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Abstract: Coal ash (CA) is not only one of the most solid wastes from combustion, easily resulting
in a series of concerns, but it is also an artificial deposit with considerable metals, such as iron and
rare earth. The variation in the coal ash characteristics due to the origins, combustion process, and
even storage environment has been hindering the metal utilization from coal ash. In this study, three
ash sample from lab muffle, circulating fluidized bed (CFB), and pulverized coal (PC) furnace was
derived for the discrepancy study from the combustion furnace, including properties, iron, and rare
earth recovery. The origins of the coal feed samples have more of an effect on their properties than
combustion furnaces. Magnetic separation is suitable for coal ash from PC because of the magnetite
product, and the iron content is 58% in the Mag-1 fraction, with a yield of 3%. The particles in CA from
CFB appear irregular and fragmental, while those from PC appear spherical with a smooth surface.
The results of sequential chemical extraction and observation both indicated that the aluminosilicate
phase plays an essential role in rare earth occurrences. Rare earth in CA from muffling and CFB is
facilely leached, with a recovery of approximately 50%, which is higher than that from PC ash. This
paper aims to offer a reference to easily understand the difference in metal recovery from coal ash.

Keywords: coal ash; circulating fluidized bed furnace; pulverized coal furnace; magnetic separation;
rare earth elements; mode of occurrence; recovery

1. Introduction

Coal ash (CA), as the product of coal combustion, is one of the main solid wastes
in the world. Its presence with improper deposit has caused major concerns about the
environment [1], economy [2], and human healthy [3]. The treatment or utilization of
coal ash was subject to coal ash properties, resulting primarily from the coal source and
combustion process. Generally, the feed materials of the coal power plant have complex
compositions, which are the mixture of coal collected from different areas based on the
calorific value [4]. Furthermore, the behavior of inorganic constituents in combustion
furnaces or other procedures has a strong effect on the apparent properties of ash particles,
such as size, roughness, and combination, which concerns the possibility and ability of
physiochemical separation [5]. The coal combustion type is very important to coal ash
utilization, especially critical materials recovery.

Coal combustion is a rapid chemical reaction between coal and oxygen, along with
multiple complex reactions of other mineral matter. In the laboratory, a muffle furnace
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is a common faculty for the verification of coal combustion. In industry, coal is generally
grilled and then injected into the furnace, which is called a pulverized coal (PC) furnace.
This process could make coal sufficient for combustion with air and is applied in almost
all thermal power plants. Unlike PC furnaces, circulating fluidized bed (CFB) boilers
make coal stay in up-blow jets of air during the combustion, largely decreasing NOX
release and enhancing the in situ desulfurizing effect. Generally, the PC and CFB furnace
temperatures are 1400–1500 ◦C and 850–900 ◦C [6], respectively, forming two different
types of fly ash [7–9]. Hence, the combustion product from PC and CFB furnaces could be
represented coal ash from the industry.

The properties of coal ash from these two furnaces are significantly different and
profoundly influence the environmental treatment (e.g., metal leachability) and utilization
(construction materials). The aluminum occurrence contains metakaolin and activated
aluminum oxide in CFB ash, but it is mullite (Al6Si2O13) and corundum (α-Al2O3) in PC
ash. Thus, direct high-pressure acid leaching adopts for Al recovery from CFB ash [10,11],
and pretreatment before acid leaching [12] is necessary for Al recovery from PC ash. Similar
phenomena happen on some heavy metals in both ashes. The concrete made by PC ash has
better frost resistance properties than that made by CFB ash due to water absorption. The
comparison between both ashes continues to be strengthened in view of the actuality of
critical materials recovery from coal ash.

Coal ash, as an artificial metallic mineral deposit, is a promising resource of Al, Fe,
Li, Ga, and so on [13,14]. Among various metals, rare earth elements recovery from coal
ash is impressive due to the “Rare earth Program” by the Department of Energy, the
U.S. It is reported that magnetic separation has a positive effect on Fe and rare earth
enrichment [15,16]. Acid leaching is an important way to Al and rare earth recovery [17].
From previous reports, a contradiction always appears that the same or similar acid leaching
conditions result in extremely different metal recovery from different coal ashes. Except
for the origins of feed coal, the combustion process has absolutely necessary effects on
those results.

In this study, three coal ash samples from lab muffle pulverized coal and circulating
fluidized bed furnaces were studied to compare their properties containing density, specific
surface area, particle size, petrology, and mineralogy. Magnetic separation was used for the
Fe enrichment. The leaching experiments using mineral and organic acids were performed
to evaluate the recovery of Al and rare earth from three ashes. This paper aims to reveal
the difference in metal (Fe, Al, and rare earth elements) recovery from muffling ash, PC
ash, and CFB ash.

2. Materials and Methods
2.1. Materials

In this paper, a coal gangue (CG) sample was collected from a coal preparation plant
located in the Jungar coalfield of Inner Mongolia, where the coal enriches rare earth and
yttrium (REY) [18]. The combustion product by the muffle furnace using the coal gangue
as the feed was named coal ash No. 1 (CA1). The combustion condition is shown in detail
in Section 2.2. Generally, valuable metal elements are more enriched in fly ash than bottom
ash [19]. Hence, the fly ash from PC and CFB furnaces was studied in this research. The
second coal fly ash (CA2) was taken from a CFB power generation plant, of which the feed
is the CG sample mentioned. Another coal fly ash (CA3) was combusted by pulverized
coal furnace at the Faer power plant in Guizhou Province.

