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Abstract. It has been reported that rare earth elements (REES) are considerably present in coal ash. In this study, an
ecofriendly sequential extraction method was developed for the effective REE recovery from coal ash and leaching
wastewaters. Citrate, a weak and environmentally benign solvent that replaces acetate employed in the existing sequential
extraction methods (e.g., European community bureau of reference (BCR) and Tessier methods), was found to be highly
effective in leaching REEs from coal ash. Microwave-assisted thermal digestion improved the REE extraction efficiency even
further, with an overall leaching rate of 70%, which is 2.54 and 3.76 times higher than the values achieved by the conventional
BCR and Tessier methods, respectively. It was also confirmed that the majority of REES was strongly bound to CaO, Al,Os,
Fe,03, and P,0s, not to SiO,. The sequential extraction method developed in this study is expected to be used as an effective
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and simple recovery procedure for REEs from coal ash and remaining leaching wastewaters.
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1. Introduction

Coal has been considered a major natural resource for
electric power generation worldwide; however, it produces
substantial amounts of residual coal ash wastes (600-800
million tons) and wastewaters (Jayaranjan et al. 2014). Coal
ash comprises fly ash (FA, 85-95%, w/w) and bottom ash
(BA, 5-15%, w/w), which are collected in the dust collector
and from the inside wall or bottom of the furnaces after
combustion, respectively (Suh and Maeng 2015, Wang et
al. 2005). In Korea, large amounts (more than 8,000,000
tons) of coal ash are produced annually from 11 coal-fired
thermal power plants (TPPs; Maeng et al. 2014). FA and
BA can be recycled as additives for cement, concrete, and
structural fillers, but the remainder (approximately 20%) is
dumped into landfill sites located near the TPPs without
proper treatment (Cho et al. 2017, Rodwihok et al. 2023).
In Korea landfill disposal of coal ash becomes unfavored
due to the additional physical and chemical pretreatment,
substantial disposal costs, and confined landfill areas,
thereby limiting the cost-effective and performance-
efficient treatment of coal ash (Um and Jeon 2021).

The main components of coal ash are metal oxides,
including silicon oxide (SiO2), aluminum oxide (Al»O3),
iron oxide (Fe»03), calcium oxide (CaO), magnesium oxide
(MgO), potassium oxide (K.0), and unburned carbon
residues (Hower et al. 2017). Recently, it has been
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demonstrated that significant amounts of rare earth
elements (REEs) are present in coal ash (Baba and Usmen
2006, Taggart et al. 2016). Hence, the recovery of REEs
from coal ash has attracted significant attention with the
aim of using coal ash as valuable and critical resources
(Franus et al. 2015, Joshi et al. 2016, Mutlu et al. 2018,
Yao et al. 2015). Currently, a number of industries, devices,
and materials rely on REEs, including electronic devices,
semiconductors, automotive catalytic converters, petroleum
refining catalysts, metallurgical additives and alloys,
permanent magnets, rechargeable batteries, fluorescent
materials, glass polishing, ceramics, and medical
equipment, clean and green energy devices, and so forth
(Hower et al. 2016, Kim et al. 2023, Weber and Reisman
2012, Wu et al. 2018). REEs are represented by a group of
17 elements, which include 15 lanthanoid series elements
from lanthanum (*’La) to lutetium ("*Lu) and transition
metal elements of scandium (?*Sc) and yttrium (**Y). REEs
are usually grouped into light and heavy REEs (LREEs and
HREEs, respectively), depending on their electronic
configuration (Binnemans et al. 2013, Resende and Morais
2010). LREEs comprise 8 elements from La to gadolinium
(%*Gd), possessing an ever-increasing number of unpaired
electrons. HREES include 8 elements from terbium (55Tb) to
Lu. Owing to the similar ionic radius and chemical property
of Y, this element is also included in the HREE group.
Promethium (®'Pm) is the rarest element in nature.
Additionally, critical REEs (CREEs) are characterized by
their crucial role in clean energy production and supply
(Chu 2011). Currently, dysprosium (%®Dy), Th, europium
(%3Eu), neodymium (¥Nd), and Y are included in CREEs
based on their market demands. Among the CREEs, the
demand for Nd and Dy are increasing as they are essential
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components required for clean energy production (Alonso
et al. 2012, Wamea et al. 2022); in contrast, the demands
for Eu, Th, and Y are slightly decreasing in Europe.
Sequential extraction has been employed to identify the
association characteristics of metals present in geomaterials
such as soils and sediments (Rauret et al. 1999, Tessier et
al. 1979). The most commonly used sequential extraction
procedures are the Tessier and European community bureau
of reference (BCR) methods (Pueyo et al. 2008, Tessier et
al. 1979). However, extraction of REEs using these
methods is time-, chemical-, and energy-consuming and the
leaching efficiency is unpredictable depending on the type
and amount of acidic solutions and the target materials
(Bordas and Bourg 1998, Quevauviller et al. 1994). In
contrast to geomaterials, combusted coal ash contains
almost no unburned carbon or organic matter, metals exist
in the form of free ions in part. When the BCR sequential
extraction method is used for the REE extraction, a weak
acid (acetate) is used in the first step to separate the
elements from the sample. Instead, organic weak acids have
been employed as a substitute for acetate (Margui et al.
2004). The operational stability of the weak acids for
efficient REE extraction has been reported as follows:
citrate exhibits the highest extraction efficiency, followed
by malic, tartaric, and acetates (Shan et al. 2002). It has
been demonstrated that citrate is highly reactive with Nd,
which is the most valuable REE among the CREEs
(Gergoric et al. 2018). Recently, it has been found that the
microwave-assisted thermal digestion can enhance the
REEs recovery from coal ash in the conventional sequential
extraction procedures significantly (Park et al. 2021). This
technique has advantages of rapid temperature tunability,
high accuracy, controllable environmental conditions,
sufficient dissolution of samples, and low reagent
consumption (Li et al. 2019). According to Park et al.
(2021), the most significant challenge for the REE
extraction from coal ash is overcoming the adverse
environmental impacts associated with strong inorganic
acids. Hence, the use of ecofriendly solvents such as
organic weak acids in the REE leaching from coal ash has
been reported in several previous studies (Banerjee et al.
2021, Gergoric et al. 2018, Prihutami et al. 2021), but they
employed them in a single extraction step procedure.
Similarly, most prior attempts to analyze the REE
content in coal ash have focused on the quantification of
total REEs and their recovery using strong and inorganic
chemicals (acids and bases), which result in undesirable
environmental impacts (Keshavarz et al. 2022, Lim et al.
2018). Consequently, the distribution and association of
REEs in coal ash were presumably based on the concepts of
the conventional sequential extraction procedures designed
for geomaterials using inorganic acids and bases. In
addition, the extraction efficiencies reported so far are not
sufficient for the practical application of REE recovery
from coal ash (Banerjee et al. 2021, Prihutami et al. 2021).
Hence, in this study, a simple and efficient sequential
extraction procedure was developed to recover REEs from
coal ash using environmentally benign solvents and
microwave-assisted thermal treatment. Using this sequential
extraction procedure, the leaching efficiency of REEs from

