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Fly Ash Characterization for Rare Earth Elements (REES)
Beneficiation in Tiirkiye

Highlights
% Tiirkiye’s fly ashes as a secondary source for REE recovery was determined.
« Characterization analyses of six different fly ashes were carried out.
<+ For the recovery, the biological leaching approach appears to be crucial.

Graphical Abstract

Information on REE reserves worldwide has been provided. The enrichment of REEs in fly ash as a secondary
source has been investigated.
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Figure 1. Worldwide production of rare earth elements in 2023 and XRD patterns for fly ash samples
Aim
In this study, the enrichment of REEs in fly ash as a secondary resource was investigated. Coal fly ash waste from
several Turkish power plants was utilized in this research. Initially, the physical, chemical, mineralogical, and
morphological properties of the fly ash samples were analysed. Subsequently the, concentrations of REEs within the
fly ash were determined, providing insights into their potential as a valuable secondary source of these critical
elements.

Design & Methodology

In this context, fly ash from Tiirkiye is concluded to have significant potential for REE recovery, and this method
can contribute to the sustainable use of existing resources. This study also validates its findings by comparing them

with literature.

Originality

Rare earth elements (REES) are of strategic importance and present a significant challenge for countries lacking
primary sources. This study will contribute to the efforts to find solutions to the resource shortages in our country.
Findings

The enrichment potential of REEs in two selected fly ashes was examined. Total REE values were found to be 168.9
and 244.9 ppm. The results indicate that fly ashes can be utilized as a secondary source of REEs.

Conclusion

Fly ash from Tiirkiye is concluded to have significant potential for REE recovery.
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ABSTRACT

The rapid advancement of technology is continuously increasing the need for rare earth elements (REES).
important metals are mainly sourced from primary resources, and then secondary resources are explored. De
issues caused by post products, fly ash generated from coal-fired power plants can be considered a se
REE content. This study conducted characterization analyses of six fly ash samples from powgg
the potential for REE enrichment. The fly ashes were analysed using atomic absorption spectropho
coupled plasma mass spectrometry (ICP-MS), X-ray fluorescence (XRF), and X-ray diffraci

enrichment of REEs from fly ash is considered both an economically viabl
context, fly ash from Tiirkiye is concluded to have significant potential for

Elementlerinin (NTE
Kargkt

Teknolojinin hizla gelismesi, nadir top
metaller, iilkelerin ihtiyaglarmi karst

Anahtar Kelim

1. INTRODUCTION

Energy is an indispensable component of our daily life as
well as the infrastructure of industrialisation. Coal ranks
as the world's second-largest energy source, contributing
approximately 30% of non-renewable energy. Power
plants play a crucial role in national energy production
and have significant implications for the global energy
landscape [1]. With the energy crisis that emerged after
the war between Russia and Ukraine, currently, the need
for coal is increasing day by day. Tirkiye's electricity
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XRD)
and 244.9 ppm. The findings

wofi of bioleaching for the
ly friendly alternative. In this

Z

kaynaklardan temin edilmekte, bu kaynaklar yetersiz kaldiginda ise ikincil
a ¢ikan atik driinleri 6nemli sorunlara yol agsa da komiir yakitli termik santral
elyle ikincil kaynak olarak degerlendirilebilir. Bu ¢alismada, Tiirkiye'deki termik
rizasyon analizleri gerceklestirilmis ve tespit edilen NTE'lerin zenginlestirme

e potansiyeli incelenmistir. Toplam NTE degerlerinin 168.9 ve 244.9 ppm oldugu tespit
cu kiillerin ikincil NTE kaynagi olarak kullanilabilirligini ortaya koymaktadir. Ayrica, biyoli¢

: Ucucu Kiil, nadir toprak elementi, cevher zenginlestirme, atik yonetimi, biyomadencilik.