2.2. Methods

The coal gangue sample was combusted for CA1, followed by the Chinese stan-
dard GB/T 34231-2017 [20]. The combustion process was set as five steps: rise up to
T = 500 ± 10 ◦C for 30 min with a hold time at this temperature for 30 min, and then rise
up to T = 815 ± 10 ◦C, with a hold time for 30 min. The last step is two inspections until
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constant weight. The repeated trials were performed for the degree of accuracy. The other
two samples are also treated for loss on ignition (LOI).

A magnetic tube tester (or Davis tube tester) was used to investigate the distribution
of iron and REY in the magnetism-fraction of three samples. The magnetic field strength
was successively adjusted due to the change of the electric current (1A, 2A, 3A, 4A, and
5A), and the sample was defined as magnetic fractions (Mag-1, Mag-2, Mag-3, Mag-4, and
Mag-5, correspondingly) and a non-magnetic fraction.

Sequential chemical extraction procedures (SCEP) were regarded as a significant
method for the quantification of trace element occurrence. According to the reported
method [21], REY occurrence was segmented into five fractions: (1) ion-exchangeable,
(2) acid soluble, (3) metal oxides, (4) organic or sulfide, and (5) aluminosilicate.

Acid leaching is a process for metal extraction from primary and secondary resources
and is also used for the identification of metal leaching ability at specific conditions. The
REY leaching ability was defined by hydrochloric acid and citric acid (as a proxy for
mineral and organic acid leaching) under measurable conditions based on the reported
literature [22–24]. The hydrochloride acid leaching was performed in the beaker with the
conditions: T = 60 ◦C, the concentration of 3 M, the liquid–solid ratio of 10 (volume/mass,
v/m), leaching time of 120 min, and magnetic stirring speed of 200 rpm. The conditions of
citric acid leaching contain a temperature of 90 ◦C, a concentration of 1 M, a liquid–solid
ratio of 25 (volume/mass, v/m), a leaching time of 120 min, and a magnetic stirring speed
of 200 rpm. The difference between the two leaching experiments is probably because of
their properties, including the formula, ionization, and viscosity of the solution.

2.3. Analysis

X-ray fluorescence (XRF, S8 Tiger, Bruker AXS Corporation, China) was used to analyze
the major element compositions in the CA samples. The trace elements in the leachate were
measured using inductively coupled plasma mass spectroscopy (ICP-MS, Thermo ICAP
RQ, Bremen, German). Before elemental analysis, the solid samples were digested in a
microwave instrument using the method described in our previous study [25]. A scanning
electron microscope (FE-SEM, ZEISS ΣIGMA, Oberkochen, German), in conjunction with an
energy-dispersive X-ray spectrometer (Oxford X-MaxN 20, Shanghai, China) (collectively,
SEM-EDS), was applied to observe the particles of iron and REY. The images were captured
through a retractable solid-state backscatter electron detector, which was more easily to
find REY/iron-containing minerals in view of the bottom position of the periodic table
of elements. The specific surface area of CA samples was measured by an Autosorb-iQ
analyzer (Quantachrome, Boynton Beach, FA, USA) followed by the BET method. The
pycnometer method was used for the density determination of the samples by reference to
distilled water. The particle size distribution of three samples was obtained using a laser
diffraction analyzer (Microtract S3500, York, PA, USA).

3. Results and Discussion
3.1. Property Difference of Coal Ash Samples
3.1.1. Chemical Composition

The XRD patterns of the three ash samples are drawn in Figure 1, along with the pat-
tern of coal gangues as the feed materials of CA1 and CA2. It indicates that the main
phases in coal gangue are kaolinite (Al2(Si2O5)(OH)4), boehmite (AlOOH), alunogen
(Al2(SO4)3·17H2O), and dickite (Al2(Si2O5)(OH)4) and the peak of quartz (SiO2), as the
most common phase in coal gangue (CG), does not appear, possibly because of the very
small content. As shown in the XRD pattern, there is no peak of the mineral phase in
the CA1 and CA2 patterns. The hump at the 2θ of 20~30◦ indicates the fact that the
aluminosilicate minerals have been transferred into the amorphous matter, and the new
crystal phase does not generate in the temperature range of 800–900 ◦C, consistent with
the previous research [26,27]. It was shown that mullite and corundum would generate at
higher temperatures, such as 1000–1200 ◦C, and was also reported in PC coal fly ash using
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the feed material from the Jungar deposits [28–30]. Additionally, CA3 is a typical F fly ash
containing quartz, mullite, and magnetite.
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Figure 1. XRD patterns of three coal ash samples and coal gangue.

The chemical composition of the three ash samples was analyzed by XRF and ICP-MS
for major elements and rare earth elements plus yttrium (REY), as listed in Table 1. The
ratio of Al/Si in CA1 is similar to that in CG based on the aluminosilicate minerals. The
ratio of Al/Si in CA2 is vastly different from that in CA1 and CG. Except for the influence
of the production batch, the quartz produced from kaolinite when burning probably was
left in the bottom of the furnace as a loose mixture. CA3 is a high-silicate coal fly ash with
moderate content of iron oxides. The existence of phosphorus implied the possibility of
rare earth enrichment in coal-based resources, given their affinity [31].

Table 1. Chemical composition of three coal ash samples (%, µg/g).

