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Abstract: Considering the rising demand for rare earth elements (REEs), researchers are looking for
new sources for their extraction, thereby fostering economic and environmentally justified processing
solutions. Among potential industrial sources, coal fly ash emerges as one of the most promising. The
recovery of REEs from coal fly and bottom ashes derived from different thermal power plants was the
main focus of this study. A dual-step methodology was conducted on ash samples, which involved
an ultrasonic roasting process to disintegrate the silica matrix, followed by a microwave-assisted acid
leaching step to extract REEs. The roasting procedure was studied using the Plackett-Burman design,
and the Box-Behnken design was subsequently implemented to optimize the leaching procedure.
The optimized ultrasonic roasting procedure was set up at 95 °C for 10 min with an ash-to-roasting
agent (3M NaOH) ratio of 0.5:1 (m/V). For acid leaching, the optimal conditions were obtained at
174 °C for 30 min with an HCI <+ HNO3; mixture (1:1 V/V). The standard reference material (NIST
1633c) was used in the conclusive experiments to estimate the average recovery (80%) of REEs. The
green aspects of this methodology were evaluated using several metrics (atom economy, E-factor,
and energy consumption). The proposed process outperforms high-temperature roasting procedures
in terms of greenness; however, the REE recovery rate is lower.
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1. Introduction

Rare earth elements (REEs) refer to a group of 17 chemical elements containing 15 lan-
thanoids, scandium, and yttrium. These elements have similar properties and are found
together in geological deposits [1,2]. Regarding their occurrence and industrial application,
REEs are divided into three groups: critical (Nd, Eu, Tb, Dy, Y, and Er), non-critical (La, Pr,
Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu) [3]. Their significant classifications
are based on their geochemical characteristics and atomic numbers: light (Sc, La, Ce, Pr,
Nd, Pm, and Sm), medium (Y, Eu, Gd, Tb, and Dy), and heavy (Ho, Er, Tm, Yb, and Lu)
elements [4]. REEs are globally recognized as strategic elements because of their multiple
technological applications, including critical defense, catalysts and magnets, green energy
technology, and hybrid and electric vehicles [5,6]. One of the critical elements, neodymium
(Nd), is an essential element of the strongest magnets available and is used in hard drives
and smartphones [7]. Recycling items that contain REEs allows them to be returned. One
promising source of these elements appears to be batteries [8,9].

Each of these elements is found in natural ores at low concentrations and is distributed
unevenly worldwide. The estimated content of REEs in the Earth’s crust varies from 130 to
240 pg/g [3,10,11]. Their natural ores mostly occur in Southeast Asia; therefore, China
stands out as the main producer of REEs, with a total market share of 61% [12]. Owing to this
unequal distribution on the market, and the economic and environmental issues regarding
the availability of REEs, other countries are compelled to look for alternative sources.
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Coal fly ash (CFA) is considered a promising source of REEs, including other strategic
elements such as Ge, Ga, and Al [13,14]. CFA is a waste stream generated during com-
bustion in thermal power plants (TPPs). Through its disposal, a harmful environmental
impact is manifested by the potential release of contaminants (dominantly heavy metals)
into the water, air, and soil [15-17]. The disposal of this waste stream does not adhere to
the waste management hierarchy because it contains valuable materials [18]. It is possible
to transform this waste for different purposes, primarily as a building material [19,20], a
purification medium [21], a remediation agent [22], and for source recovery [3,23]. The
reuse of ash is completely based on the principles of the circular economy and the waste-to-
value concept.

CFA consists mostly of an aluminosilicate structure with constituents of oxides of Fe,
Ca, Na, and Mg [10,22]. Since acid leaching is the main method for REE extraction from
natural ores [24], it is also typically employed to recover REEs from other sources [25,26].
Due to the nature of the fly ash matrix, it is necessary to use more aggressive extraction
methods [27]. Previous research has shown that the roasting pretreatment effectively
destroys the crystalline phase, thereby releasing REEs by acid leaching [28,29].

A combination of methods is often used to achieve the highest possible efficiency
for REE recovery. Commonly, these include physical separation (magnetic, flotation, and
particle size distribution), acid and alkaline leaching, and pyro- and hydrometallurgical
processes (the use of NaOH, NayO,, NaCl, Na;CO3, and (NH4);SO4 under a high tem-
perature) [12]. Physical separation methods are commonly used as preparatory stages to
separate the ash fraction containing the highest REE content. Furthermore, the roasting
hydrometallurgical method is frequently employed to destroy the aluminosilicate matrix,
from which the elements are then transferred into the solution by acid leaching. In previous
studies, various chemical agents have been tested for the roasting process. Taggart et al.
investigated the use of NaOH, Nay,COj3, Ca(OH);, CaCly, and (NH4);SO4, simultaneously
optimizing the reaction temperature, after which aqueous and acid leaching (HNO3) were
performed to obtain a recovery of 90% [30]. Wen et al. combined physical separation
(sieving the ash, magnet, and density separation) and acid leaching (HCI) to increase the
overall recovery to 95.5% [31].

