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Abstract

Fly and bottom ash (FABA) produced primarily from coal combustion in a coal-fired power plant consists of fine particles of
the organic and inorganic mixture and trace elements. Eight FABA samples from coal-fired power plants in Java, Indonesia,
had been collected for composition and rare earth element and Yttrium (REY) mode of occurrence identification. The geo-
chemical composition of both major and trace elements was determined by inductively coupled plasma-mass spectrometry/
atomic emission spectrometry (ICP-MS/AES). Furthermore, the composition of FABA was identified by petrography with
reflected light microscopy and X-ray diffraction (XRD) analysis. Simultaneously, scanning electron microscope determines
the mode of occurrence of REY with an energy-dispersive X-ray (SEM—-EDX). The study finds that the inorganic component
of FABA consists of glass, Fe—Mg spinel, mullite, quartz, Fe-oxide mineral, and K-feldspar. In contrast, the organic com-
ponent is dominated by unburned coal. Glass is the most abundant component with cenospheres as major and pleiospheres
as minor constituents. Trace elements analysis indicates REY concentration with heavy REY (HREY) distribution pattern.
Moreover, SEM—EDX analysis results show that Yttrium (Y) occurs in glass and has a low concentration in spinel. From
the mode occurrence of REY, in particular Yttrium, it can be predicted that alkaline fusion followed by acid leaching will
be the most appropriate extraction method to extract REY from Indonesian FABA.
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Particulate Indonesia's energy demand is dominated by
electricity consumption and is expected to increase dramati-
cally, driven by economic development and the fast-growing
population. The Indonesian government has set the target for
electricity generation up to 135.5 GW by 2025 to balance
this energy demand and laid out in Presidential Regulation
(PerPres) No.22/2017. The primary energy supply in Indo-
nesia is mainly based on fossil fuels like oil, gas, and coal.
National energy policy setting a target energy mix in the year
2025 will be 0il (20%), gas (30%), coal (33%), and new and
renewable energy (17%), as can be seen in Fig. 1. As for coal
consumption, the power plant sector is the biggest consumer
in Indonesia. A significant increase in coal consumption in
the power plants sector from 56 mt in 2006 to 123.2 mt in
2025 will produce 11.38 mt of FABA in coal-fired power
plants. FABA is a hazardous solid waste and toxic category
in which the toxic elements might affect all beings (plant,
animal, and human) (Bashkin et al. 2002; Dai et al. 2005). In
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Fig. 1 The target of Indonesian energy mixed in 2025 (a top) and
2050 (b bottom) based on Presidential Regulation No. 22 of 2017.
Coal is still the main primary energy until 2025 and 2050 to produce
electricity as final energy up to 135.5 GW and 443.1 GW in 2025 and
2050

Indonesia, FABA has many requirements for treatment and
many permits that must be executed (storage clearance, col-
lecting, transportation license, utilization permit, and landfill
permit) (Indonesia Government Regulation No. 101/2014).

Faced with a large amount of FABA resulting from coal-
fired power plant production, the disposal will be a major
issue due to its necessity of land occupancy. To eliminate
this problem, FABA utilization has been proposed from
cement, concrete, structural fill (Duminda et al. 2014), soil
stabilization, and agriculture (Yao et al. 2015) to the recov-
ery of valuable matters such as cenospheres (Hirajima et al.
2008, 2010; Petrus et al. 2011) as well as valuable elements
(Dai and Finkelman 2018). Another reuse option for com-
mercial applications of coal ash (FABA) is its rare earth
elements and yttrium (REY) content and the potential for it
to be extracted (Seredin and Dai 2012; Blissett et al. 2014).
Scandium (Sc) and yttrium (Y), with chemical similarity
to the lanthanides, are typically included in the rare earth
elements classification (Pecht et al. 2012). The essential
commercial usage of REY drives the increasing needs for
REY for electronic and optical industries, oil extraction
and refining, automobile industries, information and nano-
technologies, nuclear reactors, and green energy develop-
ments (Seredin and Dai 2012). According to their study, it
was found that the average of REY contents in the world
(404 ppm) and USA (517 ppm) coal ashes are approximately
three times higher than in the upper continental crust (UCC).
Meanwhile, there has been no research in Indonesia regard-
ing the reuse options of FABA as alternative sources of REY
(Anggara et al. 2018, 2019, 2020; Besari 2018) To provide
a comprehensive database on REY potential in coal seams
and FABA from coal-fired power plants in Indonesia, a study
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on the composition and mode of occurrence of REY in coal
and FABA has been conducted.

