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Abstract:

Rare earth elements (REE) are frequently referred to as ingredients for enhancements
in modem industry, as they are extensively applied in many industrial branches due to their
accented electro-magnetic and optical properties. REE have end-utilizations as catalysts,
magnets, and as dopants for ceramic materials. Rare earth minerals are scarce therefore the
unconventional REE-containing resources such as waste materials and industrial byproducts
are continuously being investigated. Coal combustion products comprise REE concentrations
varying between 200 ppm and 1500 ppm. This quantity can be isolated though the extraction
procedure. In this study, the five stages extraction was conducted on the coal combustion ash
from the selected land(fill site. The extractions of 32 elements (As, Ga, Ce, Be, Ge, Nd, Cr, Zr,
Eu, Cu, Nb, Gd, Co, Mo, Dy, Li, Ag, W, Mn, Cd, Au, Ni, In, Hg, Pb, Sn, Tl, V, Sb, Th, Zn, and
La) were conveyed. Chemical analyses were conducted via XRF, ICP-OES, ICP-MS, and AAS
techniques. The complexity of the obtained data was examined by Principal component
analysis and Cluster analysis in order to derive interconnections between quantity of elements
and landfill characteristics, as well as mutual relationships among the elements of interest,
and to assess the accomplishment of REE recovery from the coal ash.

Keywords: Powdery materials; Industrial byproduct; Chemical extraction; Analytical
modeling; Dopants for ceramic materials.

1. Introduction

The ash generated as a by-product of the coal combustion in power-plants represents
a huge ecological and financial peril. According to the information provided by Ecoba,
approximately 40 million tons of coal combustion products (CCP) are annually produced in
the European Union [1]. Within the EU, the reutilization rate for fly ash in the construction
industry is currently at approximately 43 %, for bottom ash around 46 %, and for boiler slag
is 100 % [1, 2]. The rest of CCP ordinarily finishes its life-cycle at the waste materials depots.
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Improperly arranged and maintained landfills are potential source of environmental pollution,
which includes soil and ground-water contamination due to the leaching of the toxic matter
from CCP [3-8]. Thereby, the management of CCP and revitalizing it from a waste material
into useful resource became one of the most important quests in the contemporary scientific
researches. The investigations are taking place in multiple fields, since the coal ash can be
utilized in cement production [9-12], building composite materials [13-15], ceramics [ 16, 17],
and geotechnical applications [18, 19].

Upon the combustion, the mineralogical composition previously present in the coal
remains approximately the same in the produced ash. Generally, the chemical and mineral-
phase composition, as well as the proportion of the fly ash in the total amount of the CCP
depends on the type of the combustion process and the applied type of fuel [20-22]. The
coarse fractions of the CCP are being released at the boiler bottom. The fine fractions, i.e. fly
ash, are scooped from electro-filters where they have been taken by combustion exhaust gas.
Even though the chemical composition of the coal ash depends on the coal, fuel and the
combustion process applied, the majority of the researches came to the mutual agreement that
silicon, aluminum, calcium and iron participate as the CCP’s predominant chemical elements
[23-25]. The carbon content exhibits the highest dependence on the characteristics of the
combustion procedure. Analogously, the loss on ignition (Lol) can significantly vary — from
1 % to over 20 % (tolerable value of Lol in the civil engineering industry is 5-9 %). Besides
the main elements (Si, Al, Fe, and Ca) usually bonded in the form of oxides, and organic
matter, CCP comprises a number of trace elements, i.e. heavy metals and rare earth elements
(REE) [26, 27]. These compounds found in traces remain in the ash structure regardless of the
classification, milling or beneficiation procedure applied [28-30].

Rare earth elements are a group of seventeen chemical elements that include all
lanthanides, and additional - scandium and yttrium. The REE are highly important materials
which are utilized in a wide range of either commercial or military applications [31, 32].
Namely, these resources are used in the communications sector, energy production,
environmental protection and national security [32, 33]. Due to their accented electro-
magnetic and optical properties, REE are the most commonly applied as doping agents in
ceramic and composite materials which are then employed in lasers, catalysts, permanent
magnets, rechargeable batteries, etc. [33-37]. Since the world’s reserves of rare earths are
scarce, each of the secondary products that comprise these elements is highly evaluated.
Usable presence of REE in the waste materials such is coal ash was first noticed in 1930°s by
Goldschmidt, and since then a wide specter of combined enrichment and extraction
technologies has been applied to the coal based industrial byproducts [32, 38].

Recovery of the valuable REE from the coal combustion ash is an expensive
procedure. Extenuating circumstance is that landfilled coal combustion products otherwise
would be treated as a waste material and a potential source of pollution. The employment of
these byproducts in the recovery of REE provides them with a new market value. Upon
identification of the coal combustion products on a landfill site, and subsequent assessment of
the material with the highest rare earth elements concentration, the byproducts are submitted
to the extraction procedure. The REE extraction is usually conducted in several stages [39-
43]. The length and cost of the extraction procedure requires precise planning and assessment
of the obtained results in order to determine the cost-effectiveness of each extraction phase.
Therefore, chemometric approach has been used in this investigation. Pattern recognition
techniques (Principal Component Analysis - PCA and Cluster Analysis - CA) were applied to
the experimental data (used as descriptors) to characterize and differentiate among the
observed samples. The goal of the investigation was to develop an environmentally benign
and economically competitive technology to extract REE from the unconventional resource
and thereby secure domestic supply of these critical materials.
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2. Materials and Experimental Procedures

The coal combustion ash was obtained from the landfill of TENT-A power-plant in
Serbia. The locations of the boreholes were decided upon assessment of the possibilities of
access and immediate exploitation. The sampling of the ash was conveyed at different
positions on the landfill. Various sampling depths were used. Superficial samples (i.e., ash
sampled from the depths less or equal to 50 cm) were unattended due to the heterogeneity
caused by atmospheric impact. The samples from the bottom of boreholes were also excluded
from the consideration in the experiment, due to the contamination of the coal ash with the
soil. The analytical sample was taken from the borehole’s core and prepared for the further
analyses via standard quartering method. A total of 500 ash samples were obtained from
TENT-A landfill. The boreholes positions (x) were: 4, 7, 12, 15, 19, and 22. Depths of the
sampling positions (y) for each borehole were: 5, 10, 15, and 19 m. Thereby, the coal ash
samples were labeled as Bx-y: B4-5/10,15,19; B7-5/10,15,19; B12-5/10,15,19; BI15-
5/10,15,19; B19-5/10,15,19; and B22-5/10,15,19 (Fig. 1).