coal ash was evaluated systematically, and their association
characteristics in the coal ash were revealed. The results of
this study are expected to contribute to the cost-effective,
performance-efficient, and ecofriendly recovery of REEs
from coal ash and leaching wastewaters.

2. Materials and methods
2.1 Materials

The coal ash used in this study was collected from the
Yeongheung TPP, which is located on the southern coast of
Korea. The coal used in Yeongheung TPP is mainly
supplied as mixtures of bituminous coals from Russia,
Australia, and Indonesia. The coal ash samples (FA and BA
which were collected in the dust collector and from the
bottom of the furnaces of TPPs) were filtered using a sieve
(2 mm) and dried at 25 °C for 48 h. Prior to analyzing the
coal sample, moisture was removed by drying at 105 °C for
5 h. Hydrofluoric acid (HF, 49-52% purity), nitric acid
(HNOs3, 60-62%), and boric acid (H2B4O7, 99.5%) were
provided by Sigma Aldrich (St. Louis, MO, USA) used for
the analysis of the total REEs in the coal ash. Acetate
(CH3COOH, 99%, Duksan, Anyang, Korea), citrate (CsHsOz,
99%, Sigma Aldrich), hydroxylamine hydrochloride
(NH20OH-HCI, 97%, Duksan), hydrogen peroxide (H2O,
34.5%, Duksan), ammonium acetate (NH4CH3CO2, 97%,
Samchun, Seoul, Korea), hydrochloric acid (HCI, 37%,
Junsei, Tokyo, Japan), sodium acetate (CH3;COONa, 98.5%,
Sigma Aldrich), phosphoric acid (HsPO4, 85%, Sigma
Aldrich), sulfuric acid (H2SO4, 99.9%, Sigma Aldrich),
potassium hydroxide (KOH, 85%, Duksan).

2.2 Total REE content analysis

A coal ash sample (0.1 g) was mixed with 2 mL of HF
and 5 mL of HNOgzin a 100 mL Teflon vessel. The sample
mixtures were digested at 240 °C for 60 min using a
microwave system (MARS 6, CEM Corporation, Matthews,
NC, USA). After cooling to 70°C, the acidic gas was
removed and 2 mL of H;B.O; was added to prevent the
complex formation of dissolved REEs. The solid residues
were removed with a 0.45 pm syringe filter (Millipore,
Burlington, MA, USA), and then the solution was analyzed
for total REE contents.