consumption fell by 1.2% to 328.9 TWh in 2022
compared to the previous year, while electricity
generation fell by 2.5% to 326.2 TWh, according to data
from the Ministry of Energy and Natural Resources.
Tiirkiye's National Energy Plan results indicate that the
country's energy usage is projected to be 510.5 TWh in
2035 [2]. This data clearly demonstrates a trend of
increasing energy consumption over time. The most
important energy production methods to meet the energy
demand in Tiirkiye are thermal and hydraulic methods


https://bap.itu.edu.tr/

[3]. This is followed by other energy production methods
that are open to development. In 2023, the top three most
utilized sources of electricity generation were coal
(36.3%), natural gas (21.4%) and hydropower (19.6%).
Besides these, 10.4% from wind, 5.7% from solar, 3.4%
from geothermal and 3.2% from other sources. Based on
data from 2023, Tirkiye's installed capacity was 107,271
MW. Based on available resources, current capacity is
split as follows: natural gas (23.7%), coal (20.3%), wind
(11,1) and solar (11%), geothermal energy (1.6%),

hydraulic energy (29.8%), and other resources (2.5%)
[2]. These values underscore the continued significance
of coal in Turkey’s energy production (Fig. 1). However,
coal-fired power plants produce a significant amount of
waste and fly ash called under-boiler slag during their
operation. Toxic trace elements in this waste can be
washed with rainwater and contaminated with surface
water and groundwater. Major economic and ecological
issues arise when incineration ashes are improperly
managed [4].
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Figure 1. Changes in Turkey's installedibowe Melectricity generation by energy sources [3]
Of the nearly 600 million tons of coal as duced Additionally, the environmental and social challenges

year worldwide, fly ash makes up ab,

sites, approxim

uced an average of 13 million
rom 11 power plants. However,
e due to the commissioning of
lants and changing energy demands.
Therefore, it is €stimated that annual amounts of fly ash
will increase more in the future [8] In Tirkiye, the
amount of fly ash utilisation remains at very low values
compared to developed countries. It is primarily utilized
in the manufacturing of construction materials and
concrete. Upon the need arising in this field, there are
many national and international studies to gain economic
value of fly ashes and at the same time to prevent the
effects on the environment. These studies predominantly
focus on the determination of physical, chemical,
mineralogical, and morphological properties of the fly
ashes, their classification and determination of their
usage areas [8-11].

associated with fly ash utilization, along with possible
solutions, have been thoroughly investigated [12].
Literature reviews reveal a wide range of applications for
fly ash, extending beyond the construction industry to
include sectors such as paint, plastics, agriculture, and
environmental management, depending on its properties
[13-17]. Extensive research has been carried out on
obtaining cenospheres with economic methods and
determining its characteristic properties [18-23]. Fly ash
is extensively used in the production of cement and
concrete, bricks, aerated concrete, road stabilization, and
lightweight aggregates. Furthermore, numerous studies
have explored its potential as a raw material in brick
production, vyielding promising results [24-30]. In
addition to these, hydrothermal methods, commonly used
in the synthesis of zeolites, particularly enable the
production of Na-P1 zeolites with outstanding features
including a high ability for cation exchange. and a regular
pore structure [31-34]. Similarly, geopolymers, formed
through alkaline activation into three-dimensional
polymeric networks, stand out as sustainable
construction materials due to their superior compressive
performance and low carbon footprint [35-37].



Itis also known that ashes from the combustion of lignite
for energy production contain metals of strategic
importance, semi-metals, and REEs. The distinctive
physicochemical properties of REEs have led to
increased demand in the global market because of their
use in technology, industrial, medical, and agricultural
applications. The periodic table contains 15 elements
with atomic numbers ranging from 57 to 71 and
chemically similar characteristics [38,39]. Due to their
small atomic diameters and similar ionic diameters,
yttrium (Y) and scandium (Sc) are included in the REE
group [40].

REEs are utilized in various applications, the
manufacturing of ceramics and glass, metallurgy,
magnets, lasers, and catalysts. Additionally, hybrid cars,
wind turbines, solar panels, MRl machines, computers,
cell phones, and electronic circuits are just a few of the
many applications of rare earth elements [41-43]. In
addition, REEs, which are used as raw materials in
defence industry, are strategic raw materials due to these
usage areas. As illustrated in Fig. 2, China has
approximately one - third of the world's REE reserves
and is the only country with substantial control in world
REE production, utilisation, export and most importantly
REE technology [41,44]. Based on the report prepared on
this subject and the analysis of three critical factors, it is

stated that REEs rank highest with a criticality level scqr®

of 29 [45]. The aggregate of each of the scores for eve
item in the most current critical materials revie
conducted in the USA, EU, UK, Japan, and Sout CE
was used to compute this score, which is mentfoned A
this document [38,45].
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Figure 2. (a) Worldwide reserves (in 1,000 metric tons REO)
and mine production