Fig. 1. Positions of the boreholes on the TENT-A landfill (source of the image Google Maps).
2.1 Sequential extraction procedure

Sequential extraction of REE from the coal combustion ash comprised five stages:

Stage 1 (SI): ash samples (100 g) were placed in the glass flasks filled with 900 ml of
1M ammonium acetate solution. The flasks were set on a laboratory rotary mixer. The pH
value of the prepared solution was 7. The control testing solution comprised the extraction
agent (900 ml). The duration of the extraction procedure was 120 min. Upon conducted
extraction the samples were rested for 12 hours in order to achieve better phase separation.
The liquid phase was filtrated. The solid residue was leached with water until the negative
reaction on ammonium ions was established. The solutions were concentrated up to 400 ml.
The procedure was conveyed at temperatures below the boiling point. Afterwards the
solutions were poured into a volumetric flask and diluted up to 500 ml. Thus obtained
samples were flowed into plastic flasks and hermetically sealed. The residue was returned into
the starting glass flask.

Stage 2 (SII): the residue from the SI was diluted with 400 ml of 0.2 M
hydroxylamine hydrochloride and 0.02 M hydrochloric acid. The pH value was set at 4 with
the use of 0.6 M hydrochloric acid. The control testing solution comprised the extraction
agent (800 ml). The extraction was conducted on a rotary mixer during 12 hours with
periodical opening of the flasks in order to acquire the atmospheric pressure balance. Upon
extraction, the suspensions were immediately filtrated, and the solid residue was leached with
water until the negative reaction on ammonium ions was established. Obtained solutions were
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concentrated up to 400 ml, diluted to 500 ml and then poured into hermetically sealed plastic
flasks. The residue was returned into the starting glass flask.

Stage 3 (SIID): 400 ml of 0.4 M oxalic acid and 0.4 M of ammonium oxalate were
added to the suspension from the SII. The control testing solution contained adequately
concentrated extraction agent (800 ml). The extraction was conducted manually during the
initial 3 hours. Each procedure lasted for 1 min and was repeated at 10 min intervals, with the
opening of the flasks for atmospheric pressure balance to be acquired. Afterwards, the
extraction was continued on the rotary mixer for another 7 hours. The suspensions were then
rested for 12 hours in order to achieve better phase separation. The filtration and residue
leaching were conducted in the exactly the same manner as in the previous stages, i.e. until
the negative reaction on oxalates was established. The obtained solutions were concentrated
up to 400 ml, diluted to 500 ml and poured into hermetically sealed plastic flasks. The
residues from the filter were transferred into a beaker (2 1) by leaching with 120 ml of 0.02 M
nitric acid and 80 ml of water.

Stage 4 (SIV): 100 ml of 30 % hydrogen peroxide acetified with nitric acid up to
pH 2 was added to the beaker which contained the suspension from the SIII. The control
testing solution comprised acidic solution of hydrogen peroxide. The beaker was covered with
a watch glass and treated for 120 min in a heated bath at 85 °C, with periodical mixing. Then,
additional 60 ml of the acidic hydrogen peroxide solution was added and the suspension was
heated for another 3 hours with occasional stirring. Upon cooling, in order to conduct
desorption, 100 ml of 3.2 M ammonium acetate was added to the solution. Required
concentration (1 M) was obtained by adding water up to 500 ml. The suspensions were mixed
on a rotary mixer for 30 min, after which they were rested for a minimum of 12 hours.
Filtration and leaching were conducted using the same principle from the previous phases
(i.e., negative reaction on ammonium ions). The obtained solutions were concentrated up to
400 ml, diluted to 500 ml and poured into hermetically sealed plastic flasks.

Stage 5 (SV): 5 g of dried residue from the SIV was mixed with 20 ml of
concentrated nitric acid, 10 ml of concentrated hydrochloric acid and 20 ml of concentrated
hydrofluoric acid. Precipitation was carried out for 120 minutes at 140 °C. Upon cooling, the
suspension was heated up to 210 °C, and then re-suspended in 50 ml of 0.5 M chloric acid.
The solutions were filtrated and poured into volumetric flasks, diluted up to 100 ml and
transferred into hermetically sealed plastic flasks.

2.2 Instrumental methods

Four analytical techniques were employed: X-ray fluorescence (XRF), inductively
coupled plasma optical emission spectrometry (ICP-OES), inductively coupled plasma mass
spectrometry (ICP-MS), and atomic absorption spectroscopy (AAS). The XRF technique was
used on the solid samples, i.e. the initial powdery ash. AAS and ICP techniques used the
diluted ash samples. The following targeted trace elements were investigated: As, Ga, Ce, Be,
Ge, Nd, Cr, Zr, Eu, Cu, Nb, Gd, Co, Mo, Dy, Li, Ag, W, Mn, Cd, Au, Ni, In, Hg, Pb, Sn, Tl,
V, Sb, Th, Zn, and La.

