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Abstract

Lithium is classified as a critical element and is widely used in a variety of high-tech appli-
cations. Within the framework of a circular economy, demand is rising for technologies
capable of recovering high-tech metals from waste materials and industrial byproducts.
Coal fly ash (CFA) has attracted significant attention as a promising secondary resource for
this purpose. Effective recovery requires the assessment of both metal enrichment levels and
the underlying binding and leaching characteristics. The present study aims to contribute to
advancing lithium recovery technology using coal fly ash as a secondary resource, thereby
promoting waste valorization. Fourteen samples of coal fly ash from different power plants
were collected and their mineralogy was studied by X-ray powder diffraction (XRD), their
major constituents were analyzed by X-ray fluorescence spectroscopy (XRF), and their
Li content was determined by inductively coupled plasma mass spectrometry (ICP-MS).
Leaching experiments were conducted for selected samples using mineral acids (HCl and
HF) and citric acid. Lithium concentrations in the analyzed samples ranged from 80 to
256 mg/kg, indicating enrichment relative to both global ash averages (enrichment
factor > 1) and the Earth’s crust (enrichment factor > 2). Li in the samples, could be
mainly associated with the amorphous fraction present in the samples. Leaching behavior
across the samples follows a consistent trend, with hydrofluoric acid exhibiting the highest
lithium extraction efficiency—reaching up to 79.9%.

Keywords: lithium; coal fly ash; circular economy; secondary resource; leaching experiments

1. Introduction
Lithium, as a critical element, draws considerable interest from the scientific com-

munity due to its diverse applications in advanced technologies. As critical elements are
integral to a broad spectrum of modern products, ensuring a stable and sustainable supply
has become increasingly important. Though not rare, lithium is identified as critical [1–3],
mainly because of the increasing utilization of lithium-ion battery technology. Between
2021 and 2022, the price of battery-grade lithium carbonate (Li2CO3) surged by 293% [4].
Owing to lithium’s distinctive physicochemical properties and its widespread application,
global demand is projected to increase fourfold in the coming years [5].

Currently, the world leaders (approximately 90% of global supplies) in lithium produc-
tion are Chile, Australia, and China with lithium sources being either lithium-rich brines or
spodumene and lepidolite minerals [6]. Given lithium’s strategic relevance, the recovery of
this element from secondary resources is attracting growing attention, particularly within
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the framework of the circular economy and industrial ecology. Among the proposed sec-
ondary materials, spent lithium-ion batteries have received the most extensive research
attention [7–9].

It is well known that under certain geological conditions, critical metals can be en-
riched in coals [6,10,11] with reported concentrations that are comparable, if not greater than
those found in traditional ore deposits [12–15]. Accordingly, numerous studies [12,16–24]
have identified coal, coal-bearing formations, and coal combustion byproducts as potential
alternative sources of lithium, particularly in the context of the transition toward a more
sustainable, ”green” economy. Among coal combustion byproducts, fly ash represents
40–90% of the total combustion residue [25,26] and is investigated as a promising Li sec-
ondary resource [6,16,25,27–29] with the reported recovery efficiency fluctuating between
42% and 97%. Despite efforts and/or commitments to develop sustainable energy sources,
coal continues to play a significant role in electricity generation, contributing approximately
1 billion tons of coal ash each year worldwide [6,21,30], with China producing 500 million
tons annually. Coal fly ash is a fine (10–200 µm) powdery combustion residue and is an
industrial byproduct that poses significant environmental concerns. The fly ash particles
are typically captured from flue gases and collected by appropriate filters. The global
utilization/commercialization of fly ash is not uniform. Countries in Europe (Italy and
Denmark recycle 100% of the total production), as well as the USA, exhibit high utilization
rates, while in other countries like China and South Africa, only 10% of the total produc-
tion is re-purposed [6,26,30]. The eco-friendly utilization of coal fly ash (CFA) has gained
increasing attention across diverse research domains, with numerous strategies proposed
to facilitate its recycling and repurposing. These approaches encompass the synthesis of
a wide range of value-added products, including construction materials, ceramics, fillers,
polymers, zeolites, and fertilizers. Nevertheless, current estimates [6,26] indicate that only
approximately 25% of the total fly ash generated is effectively utilized, while the remain-
ing majority is subjected to stockpiling—a practice that poses significant environmental
concerns. Consequently, the recovery of critical metals from CFA within the framework
of a circular economy has emerged as a focal point of scientific inquiry. This process
holds considerable promise, fulfilling a dual objective: advancing waste valorization and
contributing to the sustainable management of natural resources.