Studies have indicated that fly ash could serve as a viable
source of metals needed in industrial production.
Initially, it was not possible to carry out studies on the
enrichment of metals in lignite and hard coal ashes for
economic reasons. In addition to economic reasons,
inadequate equipment and technological deficiencies can
be counted among these reasons.
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carried out on the
, Fe elements from fly ash
dy conducted with fly ash from
lanysimilar trace elements were

Nevertheless, studies
recovery of G

, they may be a potential source of metals
ed in industry.

nrichment of REEs in fly ash as a secondary
drce was investigated. Coal fly ash waste from six
Turkish power plants was used. Initially, the physical,
mineralogical, chemical, and morphological properties of
the fly ash samples were analysed. Subsequently, the
concentrations of REEs within the fly ash were
determined, providing insights into their potential as a
valuable secondary source of these critical elements.

2. MATERIAL and METHOD
2.1. Material

In this study, fly ash from six different power plants in
Tiirkiye was used. The selection of these plants was
based on specific criteria: their use of coal as fuel, high
energy production capacity, and the fact that the coal
used was produced in Tiirkiye. The representative sample
guantities were approximately 20 kg for each power
plant. The fly ash samples were homogenously mixed,
representative  samples  were taken by the
coning/quadrupling method, and the remaining portions
were packaged as witness samples (archive) and stored in
sealed containers. For sampling, fly ash was categorized
and coded as follows: FA1 (Black Sea region), FA2
(Central Anatolia), FA3 (Marmara region), FA4 and FA5
(Aegean region), and FA6 (Mediterranean region).

2.2. Methods

Characterisation study of the fly ash obtained from power
plants was carried out using the laboratories of Cukurova



University, Alparslan Tiirkes Science and Technology
University, Cukurova University Central Research
Laboratory and General Directorate of Mineral Research
and Exploration (MTA) in Tiirkiye. Malvern Mastersizer
3000 was used as the device and measurements were
taken by wet method for grain size analyses of the fly ash
samples. SEM analyses were conducted at the Advanced
Technology Application and Research Center laboratory
of Pamukkale University. Morphological analysis was
performed using the Quanta 150RS Field Emission SEM.
Pycnometer method was applied for density
measurements of the fly ashes. The density measurement
using a pycnometer relies on determining the volume of
solid particles within a liquid, utilizing the relationship
between mass and volume. The density is calculated by
finding the difference between the weight of the empty
pycnometer and the weight of the pycnometer filled with
the liquid and solid. Mineralogical analysis of these
samples was carried out between 2-70 17 degrees theta
using the Malvern Panalytical X' Pert Powder brand
XRD spectroscopy device. The X-ray pattern containing
mineral peaks was obtained by tableting the material
without the need for grinding. The test samples were

tableted, and the chemical analysis of the sample was
carried out by Thermo ARL brand XRF device in
accordance with the standard. Chemical methods, such as
hydrofluoric acid digestion and measurement using
Perkin  Elmer 900 H  atomic  absorption
spectrophotometry (AAS), were used to analyse the fly
ash chemically. For the loss on ignition (LOI) test, pre-
weighed dry samples were initially heated in an oven at
105°C, then cooled in a desiccator, and subsequently
heated to 600°C for two hours. The carbon and organic
sulphur levels in the ashes were then measured. An
inductively coupled Perkin Elmer Nexion 2000 P brand
ICP-MS apparatus was used to perfornyREESs studies.