X-ray fluorescence analysis was conducted on an XRF spectrometer (ED 2000,
Oxford). The initial ash powdery samples were pressed into solid pellets with 2.5 cm
diameter. A reference material SRM 1633b NIST was used for the calibration. Atomic
absorption spectroscopy of the diluted samples was performed via AAS spectrometer (3100,
Perkin Elmer). Inductively coupled plasma optical emission spectrometry was performed on
an ICP-OES spectrometer (SPECTRO BLUE TI - SPECTRO Analytical Instruments GmbH).
Inductively coupled plasma mass spectrometry measurements were conducted on an ICP-MS
apparatus (iCAP Q, Thermo Scientific X series 2). For the calibration, a multi-element ICP
standard (Roth Carl) and periodic table mix 1 ICP were used. The metal elements were
detected using standard reference materials: SRM 1633b NIST, SRM 2689 NIST, 2690 NIST,
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2691 NIST, and CRMO12 - Sigma-Aldrich. RTC standard reference material 1633c (NIST)
were digested in triplicate and analyzed to acquire the quality assurance. All measurements
(obtained in triplicate) were expressed as a mean value with standard deviation.

2.3 Statistical analyses

Principal component analysis (PCA) was used to discover the possible correlations
among the measured parameters. PCA is a central tool in exploratory data analysis. It is a
multivariate technique where data are transformed into orthogonal components that are linear
combinations of the original variables. PCA is done by Eigenvalue decomposition of a data
correlation matrix. The first component has the largest possible variance in this
transformation. The analysis is used to achieve maximum separation between parameter
clusters [44]. This approach, evidencing spatial relationship between processing parameters,
enabled a differentiation between different samples. Cluster analysis (CA) is used to classify
objects into groups. The cluster analysis of the samples is illustrated as dendrograms. All
determinations were made in triplicate. The data were processed statistically using the
software package STATISTICA 10.0 (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion
Upon sampling of the coal ash from the boreholes B4, B7, B12, B15, B19, and B22,
untreated powders were submitted to the X-ray fluorescence analysis. The obtained results are

presented in the Table I (main elements) and Table II (traces elements).

Tab. I The main elements comprised in coal ash samples from the TENT-A landfill.

Oxide, % B4 B7 B12

Sm 10m 15m 19m Sm 10m 15m 19m Sm 10m 15m

19 m

ALOs 2269 1901 2037 21.18 |20.13 1992 2056 2122 | 1898 2057 2407
Si0; 4845 5253 52.17 5059 | 5052 5155 5022 4975|5449 5253 4828
CaO 5.95 6.68 608 761 | 614 721 735 7.8 | 634 637 7.12
Fe,03 779 571 562 620 | 780 629 655 6.61 | 7.67 570 522
Na,O 019 073 038 044 | 029 047 036 039 | 022 049 0.36
MgO 1.71 157 160 214 | 146 212 174 165 | 144 162 1.39
P,0s 0.07 0.07 006 0.03 | 006 0.07 0.03 0.05| 007 0.06 0.08
MnO 0.05 005 005 0.03 | 005 0.04 004 005 | 004 0.05 0.07
K,O 0.98 09 129 122 | 172 121 134 156 | 1.52 098 0.95
TiO, 060 054 059 052 | 056 046 053 057 | 058 059 047

21.64
4983
7.15
6.26
0.89
1.54
0.07
0.05
1.67
0.63

B15 B19 B22

Sm 10m 15m 19m Sm 10m 15m 19m Sm 10m 15m

19 m

Al,O4 2039 1974 1982 2090 | 21.02 2068 2035 2064 | 21.18 2138 2092
Si0O, 5064 5353 5259 4969|5059 5095 5251 5089 | 5032 4962 5121
CaO 6.85 542 598 648 | 7.10 6.81 659 638 | 7.11 7.23 692
Fe,03 7.21 566 629 781 | 637 722 695 652 | 687 7.12 6.68
Na,O 039 052 036 047 | 048 036 038 041 | 049 055 0.36
MgO 1.53 137 129 143 | 1.74 148 135 188 | 1.65 192 149
P,0s 0.06 0.07 007 0.06 | 003 0.04 0.04 0.06 | 0.04 0.04 0.05
MnO 0.05 0.07 006 0.06 | 004 0.05 006 0.05 | 005 0.05 0.04
K,O 1.71 154 160 1.64 | 1.32 145 129 155 | 1.18 099 1.29
TiO, 0.55 0.57 052 058 | 056 0.59 046 051 | 0.5 059 0.63

20.94
50.94
6.81
6.90
0.38
1.67
0.07
0.04
1.38
0.58
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Tab. II The trace elements comprised in coal ash samples from the TENT-A landfill.