Recovering critical elements, including lithium, from CFA heavily depends on hy-
drometallurgy using either direct mineral acid leaching, leaching with more “green” ionic
liquids, or deep eutectic solvents, or roasting followed by inorganic leaching. Some re-
searchers have suggested the pre-concentration of critical elements based on physical
separation and methods applied to enrich metals in various ores or minerals. In response
to the environmental and operational concerns associated with conventional reagents used
in these processes, recent studies have proposed the use of certain carboxylic acids as
alternative leaching agents. These compounds are readily accessible, less corrosive, and are
expected to exert a reduced environmental impact both during and following the leaching
procedure [6,26,29,31–34].

The aim of the present study is to investigate the Li content, its enrichment, and its
affinity with the matrix in lignite fly ash, in order to contribute to advancing the field
of Li recovery technology using coal fly ash as a secondary resource, thus promoting
waste valorization. Good knowledge of the mode of occurrence, binding, and leaching
characteristics of metals, in addition to their enrichment, is essential for any recovery
technique to be efficient. It is within this context that the study demonstrates a considerable
degree of novelty, as research focused on lithium recovery from secondary resources other
than spent Li-ion batteries remains limited and has only emerged in recent years [6].
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2. Materials and Methods
In the present study, fourteen fly ash samples were studied. The samples were collected

from thermal power plants, which utilize lignite sourced from six regions in Greece, namely
Achlada (ACH2006, ACH2008, SKP2024), Ag. Demetrios (AGD2005, AGD2018), Aminteon
(AMI2002) and Kardia (KAR2002), Ptolemaida (PTL2008, PTL2024) in northern Greece, and
Megalopolis (MEG2008) in Peloponnesus, Greece (Figure 1). The samples were collected
on different dates (e.g., AGD2005, AGD2018, PTL2024, PTL2008), and in the case of the
PTL2024, samples collected at different hours on the same day (PTL1 2024, PTL2 2024, PTL3
2024, PTL4 2024) were also studied. Samples were chosen based on the previous work of
our team [28,29] because they exhibited relatively high Al and Li content, suggesting that
they could be considered as Li secondary resources [23,24,31], in addition to possessing
different mineralogy. The samples obtained from the respective precipitators were initially
air-dried at ambient temperature, followed by oven drying at 105 ◦C for 24 h, prior to being
used for characterization analyses and extraction experiments. The samples underwent
no crushing prior to characterization and extraction experiments. All reagents used were
of analytical grade. Extraction experiments were conducted in duplicate to ensure the
reliability and reproducibility of the results. The measurement variability was minimal,
with deviations within ±2%, and all the reported values represent the calculated mean of
the replicates.

Figure 1. Sampling areas.

2.1. Sample Characterization
2.1.1. Mineralogical Analysis

Powder X-ray diffraction (XRD) was employed to investigate the mineralogical com-
position of the samples, utilizing a D8-Advance diffractometer (Bruker AXS, Karlsruhe,
Germany) equipped with a Cu X-ray tube, a LynxEye detector, and a Ni-filter. Diffraction
patterns were collected over a 2θ range of 2◦ to 70◦, with a step size of 0.02◦ and a counting
time of 0.4 s per step. Corundum was used as an internal standard for semi-quantitative
analysis. Qualitative phase identification was performed using Diffracplus EVA (Bruker
AXS, Karlsruhe, Germany), while semi-quantitative analysis was carried out using Seifert
Autoquan software (Autoquan 2.8).

2.1.2. Chemical Analysis and Li Content Determination

The major constituents of the samples (flux beads) were analyzed by X-ray fluorescence
spectroscopy (XRF) using the S2 Ranger V5 analyzer by Bruker (city, country), equipped
with a Pd anode X-ray tube and a silicon drift detector. Before conducting XRF analysis,
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the samples were incinerated in a muffle furnace at 950 ◦C until a constant weight was
attained, allowing for the determination of loss on ignition (LOI).