2.3 Sequential extraction of REESs from coal ash

A coal ash sample (1 g) was air-dried overnight and then
added to a 50 mL Teflon tube. The REEs were sequentially
extracted using three following procedures, namely, the
Tessier, BCR, and new extraction procedures.

2.3.1 Tessier sequential extraction method

The Tessier sequential extraction method, which
comprises 5 steps (Rauret et al. 1999, Tessier et al. 1979)
and slightly modified by Park et al. (2021), was employed
to extract the REEs, which are exchangeable, carbonate-
bound, Fe-Mn oxide-bound, organic matter-bound, and
residual fractions, presumably associated with coal ash.
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Table 1 REE contents in FA and BA

Element FA (mg/kg) BA (mg/kg)
Sc 49.66 + 5.48? 66.54 + 1.58
Y 12.78 + 2.32 8.84 £ 0.35
La 7.00 £ 1.38 5.90+0.12
Ce 19.32 +2.16 23.40£0.27
Pr 2.06 £ 0.38 1.70 £ 0.03
Nd 8.39+1.49 7.11 £ 0.07
Sm 2.24+0.39 1.87 + 0.07
Eu 0.56 £ 0.15 0.49£0.03
Gd 2.49+0.42 2.15+0.07
Th 0.42+0.14 0.31+0.01
Dy 2.63+0.39 1.88 + 0.06
Ho 0.58+0.14 0.39£0.01
Er 1.81+0.30 1.17 £ 0.04
m 0.30£0.10 0.17 £0.01
Yb 1.93+£0.28 1.11 £ 0.02
Lu 0.31£0.10 0.17 +0.00

Total 112.50 +15.62 123.21 +2.77

®mean + standard deviation (n = 3)

2.3.2 BCR sequential extraction method

The BCR sequential extraction method (Petit and
Rucandio 1999, Pueyo et al. 2008), consisting of 4 steps
and slightly modified by Park et al. (2021), was applied to
extract the REEs, which are exchangeable, reducible,
oxidizable, and residual fractions, presumably associated
with coal ash.

2.3.3 Sequential extraction procedure developed in
this study

Step 1

Herein, 2 M citrate (40 mL) was mixed with coal ash (1
g) and the resulting suspension was stirred vigorously on a
shaker table operated at 30 strokes/min at 22 + 5°C for 20 h.
The solid was separated by centrifugation at 3000 g for 20
min, and then the supernatant was acidified with 1 M HCI.
The concentrations of REEs in the solution were analyzed
(exchangeable and CaO-bound fraction presumably
associated with CaO of coal ash). The residue was washed
with 20 mL Milli-Q water by stirring for 15 min. The coal
ash was recovered by centrifugation at 3000 g for 20 min
and the supernatant was discarded.

Step 2

The coal ash collected from Step 1 was mixed with 4 M
KOH (40 mL) and stirred vigorously as described in Step 1.
Then, the solid was separated by centrifugation at 3000 g
for 20 min. The concentrations of REESs in the supernatants
were analyzed (SiO,-bound fraction presumably associated
with SiO; of coal ash). The residual coal ash was washed
with Milli-Q water and recovered as described in Step 1.

Step 3

The coal ash (0.2 g) collected from Step 2 was added to
a 100 mL Teflon tube, and mixed with 3 mL of H2SO4, 3

mL of H3POa, 2 mL of HF, and 4 mL of Milli-Q water. The
resulting suspension was stirred vigorously as described in
Step 1, followed by microwave-assisted thermal digestion
as described in Section 2.2. The solid was separated by
centrifugation at 3000 g for 20 min. The concentrations of
REEs in the supernatants were determined (Al-Fe oxide-
bound fraction presumably associated with Al,O;and Fe;0s;
of coal ash). The residual coal ash was washed with Milli-Q
water and recovered as described in Step 1.

Step 4

The coal ash recovered in Step 3 was mixed with 2 mL
HF and 5 mL HNOs, followed by microwave-assisted
thermal digestion as described in Section 2.2. After
centrifugation at 3,000 g for 5 min, the concentrations of
REEs in the supernatant were analyzed (residual fraction).

Step 5

The leaching aqueous solutions (acidic and basic
wastewaters) used in Steps 1-4 were collected and passed
through a ceramic membrane (TAMI 0.2 um, Sterlitech,
Auburn, WA, USA) to remove debris of the previous steps.
Then, the solution was digested as described in Step 4. The
concentration of REEs in the solution were analyzed
(leaching wastewater fraction).