3. RESULTS

with only 40% by wi than)l 00 pm where it was
around 70% by weight d FAG6. The finest fly
ashes weregf-

®

110

100

90

80 — AL
g 70 FA2
= YN/ AV
"_E 10 / — AL
£ /4

20 / /// ——FAB

10 —m——— #

0 T T )

1 10 100 1000
Particle size (um)

) Figure 3. Particle size distribution of the fly ash samples
It is observed Wat the densities of the fly ashes were  XRF analysis results are given in Table 1. As shown, all

between 1.77 and 2.45 g/cm®as given in Table 2 and FA5
had the highest value, and FA2 has the lowest value of
1.77 g/cm3. Morphological analysis was conducted using
a Quanta 150RS

Field Emission SEM. The examined images reveal
spherical structures of varying sizes and shapes (Fig. 4).
The samples basically consist of quartz (SiO-), Anhydrite
(CaA|2(8i04)2, mullite (A|4.8 Si.2 09.6), hematite
(Fe203), Calcium Oxide (CaO) and Lime (CaO) phases
(Fig. 5)

fly ashes contain a significant amount of SiO and Al,Os.
This indicates the presence of quartz and clay containing
minerals. The presence of SOz indicates the sulphur
content and Fe,O3 content indicates pyrite mineral.

While classifying fly ashes, total values of SiO,, Al;O3
and Fe,Os are considered. In addition, CaO value is also
an important parameter for determination. The
classifications of fly ashes used in the study according to
TS EN 197-1 and ASTM C16 standards are given in
Table 2 [50,51]. According to the ASTM C 618-15
standard, fly ashes are categorized into Class F and Class
C. These ashes from bituminous coal are categorized as



F if their proportion of SiO2, Al>O3, and Fe,O3 combined
is higher than 70%. Which are also referred to as low
calcareous since the amount of CaO in them is less than
10%. Fly ashes from the F class contain pozzolanic
qualities. Class C fly ashes are made from semi-

bituminous coal or lignite and contain more than SiO,
Al,O3 and Fe;Os. These ashes are also known as high
calcareous fly ashes since CaO is greater than 10% in
Class C fly ashes. Fly ashes from class C exhibit
pozzolanic and binding characteristics [8,51].
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Table 1. The eIementaI‘ ash (wt%)
Component FA4 FA5  FA6
Al,O3 19.60 16.20 9.90
SiO, 48.00 32.00 25.2
Fe 03 8.3 5.40 6.80
CaO 15.1 34.5 38.7
SOs 2.10 5.50 15.00
K20 2.20 1.70 0.60
MgO 2.60 2.20 1.90
Na.O 0.90 0.90 0.40
P.Os 0.20 0.30 0.30
TiO2 0.70 0.70 0.50
Mn 0.00 0.10 0.10
0.07 0.08 0.08
0.03 0.02 0.02
0.13 0.27 0.13
O3 + Fe;03 75,9 53.6 41.7




Fly ashes are classified into two types, siliceous (V) and
calcareous (W), in accordance with TS EN 197-1. The
majority of the ash is made up of reactive silicon dioxide
(Si0O3) and aluminium oxide (Al,O3), with the remainder
consisting of iron oxide and other materials. Reactive
lime (CaO) should make up less than 10% of these ashes,
while reactive silica should make up more than 25%.
Class V fly ashes are a fine powder that predominantly
consists of spherical particles with pozzolanic
capabilities. Reactive lime (CaO), reactive silica (SiO.),
and reactive aluminium oxide (Al;O3) make up the
majority of Class W ashes, which also contain iron oxide
(Fe203) and other materials. Reactive lime (CaO) should
make up more than 10% of these ashes, and reactive silica
should make up more than. Class W ashes have hydraulic
or pozzolanic capabilities [8,52].

When the fly ash samples were analysed, the fly ash with
the highest CaO value was FAB, followed by FA3 and

FA5 while the lower CaO contents were found to belong
to FALl and FA2. It is predicted that the high CaO values
in fly ash will cause significant deviations in pH values.
When metal enrichment is desired to be made by
applying leaching methods, it will significantly affect the
costs for acid balancing. CaO compound which creates a
basic environment is therefore important. Otherwise, acid
consumption increases. For this reason, in this study,
REE content was analysed in FA1 and FA2 samples with
low CaO values. Carbon values also were determined.
FA4 and FA5 were found to have the lowest carbon
values while FA6 has the highest carbon value. Organic
sulphur contents were found to be quite low (Table 2). It
is thought that the concentration di
between samples may be the result of
geological provenance and. me

Table 2. Loss on ignition and organic sulphur values of the flyaghes

Fly Ash Loss xt:yg(]);ition Orga?vi\;:t;ljj)lphur Z;z%l? ) AéSG';I;/I
FAL 1.09 0.007 1 V F
FA2 0.50 01271 <;:§ V F
FA3 2.99 0.008 ® . w F
FA4 0.18 0.02 Qz 0 w F
FAS 434 0.401 2.45 w C
FA6 5.78 0. 5 1.98 W C