The lithium concentrations in the samples were quantified using inductively coupled
plasma mass spectrometry (ICP-MS), following complete dissolution via acid digestion.
Specifically, 0.25 g of each sample was treated with an acid mixture (concentrated HNO3,
HF, and HCl) in PTFE beakers and heated in a water bath at 80 ◦C. Upon achieving total
dissolution, the resulting solution was diluted to a final volume of 50 mL and stored in a
plastic container under refrigeration until ICP-MS analysis. Measurements were performed
using the Agilent 7900 ICP-MS system (company, city, country). Lithium concentrations
are expressed in mg/kg, calculated based on the initial sample mass (0.25 g) and the final
solution volume (50 mL).

2.2. Leaching Experiments

To investigate the leaching behavior of lithium, experiments were conducted on
three representative samples: ACH2008, AMI2002, and AGD2018. The selection of
ACH2008 and AMI2002 was based on their notably high lithium concentrations, mak-
ing them suitable candidates for evaluating extraction efficiency. In contrast, AGD2018
was chosen for its distinct mineralogical profile—characterized by a lower proportion
of amorphous phases and a higher content of calcite and mica minerals—which allows
for comparative analysis of how mineralogical differences influence lithium mobility and
leaching dynamics. Hydrochloric acid, hydrofluoric acid, and citric acid were utilized
as leaching agents. In a representative experiment—based on prior studies conducted in
our laboratory and the relevant literature—0.5 g of fly ash was placed in a PTFE vessel,
to which 50 mL of a 2 M acid solution was added. The vessel was sealed and stirred at
600 rpm using a combined hotplate and magnetic stirrer for 2 h at a controlled temperature
of 60 ◦C. Following leaching, the residual ash was separated by filtration using Whatman
42 filter paper. The lithium concentration in the clarified leachate, after acidification with
HNO3, was determined via ICP-MS. To assess potential phase transformations induced
by the leaching process, the mineralogical composition of the residues was examined. No
pH adjustments were made during the procedure; however, both the initial and dynamic
pH values were monitored using a pH meter (Inolab Level 1, WTW). In all cases, the pH
values ranged between 2.5 and 3.5. The leaching efficiency (L) was calculated using the
following equation:

L =
a ∗ V ∗ 100

A ∗ m
where a represents the metal concentration in the leachate (mg/L), V denotes the volume of
the leaching solution (mL), A corresponds to the metal concentration in the fly ash sample
(mg/kg), and m indicates the mass (g) of the sample used in the leaching experiments.

3. Results
3.1. Sample Characterization
3.1.1. Mineralogical Analysis

The results (semi-quantitative analysis) of the mineralogy of the samples are illustrated
in Table 1 and Figure 2. Amorphous material, represented by a broad peak (amorphous
hump) at lower angles ~10◦, was the most abundant constituent of all the samples, fluctu-
ating between 25% and 67% (KAR2002 and ACH2008 samples, respectively).
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Table 1. Mineral and amorphous content in coal ash (% semi-quantitative).

MEG
2008

SKP
2024

ACH
2006

ACH
2008

PTL1
2024

PTL2
2024

PTL3
2024

PTL4
2024

PTL
2008

PTL
2000

AGD
2005

AGD
2018

KAR
2002

AMI
2002

Amorphous 53.4 43.0 60.9 67.1 29.9 31.4 27.5 30.0 36.6 37.9 40.0 44.7 34.1 48.9

Anhydrite
CaSO4

7.0 0.0 1.4 0.0 14.1 15.3 13.4 14.4 8.8 9.1 0.0 8.9 7.2 7.7

Akermanite
Ca2Mg(Si2O7) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.5 2.0 2.2 0.0 9.1 0.0

Quartz
SiO2

14.8 15.9 8.9 9.0 6.8 7.9 8.6 7.6 4.5 6.7 12.3 12.3 4.3 5.6

Portlandite
Ca(OH)2

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0 2.2 12.4 3.7

Feldspars [(Ca,Na)Al1-
2Si2-3O8-KAlSi3O8] 19 24.9 10 9.7 10.6 13.1 15.9 13.3 9.4 9.3 12.6 4.6 5.6 16.2