2.4 Analytical methods

Inductively coupled plasma-mass spectrometry (ICP-
MS, PlasmaQuant MS Elite, Analytik Jena, Jena, Germany)
was used to determine the REE concentrations. Field-
emission scanning electron microscopy (FE-SEM, SUPRA
55VP, Carl Zeiss, Oberkochen, Germany) was employed to
characterize the surface morphology of coal ash. X-ray
fluorescence (XRF, PW2404, Philips, Amsterdam,
Nederland) was employed to analyze the composition of
coal ash. X-ray diffraction (XRD, D8 Advance, Bruker,
Billerica, MA, USA) analysis was performed in the 26
range of 20-50° to characterize the mineral composition
and structure of coal ash. The leaching rate was calculated
based on the amount of REEs leached from each step of the
sequential extraction procedures compared with the amount
of total REEs present in the coal ash samples.

3. Results and discussion
3.1 Total REEs in coal ash

Table 1 lists the total amounts of REEs present in FA
and BA and their concentrations in FA and BA were
determined as 112.50 and 123.21 mg/kg, respectively.
Among 16 REEs, Sc, Ce, Y, Nd, and La were determined to
be the major REEs of coal ash, which were equivalent to
86.36% and 90.73% (w/w) of the total REESs present in FA
and BA, respectively. The fractional compositions of REES
in FA and BA were similar except Sc and Ce, which were at
higher levels in FA than in BA. The LREE contents in both
FA and BA (37.39% and 34.59%, respectively) were
significantly higher than the HREE contents (7.09% and
4.22% in FA and BA, respectively). FA and BA contained
significant amounts of HREES such as Dy, Er, and Yb. The
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Fig. 1 (a) Comparison of REE contents in FA collected
from the Yeongheung and Western TPPs. Data for the
Western TPP were adapted from Park et al. (2021). Error
bars denote standard deviation (n = 3). (b) FE-SEM images
of FA of the Yeongheung TPP

Table 2 XRF analysis of FA remaining in each step of the
new sequential extraction procedure

Mineral Raw FA Step 1 Step 2 Step 3
component (%, wiw) (%, wiw) (%, wiw) (%, w/w)
SiO2 64.12 64.12 28.40 0.02
Al2O3 17.34 15.56 14.05 14.05
Fe203 6.81 5.93 5.93 0.09
CaO 5.46 1.47 1.34 0.58
TiO2 1.23 1.14 0.99 0.02
P20s 1.20 0.40 0.33 5.68
K20 1.03 0.97 1.21 0.84
MgO 0.96 0.63 0.53 0.62
Na20 0.85 0.63 0.51 -
SOs3 0.81 0.11 0.09 6.36

Others 0.20 - - -
Overall 100.00 90.95 53.36 28.24

concentrations of Y and Nd, which are representative
CREEs, were higher than those of other CREESs such as Eu,
Th, and Dy in FA and BA.

The total REE contents found in this study were
compared with the values reported previously by Park et al.
(2021) as presented in Fig. 1 (a). Although the original
sources of coal ash were different, the distribution of REEs
in the coal ash samples exhibited a similar trend, that is, Sc,

Ce, Y, La, and Nd constituted approximately 86.36% and
88.16% of the total REEs in the FA samples collected from
the Yeongheung and Western TPPs, respectively. There
was almost no difference in the remaining REE fractional
compositions. The Sc content in the FA from the
Yeongheung TPP (44.14%) was significantly higher than
that from the Western TPP (35.66%). Except for Y, La, and
Ce, the fractional compositions of the remaining elements
in the FA samples collected from both TPPs were similar.
Interestingly, the amount of Y was slightly higher in the FA
of the Western TPP (14.89%) than that for the Yeongheung
TPP (11.36%), whereas the other CREEs were present at
similar levels.

The surface morphology of FA was examined by
FE-SEM, as shown in Fig. 1 (b). The FA was characterized
by smooth spherical-shaped particles with a diameter range
of 0.67-14.30 um. The composition of minerals comprising
the FA was characterized using XRF as summarized in
Table 2. SiO; (64.12%, w/w) was the major constituent of
FA, followed by Al,O3, Fe20s, and CaO. These 4 mineral
oxides accounted for 93.73% of the total FA mass.
Similarly, Park et al. (2021) demonstrated that FA collected
from the Western TPP consisted of these 4 major mineral
components, which accounted for 88.6% of the total FA
mass; however, the mineral oxide compositions were
significantly different, that is, SiO; (37.7%), Fe203(24.5%),
Al>O3 (16.7%), and CaO (9.7%). The Al O3 content in the
FA samples in both studies were approximately the same, but
the SiO; content in the FA collected from the Yeongheung
TPP in this study was notably higher than that for the
Western TPP. The amount of total REEs in the FA
in this study was lower than that for the Western TPP. Thus,
it can be inferred that the REESs are not associated mainly
with SiO; but are bound relatively more to other mineral
parts, such as Fe;O; and CaO. Meanwhile, the LREES
accounted for 84.02% and 89.10% of total REEs present in
the FA and BA from the Yeongheung TPP, respectively,
which were similar to the values reported by Park et al.
(2021).