Elemen B4 B7 B12

t mg/kg S5m 10 m 15m 19 m Sm 10 m 15m 19 m S5m 10 m 15m 19 m
\% 130.3 111.0 136.4 144.2 121.8 118.9 139.5 141.1 137.9 113.7 110.6 125.0
Cr 1469 129.8 133.6 148.1 125.0 132.1 144.3 129.5 139.5 135.6 120.9 136.9
Co 137 184 152 162 132 19.1 185 143 150 154 140 113
Ni 64.0 502 583 413 524 643 54.8 719 716 613 547 69.1
Cu 410 372 44.1 260 312 363 428 595 416 464 712 523
Zn 60.8 408 470 36.1 423 74.1 58.8 492 56.5 442 740 553
Ga 143 114 143 163 119 18.1 142 186 195 140 29.1 170
As 254 199 222 224 12.1 195 346 263 204 240 229 410
w 16.8 89.6 23.8 245 384 218 269 182 230 100 147 212
Zr 336 408 413 409 41.1 318 45.1 362 470 382 363 550
Pb 247 199 235 19.1 194 204 216 19.7 215 195 227 313
Th 9.0 7.7 9.1 102 9.8 8.5 8.9 10.1 10.7 7.7 7.1 133
Nb 5.0 4.5 5.7 5.9 5.1 6.4 7.1 7.2 6.8 4.8 4.5 7.9
Mo 0.2 0.3 0.6 0.7 ND 0.1 04 ND 0.2 0.3 0.4 ND
Ag 0.5 0.8 0.4 0.2 ND 0.1 ND 0.1 0.3 0.1 0.3 0.1
Cd 04 ND ND ND 0.2 ND ND ND ND 0.012 0.4 ND
In 0.1 0.3 0.2 02. ND ND 0.1 0.1 0.3 0.1 ND 0.1
Sn 1.5 0.9 0.9 1.8 1.1 1.9 1.5 1.1 1.8 1.2 1.6 1.6
Sb 1.0 1.2 0.4 0.6 0.5 0.8 1.1 0.6 0.9 1.0 04 1.0
La 0.5 4.9 ND 8.2 34 5.9 2.8 6.3 8.3 8.1 5.6 ND
Ce 150 28.6 326 19.6 289 219 302 194 20.8 214 183 16.7
Nd 17.8 115 185 10.6 4.6 142 19.1 182 124 6.8 104 223
Tl 0.8 0.5 0.7 0.9 0.6 0.8 0.3 0.6 0.6 0.6 0.5 0.5
Elemen B15 B19 B22

tmg/kg S5m 10 m 15m 19 m 5m 10 m 15 m 19 m Sm 10 m 15 m 19 m
v 120.7 849 96.2 123.6 111.6 125.3 96.8 102.6 119.3 108.8 938 115.5
Cr 129.6 2199 132.2 136.5 148.1 184.2 165.1 138.6 149.2 118.8 154.9 129.7
Co 129 183 156 123 186 20.1 132 183 119 195 212 184
Ni 615 477 486 585 413 496 58.1 62.6 559 482 716 649
Cu 464 299 37.1 469 26.8 416 408 357 333 39.8 542 48.1
Zn 463 36.6 342 477 36.6 446 50.1 584 325 40.6 384 462
Ga 165 102 13.8 15.1 19.1 183 226 18.8 159 18.5 213 183
As 242 54 8.8 219 13.8 19.1 259 307 18.1 20.6 16.8 297
W 285 670 623 319 389 441 269 60.8 612 487 39.8 456
Zr 364 484 359 446 554 386 319 48.7 602 547 615 397
Pb 20.8 17.8 154 185 15.1 187 164 143 17.8 18.5 196 202
Th 7.7 6.5 53 8.6 9.2 10.1 8.6 7.8 8.5 104 9.3 9.7
Nb 49 4.8 42 5.2 7.4 8.1 6.3 52 49 8.3 8.7 7.3
Mo 0.1 ND 0.3 0.3 0.2 0.5 0.1 0.1 0.2 0.4 0.1 0.2
Ag 0.03 0.5 0.4 0.3 ND 0.1 0.2 0.1 0.1 ND 0.1 0.1
Cd 0.3 ND ND ND ND ND 0.2 ND 0.1 ND ND ND
In 0.2 0.2 0.3 0.2 0.3 0.2 0.1 0.2 0.3 0.3 0.3 0.2
Sn 1.6 1.0 1.1 1.3 1.8 1.4 1.9 2.2 1.5 1.8 1.1 1.7
Sb 0.7 0.6 0.7 0.4 0.1 0.5 04 0.7 0.8 0.1 0.4 0.3
La 6.6 5.6 43 4.0 5.7 6.2 7.1 5.6 59 6.2 6.6 73
Ce 235 143 144 219 20.5 183 179 224 256 19.7 179 20.1
Nd 193 8.9 182 109 147 20.1 18.1 17.0 159 182 199 175
Tl 0.6 0.6 0.7 0.8 0.9 0.8 0.9 0.7 0.6 0.8 0.8 0.7

*ND — not detected

Even though the XRF analysis of the main oxides did not show major differences between the
samples originating from different sampling positions, there were notable variations in the
concentrations of the trace elements detected in the samples from different boreholes and
different sampling depths. The elements Hg, Ge, Gd, Eu, Dy, and Au could not be detected on
the starting coal ash sample by XRF method. The following thirty two elements - As, Ga, Ce,
Be, Ge, Nd, Cr, Zr, Eu, Cu, Nb, Gd, Co, Mo, Dy, Li, Ag, W, Mn, Cd, Au, Ni, In, Hg, Pb, Sn,
Tl, V, Sb, Th, Zn, and La, were selected as elements of interest and therefore they were
further analyzed. Namely, the variations in concentrations of the mentioned elements were
monitored after each of five stages of the extraction. The diluted samples were analyzed via
AAS and ICP. The summarized results are illustrated in Fig. 2.

The total sum of arsenic obtained upon all five stages of the extraction varied between
16.35 mg/kg and 85.30 mg/kg depending on the position and depth of the sampling site. The
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samples acquired from the deepest points of the boreholes (i.e. 19 m) had the highest
concentrations of arsenic. Stage three (SIII) of the extraction produced the highest
concentrations of As in all samples. The highest amount of As upon singular extraction was
55.91 mg/kg and it was obtained from the sample B22-19 during the SIII phase.