It is possible to observe trace amo
solution at ppm level. The dis
gathered CFA samples is di
evident from the table tha
ng/g. With concentrati
24.3 ng/g, the eleme
highest concentraiig
REEs was obsg
values of 0,0Mug/
the analyg€d sagaple
for all RE

(/g in two samples. Among
A2 had the highest concentration

4. DISCUSSION

The study aimed to evaluate Turkish fly ashes as an
alternative and efficient secondary source for REEs,
which are important for technological development. As a
result of intensive experimental studies, it was
determined that the grain sizes of all the fly ashes studied
were below 200 microns, except for FA2 ash, which had
a higher grain size. The diverse fly ash collecting
techniques utilized in the power plants, like bag filters,
cyclones, or electrostatic precipitation, are likely to be to
blame for this variance in size distribution [10]. This may

be an important parameter for the enrichment method to
be applied.

Generally, quartz, mullite and hematite were observed in
all type of the fly ashes but only FA5 fly ash was
observed to be different from the other ashes having
anhydrite, sillimanite, quartz, free lime and mullite.
Risdanareni et al. (2017) obtained similar results in their
study about Japanese and Australian fly ashes [53]. They
categorized Awustralian, Indonesian, and Japanese fly
ashes as class F. The two fly ashes examined in this study
had respective total REE contents of 168.9 and 244.9
ppm.

A table was created base on the literature review to
determine the REE values in fly ash from different
countries and power plants. When the results are
compared, it is seen that the REE content is average
compared to other data. It is thought to be an important
factor in beneficiation selection (Table 3). In modern
pyro-hydrometallurgical processes, a significant amount
of cerium enters leaching solution, resulting in increased
operational and capital costs during the solvent extraction
step, which is used to separate individual rare earth
elements. As a less valuable element, cerium acts as a
penalty element in the separation process, further



complicating and raising costs in purification [54,55].
The analysis reveals that the cerium concentration in the
two fly ashes studied is lower than that found in various

other materials documented in the literature. Therefore,
this feature is likely to offer a significant advantage for

the fly ashes being examined.

Table 3. REE values of the fly ashes obtained in different studies (ppm)

. . Sandeep et Lin et al, Wang et al., Ketris et al., 2009
REE fnﬁﬁisz‘;;l;‘f Fﬁﬁg‘;ﬂ‘gf al., "2023 2017 USA 2019 China World Coal Ash
India[56]  [57] 58] [59]
Ce 535 722 882-218 246 266.4 130
Dy 4 6.3 6.9-12.2 20 20.4 14
Er 23 35 3.6-5.7 14 12,0 55
Eu 13 2 1,6-2.8 4 41 25
Gd 47 7.7 7-12,7 25 22,9 16
Ho 09 18 1,1-2,0 5 29 o
La 29 39 289-027 115 134,409 6
Lu 04 0,5 0,5-0,8 2 16
Nd 243 36 29.2-66 113 6
Pr 39 5.5 8-19.9 29 20
sc 159 255 218-277 83 23
sm 5 8 8.9-17.2 24 13
To 08 11 1.1-2 4 . 2.1
Tm 04 05 0.5-0.8 % 2
Y 204 32 2284330 __13 105.2 51
Yb 2 3.3 3.7-5.4 11.0 6.2

The sum of light rare earth elements (XLREE) finclu

the elements La, Ce, Pr, Nd, Sm, Eu in Table 4. §he sum
of heavy rare earth elements (XHREE{ inclu
elements Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, YNJotal REE's

(ZREE) is the sum of XLREE and

obtained [56,60].

The overall classification
in Table 4. The findi
prevalent in CFA sa
observed that th
ash are higher,
light and h

REYs are more

Table 4. Tot moﬁ of REEs in Fly Ash (ppm)

XLR YXHREE XREE XREY
FA1 117 35.9 152.9 168.8
FA2 1627 56.7 219.4 244.9

In their work, Wang et al. (2019) used fly samples from
China's Luzhou coal-fired power plant to investigate
concentration, characterization, and optimal extraction.
As a result of their analysis, they determined that the fly
ash was in class F and they also concluded that the fly ash
consists of mineral phases such as amorphous glass
above 70% and mineral phases such as blolite, quartz and

7

oxide below 30%. After application of NaOH and
HCL leaching enrichment, they obtained 39.43% REY
and 88.15% REY results, respectively [58].

