.06 1.79 1.91
4 Pacitan 41.60 16.86 18.85 10.90 7.32 0.87 0.88 0.01 0.66 0.27 0.14 0.08 0.16 2.50 1.50
5 Paiton 50.60 23.50 10.90 5.13 3.80 0.59 1.59 0.02 1.02 0.09 0.16 0.04 0.10 2.13 1.09
6 Rembang 35.80 16.50 15.95 15.45 10.40 0.69 0.78 0.01 0.62 0.24 0.12 0.10 0.21 2.17 1.28

Table 3
Oxide composition of cenospheres determined by EDS analysis.

No Components (wt%) Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 CuO SiO2/Al2O3

1 UBJOM Paiton 0.59 11.77 9.01 23.23 1.09 18.39 0.62 34.09 1.20 2.56
2 Indramayu 0.98 6.33 22.93 44.35 0.90 8.71 0.63 13.94 1.22 1.92
3 Tuban 1.39 2.55 31.52 49.90 0.76 3.27 0.86 8.45 1.30 1.59
4 Pacitan 1.54 7.74 20.60 40.01 0.93 11.62 0.78 15.35 1.43 1.92
5 Paiton 0.68 4.70 24.82 49.15 1.48 5.13 1.47 10.81 1.75 1.96
6 Rembang 1.06 8.67 15.94 28.28 0.82 18.28 0.93 24.79 1.22 1.79

Table 4
Quantitative analysis using petrography analysis on cenospheres and plero-
sphere

No Power plant Cenospheres (%) Plerosphere (%)

1 UBJOM Paiton 89.1 10.9
2 Indramayu 90.8 9.2
3 Tuban 90.8 9.2
4 Pacitan 92.3 7.7
5 Paiton 89.6 10.4
6 Rembang 89.2 10.8
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ash droplet is trapped when the temperature drops [34]. However, after
solid material formed, these hollow-spherical materials are called
cenospheres. These mechanisms are important to study the reaction
process during combustion because broad derived products of ceno-
spheres have been obtained from power plant coal combustion.

The diameter of cenospheres was analyzed using SEM and PSA as
shown in Fig. 9 and 10, respectively. From Fig. 9, it can be seen the
surface and diameter imaging of cenospheres produced from all power
plants. Diameter variations are very noticeable from the figure while
the smoothness of the surface for each cenosphere slightly different
from UBJOM Paiton and Tuban power plants, as the consequence of
higher Fe2O3 content among other sources. Based on Fig. 10, we can see
that the diameter of cenospheres has formed vary in all of the samples,
from the smallest particle size in the range of 1300–5200 nm for In-
dramayu power plant to the biggest particle size in the range of 1200 –
8500 nm for UBJOM Paiton power plant. Regarding the wide range of
cenospheres diameter, we proposed to use the average diameter for
each power plant as a parameter to compare with the fly ash chemical
composition. From the average diameter calculation, the diameter of
cenospheres is formed under specific conditions, confidential operating
parameters for each power plant produced various cenospheres dia-
meter which is Particulate Matter1 (PM1) in which the cenospheres
diameter is below 1 μm and Particulate Matter10 (PM10) for cenospheres
with a diameter in the range of 1–10 μm. From Fig. 10, all cenospheres
can be categorized as PM10. The formation mechanism of PM1 and PM10

is strongly believed to follow the mechanism of a previous study [37].

Two pathway categories for PM formation were suggested, namely
solid-to-particle processes, resulting in PM1 and PM10 usually through
the coalescence of mineral particles included in the same coal/charcoal
particles and fragmentation of minerals and / charcoal particles and
solid vapors-particle processes, producing good PM1 and PM10 through
pathways which may involve homogeneous nucleation, coagulation,
and agglomeration [37]. We do agree that the formations of both PM1

and PM10 are through those mechanisms, although, there is unclear
data lack of detailed information explaining about the mechanism. We
also believe that the formation mechanism of PM1 and PM10 is different
due to the huge difference in the cenospheres' diameter resulted. The
mechanism of a vaporization-condensation process seems fit for PM1

and a solid-particle process seems suitable for PM10.
The relationship analysis between the major component of SiO2,

Al2O3, SiO2/Al2O3, Fe2O3, Fe2O3+TiO2, CaO, MgO, and diameter of
cenospheres was conducted and presented in Fig. 6a–f (blue data
points), respectively. It can be seen that the higher the SiO2 and Al2O3

concentration, the bigger the cenospheres diameter. Meanwhile, other
chemical compositions are in vice versa correlation with the ceno-
spheres yield and diameter; the higher Fe2O3, Fe2O3+TiO2, CaO, and
MgO concentration, the smaller the cenospheres diameter. The values
of R-square from data fitting for chemical components and the diameter
of cenospheres are varied in the range of 0.53–0.66. Even though the
value of R-square is less than 0.7, the relationship of each substance to
the cenospheres' diameter is confirmed as shown in this study. How-
ever, further detailed research should be conducted to explore the effect

Fig. 3. Petrography analysis of fly ash to detect the existence of: (a) plerosphere and (b) cenospheres.