The stages I and II of beryllium extraction produced extremely small quantities of this
element. The stage II proved to be somewhat more efficient, i.e. the abundance of Be
extracted from the ash sample in SII was at least 20 times higher than that of SI phase.
However, the highest concentrations of Be were obtained during the stage SIV (mean value =
77.7 mg/kg). The highest Be content was acquired at the B22-19 site during SIV stage
(130.9 mg/kg). The total sum of Be concentrations was in the range from 2.4 mg/kg
to 5.2 mg/kg. The concentrations were not significantly varying with regard to the borehole
position or depth. At least 60-80 % of total Be concentration originated from the coal ash
amorphous phase.
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Fig. 2. Concentrations of the elements obtained upon each extraction stage.
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Chromium concentrations obtained during SI and SII were extremely variable: from
hardly detectable concentrations (< 0.1 pg/kg) to higher values, e.g. 208.5 png/kg (B7-10, SII).
Stages III and IV were more uniform with mean values of about 20 mg/kg and 10 mg/kg,
respectively. The stage V produced the highest concentrations of Cr (predominantly above
80 mg/kg). The highest concentration of Cr was extracted from the B19-19 sample during SV
(179.99 mg/kg). The total sum of the Cr concentrations (all five stages) varied between a
minimum of 52.34 mg/kg to maximum of 415.53 mg/kg, mean value being 147.31 mg/kg.

Copper had an unsteady stage I extraction with extremely variable and/or hardly
detectable results. The stage SII was more stable, namely the detected concentrations varied
from 41.6 pg/kg (B12-10) to 159.7 pg/kg (B19-5). SIII and SIV produced relatively low Cu
concentrations (<10 mg/kg), while SV was highly satisfactory with the mean concentration
being approximately 60 mg/kg. The total sum of the Cu concentrations (all five stages)
extended from 37.33 mg/kg to 96.23 mg/kg. The concentration mean value was 59.98 mg/kg.
At least 70-90 % of Cu was found in the ash amorphous phase.

Cobalt exhibited a very low abundance in the samples upon I — IV extraction stages.
The acquired Co concentrations were below 10 mg/kg. The concentrations reached after the
stage V were predominantly higher than 10 mg/kg. The SV phase gave the highest
concentrations which ranged from 4.53 mg/kg (B7-10 sample) to 15.79 mg/kg (B22-15
sample). The total sum of the Co concentrations (all five stages) varied between 7.35 mg/kg
and 16.82 mg/kg, while the obtained mean value was 12.48 mg/kg. Easily mobile Co
concentrations (1-300 pg/kg) were present only in the stages I and II, while 50-90 % of total
Co quantity were within the ash amorphous phase.

SI to SIV stages produced very low lithium concentrations. The fifth extraction stage
resulted with more acknowledgeable concentrations, i.e. from 9.27 mg/kg (B19-9) to 36.74
mg/kg (B15-5). The total sum of the Li concentrations during all five stages varied from
18.58 mg/kg and 49.08 mg/kg. Mean value was 28.88 mg/kg. At least of 50 % of total Li
quantity was within the ash amorphous phase.

The quantity of manganese obtained in the stage was lower than 2 mg/kg. The
concentrations progressively increased during stages II, II and IV, and reached the highest
values in the stage V (from 124.51 mg/kg (B4-10) to 514.08 mg/kg (B15-10)). The total sum
of the manganese concentrations upon all five stages varied from 212.45 mg/kg to 922.24
mg/kg. Mean value was 356.91 mg/kg. At least of 30 — 80 % of total Mn quantity was in ash
amorphous phase.

The obtained concentrations of nickel followed the same pattern of the manganese
extraction. Namely, Ni concentrations obtained during the stages SI-IV hardly surpassed
10 mg/kg. Concentrations acquired during SV were between 53.43 mg/kg (B19-19) and
140.90 mg/kg (B22-5). Total sum of the Ni concentrations upon all five stages was between
61.39 mg/kg and 147.11 mg/kg, with mean value of 100.44 mg/kg. At least of 75-80 % of
total Ni was found in amorphous phase of the coal ash. Pb, V, Zn and Ga exhibited the same
behavior as Mn and Ni by showing the highest concentrations during the last stage of the
extraction (SV). The sums of the Pb concentrations varied between 7.90 mg/kg and
33.44 mg/kg, with mean value of 22.21 mg/kg (40-80 % of total Pb originated from the ash
amorphous phase). The sums of the V, Zn and Ga concentrations ranged from 75.77 mg/kg to
175.27 mg/kg, 30.24 mg/kg to 369.36 mg/kg, and 10.46 mg/kg to 19.15 mg/kg, respectively.
At least 70 % of these elements originated from the ash amorphous phase.

Germanium, zirconium, niobium, mercury and antimony were extracted in
moderately significant amounts only during the SV. All phases conducted prior to the fifth
stage resulted with concentrations of these elements lower than 1 mg/kg. The total sums of the
Ge, Zr, Nb, Hg and Sb concentrations varied between 0.94 mg/kg and 2.05 mg/kg,
16.62 mg/kg and 47.51 mg/kg, 6.51 mg/kg and 14.34 mg/kg, 4.6 mg/kg and 149.5 pg/kg, and
0.5 mg/kg and 18.44 mg/kg, respectively. 70-90 % of these elements, i.e. Ge, Zr and Nb,
originated from the ash amorphous phase. Mercury was extremely irregularly associated with
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the ash. The association with the glassy phase was in a very narrow diapason from 90 % to
100 %. 60-90 % of Sb was associated with amorphous phase.