Determining the mode of occurrence is essential to dis-
tinguish the appropriate processing technique needed to
extract the REY. There are two limiting techniques applied
in REY extraction from coal fly ash, acid leaching and alka-
line-acid leaching (Zhang et al. 2020; Rybak and Rybak
2021), although there are several approaches applied prior
to those aforementioned techniques to improve the leach-
ability of REY from coal fly ash. For REY in the lignite,
which is associated with complexed organic acids, can be
extracted with mild acidic condition using 0.5 M of H,SO,
with recovery of about 90% (Laudal et al. 2018). In the case
of bituminous coals, comprehensive approaches based on
acid leaching have been conducted with recovery higher than
80% (Honaker et al. 2017; Zhang et al. 2018, 2020). Other
studies on REY associated with magnetic coal fly ash and
or Fe and Ca enriched fraction can be successfully extracted
using acid leaching (King et al. 2018; Taggart et al. 2018;
Prihutami et al. 2021). However, it has also been reported
that REY is associated with aluminosilicates (Kolker et al.
2017; Hower et al. 2018). The association with alumino-
silicate renders the REY extraction using acid leaching.
Destruction of the aluminosilicate structure using alkaline
followed by acid leaching has resulted in higher recovery
of REY (King et al. 2018; Taggart et al. 2018; Manurung
et al. 2020).

Thus, being able to establish the comprehensive database
on REY in coal seams and FABA and their mode of occur-
rence will surely beneficial to predict the most appropriate
technique to extract.

2 Experiments
2.1 Materials

Coal, FA, and BA samples were collected from eight coal-
fired power plants in the northern part of Java, Indonesia
(Fig. 2). All coal-fired power plants in this study were used
pulverized coal combustion types. The boiler temperature
from each power plant ranged from 1100-1400 °C. Each of
the FA and BA samples was collected from the disposal of
the Electrostatic Precipitator (ESP) unit as much as 25 kg.
Each of the FA and BA samples collected from each power
plant came from the same feed coal (Table 1) and the same
operational condition. This can be considered that each sam-
ple is representative enough.

2.2 Experimental methods

The feed coal of Paiton 1, Paiton 2, and Tanjung Jati power
plants are sub-bituminous coal from some coal basins in
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Fig.2 Location of eight coal-fired power plants in northern Java, Indonesia. Coal and FABA samples were taken from the power plants (Map

data: Google, accessed 14 February 2022)

Table 1 List of samples collected from 8 power plants in Java, Indo-
nesia

Power plant location Sample
Feed coal Fly ash Bottom ash

Paiton 2 C-1 FA-1 BA-1
Paiton 1 C-2 FA-2 BA-2
Pacitan C-3 FA-3 BA-3
Tuban C-4 FA-4 BA-4
Indramayu C-5 FA-5 BA-5
Rembang C-6 FA-6 BA-6
Ubjom Paiton C-7 FA-7 BA-7
Tanjung Jati C-8 FA-8 BA-8

Kalimantan. The feed coal of Pacitan, Rembang, and
Indramayu power plants comprise sub-bituminous coal from
Kalimantan and South Sumatra Basin. While feed coal of the
Indramayu power plant is from the South Sumatra Basin. To
be able to provide comprehensive information for further
utilization on REY possible extraction, several analytical
approaches have been conducted, as follows:

(1) Proximate analysis.

To evaluate the ash yield of the coal, this analysis

was conducted according to ASTM D-3174.
(2) Petrography analysis of the coal and FABA.

A polished block of coal and FABA samples were
prepared using SpeciFix-20 Kit and Struers Labo Sys-
tem. Coal petrography was done according to ASTM
D2799-05a, and maceral classification followed the
ICCP System 1994 (Pickel et al. 2017; Sykorova et al.
2005; ICCP 2001). Identification of the abundance of
the organic and inorganic composition of FABA is
using genetic classification (Hower 2012).

(3) Mineralogy analysis.

Analysis using XRD with the bulk method with 26
from 2° to 60° was conducted in the analytical labo-
ratory of the Department of Geological Engineering,
Universitas Gadjah Mada. The analysis was performed
on fly ash samples to observe the mineral content in fly
ash that cannot be examined in the petrographic analy-
sis, including the mineralogical changes due to the coal
burning in the power plant. Mineralogy of fly ash is
crucial to justify the REY mode of occurrence (Dai
et al. 2012).

(4) Geochemistry analysis.