In this study, a dual-step consecutive process was used to extract REEs from CFA:
ultrasonic roasting followed by microwave leaching. Three sets of experiments were
performed during the optimization of the process. First, the dominant parameters for the
overall recovery process were determined by screening experiments. Second, the response
surface methodology led to optimized parameters for acid leaching. Finally, an innovative
methodology was applied to recover REEs from real coal ash samples. The greenness of
the developed methodology was also evaluated by calculating the E-factor, atom economy,
and energy consumption.

2. Materials and Methods
2.1. Chemicals and Instruments

Calcium oxide (p.a. > 95%) and sodium hydroxide (p.a. > 98%) were provided by
Centrohem d.o.o. (Stara Pazova, Serbia) and were used for the roasting process. Trace
metal analysis grade, hydrochloric acid (37%), and nitric acid (67-69%) were purchased
from Fisher Chemical (Waltham, MA, USA) and used for microwave leaching and chemical
analysis. All solutions were prepared using deionized water (18 M(-cm). Standard
Reference Material (SRM)—Trace Elements in Coal Fly Ash 1633c was purchased from
NIST (Gaithersburg, MD, USA).

For material characterization, a microscope model, OPTIKA B-193PL (Ponteranica,
Italy), was used, whereas the chemical analysis of major elements was performed using a
hand-held X-ray fluorescence (XRF) spectrometer model, Thermo Scientific Niton™ XL3t
GOLDD (Waltham, MA, USA), and Thermo Scientific model, iCAP 6500 ICP-OES. The
ultrasonic bath model, Skymen JP-031S (Shenzhen, China), was used for ultrasonic roasting.
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The bath water was externally heated to 95 °C. Microwave leaching was performed in a
microwave digestion oven model, ETHOS LEAN, from Milestone Srl (Sorisole, Italy).

Samples were roasted, leached in microwave vessels, and dried in a drying oven
model, Vims electric sswb3 (Trsi¢, Serbia). Concentrations of REEs (Sc, Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) were measured on an ICP-MS Thermo Scientific
iCAP Q instrument [32]. The Pm concentration was not measured because it is radioactive
and unstable.

2.2. Sample Preparation and Characterization

Coal fly (CFA) and bottom (CBA) ashes were collected from several thermal power
plants (TPPs) in Serbia: TPP Kostolac (CFA1, CBA2), TPP Kolubara (CFA3, CFA4), TPP
Morava (CFA5, CBA6), TPP “Nikola Tesla” TENT A (CFA7, CBAS), and TPP “Nikola Tesla”
TENT B (CFA9, CBA10, CFA11). All of the aforementioned TPPs combust lignite coal. All
of the examined ash samples were homogenized and sieved through 125 um granulation
sieves and further used in the experiments. Screening experiments and optimization were
performed with a sample of fly ash from TPP Kostolac (CFA1), whereas the conclusive
set of experiments was performed with all collected samples as well as with the standard
reference material (SRM) (NIST 1633c).

Fly and bottom ashes were screened using XRF spectrometry, whereas major and REE
elements were quantitatively determined using inductivity-coupled plasma and optical
emission spectrometry (ICP-OES) and inductivity-coupled plasma and mass spectrometry
(ICP-MS), as detailed elsewhere [16]. The morphology and particle size distribution were
determined using an optical microscope.

Quality assurance for the ICP-OES and ICP-MS measurements, including sample
preparation, was ensured by employing SRM (NIST 1633c certified standard reference ma-
terial). The analytical recovery and relative standard deviation (RSD) for the major and REE
elements measured using this SRM were in the ranges of 74-119% and 4-16%, respectively.

2.3. Design of Experiments for Process Optimization

To identify the significant variables of the process and find the optimal conditions, the
design of the experiment (DoE), which combined mathematical and statistical methods,
was used. The optimal roasting and leaching parameters for the recovery of REEs from coal
ash were determined using the Plackett-Burman experimental design and Box-Behnken
response surface methodology (RSM).

The Plackett-Burman design (PBD) enables the examination of the influence of several
different parameters that are mutually dependent [33]. To identify the main extraction
factors that affect the recovery of REEs from coal ash, a two-level PBD was used for
11 selected parameters. Roasting was selected as one of the most efficient methods to
disintegrate the ash aluminosilicate structure [28,29]. Afterward, the recovery of REEs into
an aqueous solution was carried out through an acid leaching procedure.

A screening set of 12 experiments (Table S1) was conducted to determine the sta-
tistically significant parameters for REE extraction, including the selection of digesting
techniques, temperature(s), reaction times, and quantities and concentrations of chemical
reagents for roasting and leaching [34-37]. The selected parameters and their levels are
shown in Table 1.