Identified concentrations of Mo, Ag, Cd, In, Sn, La, Ce, Nd, Eu, Gd, Dy, W, Au, TI,
and Th were very low during all five stages of the extraction. The obtained quantities of these
elements were especially low during the initial extraction stage. There were smaller
alternations in their behavior, like in the case of Sn, La, or Ce which all exhibited an increase
in their concentrations after the SIII. Or in the case of Nd and Gd, the stage II produced higher
concentrations. However, the trend of productivity during individual stages implies that for all
of the mentioned elements full five stage extractions are obligatory. The total sums of the Mo,
Ag, Cd, In, and Sn concentrations varied between 1.53-3.52 mg/kg, 0.01 - 0.17 mg/kg, 0.10 -
1.23 mg/kg, 0.05 - 0.11 mg/kg, and 1.81 - 4.21 mg/kg, respectively. 40 - 60 % of Mo was
associated with the amorphous phase in the coal ash. 100 % of silver was in the glassy phase.
The majority of Cd and Sn (90 %) were also associated with the amorphous phase, while this
percentage for In varied between 45 - 80 %. The summed quantities of La, Ce, Nd, Eu, Gd,
Dy, W, Au, Tl, and Th after all five extraction stages were as follows: 0.04 - 1.09 mg/kg,
0.07 - 2.73 mg/kg, 0.11 - 1.53 mg/kg, 0.01 - 0.09 mgkg, 0.02 - 0.35 mg/kg, 0.02 - 0.36
mg/kg, 1.42 - 3.52 mg/kg, 0.5 - 14.7 pg/kg, 0.07 - 0.42 mg/kg, and 0.57 -3.29 mg/kg. 90 % of
La was associated with amorphous phase in the ash. Wolfram was 55 — 90 % associated with
ash glassy phase, while this percentage for thallium was even higher, i.e. 70 —90 %. Ce, Nd,
Eu, Gd and Dy were highly irregularly associated with the ash compounds, but their
associations were predominantly related to the coal ash amorphous phase.

The mean values of the concentrations of all 32 investigated elements obtained from
the TENT-A landfill coal ash are summarized in Table III. The presented concentrations are
mean values acquired after all 5 stages of extraction.

Tab. III Obtained mean values (MV) of concentration of 32 elements upon five stage
extraction.

Element As Be Cr Cu Co Li Mn Ni
MV, mg/kg | 4434 3.97 147.31 59.98 1248 28.88 35691 | 100.44
Element Pb A% Zn Ga Ge Zr Nb Mo
MV, mg/kg | 2221 | 117.85 52.84 14.90 1.44 2398 10.38 2.61
Element Ag Cd In Sn Sb La Ce Nd
MV, mg/kg 0.06 0.30 0.08 3.15 5.60 0.18 0.39 0.33
Element Eu Gd Dy W Au Hg Tl Th
MV, mg/kg 0.02 0.08 0.10 3.01 45103 | 419-10° 0.13 1.47

Since only arsenic and beryllium showed the maximal concentrations during earlier
stages of the extraction (SIII for As and SIV for Be), it can be adopted that all elements have
to go though all five stages of the planned procedure. The obtained data of the chemical
analyses upon the fifth stage of extraction are further correlated with the characteristics of the
TENT-A landfill. Namely, the spatial and depth dispositions of the concentrations of
investigated elements (As, Ga, Ce, Be, Ge, Nd, Cr, Zr, Eu, Cu, Nb, Gd, Co, Mo, Dy, Li, Ag,
W, Mn, Cd, Au, Ni, In, Hg, Pb, Sn, Tl, V, Sb, Th, Zn, and La) on the coal combustion ash
landfill were assessed and interrelated.

In order to express the concentration profile within the print shop, the general
convection—diffusion equation can be written. It is a combination of the diffusion and
convection equations, and it describes concentration space distribution inside a physical
system due to two processes: diffusion and convection. During this investigation, an
assumption was made, and diffusion coefficient is considered constant, with no sources or
sinks, and with velocity field for an incompressible fluid. The equation was written in the
following form:
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Another assumption can be made, for the stationary behavior of a convective-
diffusive system, where steady state of system is involved. In the steady state, oc/ 0t =0,
with no velocity field, v = 0, the above formula is derived to:

—-DVic=0 (2)

The two-dimensional concentration field is discretized in Cartesian coordinates.
Numerical grids are made from 19,540 control volumes. Optimization of the numerical grid
was performed, and grid refinement test showed that there is no significant change in the
results of the simulation for larger number of cells in control volume. Elements used in
numerical mesh are triagonal and size of an element is less than 10® m>.

The distribution patterns of the contents of each analyzed element from the TENT-A
landfill are shown in Fig. 3.

From the Fig. 3, it can be seen that the content of As showed a generally increasing
trend. The As concentrations at the lowest drilling points (19 m) on the landfill were higher
than its concentrations at the initial positions (5 m). For example, the As concentration at the
borehole B12 measured at 5 m depth was 26.34 mg/kg, while the concentration at 19 m depth
reached 58.80 mg/kg. A similar trend was observed for all other sampling positions, which
means that As has a highly pronounced migration ability as it is easily leached by atmospheric
water. Thereby, the highest percentage of arsenic was accumulated at the bottom of the
landfill. Copper exhibited highly similar behavior as arsenic, having the highest
concentrations registered at the lowest sampling points. The other elements that followed this
pattern of behavior were: lead, vanadium, zinc, molybdenum, lanthanum, cesium, europium,
dysprosium, and thorium. The borehole B22 was characterized by the highest contents of As,
Cu, Ce, Eu, Zn, Dy, and Th. The samples with the highest La content were extracted from the
borehole B15. The most abundant elements on the B12, B19 and B4 positions were Pb, V,
and Mo, respectively. Lithium showed the opposite pattern of behavior than the previously
described elements. Namely, Li exhibited a predominantly decreasing trend regarding
concentrations with respect to the depth of the boreholes. The highest decrease (50 %) of the
Li concentration was observed at B12 and B22.