For all samples, major and trace element was deter-
mined using ICP-AES and ICP-MS in the ALS Geo-
chemistry Laboratorium, Kamloops, Canada using the
fused bead method before acid digestion. REY mode
of occurrence was observed using SEM-EDX in the
Laboratorium Teknologi Mineral dan Batubara (TEK-
MIRA), Bandung, Indonesia, for selected samples
regarding the abundance of REY.

3 Results and discussion
3.1 Coal characteristics

As shown in Table 2, feed coal from 8 power plants in Java
indicate average value of ash yield ranging 3.27-5.34 wt%.
The average moisture content ranged from 19.5 to 34.39
wt%. The average volatile matter ranged from 38.56 to 43.82
wt%. The average fixed carbon contents ranging from 35.02
to 42.15 wt%. The average calorific value range from 4240
to 5820 kcal/kg. The average sulfur content varies between
0.23 and 79 wt%.

Results of coal petrography analysis revealed that coal
samples are rich in huminite in the range of 66%—78%. Ulm-
inite is the most common telohuminite maceral subgroup
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Table 2 Proximate analyses

o Sample M A VM FC S CV

(Wt%) and calorivic value (kcal/

kg) of feed coals from 8 power C-1 34.39 3.27 38.56 35.02 0.23 4240

plants in Java, Indonesia c-2 34.39 3.62 38.56 35.02 0.23 4240
c3 30.43 3.81 39.42 40.57 0.26 5693
C-4 30.36 5.34 43.82 40.57 0.42 5820
c-5 523
C-6 31.98 5.1 42.44 38.18 0.3 5609
c-7 3.59 0.3
c-8 19.59 4.94 40.91 42.15 0.79 5584

Fig. 3 Macerals in coal samples. (a Fusinite (F); b Funginite (Fg) in sample C-7; ¢ Funginite (Fg) in sample C-4; and d Ulminite (U); All pho-

tomicrographs are taken under white light)

Table 3 Petrographic analysis

. Sample Huminite (%) Liptinite (%) Inertinite (%) Mineral mat-  Ash yield (wt%)
and ash yield of coal samples ter (%)
C-1 76 7 14 3 3.27
C-2 71 8 15 6 3.62
C-3 78 4 16 5 3.81
C-4 66 8 19 7 5.34
C-5 70 6 17 7 5.23
C-6 67 9 18 6 5.10
C-7 75 8 13 4 3.59
C-8 73 5 17 5 4.94

and is present in all coal samples. The content varies from
13% to 19% in inertinite and is mainly presented as semi-
fusinite and funginite (Fig. 3). While liptinite content is in
the range of 4%—9%, suberinite, sporinite, and liptodetrinite
are the most common liptinite-group macerals observed.
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The detailed composition of the maceral content, min-
erals matter, and ash yield of coal samples are presented
in Table 3. In general, ash yield will be associated with
FABA resulting from a coal-fired power plant affected by
the coal's certain maceral and mineral content. As it can be
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Fig.4 Mineral matter in coal samples. (Clay minerals, pyrite (Py), and quartz (Qz); All photomicrographs are taken under white light)

seen from Table 3, the ash yield in the concentration range of
3.27%-5.34% possesses an inline correlation with the inerti-
nit and minerals matter in the coal. The higher inertinite and
minerals matter in the coal, the higher the ash yield.
Instead of a detailed depiction of the maceral in the coal
samples, the mineral matter can also be determined from the
petrographic analysis. It can be observed that the minerals
matter are mainly contained clay minerals, quartz, and pyrite
(Fig. 4). Clay minerals dominate the proportion of miner-
als in the concentration range of 33.3%—66.77%, followed
by pyrite and quartz in the same concentration range of
16.7%-33.3% (Fig. 5). The petrographic analysis on miner-
als matter follows the major oxides observed in coal samples

dominated by SiO,, Al,O3, and Fe,O; (“Appendix”) as the
components of clay minerals, quartz, and pyrite.

3.2 FABA organic composition

The FABA components can be grouped into two broad cat-
egories; organic and inorganic. The organic component of
FABA consists of unburned coal (UC). Occasionally, UC
attaches to and binds together with crystalline minerals or
amorphous glass. UC can be used as an indicator of ineffi-
ciencies in coal combustion. The nature and proportions of
the macerals in feed coal significantly affected the UC con-
tent in FABA. Inertinite-group macerals are more resistant
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Fig.5 Percentage mineral matter in coal samples (normalized to 100%)
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Fig.6 Unburned coals: a crassisphere; b tenuisphere; ¢ crassinetwork; d solid. (All photomicrographs are taken under white light)

to combustion than other macerals (Hower et al. 2017).
UC was observed in both fly and bottom ash (FABA) from
the petrographic analysis, as shown in Fig. 6. The textured
form of UC in FABA was observed as tenuisphere, crassi-
sphere, crassinetwork, and solid with an abundance of about
7.4%-12.4% in FA and 16%—29.6% in BA (Tables 4 and 5).
UC concentration in FABA is strongly affected by inertinite
content in coal (13%-19%, Table 3), which is relatively dif-
ficult to burn compared to vitrinite and huminite (Hower
et al. 2017).