Elements CA1 CA2 CA3 Elements CA1 CA2 CA3

SiO2 44.15 25.19 52.17 La 46.73 88.64 80.65
Al2O3 46.83 57.37 23.89 Ce 77.50 191.61 193.19
Fe2O3 1.35 2.587 12.1 Pr 10.63 21.98 22.47
CaO 1.56 2.84 2.36 Nd 34.62 89.64 88.66
MgO 0.07 0.16 1.91 Sm 6.67 16.92 17.22
TiO2 0.96 2.07 2.77 Y 37.40 57.93 65.17
K2O 0.20 0.35 0.69 Eu 1.11 3.84 3.33

Na2O 0.23 0.67 0.58 Gd 6.06 14.89 15.53
S 0.19 0.31 0.22 Tb 1.15 2.18 2.20
P 0.07 0.10 0.14 Dy 7.38 12.71 13.60

Ho 1.45 2.40 2.58
Er 4.37 6.58 7.17
Tm 0.62 0.92 1.01

REY 240.20 516.80 520.27 Yb 3.95 5.73 6.57
Coutl 0.97 0.86 0.88 Lu 0.57 0.82 0.94

The content of rare earth and yttrium (REY) in the three ash samples are 240.20 µg/g,
516.80 µg/g, and 520.27 µg/g, respectively. The outlook coefficient (Coutl) is the ratio of
the relative amount of critical REY (Nd, Eu, Tb, Dy, Er, Y) in the REY sum to the relative
amount of excessive REY (Ce, Ho, Tm, Yb, Lu), which represents the potential industrial
value [32]. The Coutl in three samples are 0.97, 0.86, and 0.88, indicating that the amount of
critical and excessive REY is almost equal.

3.1.2. Physical Properties

As shown in Table 2, the physical properties of three coal ash samples, including
density, specific surface area, LOI, and D50, were investigated. The density values indicated
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no significant difference in compositional homogeneity. Because CA1 inherits all inorganic
constituents from coal, fly ash is only the part in suspension during the combustion.
Another reason is thorough burning in the lab (without unburnt carbon from the data of
LOI). The product of a hollow glass microsphere in the PC furnace possibly results in lower
density. The proportion of iron in CA3 is notably higher than in the other two ashes. The
results of density are as follow in Table 2. Not unexpectedly, CA3 has the largest specific
surface area despite the glass microsphere generated with the higher temperature at the
PC furnace than the CFB furnace. Analogously, the D50 of CA3 is also the highest among
the three samples. The measured specific surface areas of CA2 are slightly higher than
that of CA1 in view of organic matter, generally resulting in lower density and higher
specific surface area. The D50 of CA1 and CA2 are similar probably because the synthesis
of the organic matter (LOI: 4.11%) existed in CA2 and the fact that mineral matter in CA2
is thinner than that in CA1 due to the motion in the CFB furnace. Figure 2 shows the
distribution of particle size of three ash samples. CA1 and CA2 have moderate proportions
of the fractions of < 10µm, while the particles of CA3 are concentrated in the fractions of
20–70 µm. This difference was controlled by the feed materials (e.g., fragile aluminosilicate
minerals) and combustion process (e.g., the glass phase production).

Table 2. Physical properties of three coal ash samples.

Sample Density (g/cm3)
Specific Surface

Area (m2/g) LOI 1 (%) D50 2(µm)

CA1 2.48 1.087 0 20.88
CA2 2.28 1.187 4.11 17.65
CA3 2.48 1.968 3.95 42.54

1 LOI -loss on ignition at 815 ◦C; 2 D50: The median diameter of the particle size distribution.
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3.2. Magnetic Separation

The magnetic separation results of the three samples are shown in Figure 3. Given
the iron contents and the test phenomenon, all magnetic fractions of CA1 and CA2 were
represented by the results of a magnetic separation experiment with 5A and accounted
for 2.61% and 2.51%. Those results are consistent with the fact that iron oxide or hematite
in fly ash was the dominant occurrence of iron when combusted at 800–900 ◦C [33]. On
the contrary, CA3 was divided into six fractions by magnetic separation with different
magnetic field intensities. One of the main reasons is that the dominant occurrence of iron
in CA3 is the magnetite phase, which is easily captured at a weak magnetic field [34,35].
The combination of magnetite and other phases (e.g., glassy phase), and even the entrain-
ment during the magnetic separation, led to a moderate proportion of magnetic fractions,
including Mag-5 (22%), Mag-4 (14%), Mag-3 (10%), Mag-2 (7%), and Mag-1 (3%).
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Figure 3. Magnetic fractions of three coal ash samples.

All fractions of the three samples were digested for the contents of iron and rare earth
by ICP-MS measurement. The distribution of iron and rare earth in CA1 and CA2 were
not discussed here because the conclusions were clear at a glance due to the proportion
of 3% and almost unchanged contents in non-magnetic fraction (97%) with raw samples.
As Figure 4a shows, it is expected that the iron content decreases from Mag-1 to a Non-
magnetic fraction. In the Mag-1 fraction, with a distribution of 17%, the content of iron is
around 58% which reaches or closes to the lowest industrial grade [36]. The Mag-2 fraction,
with an iron content of up to 42%, has the proportion iron (32%) of all in CA3. Both fractions
account for nearly 50% iron of all in CA3 with an iron content of 47%, the weighted average
gotten by the calculation. Thus, the iron recovery from coal ash will be profitable under
certain conditions. Diversely, CA1 and CA2 contain a bit of iron, and even the 3% of iron
contents in their magnetic fractions are distributed bilaterally to the Mag-5 point.

The REY contents in all fractions of CA3 increased from Mag-1 to non-magnetic
fractions at opposite poles of that of iron contents from Figure 4b. The majority (50%) of
REY was distributed in the non-magnetic fraction in which the REY content is 556 µg/g,
a bit over that in the raw CA3 sample. Similarly, the non-magnetic fractions in CA1 and
CA2 contain most REY, and the REY contents are slightly higher than that in the raw
sample, respectively. The REY content in the magnetic fraction of CA2 is significantly
less than that in the non-magnetic fraction, indicating the uncorrelation between REY and
iron. Additionally, the analogical things appeared in CA1. In view of the small number of
magnetic yields, magnetic separation is hard to be an efficient method for REY enrichment.
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Figure 4. The contents and distribution of iron and REY in three coal ash samples.