The other group of elements showed small and irregular variations in their
concentrations regarding the depth of a borehole. Namely, a clearly either increasing or
decreasing tend could not be identified. The concentrations of beryllium insignificantly varied
between 3.5 mg/kg and 4.5 mg/kg (i.e., the mean value was 3.97 mg/kg) for all the sampling
positions as well all of the sampling depths. Chromium displayed approximate concentration
of 140 mg/kg for all sampling dispositions. The only ‘anomaly’ in its behavior was displayed
at B22 where the initial concentration of 215.5 mg/kg decreased four times in regard to the
depth of the sampling borehole, only to reach the final concentration of 52.33 mg/kg. Cobalt
showed a steady trend of either small increase or decrease with the depth of a borehole
thereby maintaining the mean value of 12.48 mg/kg. The highest concentrations of Co were
observed at B19 and B22 dispositions. Manganese exhibited extremely huge gap between the
initial and the final values of concentration at B7 (845.5 — 365.2 mg/kg) and B15 (353.05 -
552.1 mg/kg). Ni had mean value which oscillated around 100 mg/kg. The highest nickel
concentrations were measured at positions B12-19 and B 22-5. Similar to cobalt, Ga, Ge, Zr,
Nb, and Ag showed very small oscillations among the concentrations measured at different
depths and different locations. The mean values for gallium, germanium, zirconium, niobium,
and silver were: 14.90, 1.44, 23.98, 10.38, and 0.06 mg/kg. Ga was most abundant at B12 and
B15 dispositions, Zr and Ge at B22, and Nb at B15. The concentrations of Cd, In, Sn, Sb, Nd,
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Gd, W, Au, and TI did not significantly vary with respect to the depth and/or disposition of a
sampling point. The highest cadmium concentration was observed at B4-10 (0.67 mg/kg),
while the mean value was 0.30 mg/kg. Indium was the most abundant at the B22 disposition
(0.102-0.089 mg/kg). Tin (Sn) maintained its mean value 3.15 mg/kg for all borehole
dispositions. Antimony showed the highest concentrations at B7 and the lowest at B12
borehole. Its mean value was 5.60 mg/kg. Neodymium had maximal concentration at B22-10
disposition (1.52 mg/kg), while its mean value was 0.33 mg/kg. The concentrations of Gd
were very low at all dispositions (mean value = 0.08 mg/kg), save for the B22 sampling point:
0.2-0.35 mg/kg. Wolfram and thallium showed small variations between their sampling
points. Mean values of concentration for W and Tl were 3.01 mg/kg and 0.13 mg/kg,
respectively. Au was especially high at B4 (14.7-9.98 ng/kg), although its mean concentration

was 4.50 png/kg.

———_— - MF T O — mm

Fig. 3. Distribution patterns of analyzed elements identified on the TENT-A landfill.
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Mercury, which was not detected via XRF analysis in the initial ash sample (Table
III), was identified upon conducted extraction, but the concentrations were infinitesimal. The
registered concentrations of Hg on the landfill showed certain variations. The concentration of
mercury sampled on the B4 site decreased from 25.08 pg/kg to 4.46 pg/kg. Contrarily, on the
B7 disposition the concentration increased with increasing borehole depth from 81.7 pg/kg to
111.69 pg/kg. At B15 disposition the registered concentration of Hg was only 0.3 pg/kg. The
mean value of Hg concentration for entire landfill was 41.90 pg/kg.

3.1 Mathematical analysis of correlations established between identified trace
elements upon five stage extraction

The concentration data set of chemical compounds obtained during five stages of
extraction from the coal ash samples was further submitted to the mathematical analysis via
STATISTICA 10.0 software package. Thirty two elements have been analyzed. The data were
mathematically analyzed and evaluated by in order to determine the average concentrations of
elements and to perceive their variability.

The Table IV presents significant correlations between 32 investigated trace
elements. All given correlation are statistically significant at p<0.01 level. Arsenic is
correlated with sixteen elements: Be, Cr, Cu, Co, Ni, Pb, V, Zn, Ge, Zr, Mo, Ce, Nd, Eu, Gd,
and Dy. Correlation coefficients are ranging from 0.530 to 0.775. This means that As is likely
to be found accompanied by the mentioned elements in the coal ash. The highest obtained
correlation coefficients are 0.775 for cobalt and 0.759 for molybdenum, which means that
arsenic is strongly connected with these two elements. Arsenic has a strong correlation with
five REE: Ce, Nd, Eu, Gd, and Dy. Beryllium is associated with Cr, Co, Li, Ni, Pb, V, Zn, Ga,
Ge, Zr, Nb, Mo, In, Sn, and W. Correlation coefficients are ranging from 0.559 to 0.925. Be
exhibits the strongest correlation with chromium. However its correlations with REE are not
statistically significant. Chromium is correlated with Co, Li, Ni, Pb, V, Zn, Ga, Ge, Nb, In,
Sn, and Dy. The correlation coefficients are varying from the lowest value obtained for Dy
(0.539) to the highest value exhibited for Zn (0.901). Dy is the only REE significantly
correlated to Cr. Copper is correlated with Co (0.822), V (0.894) and Zn (0.700). It shows no
significant correlations with REE. Cobalt is associated with the following elements: Ni, Pb,
V, Zn, Ga, Ge, Mo, In, and Dy. The registered significant correlation coefficients are ranging
from 0.537 to 0.889. Dy is the only REE correlated with cobalt. Lithium is correlated with Ni,
Pb, Ga, Nb, Sn, and W with coefficient oscillating in the very narrow interval: 0.534-0.669.
Nickel is related to: Pb, Zn, Ga, Ge, Nb, In, Sn, Dy, and W. The correlation coefficient
established with Dy is 0.560. Pb is correlated with Zn, Ga, Ge, Nb, and four REE (Nd, Eu,
Gd, and Dy). The correlation coefficients with REE are in the 0.541 - 0.580 interval.
Vanadium is associated with Zn and Ga. Zinc is correlated with Ga, Ge, In, and Dy as the
only REE in this group (correlation coefficient 0.523). Ga is not associated with REE by
statistically significant correlations, but it is correlated with Ge, Nb, Mo, In, Sn, and W. The
correlation with Nb is especially strong (0.862). Germanium is strongly correlated with five
REE: La (0.622), Nd (0.651), Eu (0.634), Gd (0.639), and Dy (0.604).