3.2 REE leaching from coal ash using the Tessier and
BCR sequential extraction methods

The leaching efficiency for REEs from FA and BA was
examined using the Tessier and BCR sequential extraction
methods. Figs. 2 (a) and (b) show the REE leaching rates
from FA and BA, respectively. In Step 1 (exchangeable
fraction), low leaching rates (approximately 2.51% or
lower) from both FA and BA were observed. Tb and Tm
were extracted from FA at the rates of 2.92% and 3.78%,
respectively, whereas the REEs extracted from BA were
insignificant (< 1%). Similar to Step 1, the carbonate-bound
fraction in FA and BA found in Step 2 exhibited low REE
leaching rates (approximately 3.05% or lower), indicating
that the fraction of REEs loosely bound to the coal ash,
which can be relatively easily recovered by changes in the
aqueous solution conditions (such as pH, ionic strength,
etc.), was not significant. The Fe-Mn oxide-bound fraction
of REEs was extracted at higher leaching rates from both
FA and BA using weak acid (acetate) in Step 3, as
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Fig. 2 REE leaching from (a) FA and (b) BA using the
Tessier sequential extraction procedure and from (c) FA and
(d) BA using the BCR sequential extraction procedure.
Error bars denote standard deviation (n = 3)

compared to those obtained in Steps 1 and 2. In particular,
12.07% of La was extracted from FA, followed by Nd and
Pr at 10.30% and 9.98%, respectively. The leaching rate of
La from BA reached 6.08%. Note that the REEs extracted
from FA (15.33% or lower) were almost twice of those
extracted from BA (6.08% or lower, respectively). In Step
4, where strong chemicals were used to extract the REEs
from the organic matter-bound fraction, the leaching rates
of all REEs from FA were higher than those in Step 3,
whereas no significant improvement was observed in the
extraction of REEs from the BA in Step 4. In Step 5, the
highest leaching rates (71.22% or more) were obtained from
the residual fractions of FA and BA. These results also
supported the idea that the majority of REEs are present in
the fraction strongly associated with coal ash, and therefore,
extreme conditions, such as strong chemicals and/or high
temperature/pressure  digestion, may be necessary to
effectively recover the REEs from coal ash. Note that the
REE concentrations in the extracts from FA were almost
twice of that for BA.

Figs. 2 (c) and (d) show the REE leaching rates from FA
and BA, respectively, using the BCR sequential extraction
method. A relatively low amount of REEs (< 4%) was
extracted in Steps 1 and 3, whereas a larger amount of
REEs (> 10%) was extracted in Steps 2 and 4. Additionally,
Y, La, Nd, Sm, and Gd were extracted from FA in Step
1with a leaching rate higher than 2.5%, which is ascribed to
the exchangeable REE fraction, that is, easily releasable
fraction. In contrast, Y, Nd, Sm, Eu, Gd, Th, and Dy were
extracted from BA with a leaching rate higher than 3%. Gd
was extracted from FA at a maximum leaching rate of
3.06%, whereas Sm and Eu were extracted from BA at rates
of 3.42% and 3.61%, respectively. In Step 2, more REEs
were extracted from FA rather than from BA. Y through Dy
were extracted from FA at rates higher than 20%, and La
was extracted significantly. In contrast, the leaching rates
from BA were 16.50% or lower. In Step 3, except for Sc,
the REEs were extracted from both the FA and BA at rates
of approximately 1.33% or more. Moreover, in Step 4, the
residual fraction REEs were extracted at higher rates
compared to those in Steps 1, 2, and 3. This indicated that
most REEs are strongly associated with the components of
coal ash and the REE fraction that can be easily recovered
from coal ash was not significant, as also confirmed in the
Tessier sequential extraction. As previously found, 10%
more REEs were extracted from FA compared to those
from BA in the BCR sequential extraction. This implied
that more REEs are strongly bound to the components of
BA relative to the case of FA, as similarly observed in the
case of the Tessier extraction method. Likewise, 37.82% of
LREEs were extracted from FA, while 19.74% of LREEs
were extracted from BA in Step 2. In the meantime, the
difference in the HREE leaching efficiencies for FA and
BA was not marked; 20.73% and 16.45% of HREEs were
extracted from FA and BA, respectively. CREEs were
extracted from FA and BA at rates of 30.73% and 19.65%,
respectively, which was similar to the case of total REEs.