The magnetic fraction in CA1 and CA2 and Mag-1 fraction in CA3 were observed by
SEM-EDS, as shown in Figure 5 and Table 3. Point A is a typical hematite particle bond
to the aluminosilicate phase. Point B indicated that the micro- or nano-particles of iron
distribute on or surrounding the aluminosilicate phase. Point C is the heated kaolinite
surrounding/reacting with other elements phase based on the stratified structure and
elemental analysis. Point B is a magnetic particle coupled with the aluminosilicate phase.
As the product of the CFB furnace, other areas except for points C and D represent the
typical characteristic that the particles are irregular, fragmental, and agglomerated into large
particles [36,37]. That is the reason why some particles were entrained into the magnetic
fraction during the separation. Points E and F in CA3 are magnetic spheres inferred as the
combustion product of pyrite framboid [38]. During the combustion, pyrite framboid is
combined with molten peripheral or concomitant aluminosilicate minerals or glassy phases,
leading to a glazed sphere wrapping the iron particles. While pyrite framboid did not get
or get less glassy phases, the particles are coarse or stay intact, though oxidized.
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Table 3. The EDS analysis of points in Figure 5.

Point A Point B Point C
Elem. Wt.% At. % Elem. Wt.% At. % Elem. Wt.% At. %

C 11.07 18.81 C 6.68 13.14 C 14.34 20.72
O 45.47 58.00 O 37.88 55.93 O 56.19 60.95
Al 10.72 8.11 Mg 4.33 4.21 Na 0.23 0.18
Si 8.41 6.11 Al 6.75 5.91 Mg 0.20 0.14
Ca 0.28 0.14 Si 3.98 3.34 Al 12.96 8.33
Ti 0.63 0.27 Ca 1.81 1.07 Si 14.95 9.23
Fe 23.43 8.56 Ti 1.13 0.56 K 0.58 0.26

Mn 0.86 0.37 Ca 0.15 0.06
Fe 36.59 15.48 Ti 14.34 20.72

Fe 0.40 0.13

Point D Point E Point F
Elem. Wt.% At. % Elem. Wt.% At. % Elem. Wt.% At. %

C 17.68 31.82 C 4.28 8.10 C 2.28 6.44
O 31.78 42.93 O 42.80 60.74 O 21.39 45.36

Na 0.20 0.19 Mg 7.63 7.13 Mg 1.29 1.80
Mg 0.52 0.46 Al 4.80 4.04 Al 0.58 0.73
Al 4.83 3.87 Si 5.32 4.30 Si 0.32 0.38
Si 5.91 4.55 Ca 8.57 4.85 Ca 1.01 0.85
K 0.42 0.23 Ti 0.36 0.17 Mn 1.84 1.14
Ca 0.53 0.29 Mn 0.86 0.36 Fe K 71.29 43.30
Ti 13.91 6.28 Fe K 25.37 10.31
Fe 24.22 9.38

Elem.: Elements. Wt.: weight. At.: atomic.

3.3. Recovery of Rare Earth
3.3.1. Modes of Occurrence of Rare Earth

The sequential chemical extraction procedure was used to quantitatively study the
occurrence modes of rare earth and also reveal the leachability of rare earth in a mild
environment. The results of the three coal ash samples are shown in Figure 6. As reported
in previous research [31,39], the aluminosilicate fraction is the dominant mode of rare earth
occurrence, accounting for 66%, 70%, and 79%, respectively. In other words, the amount of
reserved rare earth in the solid residue keeps an order: CA3 > CA2 > CA1. It conforms to
the order of temperature, and the existence of the glassy phase in CA3 sets the reserved rare
earth proportion apart from those of the other two samples. The second mode of occurrence
is the organic/sulfide phase, with a proportion of 17%, 17%, and 12%, respectively. The
contents of carbon and sulfur in these three samples are not highlighted. It was referred
that rare earth enriched in unburnt carbon and sulfate phase or rare earth was leached by
the higher intensity of the solution than those of the front three solutions, which is also an
adverse factor or system error of sequential chemical extraction procedure. Although some
researchers found rare earth associated with the iron phase in coal fly ash using observation
methods, the proportions of rare earth in metal oxide are only 2.76%, 2.41%, and 2.98%,
respectively. Rare earth bonds to acid-soluble could be leached by weak acids in nature,
and it is generally thought that rare earth is associated with carbonate minerals in coal.
A small number of rare earths occurred in the ion-exchangeable fraction of these three
samples. It is a positive deduction that around 30% of REY in CA1/CA2 and 20% of REY
in CA3 could be directly leached under mild conditions.
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3.3.2. Rare Earth Carriers

The carriers of rare earth in coal-based resources contain phosphate minerals, iron
oxide, clay minerals, and carbon, as in the reported literature [40–44]. The results of SEM-
EDS analysis for three coal ash samples are shown in Figure 7 and Table 4. Rare earth
carriers are bright areas or particles. Point A in CA1 and Point B in CA2 are inferred to be
monazite and apatite as nano-particles based on morphology and elemental composition.
Those nano-particles almost strewed on the aluminosilicate phase with a small amount
of iron and titanium or independently scattered around Point A, which is the product of
muffle or static combustion. Based on the element analysis, there is no phosphorus in Point
C, in which rare earth account for 25% of wt. It has been indicated that Point C is from
rare earth bonds to clay minerals in raw coal. At the complicated condition during the
combustion, it is hard for rare earth carriers to be dissociated well with other phases so that
physical separation does not fit rare earth enrichment in coal ash. Given the mentioned
fact, the importance of the hydrometallurgical method stands out for rare earth recovery.
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Table 4. The EDS analysis of points in Figure 7.