The following values were calculated as output parameters: atom economy, E-factor,
energy consumption, total REE concentration, and outlook coefficient (ratio of critical and
excessive elements). With the adopted data for the roasting procedure, further optimization
was performed for acid leaching. The second set of experiments was performed using a
three-level, three-factor Box-Behnken design (BBD). The BBD was used to establish an
appropriate correlation between a response parameter and the primary factors and their
interactions [38].
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Table 1. Plackett-Burman process parameters.
Parameters Symbol Low Level High
Chemical agent for roasting base NaOH CaO
Volume of roasting agent (mL) Vb 1 5
Concentration of roasting agent (M) Cp 1 10
Roasting temperature (°C) Ty 25 95
Roasting time (min) tp 10 60
Acid for leaching acid HCl HNO;
Acid volume (mL) Va 10 30
Acid concentration (M) Ca 1 10
Leaching temperature (°C) Ta 25 95
Leaching time (min) ta 10 60
Heating method for roasting H us MW

US—ultrasonic; MW—microwave.

This design was applied to investigate and validate the acid leaching process param-
eters, varying the share of HNOj3 in the HCI - HNO3 mixture (A: 0-1), temperature (T:
90-190 °C), and reaction time (f: 10-50 min). The total volume of added acids (10 mL) and
treatment in a microwave oven at 900 W were set as constant input parameters. Factor lev-
els are given as —1 (low), 0 (middle), and 1 (high) [39]. A total of 15 experiments (Table S2)
were performed in this optimization step, and the results were analyzed using the RSM
and the desirability function (D).

To find the optimal values of the process parameters based on the multiple responses
that were obtained, a multi-object optimization technique was employed using a desirabil-
ity function that leads to maximum REE extraction. The desirability function is used to
optimize processes with several response variables, where a quality level is defined for
each response [40], and the function translates several different answers into one objective
function. This function implies translating an individual answer into an individual desir-
ability function d; by ranking the obtained answers y on a non-dimensional scale from 0 for
an undesirable answer to 1 for the most desirable [33,41].

If we prefer a value closer to the maximum for a certain parameter, the individual
desirability is calculated as shown in Equation (1).

0 w lf]/ < Ymin
1 if Y2 Ymax

If a response is a target value Ti, the individual desirability is defined as follows:

0 . if Y < Ymin
(%:ymi'n) lf ymin < y < T

ymm
GG =| 1 y=T @
(Fe )™ i T <y <y
0 if Y > Ymax

If a minimum value is suitable for a certain parameter, individual desirability is
calculated as follows:

0 if Y < Yomi
w = Ymin
di = (%) if Yimin < Yy < Ymax (3)
if Y 2 Ymax

where d; is the individual desirability of the response y; (i =1,2,3, ... n), n is the number of
responses, and w is the weight of each response. In this study, all responses were equally
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weighted (=1). The set minimum and maximum values for each parameter are labeled
Ymin and Ypay, respectively. The overall desirability (D) is calculated by calculating the
geometric mean of all individually determined individual desirability values, as shown in
Equation (4) [42].

D= (d2dp ... dy)Th 4)

where r; represents the importance of each measured parameter relative to the others. In
this study, all parameters were treated equally, i.e., the r for all parameters was 1.

2.4. Recovery of REEs from Coal Ash Samples

REE recovery from 11 fly and bottom ash samples was performed under the optimal
conditions defined in the process optimization step. For each sample, 0.5 g of the <125 um
sample was measured and transferred to microwave vials. A total volume of 1 mL of 3M
NaOH solution was added to each sample, and the samples were placed in an ultrasonic
bath for 10 min, where the water was preheated to 95 °C. Afterward, microwave leaching
was performed at 174 °C for 30 min, where the volume ratio of conc. HCl and HNO3 was
1:1 for a total amount of 10 mL.

In this step, the influence of drying on the efficiency of the reaction was examined,
and three sets of experiments were performed. First, the previously optimized method of
roasting and leaching was performed. Next, the samples were dried at 110 °C overnight
after roasting, and then microwave leaching was carried out.

After leaching, all samples were washed several times with deionized water, trans-
ferred to plastic vials, and diluted to 40 mL. They were allowed to settle for 2 h, after which
a 20 mL aliquot was taken from each sample. The content of REE in the leaching solution
was determined using ICP-MS.

2.5. Greenness Evaluation of REE Recovery

Green chemistry is an emerging field that has acquired significance due to the desire
to develop chemicals and processes that are not only economically justified for use but
also environmentally friendly [43]. Twelve principles of green chemistry are stated, the
application of which intends to move toward sustainable manufacturing and further
development. This study considers three principles of green chemistry: waste prevention,
which is expressed through the E-factor (environmental factor); atom economy; and energy
efficiency design.

The first principle indicates the importance of waste prevention. This parameter is
quantified by determining the E-factor, which indicates the greenness of the method that
determines the amount of generated waste (byproducts, leftover reactants, solvent losses,
and catalysts) concerning the desired product. Its ideal value is zero and values close to
zero [44].

The percentage of reactants that becomes the intended product is indicated by atom
economy, also known as atom efficiency. In green chemistry, this number should be as close
to 100% as possible [45]. This alludes to the idea of using raw materials to maximize the
amount of reactants in the final product.

Energy use and efficiency are important parameters for the industrial application
of processes. To potentially commercialize this process, the use of electrical energy was
monitored as an output parameter for each of the presented experiments.