3.3 FABA inorganic composition

As observed from the petrographic analysis, inorganic com-
ponents of FABA consist of glass, mullite, Fe-oxide min-
erals, quartz, and spinel (Fig. 7). The mineralogical com-
positions identified by XRD show the existence of quartz,
mullite, k-feldspar, hematite, magnetite, Fe-spinel, and
Mg-spinel. It was found that there is varied mineralogy in
terms of Fe-oxide mineral and spinel due to the limitation
of the petrographic analysis. The Fe-oxide minerals in FA

Table 4 Percentage of organic Item FA-1

FA-2 FA-3 FA-4 FA-5 FA-6 FA-7 FA-8

and inorganic components of
fly ash (FA) samples based on

Petrographic analysis
petrographic and XRD analysis

Quartz (%) 144
Mullite (%) 144
Fe-oxide mineral (%) 11.8
Spinel (%) 8.4
Glass (%) 38.7
Unburned carbon (%) 12.4
K-feldspar (%) -
XRD analysis

Quartz (%) 70.1
Mullite (%) 18.3
Hematite (%) 7.7
Magnetite (%) -
Fe-spinel (%) -
Mg-spinel (%) 39
Glass (%) -
Unburned carbon (%) -
K-Feldspar (%) -

13.8 135 14.2 15.3 15.8 12.4 16.7
13.5 12.5 13.6 12.7 11.6 11.6 14.5
9.3 10.5 9.5 11.8 9.5 14.2 8.4
11.6 10.7 5.8 6.0 12.7 16.7 8.5
40.2 35.6 42.7 415 38.7 335 37.8
11.6 17.1 14.2 12.7 11.6 11.6 14.0

56.3 57.6 53.5 44.6 42.4 37.4 52.9
21.8 12.4 31.6 15.8 12.1 17.1 6.4

12.1 15.8 53 19.4 18.0 - 122
- 9.0 5.1 - - 29.6 -
- - - - 20.5 - 18.2
115 2.9 45 15.7 7.1 16.6 10.4
7.7 - - 4.6 - - -
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Table 5 Percentage of organic

) . Sample Unburned Glass (%) Quartz (%) Fe-oxide min-  Spinel (%) Mullite (%)

aqd inorganic components coal (%) erals (%)

of BA samples based on

petrographic analysis BA-1 16.0 375 13.8 16.4 8.5 7.8
BA-2 18.7 36.5 13.6 14.4 10.2 6.5
BA-3 18.2 35.6 12.4 12.7 15.1 6.2
BA-4 17.6 39.6 14.4 9.1 11.1 8.2
BA-5 19.3 38.9 13.8 8.5 11.8 7.6
BA-6 17.6 36.2 14.5 10.0 15.3 6.4
BA-7 18.5 34.7 14.5 10.2 15.3 6.7
BA-8 18.7 35.6 16.2 9.6 12.4 7.5

samples are dominated by hematite, while the magnetite is
rarely found. As for spinels, it was detected in two types
and identified as Mg-spinel and Fe-spinel. The Fe-spinel
is identified only in two samples of FA (FA-6 and FA-8).
Furthermore, the compositions of FA and BA are presented
in Tables 4 and 5.

(1) Glass.

The glass is composed of the transformation of clay
minerals during coal combustion. This study found that
clay minerals are the most abundant mineral matter
found in all coal samples (Fig. 5). Thus, glass domi-
nates the inorganic matter of FABA with a composi-
tion of about 33.5%—42.7% in FA and 34.7%-39.6%
in BA. With a chemical composition of silica dioxide,
glass has an amorphous structure. From the petro-
graphic analysis, Glass in FABA can be found in the
form of cenospheres and pleiospheres, as seen in Fig. 7.
Cenospheres are characterized by rounded hollow
glass spheres and are mostly presented in a significant
quantity (up to 92.3% in FA). Meanwhile, pleiospheres
occur as multiple hollow glass spheres which are not
perfectly rounded.

(2) Quartz.