Point A Point B Point C
Elem. Wt.% At. % Elem. Wt.% At. % Elem. Wt.% At. %

O 58.81 72.65 O 54.36 69.95 O 36.06 62.82
Mg 0.20 0.16 Al 22.82 17.42 Na 0.82 1.00
Al 23.85 17.47 Si 10.36 7.60 Mg 0.57 0.66
Si 8.26 5.81 P 3.81 2.54 Al 8.64 8.93
P 1.56 1.00 K 0.34 0.18 Si 13.05 12.95
K 0.26 0.13 Ca 2.06 1.06 K 1.17 0.83
Ca 2.89 1.43 Ti 0.67 0.29 Ca 0.65 0.45
Ti 1.96 0.81 Fe 0.68 0.25 Ti 1.58 0.92
Fe 1.12 0.40 La 1.81 0.27 Fe 13.34 6.66
Ce 1.09 0.15 Ce 3.08 0.45 La 6.05 1.21

Nd 4.69 0.91

3.3.3. Acid Leaching

Acid leaching is an efficient, economical, and widely used process in the rare metal
metallurgical industry and has an absolutely necessary role in rare earth recovery from
coal fly ash. Hence, the leachability of rare earth in the three samples was evaluated using
mineral acid (HCl acid) and organic acid (citric acid) at the specific conditions verified
in previous research [22–24,45]. On the whole, the recovery of REY using HCl acid is
higher than that using citric acid from Figure 8. Because the amount of hydrogen ions in
citric acid solution is less than that in HCl acid solution, it resulted in the weak ability of
dissolution. Meanwhile, other metals, such as Al and Fe, should be leached more easily
by HCl acid than citric acid based on acidity, although the data of other elements are not
shown here. Organic acid or a mix of the organic acid may be an efficient design in acid
leaching for REY recovery, which brings the organo-functional group advantages to the
full. Furthermore, the leaching selectivity for REY and other major elements in coal ash
is expected based on the recent literature [20]. As about mentioned, CA1 and CA2 have
similar properties, leading to similar REY recovery, though the REY recovery in CA2 is
slightly higher than that in CA1, possibly because of the particle size. The REY recovery in
CA3 is significantly less than that in other samples due to the existence of glassy phase,
wrapping, and bounding REY carriers. The ash from the CFB furnace is more conducive
for REY recovery via acid leaching, which does not need pretreatment for the broken glassy
phase. Another advantage is to avoid the impurity from glassy phase dissolution during
the downstream, such as solvent extraction and resin sorption.
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4. Conclusions

In this research, the discrepancy of the three coal ash samples from a lab muffle furnace,
circulating fluidized bed, and pulverized coal furnace was studied from the aspects of
properties and recovery of iron and rare earth. CA1 and CA2 contain high aluminum
content and low iron content resulting from the geologic feature of feed materials. CA3 has
a moderate content of iron existence in magnetite. The phase peak in the XRD pattern of
CFB ash is not more obvious than that of PC ash due to the uncompleted transformation
of aluminosilicate. Although a clear trend of physical property differences can not be
concluded based on a case study, the unburnt carbon and glassy phase play very important
roles in the value of the individual physical property.

The magnetic fractions in CA1 and CA2 account for less than 3%, while that in CA3
accounts for over 50%. The iron content in Mag-1 of CA3 is nearly 60%, with a yield of
3%. The majority of REY was distributed in non-magnetic fractions with little enrichment
than that in the raw sample. It was found in CA1 and CA2 magnetic fractions that the
iron particles with micro size were embedded in or bonded to the aluminosilicate phase.
The product of pyrite framboid was observed in the CA3 Mag-1 fraction, appearing as
independent spheres.

The content of iron in CA1, CA2, and CA3, are 240.20 µg/g, 516.80 µg/g, and 520.27
µg/g, respectively, with positive outlook coefficients. REY bond to the aluminosilicate
phase in CA3 is higher than that in CA1 and CA2, indicating a strong leachability of REY
in CA1 and CA2. The leaching results support the conclusion that CFB ash has a better
leachability for REY than PC ash. The carriers of REY in three samples are all found via
SEM-EDS analysis. REY, in this study, has an affinity with phosphorus, iron, and titanium.

Author Contributions: Conceptualization, J.P. and C.Z.; Methodology, J.P. and X.L. (Xin Long);
Validation, J.P., L.Z. and C.Z.; Formal Analysis, L.Z. and X.L. (Xin Long); Investigation, X.L. (Xin
Long); Resources, X.L. (Xiao Liu); Data Curation, J.P., L.Z. and X.L. (Xin Long); Writing—Original
Draft Preparation, J.P.; Writing—Review and Editing, A.S., D.V. and C.Z.; Visualization, J.P., D.V. and
L.Z.; Supervision, C.Z.; Project Administration, C.Z.; Funding Acquisition, C.Z. and J.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
92062109, 52204292, and 51974309), the National Key R&D Program of China (No. 2021YFC2902601),
National Postdoctoral Program for Innovative Talents (No. BX2021362), and China Postdoctoral
Science Foundation (2022M723393).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We are very grateful to all the editors and reviewers who have helped us improve
and publish this paper. Dmitry Valeev thanks the Project of the State Assignment (Vernadsky Institute
of Geochemistry and Analytical Chemistry of Russian Academy of Sciences, No. FMUS-2019-24).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shen, Y.W.; Zhao, H.; Xie, J.J.; He, K.Q.; Pang, J.F.; Guo, Q.; Duan, X.L.; Yuan, C.G.; Zhang, K.G.; Zhu, H.T.; et al. Insight of the