3. Results and Discussion
3.1. Characterization of Samples

All of the fly and bottom ash samples were analyzed using an optical microscope to
determine the particle size distributions. Figure 1 shows the main structural differences
in the selected fly and bottom ash particles under a microscope. All analyzed samples are
shown in Figure S1.
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Figure 1. Microscopic images of coal fly and bottom ash samples.

A microscopic analysis of the coal fly and bottom ash samples showed that the samples
differed greatly from each other. The fly ash samples were characterized by a granular
structure, and the particles were more spherical in shape. The particles are also charac-
terized by different colors, from yellow and orange to gray and black. Spherical particles
with a glassy structure were also observed. The different colors of the particles indicate
the heterogeneous structure of the ash as they are mutually constructed from different
oxides [46]. Bottom ash particles are much less uniform and mostly have an irregular
structure with a distinctly black color.

Understanding the proportion of the examined particle classes in the overall mass of
ash is crucial for determining the economic viability of recovering essential components.
Furthermore, the potential of using ashes for further applications is greatly influenced by
their particle sizes [47]. The cumulative particle size distribution was determined using an
optical microscope, and the results are shown in Figure 2.
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Figure 2. Particle size distribution of analyzed coal fly and bottom ash samples.

The sizes of the particles vary in the range from a few micrometers to a few millimeters.
The cumulative distribution indicates that the particles of different fly and bottom ash
samples are mostly represented in the range from 100 to 350 um, as for all samples in this
segment, the greatest growth was recorded. Another noticeable trend is that bottom ash
particles (samples CBA2, CBA6, CBAS, and CBA10) are slightly larger than fly ash particles
(samples CFA1, CFA3, CFA4, CFA5, CFA7, CFA9, and CFA11). The bottom ash sample
CBAS contains the largest particles, whereas the fly ash sample CFA1 contains a larger
proportion of small particles. The values of D50 and D90 for each sample are shown in
Table S3. The D50 values vary in the 114-282 um range, whereas the D90 values have a
range of 246—-664 pm.
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The results of portable XRF screening (Figure 3) are shown for the blank, 11 ash
samples, and SRM. The investigated ash samples are characterized by Ca, Fe, Ni, As,
Rb, Sr, and Y peaks, whereas the blank shows distinguished peaks of Cl, Zn, Nb, and
Mo. All samples have the highest Fe peak, followed by Sr, which is also represented to a
significant extent. The CFA3, CFA4, CFA5, CFA7, CBA8, CFA9, CBA10, and SRM samples
are also characterized by a significant As peak, whereas in sample CFA3, it is by far the
most pronounced. Calcium and nickel were evenly detected in all test samples. This XRF
screening analysis is not the method of choice for determining the chemical composition of
coal ash samples. However, it is rather helpful for a fast field analysis of sample patterns.
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Figure 3. XRF screening of coal fly and bottom ash samples.

The concentrations of the major elements in the ash samples measured using ICP-OES
are presented in Table 2. The fly ash samples stand out due to their high dominance of
5i0; and Al,Os, distinguishing them from the bottom ash samples. Bottom ashes are
characterized by their lower mineral contents. Across the studied samples, the average
major element contents have the following descending sequence: Si > Al > Fe > Ca > K
> Mg > Na~Ti. It is noteworthy that sulfur is usually present in coal ash as a major element,
but it was not quantified in this study. The reason for this is that sulfur was not interesting
for recovery, and sulfuric acid was also a candidate as an acid leaching agent. The REE
concentrations in the studied fly and bottom coal ashes measured using ICP-MS after
alkaline fusion sample preparation are given in Table S4.

Table 2. Major element contents of fly and bottom coal ash samples (%).

No. 5102 A1203 F8203 K20 CaO MgO TiOZ NaZO LOI

CFA1 46.4 229 10.4 3.1 53 24 0.6 1.4 6.6
CBA2 18.1 11.5 3.4 1.2 23 0.9 0.3 0.6 59.1
CFA3 46.6 25.0 74 3.8 4.5 2.6 1.0 1.3 6.9
CFA4 58.6 19.0 6.3 45 4.6 1.6 0.6 0.9 2.0
CFA5 519 24.1 6.1 4.0 5.6 1.5 0.6 2.0 2.6
CBA6 19.1 10.0 3.1 1.2 1.3 0.8 0.3 0.4 62.4
CFA7 49.1 26.1 24 6.3 72 4.6 0.8 0.7 1.6
CBAS 33.3 23.6 3.8 42 49 24 0.7 0.7 249
CFA9 54.0 24.8 54 4.1 4.0 21 0.8 0.7 1.9
CBA10 27.7 15.7 42 25 1.4 1.0 0.5 0.4 43.3
CFA11 499 28.2 7.5 45 25 1.7 0.8 0.8 11

SRM 46.8 27.6 10.4 6.4 1.3 0.8 1.2 1.0 3.3
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3.2. Experimental Design Optimization of Coal Ash Roasting and REE Leaching
3.2.1. Screening Experiments—Plackett-Burman Design

In this set of experiments using the PBD, 11 parameters were evaluated and investi-
gated in 12 experiments. The REE recovered, outlook coefficient, E-factor, atom economy,
and energy consumption were considered as output parameters of the PBD. The values for
each set of experiments are shown in Table 3. The total REE concentration for the examined
sample was 152 mg kg .