As shown in Table 3, except for Sc, the REE leaching
rates using the Tessier extraction method were higher for
the Yeongheung TPP coal ash than those for the Western
TPP coal ash, with average values of 18.50% and 12.76%,
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Table 3 REE leaching from FA by the Tessier and BCR
sequential extraction procedures

REE leaching rate (%, w/w) REE leaching rate (%, w/w)
by the Tessier sequential by the BCR sequential

REE extraction procedure extraction procedure
Yeongheung  Western ~ Yeongheung  Western
TPP TPP TPP TPP
Sc 2.25 3.79 2.17 5.59
Y 17.87 12.38 26.57 30.47
La 28.78 26.01 47.77 59.92
Ce 20.9 20.54 35.16 4481
Pr 24.18 15.8 38.4 34.16
Nd 24.26 9.28 38.6 48.95
Sm 2291 17.6 35.32 37.67
Eu 23.68 16.17 33.95 37.23
Gd 22.9 17.28 35.56 33.91
Tb 21.41 12.84 28.5 25.88
Dy 17.14 11.88 26.03 24.25
Ho 17.09 10.39 22.78 21.4
Er 14.21 9.74 21.25 20.11
Tm 14.9 7.4 16.53 15.59
Yb 10.86 7.23 16.12 15.23
Lu 12.63 5.78 13.9 12.45
100%
0% { 5
£ 90% | %
£ 70% A
£ 60%
E’ 50%
j 40% |
30%
20% - 5
10% - % =
0% - =
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Fig. 3 REE leaching from FA using the new sequential
extraction procedure. Error bars denote standard deviation
(n=3)

respectively. Compared with the Tessier extraction method,
the overall extraction capability from the Yeongheung and
Western TPP coal ash samples using the BCR extraction
method was higher by 8.91% and 16.47%, respectively. The
leaching rate of LREEs, except for Pr and Gd, from the coal
ash of the Western TPP using the BCR extraction method
was higher than those from the coal ash of the Yeongheung
TPP. The average leaching rate of HREEs for the
Yeongheung TPP coal ash was slightly higher than that for
the Western TPP coal ash. The average leaching rate of
REEs from the Yeongheung TPP coal ash was 27.41%,
which was slightly lower than that for the Western TPP coal
ash (29.23%). In addition, the CREE leaching rates

achieved using the BCR extraction method were higher than
the values obtained by the Tessier extraction method. The
leaching rates of CREEs from the Western TPP coal ash
using Tessier extraction method was markedly higher than
those from the Yeongheung TPP coal ash. In the case of
Nd, the difference in the leaching rates for the Yeongheung
and Western TPP coal ash samples was as high as
approximately 15%. Tb and Dy were more effectively
extracted from the Yeongheung TPP coal ash by the BCR
extraction method, whereas Y, Nd, and Eu exhibited
leaching rates of only 3.9%, 10.35%, and 3.28%,
respectively, from the Western TPP coal ash.

3.3 REE leaching from coal ash using the new
sequential extraction procedure

Instead of acetate used in Step 1 of the BCR extraction
method, citrate was employed as an environmentally benign
organic solvent in Step 1 of the new sequential extraction
procedure developed in this study. Citrate has been
frequently used in soil washing processes as an ecofriendly
solvent for the remediation of soils contaminated with
heavy metals (Gavrilescu et al. 2009, Ma et al. 2015). The
REE leaching test was performed by varying the
concentration of citrate (0.1-3M) and reaction time (4-24
h). As the citrate concentration increased, the REE leaching
continued to increase up to 12 h, followed by a gradual
leveling-off. At reaction times greater than 16 h, the
leaching increased again, reaching a maximum value at 20
h. Fig. 3 shows that, the average of the leaching rates for 16
REEs was 28.56%. Except for Sc, which was resistant to be
extracted, the leaching rates of 8 elements (Y, La, Ce, Pr,
Nd, Sm, Eu, and Gd) were higher than 30%, and La was the
most significant with a leaching rate of 48.64%. Note that
the overall mass of FA was decreased by 9.05% in Step 1
(Table 2). While no change in the SiO, mass was observed,
the masses of CaO, Al;Os, Fe;0s3, and P.Os decreased by
3.99, 1.78, 0.88, and 0.80g, respectively, suggesting that the
REEs associated with these minerals of coal ash were
released via dissociation of these minerals by citrate.