Size Dependent Bioavailability and Health Risk Assessment of Arsenic in Resuspended Fly Ash from Power Plants. Fuel 2022,
327, 125049. [CrossRef]

2. Majlis, A.B.K.; Habib, M.A.; Khan, R.; Phoungthong, K.; Techato, K.; Islam, M.A.; Nakashima, S.; Islam, A.R.M.T.; Hood, M.M.;
Hower, J.C. Intrinsic Characteristics of Coal Combustion Residues and Their Environmental Impacts: A Case Study for Bangladesh.
Fuel 2022, 324, 124711. [CrossRef]

3. Zierold, K.M.; Sears, C.G.; Myers, J.V.; Brock, G.N.; Zhang, C.H.; Sears, L. Exposure to Coal Ash and Depression in Children Aged
6–14 Years Old. Environ. Res. 2022, 214, 114005. [CrossRef]

4. Badenhorst, C.; Santos, C.; Lázaro-Martínez, J.; Bialecka, B.; Cruceru, M.; Guees, A.; Guimarães, R.; Moreira, K.; Predeanu, G.;
Suárez-Ruíz, I.; et al. Assessment of graphitized coal ash char concentrates as a potential synthetic graphite source. Minerals 2020,
10, 986. [CrossRef]

http://doi.org/10.1016/j.fuel.2022.125049
http://doi.org/10.1016/j.fuel.2022.124711
http://doi.org/10.1016/j.envres.2022.114005
http://doi.org/10.3390/min10110986


Materials 2022, 15, 8494 14 of 15

5. Hower, J.C.; Groppo, J.G.; Hopps, S.D.; Morgan, T.D.; Hsu-Kim, H.; Taggart, R.K. Coal Feed-Dependent Variation in Fly Ash
Chemistry in a Single Pulverized-Combustion Unit. Minerals 2022, 12, 1071. [CrossRef]

6. Mei, L.; Lu, X.; Wang, Q.; Pan, Z.; Hong Xuanyu Ji, Y. The Experimental Study of Fly Ash Recirculation Combustion Characteristics
on a Circulating Fluidized Bed Combustor. Fuel Process. Technol. 2014, 118, 192–199. [CrossRef]

7. Cho, S.-W.; Na, H.-W.; Hyung, W.-G. Properties of Cement Mortar According to Mixing of Circulating Fluidized Bed Fly Ash and
Pulverized Coal Fly Ash Based on Blast Furnace Slag. J. Korea Inst. Build. Constr. 2021, 21, 141–148. [CrossRef]

8. Zhang, Y.; Yan, J.; Xu, J.; Tian, C.; Matyjaszewski, K.; Tilton, R.D.; Lowry, V.G. Phosphate Polymer Nanogel for Selective and
Efficient Rare Earth Element Recovery. Environ. Sci. Technol. 2021, 55, 12549–12560. [CrossRef] [PubMed]

9. Huang, Z.; Fan, M.; Tian, H. Rare Earth Elements of Fly Ash from Wyoming’s Powder River Basin Coal. J. Rare Earths 2020, 38,
219–226. [CrossRef]

10. Han, Y.; Chen, J.; Deng, Y.; Liu, T.; Li, H.; Li, D. An Innovative Technique for the Separation of Ion-Adsorption High Yttrium Rare
Earth Ore by Er (III)/Tm (III) Grouping First. Sep. Purif. Technol. 2022, 280, 119929. [CrossRef]

11. Valeev, D.; Kunilova, I.; Shoppert, A.; Salazar-Concha, C.; Kondratiev, A. High-Pressure HCl Leaching of Coal Ash to Extract Al
into a Chloride Solution with Further Use as a Coagulant for Water Treatment. J. Clean. Prod. 2020, 276, 123206. [CrossRef]

12. Li, S.; Bo, P.; Kang, L.; Guo, H.; Gao, W.; Qin, S. Activation Pretreatment and Leaching Process of High-Alumina Coal Fly Ash to
Extract Lithium and Aluminum. Metals 2020, 10, 893. [CrossRef]

13. Dai, S.; Arbuzov, S.I.; Chekryzhov, I.Y.; French, D.; Feole, I.; Folkedahl, C.B.; Graham, T.I.; Hower, C.J.; Nechaev, P.V.; Wagner, J.N.;
et al. Metalliferous Coals of Cretaceous Age: A Review. Minerals 2022, 12, 1154. [CrossRef]

14. Santos, A.C.; Guedes, A.; French, D.; Futuro, A.; Valentim, B. Integrative study assessing space and time variations with emphasis
on rare earth element (REE) distribution and their potential on ashes from commercial (Colombian) coal. Minerals 2022, 12, 194.
[CrossRef]

15. Lin, R.; Howard, B.H.; Roth, E.A.; Bank, T.L.; Granite, E.J.; Soong, Y. Enrichment of Rare Earth Elements from Coal and Coal
By-Products by Physical Separations. Fuel 2017, 200, 506–520. [CrossRef]

16. Lin, R.; Stuckman, M.; Howard, B.H.; Bank, T.L.; Roth, E.A.; Macala, M.K.; Lopano, C.; Soong, Y.; Granite, E.J. Application of
Sequential Extraction and Hydrothermal Treatment for Characterization and Enrichment of Rare Earth Elements from Coal Fly
Ash. Fuel 2018, 232, 124–133. [CrossRef]