Table 3. Response parameter values for PBD experiments.

REE Outlook Atom Energy.
No. of Exp. Recovered Coefficient E-Factor Economy (%) Consumption
(mgkg1) y e (Wh)
1 454 1.01 54.9 1.82 785
2 20.5 1.08 594 0.17 625
3 2.04 10.3 2398 0.04 25
4 42.5 0.98 72.7 1.37 1800
5 20.7 1.07 92.6 1.08 468
6 30.3 1.14 254 0.39 325
7 37.0 1.01 131 0.76 1825
8 39.3 0.99 508 0.20 385
9 24.6 1.21 892 0.11 118
10 30.7 1.08 48.1 2.18 85
11 4.37 3.44 1707 0.06 435
12 11.8 1.08 18,553 0.54 325

The outlook coefficient represents the content ratio of recovered critical and excessive
elements. It is important to consider the economic profitability of REE recovery. The higher
the value of this coefficient, the higher the expected profitability, as critical REEs have a
higher price than excessive ones [48]. For the analyzed samples, this parameter is very
favorable. It varies in the range of 0.98-10.3, indicating that there is a high content of critical
elements in the total REE concentration.

The obtained range of values for the E-factor for the PBD experiments is 48.1-2398,
which does not follow the principles of green chemistry. Table 3 shows that the value
of the atom economy is also unfavorable, as the highest calculated value is 2.2%, while
the lowest one is only 0.04%. This result is expected, as the REEs in ash are found in low
concentrations.

All independent process parameters were further analyzed using the Pareto diagram
(Figure 4) and the main plots (Figure S2). The Pareto chart is a simplified graphical
representation of the impacts of factors that makes it easier to compare the effects of various
variables on responses and understand their effects.

The results show that the recovery of REEs from coal ash is mainly influenced by
three parameters: the selection of a reagent for roasting (A), its concentration (D), and the
duration of the acid leaching step (K). Because sodium hydroxide (NaOH) is a stronger
base and more soluble in water, it performs significantly better when used as a roasting
reagent than calcium oxide (CaO). Other studies have confirmed this [26,30].

Insoluble compounds that are part of the coal ash structure, such as magnetite (Fe,O3),
quartz (5i0;), corundum (Al,O3), and mullite (3A1,03-25i0,), are transformed into water-
and acid-soluble silicates (Na;SiO3), aluminates (NaAlO,), and aluminosilicate (NaAlISiO,)
during the roasting process with NaOH [49]. These reactions are shown in Equations (5)—(9):

2NaOH(s) + Al,O3(s) = 2NaAlO;(s) + H,O(g) (5)

2NaOH(s) + SiO;(s) = NaySiO3(s) + H,O(g) (6)
NaAlO;(s) + SiO,(s) = NaAlSiO4(s) (7)
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6NaOH(s) + 3A1,03-25i05 (s) = 2NaAlSiO,(s) + 4NaAlOs(s) + 3H,0(g)  (8)

2NaOH(s) + Fe;O3(s) = 2NaFeO,(s) + H,O(g) 9)
Term
A |
D
Factor Name
K A base
B B Vi
€ Ts
E D Gy
G E ty
F acid
F G Vo
H To
= J Co
H K ta
c L H
J
0 5 10 15 20

Effect

Figure 4. A Pareto chart of the effects from the screening experiments (response is REE; a = 0.05).

The results indicated that a lower concentration of the chemical agent for roasting
is more suitable for recovery. In the leaching step, acids first neutralize the solution and
then extract REEs from the ash structure. Regarding the duration of leaching, a longer time
showed better results, which implies that 10 min is not enough for total recovery.

Regarding the outlook coefficient, the acid leaching duration was the most important
factor for recovering critical REEs, followed by the base concentration and roasting time.
While a longer reaction time is better for acid leaching, a shorter reaction time is better for
roasting. A greater base concentration favors this process.

The concentration, volume, and the type of roasting reagent were the most influential
parameters for the E-factor value. The sustainability of this process is demonstrated in
the possibility that, in addition to the recovery of REEs, which is the focus of this work,
it is possible to increase the recovery of Al and Si, which make up the largest part of the
ash matrix, thus reducing the residual raw material [12,26]. Water leaching is shown to
be an efficient process for dissolving sodium silicate products; therefore, the glassy phase
is turned into a porous structure during this process. Their removal before acid leaching
improves mass transfer, and acids diffuse more easily into the particles, thereby dissolving
residues and REEs. In addition to recovering these significant raw materials, this step
reduces the amount of acid required for further REE extraction [49]. The results indicate a
favorable association between the recovery of Al and REEs, which may serve as an indicator
of the potential recovery of REEs relative to Al. Similarly, the Al concentration may predict
the REE content [26].