Fig. 4. Classification of fly ash used in this study based on chemical compositions, together with additional data from references [14,23,24,38], (a) full diagram; (b)
enlargement of sialic and ferrocalsialic region.
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of chemical composition on the cenospheres diameter. The compre-
hensive comparison with previous studies about the relationship of
chemical compositions and the diameter of cenospheres is also pre-
sented in Table 5. The data gained in this research gives a more reliable
relationship for each chemical composition in comparison to other
studies.

3.3. Possible technologies applied to separate cenospheres and the
utilization

Due to cenospheres density of about 0.8–0.9 g/cm3 [18,19,20],
there are several separation methods that can be applied. Wet separa-
tion with water as a fluid media in a lagoon is the easiest method to
recover cenospheres from fly ash with yield of about 90 wt% [18,39],
while other wet separation method has been studied using inverted

Fig. 5. (a) Cenospheres yield in fly ash from the Indonesian coal-fired power plants and (b) its relation to ash content in the initial coal.

Fig. 6. Correlation of cenospheres yield and average particle diameter as function of: (a) SiO2, (b) Al2O3, (c) SiO2/Al2O3 ratio, (d) Fe2O3, (e) CaO, (f) MgO, and (g)
Fe2O3+TiO2 content in initial fly ash.
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reflux classifier with similar recovery [21]. However, further draw-
backs are observed in wet separation in which cenospheres should be
dried containing higher energy consumption in the process and possible
metals leaching from the coal fly ash possessing negative environmental
impact. Thus, dry separation method using air as a separating media
has been applied in cenospheres recovery with lower yield of about 80
wt% [19,20]. In term of cenospheres utilization, some studies have
been thoroughly studied and confirmed that many appliances can be
fulfilled by cenospheres, from filler in polymer and composites [40,41],
automotive brake rotors and enhancing electromagnetic shielding
[42,43], refractories, heat exchanger, steel soaking and aluminum re-
clamation [44,45], to material construction light weight cements
[46,47,48].

4. Conclusion

Fly ash and cenospheres from six coal-fired power plants in
Indonesia have been successfully characterized. This study briefly ex-
plained the relationship of chemical composition-cenospheres' yield
and chemical composition-diameter of cenospheres, thus, it would help

the understanding of cenospheres formation mechanism during the coal
combustion process and estimating the cenospheres production from fly
ash produced. Furthermore, the result showed that the higher SiO2,
Al2O3, Na2O3, and Al2O3/SiO2 value in the fly ash, the higher is the
cenospheres yield. Reversely, another chemical component, such as
Fe2O3, Fe2O3+TiO2, CaO, and MgO, gave lower yield in the increasing
of the chemical component value. The data fitting for chemical com-
ponents and yield had acceptable R-square value in the range of
0.66–0.93. Those chemical existences in fly ash could be initial mea-
suring variables to predict the amount of cenospheres obtained. To
study the formation mechanism of the cenosphere, the relationship
between diameter formed and chemical composition is often used in
many studies. In contrast to other studies, this study used the average
diameter for comparison. Every chemical existence in fly ash surpris-
ingly gave the same tendency on the diameter size produced alike the
cenosphere yield. Even though, the values of R-square value were only
at 0.53–0.66 on the relationship between chemical components and
cenospheres diameter, these tendencies could provide valuable in-
formation in the cenospheres formation mechanism. Hopefully, this
work can be useful for the utilization and further application of

Fig. 7. SEM images showing the existence of: (a) plerosphere in Tuban and (b) magnetosphere in UBJOM Paiton samples with 5000 times magnification.

Fig. 8. The dependence of oxide compositions in fly ash (blue
crossed-circles) towards the formation tendency of different
type of particles (cenosphere, magnetosphere and plero-
sphere) and corresponding cenosphere’s oxide compositions
(red stars) determined by EDS. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred
to the web version of this article.)
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problematic fly ash management in Indonesia.
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Fig. 9. SEM images of cenospheres from the six Indonesian coal-fired power plants with 1000 times magnification, (a) UBJOM Paiton; (b) Indramayu; (c) Tuban; (d)
Pacitan; (e). Paiton; and (f). Rembang.

Fig. 10. Particle size distributions of cenospheres from the six Indonesian coal-fired power plants: (a) UBJOM Paiton; (b) Indramayu; (c) Tuban; (d) Pacitan; (e)
Paiton; and (f) Rembang.
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