17. Trinh, H.B.; Kim, S.; Lee, J. Recovery of Rare Earth Elements from Coal Fly Ash Using Enrichment by Sodium Hydroxide Leaching
and Dissolution by Hydrochloric Acid. Geosystem Eng. 2022, 1–10. [CrossRef]

18. Dai, S.; Ren, D.; Chou, C.L.; Finkelman, R.B.; Seredin, V.V.; Zhou, Y. Geochemistry of Trace Elements in Chinese Coals: A Review
of Abundances, Genetic Types, Impacts on Human Health, and Industrial Utilization. Int. J. Coal Geol. 2012, 94, 3–21. [CrossRef]

19. Ma, Z.; Shan, X.; Cheng, F. Distribution Characteristics of Valuable Elements, Al, Li, and Ga, and Rare Earth Elements in Feed
Coal, Fly Ash, and Bottom Ash from a 300 MW Circulating Fluidized Bed Boiler. ACS Omega 2019, 4, 6854–6863. [CrossRef]

20. GB/T 34231-2017; Determination of Loss on Ignition for Coal Combustion Residues. Standardization Administration of the
People’s Republic of China: Beijing, China, 2017.

21. Pan, J.; Zhou, C.; Tang, M.; Cao, S.; Liu, C.; Zhang, N.; Wen, M.; Luo, Y.; Hu, T.; Ji, W. Study on the Modes of Occurrence of Rare
Earth Elements in Coal Fly Ash by Statistics and a Sequential Chemical Extraction Procedure. Fuel 2019, 237, 555–565. [CrossRef]

22. Pan, J.; Nie, T.; Vaziri Hassas, B.; Rezaee, M.; Wen, Z.; Zhou, C. Recovery of Rare Earth Elements from Coal Fly Ash by Integrated
Physical Separation and Acid Leaching. Chemosphere 2020, 248, 126112. [CrossRef]

23. Ji, B.; Li, Q.; Zhang, W. Leaching Recovery of Rare Earth Elements from the Calcination Product of a Coal Coarse Refuse Using
Organic Acids. J. Rare Earths 2022, 40, 318–327. [CrossRef]

24. Zhang, W.; Noble, A.; Ji, B.; Li, Q. Effects of Contaminant Metal Ions on Precipitation Recovery of Rare Earth Elements Using
Oxalic Acid. J. Rare Earths 2022, 40, 482–490. [CrossRef]

25. Tang, M.; Zhou, C.; Pan, J.; Zhang, N.; Liu, C.; Cao, S.; Hu, T.; Ji, W. Study on Extraction of Rare Earth Elements from Coal Fly
Ash through Alkali Fusion–Acid Leaching. Miner. Eng. 2019, 136, 36–42. [CrossRef]

26. Zhang, W.; Honaker, R. Calcination Pretreatment Effects on Acid Leaching Characteristics of Rare Earth Elements from Middlings
and Coarse Refuse Material Associated with a Bituminous Coal Source. Fuel 2019, 249, 130–145. [CrossRef]

27. Zhang, W.; Honaker, R. Enhanced Leachability of Rare Earth Elements from Calcined Products of Bituminous Coals. Miner. Eng.
2019, 142, 105935. [CrossRef]

28. Qi, L.; Yuan, Y. Characteristics and the Behavior in Electrostatic Precipitators of High-Alumina Coal Fly Ash from the Jungar
Power Plant, Inner Mongolia, China. J. Hazard. Mater. 2011, 192, 222–225. [CrossRef] [PubMed]

29. Liu, Y.; Zeng, F.; Sun, B.; Jia, P.; Graham, I.T. Structural Characterizations of Aluminosilicates in Two Types of Fly Ash Samples
from Shanxi Province, North China. Minerals 2019, 9, 358. [CrossRef]

30. Guo, C.; Zou, J.; Wei, C.; Jiang, Y. Comparative Study on Extracting Alumina from Circulating Fluidized-Bed and Pulverized-Coal
Fly Ashes through Salt Activation. Energy Fuels 2013, 27, 7868–7875. [CrossRef]

31. Zhang, W.; Noble, A. Mineralogy Characterization and Recovery of Rare Earth Elements from the Roof and Floor Materials of the
Guxu Coalfield. Fuel 2020, 270, 117533. [CrossRef]

32. Seredin, V.V.; Dai, S. Coal Deposits as Potential Alternative Sources for Lanthanides and Yttrium. Int. J. Coal Geol. 2012, 94, 67–93.
[CrossRef]

http://doi.org/10.3390/min12091071
http://doi.org/10.1016/j.fuproc.2013.09.002
http://doi.org/10.5345/JKIBC.2021.21.2.141
http://doi.org/10.1021/acs.est.1c01877
http://www.ncbi.nlm.nih.gov/pubmed/34464106
http://doi.org/10.1016/j.jre.2019.05.004
http://doi.org/10.1016/j.seppur.2021.119929
http://doi.org/10.1016/j.jclepro.2020.123206
http://doi.org/10.3390/met10070893
http://doi.org/10.3390/min12091154
http://doi.org/10.3390/min12020194
http://doi.org/10.1016/j.fuel.2017.03.096
http://doi.org/10.1016/j.fuel.2018.05.141
http://doi.org/10.1080/12269328.2022.2120092
http://doi.org/10.1016/j.coal.2011.02.003
http://doi.org/10.1021/acsomega.9b00280
http://doi.org/10.1016/j.fuel.2018.09.139
http://doi.org/10.1016/j.chemosphere.2020.126112
http://doi.org/10.1016/j.jre.2020.11.021
http://doi.org/10.1016/j.jre.2020.11.008
http://doi.org/10.1016/j.mineng.2019.01.027
http://doi.org/10.1016/j.fuel.2019.03.063
http://doi.org/10.1016/j.mineng.2019.105935
http://doi.org/10.1016/j.jhazmat.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21621327
http://doi.org/10.3390/min9060358
http://doi.org/10.1021/ef401659e
http://doi.org/10.1016/j.fuel.2020.117533
http://doi.org/10.1016/j.coal.2011.11.001