In the crystalline structure, Quartz in FABA origi-
nally comes from its coal (Dai et al. 2010). Due to its
stability to high temperature with a melting point of
about 1700 °C, quartz will remain in its form when the
boiler temperature is only at the temperature of 1400—
1500 °C (Hower 2012). Besides glass, quartz is also the
major mineral found in FABA, with 12.4%-17.1% in
FA and 7.1%-16.2% in BA. As shown in Fig. 7, quartz
is characterized as a colorless to white spectrum with
angular-subrounded morphology.

(3) Mullite.

Other crystalline minerals observed in these FABA
samples (Fig. 7) were mullite with a composition of
6.4%-31.6% in FA and 6.2%-8.2% in BA. In the form
of needle crystallites, mullite is produced from the

crystallization of melted clay minerals from its coal at
high-temperature (Hower 2012; Dai et al. 2010).
(4) Fe-oxide minerals.

As for Fe-oxide minerals, the characterization is
based on the brightness of the mineral with reddish
color under the microscope. Fe-oxide minerals con-
tent in FA sample varies from 8.4% to 14.2% and
8.5%—16.4% in BA samples. Fe-oxide minerals in all
FA samples are dominated by hematite (7.7%—19.4%),
while magnetite (5.1%—-29.6%) was found only in sev-
eral samples. Fe-oxide minerals in FA and BA were
probably derived from pyrite in feed coal. Hematite
indicated the coal combustion temperature in power
plants is less than 1400 °C (Dai et al. 2010).

(5) Spinel.

Spinel in FA and BA is characterized by bright min-
eral and rounded morphology consisting of dendritic
texture (Fig. 8). Spinel content in FA sample varies
from 5.8% to 16.7% and 8.5%—15.3% in BA samples.
XRD analysis identified spinel in FA as Mg-spinel and
Fe-spinel. Mg-spinels (2.9%—16.6%) present in all FA
samples while Fe-spinels (18.2% — 20.5%) only found
in FA-6 and FA-8, see Fig. 9. Spinel in FA and BA was
derived from high Fe-coal (Hower 2012). Pyrite in feed
coal is the source of Fe elements that composed spinels.

(6) K-Feldspar.

XRD analysis shows that K-feldspar is only present

in FA-2 and FA-5, ranging from 4.6% to 7.7%.

3.4 REYin coal, FA, and BA

The geochemical classification of REY was created by
Seredin and Dai (2012), which divided REY into light REY
(La, Ce, Pr, Nd, and Sm), medium REY (Eu, Gd, Tb, Dy,
and Y), and heavy REY (Ho, Er, Tm, Yb, and Lu). In this
study, it was found that the average concentration of REY
in coal is 9.2 ppm, lower than the average concentration of
coal in the US of about 62.1 ppm and China in the average
of 139.9 ppm (Dai et al. 2005).
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L)
Fe-oxide mineral

s

Fig. 7 Inorganic components of fly ash (FA) and bottom ash (BA). a Quartz (Qz); b Mullite (Mul); ¢ Fe-oxide minerals; d Spinel (Spl); e Glass
cenospheres; and glass f Pleiospheres. (All photomicrographs are taken under white light)

Fig.8 Spinel; a BA sample; b FA sample. (All photomicrographs are taken under white light)

The result of this study showed that individual REY con-
tents in FA are about 10 — 15 times higher than that in coal
samples (Fig. 10) because the REY are concentrated in the
FA components. Each coal and FA sample's individual REY
distribution pattern is relatively similar, but the concentra-
tions are different (“Appendix”). Total REY concentration
in coal ranged from 2.10 to 23.67 ppm, with an average
of 9.21 ppm. Total REY concentration in FA ranged from
123.14 to 260.38 ppm, with an average of 207.07 ppm.

@ Springer

Total REY concentration in BA ranged from 121.04 to
261.18 ppm, with an average of 171.21 ppm.

Aside from the REY concentration, the abundance
of REY concentration, in general, will be converted into
REO. The total REO content of FA varies from 148.61 to
313.98 ppm, with an average of 249.70 ppm. This value is
higher than the REO content of BA that varies from 146.01
to 314.89 ppm with an average of 231.95 ppm. The total
REO content of coal ranges from 2.53 to 28.56 ppm, with
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spinel, and Mg-spinel

an average of 11.10 ppm. REY distribution pattern in FA
(Fig. 10) showed HREY enrichment for all samples provid-
ing an opportunity to extract all of the REY elements.