Analyzing the atom economy values in the PBD analysis showed that for the efficient
conversion of reactants into desired products, the most important parameter is the acid
concentration following the selection of the roasting reagent and its concentration. The
higher the concentration, the larger the amount of residual products; in this regard, a
lower concentration favors increasing the value of the atom economy. The selection of
the roasting reagent is the second most important parameter when examining the atom
economy as an output parameter. In this instance, NaOH also proved to be a better option.
This result is explained by the larger molar mass of CaO (56.1 g/mol) compared with that
of NaOH (40.0 g/mol); thus, for the same concentration and added volume, the mass of
CaO is greater.

The duration of alkaline roasting was the most important characteristic in terms of
energy use, which makes sense given that the longer the reaction, the more energy is used.
It is noteworthy that the energy savings in US roasting is significantly improved compared
with high-temperature ash roasting.
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For the total response calculation, all parameters are weighed equally and given the
same importance. For the total REE concentration, outlook coefficient, and atom economy,
the maximum values are desired, whereas for the E-factor and energy consumption, the
minimum values are desired. Accordingly, the optimized ultrasonic roasting was set up at
95 °C for 10 min, where the ratio of ash mass to 3M NaOH was 0.5:1 (m/V). A volume of
10 mL was adopted for the acid leaching step, while the acid type, temperature, and time
were optimized in the next step.

3.2.2. Response Surface Methodology—Box—Behnken Optimization

The adopted values of the selected parameters from the PBD were used as constants
in further optimization. Within the Box-Behnken analysis, the acid leaching process was
optimized in 15 experiments. Three selected variables, leaching temperature, time, and
added acid(s) were investigated at three levels. The optimal conditions were determined
by applying the response surface methodology (RSM) (Figure 5).
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Figure 5. Response surface plots: (a) acid and temperature, (b) acid and time, and (c) time and tem-
perature.
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When all other parameters are held constant, three-dimensional response surfaces and
contour plots are more useful for comprehending the main and combined impacts of the
two elements [50]. The regression equation for the surface plots is as follows:

D=-1.58+0.0222 x T + 0.0162 x time + 1.17 x acid — 0.000064 x T x T — 0.000183 x time x time — 1.138 acid x
acid — 0.000017 x T x time + 0.00079 x T x acid — 0.0045 x time x acid.

The shape of the response surface in Figure 5a shows an upward trend when the
temperature is increased from 90 to 190 °C. Regarding the influence of the acid used,
the graph indicates the existence of an optimal value. Mutual influence showed that the
temperature affected the process to a greater extent. Figure 5b illustrates the same trend for
the added acid as a peak that can be clearly distinguished. On the other hand, the reaction
time is less important. Extending the reaction time can increase the efficiency of the process
to a certain extent; however, because this difference is not significant, it is necessary to
determine the optimal value for the process. The mutual influence of the temperature and
reaction time on acid leaching is shown in Figure 5c, which shows that the influence of the
reaction time is almost negligible, whereas the trend of increasing reaction temperature
causes a sharp jump in the curve. After the analysis of the response surfaces, the optimal
values of each parameter were adopted on the basis of the desirability graphs shown in

Figure 6.
Optimal 9; . ‘5'3‘3 ad;
i ig 190.! 3 1
D:0.9137 Ci [173.8384] [30.2020] [0.5152]
Low 90.0 10.0 0.0
D
Maximum
y = 0.8989
d =091371

Figure 6. Box-Behnken design—desirability graphs.

An analysis of the desirability graph showed that the optimal conditions for the acid
leaching procedure were performed at 174 °C for 30 min, where the volume ratio of conc.
HCl and HNO3; was 1:1 for a total amount of 10 mL.

3.3. Recovery of REEs from Coal Fly and Bottom Ashes

The recovery of REEs from 11 coal fly and bottom ash samples was examined at the
optimal conditions previously determined in the process optimization step.

The effects of drying processes after roasting did not show a notable contribution to
the increase in REE recovery. As their application requires energy consumption, the first set
with successive ultrasonic roasting and microwave acid leaching processes was adopted
as optimal.

Table 4 shows the total concentration of REEs for the studied samples of fly and bottom
ashes and SRM, as well as the outlook coefficients and contents of critical, non-critical,
excessive, light, medium, and heavy elements.
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Table 4. Total REE concentration (mg kg~'), total REE recovered (mg kg~1), portion of recovered
REEs (%), outlook coefficient, and contents of critical, non-critical, excessive, light, medium, and
heavy elements for examined ash samples and SRM (NIST 1633c).