Materials 2022, 15, 8494 15 of 15

33. Wang, T.; Yang, H.; Wu, Y.; Liu, Q.; Lv, J.; Zhang, H. Experimental Study on the Effects of Chemical and Mineral Components on
the Attrition Characteristics of Coal Ashes for Fluidized Bed Boilers. Energy Fuels 2012, 26, 990–994. [CrossRef]

34. Vassilev, S.V.; Menendez, R.; Alvarez, D.; Diaz-Somoano, M.; Martinez-Tarazona, M.R. Phase-Mineral and Chemical Composition
of Coal Fly Ashes as a Basis for Their Multicomponent Utilization. 1. Characterization of Feed Coals and Fly Ashes. Fuel 2003, 82,
1793–1811. [CrossRef]

35. Wang, X.; Gao, J.; Guo, Y.; Cheng, F. Difference of Iron Removal Efficiencies from Circulating Fluidized Bed Fly Ash and
Pulverized Coal Fly Ash by Magnetic Separation. Environ. Eng. 2020, 38, 148–153. (In Chinese)

36. Jégourel, Y. The Global Iron Ore Market: From Cyclical Developments to Potential Structural Changes. Extr. Ind. Soc. 2020, 7,
1128–1134. [CrossRef]

37. He, P.; Zhang, X.; Chen, H.; Zhang, Y. Waste-to-Resource Strategies for the Use of Circulating Fluidized Bed Fly Ash in
Construction Materials: A Mini Review. Powder Technol. 2021, 393, 773–785. [CrossRef]

38. Chen, G.; Gang, W.; Liu, Y.; Wang, N.; Jiang, C.; Sun, J. Organic Matter Enrichment of the Late Triassic Yanchang Formation
(Ordos Basin, China) under Dysoxic to Oxic Conditions: Insights from Pyrite Framboid Size Distributions. J. Asian Earth Sci. 2019,
170, 106–117. [CrossRef]

39. Liu, C.; Zhou, C.; Zhang, N.; Pan, J. Release Behavior of Se from Coal into Aqueous Solution. Energy Fuels 2018, 32, 2582–2587.
[CrossRef]

40. Ji, B.; Li, Q.; Zhang, W. Rare Earth Elements (REEs) Recovery from Coal Waste of the Western Kentucky No. 13 and Fire Clay
Seams. Part I: Mineralogical Characterization Using SEM-EDS and TEM-EDS. Fuel 2022, 307, 121854. [CrossRef]

41. Chen, X.; Guo, F.; Chen, Q.; Liu, X.; Zhao, Z. Dissolution Behavior of the Associated Rare-Earth Elements in Scheelite Using a
Mixture of Sulfuric and Phosphoric Acids. Miner. Eng. 2019, 144, 106057. [CrossRef]

42. Zhao, L.; Ward, C.R.; French, D.; Graham, I.T. Major and Trace Element Geochemistry of Coals and Intra-Seam Claystones from
the Songzao Coalfield, SW China. Minerals 2015, 5, 870–893. [CrossRef]

43. Wu, G.; Wang, T.; Wang, J.; Zhang, Y.; Pan, W. Occurrence Forms of Rare Earth Elements in Coal and Coal Gangue and Their
Combustion Products. J. Fuel Chem. Technol. 2020, 48, 1498–1505. [CrossRef]

44. Hower, J.C.; Eble, C.F.; Dai, S.; Belkin, H.E. Distribution of Rare Earth Elements in Eastern Kentucky Coals: Indicators of Multiple
Modes of Enrichment? Int. J. Coal Geol. 2016, 160–161, 73–81. [CrossRef]

45. Wen, Z.; Zhou, C.; Pan, J.; Cao, S.; Hu, T.; Ji, W.; Nie, T. Recovery of Rare-Earth Elements from Coal Fly Ash via Enhanced
Leaching. Int. J. Coal Prep. Util. 2020, 1–15. [CrossRef]

http://doi.org/10.1021/ef201332p
http://doi.org/10.1016/S0016-2361(03)00123-6
http://doi.org/10.1016/j.exis.2020.05.015
http://doi.org/10.1016/j.powtec.2021.08.035
http://doi.org/10.1016/j.jseaes.2018.10.027
http://doi.org/10.1021/acs.energyfuels.7b03249
http://doi.org/10.1016/j.fuel.2021.121854
http://doi.org/10.1016/j.mineng.2019.106057
http://doi.org/10.3390/min5040531
http://doi.org/10.1016/S1872-5813(20)30094-3
http://doi.org/10.1016/j.coal.2016.04.009
http://doi.org/10.1080/19392699.2020.1790537

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Analysis 

	Results and Discussion 
	Property Difference of Coal Ash Samples 
	Chemical Composition 
	Physical Properties 

	Magnetic Separation 
	Recovery of Rare Earth 
	Modes of Occurrence of Rare Earth 
	Rare Earth Carriers 
	Acid Leaching 


	Conclusions 
	References