In Step 2, a strong base was employed to facilitate the
leaching of REEs associated with the major mineral
component of coal ash, which is SiO,, in this study. Park et
al. (2021) observed that most REEs are strongly associated
with SiO; and Al,Os. KOH was found to be slightly more
effective than NaOH for the dissolution of SiO, of coal ash
(data not presented). Similarly, Simonsen and Sggaard
(2009) reported that KOH can dissolve SiO; more
efficiently than NaOH. The overall mass of FA was
decreased by 37.59% in this step (Table 2). The mass of
SiO; was decreased by 35.72%, which accounted for 95%
of the overall coal ash mass reduction in this step. However,
the REEs extracted in this step were almost negligible,
indicating that the REEs are not mainly associated with
SiO,. Other metal oxides, such as Al,Oz and Fe;Os, were
not dissociated in this step, suggesting that the REEs are
more likely bound to these mineral oxides of coal ash, as
proposed by Park et al. (2021).

In Step 3, microwave-assisted thermal digestion was
employed to stimulate the dissociation of the remaining
Si0O,, Al;Os, and Fe;0s. A large amount of REEs was
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Fig. 4 Comparison of REE leaching by the Tessier, BCR,
and new sequential extraction procedures. Error bars denote
standard deviation (n = 3)

extracted in this step, reaching an average leaching rate of
41.07%. The leaching rates of La and Eu were 51.36% and
60.83%, respectively. However, Sc and Lu, which are
difficult to be extracted in the Tessier and BCR extraction
methods, also exhibited high leaching rates of 22.47% and
69.52%, respectively. SiO, and FeO; were almost
completely dissolved by microwave-assisted thermal
digestion (Table 2). The Al,Os content did not change while
the overall mass decreased by 25.12% in this step. It was
previously confirmed that REEs are not associated with
SiO,, and therefore, REEs leached in this step were
presumably ascribed to the dissociation of Fe;O3; and the
residual CaO (5.84% and 0.76% reduction in Fe,O3 and
CaO masses, respectively). La was completely extracted,
followed by Eu and Lu, reaching leaching rates of 91.24%
and 84.91%, respectively, with an overall REE leaching rate
of 69.63%.

In Step 4, the remaining Al.Os; and P.Os were
completely dissolved, and as a result, 30.36% of REES were
extracted. LREEs and HREEs accounted for 16.39% and
38.90%, respectively, since most LREEs were already
extracted in the previous steps. The CREEs, such as Dy and
Th, were extracted by 34.97% and 31.50%, respectively,
indicating that the leaching of these elements was slightly
lower than those of other CREES in the previous steps.

In Step 5, the amount of REES remaining in the leaching
aqueous solutions used in the sequential extraction
procedure (e.g., acidic and basic wastewaters) was found to
be insignificant. The average leaching rates of 16 REEs
varied from 0.7 to 1.2%. This supports the REE leaching
effectiveness of the new sequential extraction method
developed in this study.

Fig. 4 shows the comparison of the extraction
efficiencies analyzed with the 3 sequential extraction
procedures. The leaching rates for the REEs excluding
residual fractions (Step 5 of the Tessier and Step 4 of the
BCE extraction methods), which can be readily obtained by
chemical extraction, were only 18.52% and 27.41% of the
total REEs present in FA, respectively. Moreover, the
average leaching rates for the LREEs, HREES, and CREES

in the case of the Steps 1-4 of the Tessier extraction method
were 23.95%, 15.50%, and 20.93%, respectively, and
37.82%, 20.73%, and 30.73%, respectively, in the case of
the Steps 1-3 of the BCR extraction method. The BCR
extraction method exhibited higher leaching rates compared
to the Tessier extraction method. In particular, the LREE
extraction by the BCR extraction method was even 58%
higher than the value obtained by the Tessier extraction
method. The new sequential extraction procedure exhibited
a significant improvement (69.63%) in REE leaching in the
Steps 1-3, which is equivalent to 2.54 to 3.76-fold increases
in extraction efficiency in comparison with the values
obtained by the BCR and Tessier extraction methods,
respectively. The HREE leaching rate (61.10%) obtained by
the new extraction procedure was 2.95 times higher than
that obtained by the BCR extraction method. The LREE
leaching was improved far more substantially, with the
leaching rate reaching 83.61%. In addition, the CREE
leaching (76.37%) was 2.48 times higher than that achieved
by the BCR extraction method, and the leaching rates of Y
and Eu were increased significantly, that is, 2.79 and 2.69
times higher, respectively, than the average leaching rates
for other CREEs. Although the extraction of Sc and Lu
using the Tessier and BCR extraction methods was
negligible, their leaching rates were increased markedly to
27.13% and 84.91%, respectively, when the new extraction
procedure was employed. Note that it is highly desirable to
achieve a significant improvement in the recovery of Sc,
which is an extremely valuable CREE in the relevant
industry.