No.of  Total REE  10tal REE - . : : :
Samol (me ke—1) Recovered R (%) Outlook Critical Non-Critical Excessive Light Medium Heavy
ple g Kg (mg ke—1)
)

CFA1 152 115 76 0.88 34.6 26.6 39.5 91.3 20.7 34
CBA2 107 62.4 58 0.92 19.4 14.3 21.1 48.5 12.0 2.0
CFA3 83.6 73.7 88 0.79 21.7 19.1 27.4 59.6 12.4 1.7
CFA4 300 267 89 0.74 75.2 71.0 102 221 40.8 5.6
CFA5 190 154 81 0.77 44.0 39.2 57.5 127 24.0 34
CBA6 161 117 73 0.75 32.6 29.7 43.3 96.4 17.9 2.6
CFA7 282 254 90 0.72 70.4 66.7 97.3 212 37.3 52
CBAS8 138 116 84 0.79 341 30.0 43.0 93.5 19.5 29
CFA9 262 209 80 0.80 61.4 54.0 77.2 170 34.5 5.0
CBA10 156 116 74 0.72 31.6 31.2 44.2 96.4 17.2 24
CFA11 206 178 86 0.77 51.0 46.4 66.2 146 28.2 39
SRM 448 378 84 1.06 137 88.6 130 277 88.4 12.1

The analysis of the samples showed that the total content of REE varied in the range
of 62.4-117 mg kg~ ! for bottom ash and 73.7-267 mg kg~! for fly ash. For all thermal
power plants, a significantly higher REE content is found in fly ash than in bottom ash.
The SRM has a concentration of 378 mg kg~!, which is significantly higher than that of
the other samples. This difference may be because SRM particles (75 um) are significantly
smaller than the examined ash particles (125 um). This result indicates that it is necessary
to investigate the effect of particle size on REE recovery [51]. The highest recovery of
REE from ash samples was achieved for fly ash originating from TPP Kolubara (CFA4),
followed by TPP “Nikola Tesla” TENT A (CFA7) and TPP “Nikola Tesla” TENT B (CFA9).
These values are 267, 254, and 209 mg kg, respectively. The smallest concentration was
achieved for the bottom ash sample originating from TPP Kostolac (CBA2) at 62.4 mg kg~ !,
followed by the fly ash sample originating from TPP Kolubara (CFA3) at 73.7 mg kg~ '.
The remaining bottom ash samples, TPP Morava (CBA6), TPP “Nikola Tesla” TENT A
(CBAS), and TPP “Nikola Tesla” TENT B (CBA10), had similar concentrations, namely
117 mg kg !, 116, and 116 mg kg !, respectively. The total recovery expressed over the
total concentration obtained by alkaline fusion for all 11 examined ash samples and SRM
varied in the range of 58-90%, with an average value of 80%.

Regarding the division of REE into critical, non-critical, and excessive elements for all
samples, the content of excessive elements is higher than that of critical elements. In this
regard, the outlook coefficient varies in the range of 0.72-0.92. This relationship favors the
economic justification of the recovery method. Regarding the SRM, the value of the outlook
coefficient is greater and amounts to 1.06. Using the outlook coefficient, the market value
and appraisal of REE-bearing ores are assessed. The higher the value of this coefficient,
the higher the profitability of the exploitation of a given source of REE. The results show
satisfactory values of this coefficient, and if we consider that there are no additional mining
costs, the investigated ash samples can be potentially economically justified alternative
sources of REE [14].

The analysis of the distribution of REE as light, medium, and heavy elements in the
studied samples showed that the recovery of these elements and their contents in the
samples are directly related to their atomic masses. Thus, the highest concentrations in all
studied samples were recorded for light elements, where the total concentration varied in
the range of 48.5-221 mg kg ™!, with an average value of 124 mg kg~!. This is followed
by concentrations for medium REEs in the range of 12.0-40.8 mg kg ! and a mean value
of 24.0 mg kg~!, and finally, for heavy elements with significantly lower concentrations
in the range of 1.7-5.6 mg kg~! and a mean value of 3.5 mg kg~!. Light REEs account
for an average of 81% of the total concentration of recovered elements. For the SRM, all
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examined values were greater, namely 277 mg kg~ !, 88.4 mg kg~!, and 12 mg kg~ for
light, medium, and heavy elements, respectively. The same abundance trend was recorded
in the groundwater near the ash landfill [52].

In addition to analyzing the total recovery of REEs, an analysis of individual elements
was also carried out. Figure 7 shows the mean values of REE recovery per individual
element for 11 examined ash samples with standard deviations. The critical elements are
marked in red, and all others are marked in blue. The concentrations of recovered elements
per sample are given in Table S5.
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Figure 7. Average concentrations of recovered REE with standard deviations for examined ash samples.

The average concentrations of REEs were in the following order: Ce (54.2 mg kg™ 1), La
(24.7 mgkg~1),Nd (21.8 mg kg 1), Y (15.6 mg kg 1), Sc (12.8 mg kg 1), Pr (5.78 mg kg~'), Sm
(439 mgkg 1), Gd (4.04 mg kg~ 1), Dy (3.13 mg kg '), Er (1.46 mg kg '), Yb (1.17 mg kg 1),
Eu (0.84 mg kg~ 1), Ho (0.44 mg kg~ 1), Tb (0.43 mg kg '), Tm (0.20 mg kg~ !), and Lu
(0.17mg kg~1). The most abundant element for all samples was Ce, accounting for
32.0-37.1% of the total REE concentration.