(1) Mode of occurrence of REY in organic components
SEM-EDX result on the organics showed that the
mode of occurrence of Y is negatively correlated with
the mode of occurrence of Carbon (Figs. 11 and 12).
The mode of occurrence of Carbon (C) and Y repre-
sents that Y does not occur in FA's organic compo-
nents.
(2) Mode of occurrence of REY in inorganic components
The mode of occurrence of major elements, includ-
ing Si and O, is strongly correlated with the mode of
occurrence of Y and indicates an overlay area with a
high concentration of those elements. Si and O were
associated with glass and quartz in FA components.
Based on SEM-EDX and petrographic analysis, it is
interpreted that high concentrations of Y occur in Glass

(Figs. 13 and 14), including cenospheres and pleio-
spheres. Spinel in FA consists of Mg, Al, Fe, and O.
Mode of occurrence from combinations Mg, Fe, Al, O,
and Y elements are positively correlated and made an
overlay area that indicates a low concentration of those
elements (Fig. 15). Therefore, it can be interpreted that
low concentration Y occurs in spinel.

Knowing the mode of occurrence will benefit the leach-
ing technique applied to extract REY from coal fly ash. The
correlation of REY with aluminosilicates content in fly ash
comprised as the major mineral matrix has been stated by
some studies (Kolker et al. 2017; Hower et al. 2018). For this
type of sample, alkaline treatment is needed to decompose
the aluminosilicate structure before the acid leaching for
high recovery of REY (King et al. 2018). It is different from
FA with REYs concentrated in Fe- and Ca-enriched frac-
tions (Hower et al. 2018; Hood et al. 2017). Acid leaching
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Fig. 10 Graphic comparison of individual REY contents in coal (C1-C8) and FA (FA1-FA8) samples (normalized to UCC)

will be prone to REY extraction (King et al. 2018; Taggart
et al. 2018).

UC (19.3%). This composition is aligned with the ash
composition in the coal seams.
(2) Total REY concentration in FA ranged from 123.14 to
260.38 ppm, with an average of 207.07 ppm. The total
REO content of FA varies from 148.61 to 313.98 ppm,
with an average of 249.70 ppm.
Based on SEM—-EDX and petrographic analysis, we

4 Conclusions

(1) From the analysis conducted in this study, it can be 3)

concluded that FABA in a coal-fired power plant in
Java, Indonesia, consists of inorganic and organic
components with different compositions. In the FA,
the components include glass (50.7%), quartz (19.7%),
mullite (12.6%), Mg-spinel (12.2%), Fe-spinel (9.5%),
hematite (9.8%), magnetite (14.4%), K-feldspar (4.9%),
and unburned coal (UC) (12.4%). While in BA the
components are glass (39.6%), quartz (16.2%), mullite
(8.2%), spinel (15.3%), Fe-oxide minerals (16.4%), and

@ Springer

can conclude that Y only occurs in inorganic compo-
nents of FA. High concentrations of Y are interpreted
to occur in amorphous glass, including cenospheres and
pleiospheres, while lower concentrations of Y occur in
spinel. Mode of occurrence REY in this study could
be used as preliminary data to determine the extraction
method of REY from Indonesian FA-BA from a coal-
fired power plant in Java.
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Fig. 11 Comparison of the mode of occurrence Y and major elements C composed organic components in FA-4 based on SEM-EDX images. a
backscattered electron image, x1000; elemental mapping shows the distribution of Y (b) and the region rich in C (c)

Fig. 12 Comparison of the mode of occurrence Y and major elements C composed organic components in FA-5 based on SEM-EDX images. a
Backscattered electron image, x1000; elemental mapping shows the distribution of Y and the region rich in C

@ Springer
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‘30pm

Fig. 13 Mode of occurrence of Y in Glass (sample FA-4). a Optical microscopy of reflected white light; elemental mapping shows the distribu-
tion of Y along with the region rich in Si and O

—t+—a30 pm Si K p——t—i 30 pm 0K

Fig. 14 Mode of occurrence of Y in Glass (sample FA-5). a Optical microscopy of reflected white light; elemental mapping shows the distribu-
tion of Y along with the region rich in Si and O

@ Springer
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Fig. 15 Mode of occurrence of Y in spinel (sample FA-4). a Optical microscopy reflected of white light; elemental mapping shows the distribu-
tion of Y along with the region rich in Al and O, Mg and Fe

@ Springer
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Appendix

Major oxides, LOI, and rare-earth elements analyses of coal,
FA, and BA samples from eight coal-fired power plants in
northern Java, Indonesia.

Major oxides, LOI, and rare-earth elements analyses of coal, FA, and BA samples from eight coal-fired power plants in northern Java, Indonesia.