3.4 Composition and structural changes in coal ash in
the new sequential extraction procedure

The mass changes in FA components during each step
of the new sequential extraction procedure are summarized
in Table 2, including the four major oxides (SiO2, Al;Os3,
Fe20s, and Ca0) and minor constituents (TiO2, P20s, K20,
MgO, Na;O, and SQs). Citrate did not strongly affect the
composition of FA in Step 1. The mass fractions of SiO,
Fe,O3, and Al,Os which are the main components of FA,
were not notably altered by citrate. As discussed earlier,
only a small amount of REEs was extracted in this step,
even if citrate was found to be more effective than acetate
used in the Tessier and BCR extraction methods. On the
contrary, after citrate treatment, CaO was removed
significantly, indicating that the REEs recovered in Step 1
were bound to CaO. A notable amount of the SiO;
remaining in the coal ash residue was removed by KOH in
Step 2, whereas the other oxides (e.g., CaO, Al,Os, and
Fe,O3) were not dissociated. A small amount of REEs was
extracted during this process, suggesting that the REEs
were not bound to SiO. but to other components of coal ash.
It was also observed in Step 3 that Al,Oz;was not removed
by KOH even by microwave-assisted thermal digestion,
while the Fe,O3; was almost dissolved. The REE extraction
rate was increased, indicating that the REEs recovered in
this step were bound to Fe,Os. The slight increases in P05
and SOs; were not released from coal ash because their
increases were attributed to the addition of H,SO4 and
HsPO4 during the microwave-assisted thermal digestion.
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Al>O3, a major component of FA, remained unchanged even
after all other coal ash components were removed, resulting
in residual REEs, which can be considered as a strongly
bound and unextractable fraction of REEs in coal ash.

Fig. 5 shows the mineral composition and structure
changes in FA components during each step of the new
sequential extraction procedure. The original coal ash was
mainly composed of quartz (JCPDS #5-490) and mullite
(JCPDS #15-776) along with various minor constituents,
including cancrinite and analcime zeolites. After the citrate
treatment in Step 1, the various minor component peaks
became insignificant but the major components remained,
because these minor constituents can be dissolved by weak
acids such as acetate or citrate (Sholkovitz et al. 1994).
There were no significant effects on the coal ash structure.
Following the KOH treatment in Step 2, the characteristic
diffraction pattern was similar to that of the coal ash
remaining in Step 1. This change was attributed to the
surface structure changes, including increased porosity
(Han et al. 2019). However, citrate and KOH did not
strongly affect the coal ash crystal structure. After the
microwave-assisted thermal digestion, the diffraction
pattern of the coal ash remaining in Step 3 indicated
significant changes in its structure. New crystal phases were
observed at 24.88° and 29.25°, corresponding to cancrinite
zeolite, sodium silicate, and sodium aluminosilicate,
respectively, indicating zeolite formation in FA after the
thermal digestion. This supported an idea that valuable
materials such as zeolites for environmental applications as
chemical and biochemical catalysts can be recovered during
the new sequential extraction procedure from coal ash in
addition to the REE recovery as demonstrated in a humber
of previous studies (Lim et al. 2019, Park et al. 2021,
Rodwihok et al. 2021, Tran et al. 2019, Wen et al. 2018).

4. Conclusions

In this study, REEs present in coal ash collected from a
coal-fired TPP in Korea were quantified, and their
extractabilities were examined using the conventional
Tessier and BCR sequential extraction methods, which are
used in geomaterial-associated metal analysis. Additionally,
a new sequential extraction procedure was developed to
improve the leaching efficiency of REEs from coal ash
using an environmentally benign solvent and microwave-
assisted thermal digestion. It was found that 112.5 and
123.21 mg/kg of REEs are present in the FA and BA of the
Yeongheung TPP, respectively. The REE leaching efficiency
and patterns using the conventional sequential extraction
methods were similar to those previously reported for the
Western TPP coal ash. Y and Nd were the CREEs most
notably extracted from FA. The leaching efficiency of REEs
from coal ash was enhanced markedly by the new
sequential extraction procedure. The overall extraction rate
of REEs reached 70%, which was 2.54 and 3.76 times
higher than the values achieved by the BCR and Tessier
extraction methods, respectively. The REEs weakly bound
to FA were recovered effectively using citrate. It was
confirmed that the large portion of REEs is primarily
associated with CaO, Al203, Fe203, and P205, not with
SiO2 of the coal ash, and these REEs can be extracted
effectively in a stepwise manner. The results of this study
contribute to the development of a simple, effective, and
ecofriendly procedure for the REE recovery from coal ash
and leaching wastewaters.
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