Calcite
CaCO3

2.6 4.5 2.7 0.5 3.6 3.7 4.8 6.2 21.6 5.5 3.5 11.0 9.6 4.3

Brownmillerite
Ca2(Al,Fe)2O5

0.0 0.0 0.0 0.0 7.0 4.9 6.3 7.6 7.3 11.1 0.0 0.0 11.9 5.3

Gehlenite
Ca2Al[AlSiO7] 0.0 0.0 0.0 0.0 14.7 19.6 13.4 13.9 6.5 12.4 5.5 2.6 0.0 0.0

Dolomite
CaMg(CO3)2

0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mica
[KAl2(AlSi3O10)(F,OH)2] 0.0 4.0 0.0 0.0 4.4 1.7 3.6 0.0 0.0 0.0 0.0 4.0 2.5 1.7

Dicalcium silicate
Ca2SiO4

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0

Calcium oxide
CaO 0.0 0.0 0.0 0.0 5.7 0.0 5.5 7.1 0.0 0.0 0.0 6.9 2.4 1.6

Hematite
Fe2O3

3.3 0.0 1.7 1.6 2.3 2.5 1.0 0.0 0.0 0.0 1.0 1.6 0.0 0.0

Mullite
Al6Si2O13

0.0 0.0 12.0 12.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Spinel
MgAl2O4

0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Diopside
MgCaSi2O6

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1 0.0 0.0 0.0

Periclase
MgO 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 1.2 0.8 0.0 0.0

Geothite
a-FeO(OH) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0

Figure 2. X-ray diffraction (XRD) patterns for seven representative samples of the regions studied.
1: Quartz, 2: Anhydrite, 3: Feldspar, 4: Mica, 5: Pyroxene, 6: Calcite, 7: Gehlenite, 8: Dicalcium
Silicate, 9: Mullite, 10: Hematite, 11: Lime, 12: Portlandite, 13: Corundum.
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This result is in accordance with the data in the literature [22,23,28,29,34–37], where fly
ash is reported to contain significant amounts of amorphous glassy material. The samples
possess different mineralogy, with the main mineral phases that are encountered being
calcite (22% and 12% in the case of PTL2008 and KAR2002), feldspars (19% and 15% for
the samples SKP2024 and MGP2008, respectively), and mullite (12% for both ACH2008
samples). The samples collected at different hours on the same day showed no significant
mineralogical differences, while the samples collected from different thermal power plants,
which utilize lignite sourced from the same region, exhibited different mineralogy, which
could be attributed to the combustion conditions of the plants. Although no lithium-bearing
minerals were detected, it is noteworthy that mullite—a mineral characteristic of high-
alumina fly ash and potentially linked to elevated lithium concentrations—was observed
exclusively in the ACH2008 samples [20,38–40]. Additionally, samples SKP2024 and PTL1
2024 contained minor amounts of mica (<4.5%), which may include lithium-bearing phases
such as muscovite. These findings suggest that the Li encountered in the samples studied is
mainly associated with amorphous material, and this is in accordance with other research
findings [20,28,29,38,39].

3.1.2. Chemical Analysis and Li Content

The major element composition, presented in Table 2 as the weight percent (wt%) of
metal oxides, aligns well with the corresponding mineralogical data. Silicon and calcium
were identified as the predominant constituents in the AGD samples, whereas silicon and
aluminum dominated the ACH samples. Based on their low CaO content and elevated
aluminosilicate levels, the ACH, SKP, MGP, and AGD2005 samples are categorized as Class
F fly ash. In contrast, the remaining samples, characterized by relatively high calcium
content, are classified as Class C [41]. The loss on ignition of the samples, which is also
reported in Table 2, fluctuated from 0.61% to 15% (ACH2008 and SKP2024, respectively).
The fluctuation could be explained by the mineralogy of the samples but could also be
attributed to the unburned carbon encountered in the samples, depending on the combus-
tion process and combustion efficiency of the different thermal plants. The Li content of the
samples is illustrated in Figure 3.

Figure 3. Li contents (mg/kg) of the studied fly ash samples compared to fly ash globally, and
earth crust.
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Table 2. The major elements (as oxides %) and corresponding loss on ignition (LOI) for the studied
fly ash samples.