" Paiton 2 Paiton 1 Pacitan Tuban Indramayu Rembang Ubjom Paiton Tanjung Jati
em
C-1 FA-1 BA-1 C2 FA-2 BA-2 Cc3 ‘ FA-3 BA-3 Cc4 ‘ FA-4 BA-4 C-5 ‘ FA-5 BA-5 C-6 ‘ FA-6 BA-6 C-7 FA-7 BA-7 Cc8 FA-8 BA-8

Major Oxides & LOI (%)
si

279 5350 | 5820 | 058 50.60 | 54.00 0.98 41.80 50.40 0.36 50.90 5640 | 197 4260 | 6570 117 3580 | 5390 | 047 3410 | 5580 | 272 4950 | 47.00
Al

0.96 2040 | 1510 | 0.6 2350 | 1550 0.29 1685 12,60 0.05 28.70 1685 | 103 2040 | 1230 091 1650 | 2040 | 011 953 | 843 134 210 | 1570
Fer

0.80 125 | 1515 | 212 1090 | 1490 0.76 1685 17.80 0.60 9.04 13.65 | 044 1375 | 13.05 043 1595 | 1050 | 049 2200 | 1595 | 058 1055 | 9.69
C:

* ] o 549 | 462 | 056 513 | 413 0.77 10.90 9.59 0.96 331 658 | 0.2 9.62 | 387 0.85 1545 | 858 | 035 1540 | 926 | 023 466 | 339
M;

5 | oas 384 | 345 | 046 3.80 274 0.57 732 544 0.58 223 319 | 0.06 6.61 234 0.10 1040 | 328 | 034 410 | 806 | 013 238 196
N g0 0.51 033 | 007 0.59 033 0.02 0.87 044 0.09 0.82 028 | 003 0.67 | 046 0.03 069 [ 039 | 002 0.61 048 | 03 226 118
Kz

T ] 009 147 | 087 | 002 159 0.82 0.03 0.88 045 0.02 0.85 043 0.04 089 | 034 0.01 078 | 037 | 001 099 | 085 | 010 168 115
[

<0.01 002 | 005 | <001 0.02 0.05 <001 | 0.01 0.02 <001 | 002 0.01 <001 0.01 0.01 <001 | 0.01 0.01 <001 | 001 003 | <001 |00z | 001
0.04 0.91 079 | 001 102 0.80 0.02 0.66 0.51 <001 | 104 0.63 0.03 079 | 047 0.02 062 | 074 | 001 052 | 051 0.05 087 | 063
M o 009 | 010 | 001 0.09 0.10 0.01 027 026 0.01 0.07 017 | <001 021 0.16 0.01 024|012 | 001 037 | 021 <001 | 004 | 0.04
P
0.01 0.15 0.13 <0.01 0.16 0.11 <0.01 0.14 0.11 <0.01 0.23 0.13 <0.01 0.12 0.07 <0.01 0.05 0.04 <0.01 0.05 0.04 0.01 0.39 0.19
Si
"] <om 004 | 004 | <001 0.04 0.05 <001 | 008 0.08 0.01 0.07 007 | <001 009 | 005 0.01 010 [ 007 | <001 | oa 006 | 0.01 017 | o
B:

* | <00 009 | 006 | <001 0.10 0.06 0.01 0.16 0.10 <001 | 006 005 | <001 015 | 0.06 <001 | 021 007 | <001 | o025 |00 | o001 015 | 0.09