Sandeep et al. (2013) reported in their study that there is
a large amount of coal ash in India. Coal ash from eight
power plants was analysed and the most suitable ashes
for recovery were identified. The sum of all rare earth
contents in the analysed samples ranged from 234 pg/g
to 533 pg/g, they found that some of the analysed samples
could be used as secondary sources for the extraction of
REEs. The main purpose of determining the REE
contents obtained is to determine the possibility of using
secondary sources [56]. It will only be possible to learn
this by applying beneficiation methods. Cao et al. (2018),
the research utilized fly ash samples obtained from
China, revealing a REE content of 489 ppm. The three
REEs with the highest content in the ash sample cerium,
lanthanum and neodymium were considered. A thorough
investigation was conducted into the impact of different
factors on hydrochloric acid leaching efficiency. With the
exception of a tiny effect from stirring speed, the results
indicated that acid concentration, temperature, reaction
time and liquid-solid ratio significantly affected the
recovery of REEs [61]. Peiravi et al. (2017) examined a
total of 14 coal samples and used the ash of anthracite
coal with the highest rare earth element value (700 ppm).
D2EHPA was identified as the most effective extractant
in the solvent extraction tests, achieving an REE recovery
rate of approximately 99% [62].



Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans bacteria are widely used in metal
beneficiation from sulphide ores or materials. It is
understood that they can be used in the enrichment of
metals contained in power plant fly ash [63,64]. The
bioleaching mechanism occurs in two main ways: direct
and indirect. In this method, microorganisms attach to the
mineral surface and dissolve the metal through direct
oxidation or reduction. In this process, bacteria directly
oxidize the mineral, making it soluble, as seen in 1 and 2.
For example, bacteria like Acidithiobacillus ferrooxidans
directly oxidize iron sulfide (FeS:), converting it into iron
and sulfate ions [65]. Acidithiobacillus ferrooxidans,
which are effective in the removal of pyritic sulfur,
perform the following reactions during this oxidation
process [66].

Bacteria
2FeS, + 70, + 2H,0 — 2FeS0, + 2H,S0, €]
Bacteria
4FeS0, + 02 + 2H,S0, — 2Fe,(S0,); + 2H,0 ¢}

In the indirect mechanism, microorganisms produce
chemical intermediaries to dissolve minerals. Thesg
intermediaries react on the mineral surface, making
metal soluble. For example, some bacteria can oxidiz
sulfide minerals by producing ferric iron (Fe*"). hi
process, bacteria reduce ferric iron to ferrous iroff (Fe*,
which is then re-oxidized by the bacteria [66,67

Bacteria
FeSZ + FeZ(SO4)3 - 3F6504 + (2)
Here, elemental sulfur is gxid YA! acteria into
sulfuric acid.
(3

examined, it is possible to enrich
bring them into the economy. This
situation is alsopvalid for the fly ashes we analysed. It is
believed that the enrichment methods that can be applied
will gain results because of detailed research and
experimental studies.

5. CONCLUSION

Increasing energy demand and solid waste generation
have led to an alarming rise in fly ash production
worldwide. In addition to their environmental side
effects, fly ashes also occupy otherwise usable land. This
situation poses significant problems for businesses, local
people, and the environment. This study aims to provide

solutions to these problems. It is believed that
understanding fly ash's chemical and physical features is
crucial for spotting and averting issues with its impact on
the environment and human health. Inert fly ash can be
used in different sectors even if the area of use is glazed.
First, the possibility of enrichment of the metals
contained in it should be considered. It is thought that the
possibilities of obtaining REEs with economic and high
efficiency methods should be investigated and will
provide economic value. Obtaining REEs, which are of
critical importance for the future of Tiirkiye and seen as
the main raw material of technology, from fly ashes as a
secondary source will provide a significant economic

leaching method. In the
possible to make enviro
applying the bioleachj

ught that it is
enrichment by
onsidering the CaO
ong the fly ashes we
is more suitable for
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