Na2O
(%)

MgO
(%)

K2O
(%)

CaO
(%)

TiO2
(%)

Al2O3
(%)

SiO2
(%)

P2O5
(%)

Cr2O3
(%)

MnO
(%)

Fe2O3
(%)

ZnO
(%)

SO3
(%)

BaO
(%)

SrO
(%) LOI TOTAL

MEG
2008 0.7 3.4 1.6 14.4 0.5 19.2 44.5 0.3 0.0 0.1 9.5 0.0 1.8 0.3 0.1 3.7 100

SKP
2024 0.8 3.2 1.9 3.4 0.5 19.2 49.2 0.0 0.0 0.1 6.1 0.0 0.3 0.3 0.0 15.1 100

ACH
2006 1.0 4.0 2.6 4.3 0.6 26.4 51.1 0.2 0.0 0.1 7.9 0.0 0.3 0.3 0.0 2.0 100

ACH
2008 0.9 3.9 2.6 4.3 0.6 27.3 51.5 0.1 0.0 0.1 7.9 0.0 0.3 0.4 0.0 0.6 100

PTL1
2024 0.8 4.4 1.0 33.2 0.6 17.4 27.5 0.5 0.0 0.0 5.7 0.0 5.4 0.3 0.0 3.1 100

PTL2
2024 0.7 4.3 1.0 30.9 0.6 18.0 30.3 0.2 0.0 0.0 5.5 0.0 5.5 0.4 0.0 2.9 100

PTL3
2024 1.1 4.9 1.0 33.5 0.6 16.3 28.1 0.4 0.0 0.0 5.5 0.0 5.2 0.3 0.0 3.0 100

PTL4
2024 1.1 4.4 1.0 32.1 0.5 15.6 30.0 0.4 0.0 0.0 5.9 0.0 5.2 0.1 0.0 4.1 100

PTL
2008 0.8 4.3 0.8 31.0 0.6 14.6 26.3 0.3 0.0 0.0 4.9 0.0 4.1 0.3 0.0 11.9 100

PTL
2000 0.7 4.3 1.0 32.6 0.6 16.8 25.7 0.4 0.0 0.0 5.5 0.0 5.1 0.3 0.0 6.9 100

AGD
2005 0.9 3.7 1.6 15.5 0.4 20.0 45.0 0.3 0.0 0.1 8.9 0.0 1.5 0.5 0.1 1.8 100

AGD
2018 1.0 4.4 0.9 28.7 0.5 16.5 32.4 0.4 0.1 0.0 4.1 0.0 3.8 0.3 0.0 6.7 100

KAR
2002 1.1 4.5 0.8 38.4 0.4 16.2 20.2 0.2 0.0 0.1 5.3 0.0 3.8 0.2 0.0 9.8 100

AMI
2002 0.7 4.1 1.1 26.5 0.5 16.2 36.7 0.4 0.0 0.1 5.7 0.0 3.2 0.4 0.0 5.0 100

Among the analyzed fly ash samples, ACH2008 exhibited the highest lithium con-
centration at 256 mg/kg, followed by ACH2006 with 223 mg/kg, while PTL2008 showed
the lowest value at 80 mg/kg. These findings are consistent with previously reported
data [16,24,28,29,40]. For context, the average lithium concentration in the Earth’s crust is
33 mg/kg, and coal ash globally is reported to contain 66 mg/kg [41,42]. Accordingly, all
the studied samples demonstrated lithium enrichment, with enrichment factors exceeding
1 relative to global coal ash and greater than 2 compared to crustal abundance. Notably, the
lithium content in ACH2008 (256 mg/kg or 0.06 wt% Li2O) is comparable to concentrations
found in industrial-grade lithium-bearing pegmatite deposits in China [16].

To study the correlation between the measured Li and the major element content,
as well as the minerals identified, linear correlation coefficients were utilized. As de-
picted in Figure 4, Li showed a strong positive correlation (R2 > 0.75) with aluminum and
amorphous material.

R² = 0.7726
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Figure 4. Li correlation with (a) Al content and (b) with amorphous material.
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3.2. Leaching Experiments

The results of the leaching experiments are illustrated in Figure 5, where the leaching
efficiency (L) for the three leaching agents is illustrated.