LO

94.20 144 248 | 9530 109 | 442 96.10 150 0.91 96.90 191 012 | 9490 257 189 96.20 125 194 | 97.60 0.84 192 | 9430 687 16.90
REY (ppm)
La | 190 3130 | 2530 | 050 39.00 | 26.80 0.60 28.80 22.80 0.50 4230 27.60 | 2.10 3450 | 2080 3.90 3250 | 4110 | 050 1850 | 1820 | 210 33.00 | 210
ce | 360 6610 | 5340 | 110 8120 | 5540 130 60.40 47.00 0.80 84.90 5750 | 4.10 7000 | 4150 7.70 6640 | 83.60 | 050 39.00 | 3860 | 420 6680 | 420
Pro | 042 7.60 624 | 012 9.43 646 0.14 7.19 539 0.09 9.65 672 0.54 8.11 482 0.85 764 | 948 | 005 434 | 448 | 050 7.64 | 050
Nd | 170 2060 | 2470 | 050 37.00 | 2680 0.50 29.80 2140 0.30 37.40 2710 | 2.00 3280 | 1950 3.40 3120 | 3840 | 020 1850 | 1820 | 1.80 3020 | 180
sm_ | 046 622 550 | o1 7.92 556 0.15 6.19 491 0.06 772 625 | 046 708 | 429 0.66 670 | 824 | 0.05 395 | 384 | 033 623 | 033
Eu_ | 0.09 138 | 123 | 003 177 | 123 0.03 147 1.09 0.03 173 126 | 0.09 150 | 091 0.15 133 157 | 003 096 | 082 0.08 151 0.08
Gd | 038 6.03 541 0.08 7.28 542 0.09 634 497 0.05 7.69 609 | 050 692 | 409 0.63 653 | 831 0.06 39 |31 | om 593 | 031
T | 008 096 | 085 | 002 1.19 0.86 0.02 1.02 0.80 0.01 130 100 | 009 121 0.72 0.13 1.07 131 0.01 062 | 060 | 0.06 096 | 0.06
Dy | 044 556 | 531 0.06 7.20 5.50 011 621 498 0.05 7.84 637 | 049 715 | 436 0.65 673 | 819 | 007 367 | 370 | 034 607 | 034
Y 2.50 3420 | 3060 | 050 4160 | 32.60 0.60 36.70 3140 0.50 46.40 3830 | 3.00 4450 | 2610 440 3800 | 4740 | 050 2400 | 2270 | 190 3440 | 190
Ho | 0.09 120 108 | 001 153 121 0.02 127 1.10 0.01 178 143 0.10 154 | 089 0.15 140 181 0.01 083 | 081 0.07 127 | 007
Er | 027 360 | 323 | 006 445 | 356 0.06 37 3.03 0.03 505 403 034 444 | 271 0.46 410 | 535 | 004 219 | 237 | 019 370 | 019
Tm | 0.03 0.51 048 | 001 0.63 051 0.01 0.53 0.50 0.01 0.80 0.66 | 0.04 0.69 | 039 0.07 0.61 080 | 001 035 | 036 | 0.02 052 | 002
b | 021 32 282 | 003 395 | 307 0.07 3.61 31 0.03 5.00 415 | 038 450 271 0.45 376 | 483 | 006 200 229 | 016 344 | 016
Lu | 003 0.51 047 | 001 0.61 0.49 0.01 0.56 0.51 0.01 0.82 066 | 0.04 074 | 044 0.07 059 [ 079 | o0 033 | 035 | 003 055 | 003
= 1979 | 1666 2447 189.1 225.6 2085 | 2611 1231 | 1210 2022

1220 . : 314 . 175.47 371 193.81 152.99 248 260.38 . 14.27 : 134.35 23.67 - . 210 . . 12.09 - 12.09
LR

66.23 71z | 6900 | 7420 7131 | 6897 72.51 68.30 66.34 70.56 69.89 6619 | 64.47 6757 | 67.67 69.75 6926 | 6923 | 61.90 6845 | 6884 | 7386 7115 | 7386
HR

33.77 2888 | 3090 | 2580 2869 | 3103 27.49 3170 33.66 29.44 30.11 3381 | 3553 3243 | 3233 3025 3074 | 3077 | 3810 3155 | 3116 | 2614 2885 | 26.14
Cri

1022
5.08 7530 65.92 117 93.21 70.55 132 78.92 62.70 0.92 99.72 78.06 6.01 91.60 54.36 9.19 82.43 0.85 49.94 48.39 437 76.84 437
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Major oxides, LOI, and rare-earth elements analyses of coal, FA, and BA samples from eight coal-fired power plants in northern Java, Indonesia.

Item

Paiton 2

Paiton 1

Pacitan

Tuban

Indramayu

Rembang

Ubjom Paiton

Tanjung Jati

(=1

FA-1

BA-1

BA-2

c3 ‘ FA-3

c4 ‘

BA-4

cs

FA-5

BA-S

-6 ‘

FA-6

BA-6

7

FA-T

BA-7

[

FA-8

BA-8

REY (py

pm)

5115

4245

63.63

48.52

38.07

67.36

46.66

56.61

34.00

53.37

67.13

30.69

3024

52.80

71.54

58.25

87.92

66.37

5222

93.30

7747

45.99

72.76

42.51

4241

72.58

38.03

39.56

37.26

38.08

35.58

40.72

40.98

37.10

38.30

4128

4212

40.59

40.46

38.83

39.52

39.14

40.48

39.98

36.15

38.00

36.15

R

238.7

200.9

295.0

2282

m3

2514

3149

148.6

146.0

243.7

14.72 379 211.59 4.47 233.72 184.69 3.00 313.98

17.21 162.06 28.56 253 1457 1457
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