The highest recovery for each sample was achieved for cerium (Ce), which is expected
if we consider that it is the most abundant REE element in the Earth’s crust [53]; its
concentration varied in the range of 20.0-98.5 mg kg ! with a standard deviation of 54.2.
The lowest return was achieved for lutetium (Lu), 0.09-0.27 mg kgfl, with a standard
deviation of 0.06. The critical element recovered to the greatest extent was neodymium
(Nd), with a range of 8.28-39.6 mg kg~ ! and a standard deviation of 21.8.

The standard deviation follows the recovery trend, so it is the greatest for the most
leached element, Ce, and the smallest for the least leached element, Lu. Such large standard
deviations indicate that the structure of the ash itself has a significant influence on the
extraction of rare earth elements.

3.4. Green Aspects: E-Factor, Atom Economy, and Energy Consumption

The values of the E-factor and atom economy determined in the experiments per-
formed in the process optimization step (initial) were influenced by the mass of reactants,
whereas in the set of experiments with 11 ash samples (final), these values were only af-
fected by the total concentration of the recovered REEs (Table S6). The value of the E-factor;
varies in the range of 48.1-2398, whereas the range for the E-factor; was 28.0-123. These
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values indicate that the optimized method is more suitable not only for a higher recovery
of REE, but is also environmentally justified for application, considering that a smaller
amount of waste material is generated compared with the original experiments.

The value of the atom economy was also more favorable for the final set of experiments
(0.81-3.45%) than for the initial set (0.04-2.18%). In general, the value of the atom economy
in all experiments did not show favorable values because the percentage return was very
small; in the best case, it was 3.45%. However, such results can be explained by the very
low content of these elements in fly ash in relation to its total mass, which is the value of
the atom economy.

Regarding energy consumption for the initial set of experiments, the values varied in
the range of 25-1825 Wh, with an average value of 600 Wh. In the final experiments, the
total energy consumption was 963 Wh. Although the final energy consumption is slightly
higher than the average consumption for the initial set of experiments, this value is justified
for use.

To strengthen environmental protection, reducing the amount of acid and alkali waste
generated is desirable. By optimizing the process (using the minimum required chemicals),
carrying out waste exchange (using waste acid to neutralize alkali waste), and recycling
(turning used hydrochloric acid and calcium hydroxide sludge into calcium chloride), it is
possible to reduce the amount of waste requiring disposal [54,55].

The total REE content in the analyzed samples was in the range of 83.6 to 300 mg kg ~!.
An average recovery of 80% was achieved by applying the developed method. The outlook
coefficient varied in the range of 0.72-0.92. According to the data for 2023, the prices of
REE vary in a wide range; the La and Ce oxides are valued at USD 1 per kg; for Eu, Nd,
and Dy oxides, the prices are USD 27, 80, and 323 per kg, respectively. The most expensive
is Tb oxide, costing USD 1300 per kg [56]. Regarding the available reserves of coal fly ash
in Serbia, the current amount of deposited ash is more than 200 million tons. Considering
that CFA does not carrys mining cost, this source could be potentially viable from both
economic and environmental viewpoints.

4. Conclusions

A dual-step methodology involving ultrasonic roasting followed by microwave acid
leaching was used to extract REEs from fly and bottom coal ash samples. The Plackett-
Burman design was used for the initial set of experiments to evaluate the parameters that
were significant for the process. After adopting the roasting parameter setup, the acid
leaching procedure was optimized using the Box-Behnken design. The response surface
methodology and desirability function emphasized the optimal acid leaching values. The
optimized ultrasonic roasting was set up at 95 °C for 10 min, where the ratio of ash mass
to 3M NaOH was 0.5:1 (m/V). For the acid leaching procedure, optimal conditions were
reached at 174 °C for 30 min, where the volume ratio of conc. HCl and HNOj3 was 1:1.

The effectiveness of the procedure was tested, resulting in an average recovery of
80%. Higher recoveries were achieved for fly ash than for bottom ash samples, and
they varied in the ranges of 73.7-267 mg kg ! and 62.4-117 mg kg~ !, respectively. The
outlook coefficient results (0.72-0.92) indicated the presence of a significant amount of
critical elements. Light REEs account for 81% of the total concentration of recovered REE
elements. At the individual level, the highest average recovery values were achieved for
Ce (542 mg kg 1), La (24.7 mg kg 1), and Nd (21.8 mg kg~ !), whereas the lowest recovery
values were achieved for Tb (0.43 mg kg~ !), Tm (0.20 mg kg !), and Lu (0.17 mg kg 1).

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/met14040371/s1, Table S1: Plackett-Burman design for screening set of
experiments; Table S2: Box-Behnken design for response surface methodology set of experiments;
Table S3: The D50 and D90 values for the studied coal ash samples (um); Table S4: Total REE content
in studied fly and bottom coal ashes after alkaline fusion (mg kg_l); Table S5: REE content recovered
from fly and bottom coal ashes (mg kgfl); Table S6: Green metrics for initial (i) and final (f) sets
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of experiments; Figure S1: Microscopic images of coal fly and bottom ashes; Figure S2: Main plot
analyses for screening experiments (response is REE content, mg kg™1).
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