 

16.2

66.8

21

8.5

79.9

8.95.6

70.8

5.2

HCl HF CA
0

10
20
30
40
50
60
70
80
90

%
le

ac
hi

ng
 e

ffi
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Figure 5. The leaching efficiency. Experimental conditions: solid to liquid ratio: 0.5 g/50 mL,
temperature: 60 ◦C, time: 2 h, acid concentration: 2 M.

Hydrofluoric acid appears to be the most efficient leaching agent for the three studied
fly ash samples, with the highest observed leaching efficiency being 79.9% for the AMI2002
sample. Hydrochloric and citric acids exhibit far lower leaching efficiencies up to 21% in
the case of the AGD2018 sample when citric acid was used as the leaching agent, whereas
for the ACH2008 sample, low leaching efficiencies are observed. The observed leaching
behavior is in accordance with the literature [6,28,29,32,33] and could be attributed to the
type and corresponding stability constant values of complexes or precipitates that are
expected to form in the specific leaching conditions. The relatively high leaching efficiency
of HF 2 M, which is expected [22,26,43] to selectively attack glassy material, supports the
hypothesis that the lithium in the samples is mainly associated with the amorphous mate-
rial. While hydrofluoric acid (HF) demonstrated the highest lithium extraction efficiency,
its use raises significant environmental and safety concerns; therefore, a critical assessment
of its sustainability and practicality for large-scale industrial applications is needed, tak-
ing into account regulatory constraints, waste management requirements, and potential
alternatives that offer lower ecological and operational risks. With the aim of attaining a
better insight into the complex chemical transformations that take place throughout the
leaching, work is in progress to study the effect of the liquid-to-solid ratio, leaching dura-
tion, temperature, and acid concentration on the process, as well as the morphology of the
experiment’s residues.

Mineralogical analysis of the leaching residues, as depicted in Figure 6 through rep-
resentative examples from the AGD2018 and AMI2002 samples, revealed that calcite and
mica were the main mineral phases attacked by the acids employed as leaching agents. This
observation leads to the hypothesis that the mica identified in the AGD2018 and AMI2002
samples may contain Li-bearing micas susceptible to chemical dissolution during leaching.
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Figure 6. Mineralogy of AMI2002 (a) and AGD2018 (b) compared to the mineralogy of residues after
leaching with citric acid (CAAMI), hydrochloric acid (HClAGD), and hydrofluoric acid (HFAGD).

4. Conclusions
The lithium content of the samples, which fluctuates between 80 and 256 mg/kg, could

be considered enriched (enrichment factor > 1 compared to ash worldwide and >2 com-
pared to the Earth’s crust). The relatively high Li content (256 mg/kg Li or 0.06 wt% Li2O)
encountered in the ACH fly ash is comparable to industrial-grade Li-bearing pegmatite
deposits. Moreover, factors such as the year of sampling and the combustion conditions
across different power plants significantly influence the mineralogical composition and
loss on ignition of the samples. A strong positive correlation between the Li content and
amorphous material, along with the absence of detectable Li-bearing phases in high-Li
samples, suggests that lithium is primarily hosted within the amorphous glassy matrix.
This interpretation is further supported by the leaching experiments and the mineralogical
analyses of the resulting residues. Micas identified in the AGD and AMI samples may
contain Li-bearing phases that are susceptible to attack by the leaching agents applied.
Leaching behavior across the samples followed a consistent trend, with hydrofluoric acid
exhibiting the highest lithium extraction efficiency—reaching up to 79.9% in the AMI
sample. Laboratory-scale evidence highlights the potential for lithium recovery from the
studied CFA samples, particularly when using HF as a leaching agent. However, to assess
the practical and industrial feasibility of this approach, further studies are required, includ-
ing larger-scale testing and comprehensive evaluations of cost, safety, and environmental
impact. Continued research employing alternative leaching agents—such as NaOH to
target amorphous materials or mixtures of carboxylic acids—and investigation into the
effects of the liquid-to-solid ratio, leaching duration, temperature, and acid concentration
on the leaching process will provide deeper insight into lithium binding and leaching
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behavior. These efforts will contribute to the development of efficient and sustainable
lithium recovery procedures.
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