The rest of significant correlations Ge established with Nb, In, and Sn. Zr is
correlated only with Mo and Sb, Nb with Sn, and Sn with W. Indium is associated with Dy as
REE with correlation coefficient 0.549. Lanthanum is strongly correlated with the rest of
REE: Ce (0.994), Nd (0.983), Eu (0.966), Gd (0.968) and Dy (0.897). Correlations of Ce with
Nd, Eu, Gd and Dy are 0.990, 0.972, 0.965 and 0.880, respectively. A REE neodymium is
correlated with Eu (0.985), Gd (0.979) and Dy (0.905). Europium has high correlation
coefficients in association with Gd (0.990) and Dy (0.935). Finally, Gd is correlated to Dy
with coefficient as high as 0.968. Mercury is only correlated with thallium (0.536).
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From the correlations presented in Table IV, it can be seen that investigated REE (La,
Ce, Nd, Eu, Gd, Dy, and Nd) are strongly connected, showing correlation coefficients higher
than 0.880. These interrelations were anticipated. However, the elements found in the coal

combustion ash, such as As, Pb, and Ge,
REs: Nd, Eu, Gd, Dy, and also La in case

have relatively strong correlations with a number of
of Ge, as well as Ce in case of As. Neodymium was

especially strongly correlated with other REE. Dysprosium showed the most abundant
correlations, since it was associated both with REE and the number of trace elements (As, Cr,

Co, Ni, Pb, Zn, Ge, and In).

Tab. IV Correlation coefficients between

trace elements content in the coal ash samples.

Be Cr Cu Co Li Ni Pb V Zn Ga Ge Zr Nb Mo In Sn Sb ILa Ce Nd Eu Gd Dy W T
As|0.6450.610 0.673 0.775 0.563 0.670 0.638 0.680 0.648 0.659 0.759 0.546 0.571 0.555 0.547 0.530
Be 0.925 0.856 0.606 0.881 0.746 0.575 0.844 0.791 0.703 0.564 0.767 0.588 0.587 0.709 0.559
Cr 0.830 0.668 0.884 0.700 0.598 0.901 0.779 0.750 0.691 0.6150.740 0.539
Cu 0.822 0.894 0.700
Co 0.834 0.710 0.769 0.889 0.676 0.537 0.625 0.660 0.556
Li 0.576 0.569 0.565 0.669 0.561 0.534
Ni 0.697 0.783 0.690 0.709 0.743 0.5650.752 0.560 0.576
Pb 0.617 0.549 0.622 0.532 0.541 0.580 0.571 0.559
v 0.758 0.566
Zn 0.686 0.587 0.625 0.532
Ga 0.591 0.862 0.629 0.635 0.770 0.626
Ge 0.639 0.5420.773 0.622 0.651 0.634 0.639 0.604
Zr 0.627 0.562
Nb 0.862
In 0.549
Sn 0.710
La 0.994 0.983 0.966 0.968 0.897
Ce 0.990 0.972 0.965 0.880
Nd| 0.985 0.979 0.905
Eu 0.9900.935
Gd| 0.968
Hg 0.536

A dendrogram of trace elements content, including REE, identified in the ash samples

upon the fifth stage of extraction, using

complete linkage as an amalgamation rule and the

City Block (Manhattan) distance as a measure of the proximity between samples is shown in
Fig. 4. The dendrogram based on ICP data showed a proper distinction between samples. The
type of sample influenced the position of this sample in factor space. As shown in Fig. 4,
there is similarity in samples grouped in various clusters.

B4-5
BI2-5
B12-15
BIS-5
B22-10
B4-15
B4-19
B19-10

Complete Linkage
City-block (Manhattan) distances

B7-15
B19-5

BI12-19
B19-19
B22-15
B19-15
B22-5
B4-10

B7-10
B15-19

BI12-10

B7-5f——+—

B15-10 f———

0 200 400 600 800 1000 1200

Linkage Distance

Fig. 4. Dendrogram of clustering of samples with respect to trace element content upon

extraction.




182 Lj. Milici¢ et al.,/Science of Sintering, 53(2021)169-185

According to the ‘city block’ illustrated in Fig. 4, the coal ash from the sampling
points B4-5 and B12-5 are connected at linkage distance 140, which refers to the similarity in
their chemical composition, i.e. content of 32 identified trace elements including REE. This
linkage distance, i.e. 140, is identified for several other pairs of samples: B19-19 and B22-15,
B4-15 and B4-19, B7-15 and B7-19. The sample pairs B12-15 and B15-5 are connected at
150 linkage distance. The same linkage distance is applicable for the following pairs: B15-15
and B15-19, B15-5 and B22-10, B7-19 and B19-5. B12-19 and B19-19 are connected at a
smaller linkage distance, i.e. 100. Samples B7-5 and B15-10, as well as B7-10 and B15-19 are
connected at 300 linkage distance. The linkage distance of 200 is characteristic for B22-15
and B19-15, and B12-5 and B15-5, while B12-15 and B4-19 are associated at slightly higher
length (220 linkage distance). Several samples are connected at linkage distances above 300.
Namely, B15-5 and B19-9 are connected at 320, B22-15 and B22-5 at 370, and B4-15 and
B7-19 at 380. Linkage distances for following pairs are even higher: B4-10 and B15-15 are
connected at 560, as well as B19-10 and B19-5. B12-19 and B7-10 are connected at 760
linkage distance, and B19-15 and B12-10 at 770. B7-10 and B7-5 is connected at 1190.

According to the dendogram there are similarities between multiple samples grouped
in the clusters. There are smaller cluster such as B4-19, B19-9, B7-15 and B7-19 group, and
another group that comprises B12-5, B15-5, B22-10 and B4-15. Also the cluster with B15-15,
B15-19, B12-10 and B7-5 can be characterized as smaller. However, there are three huge
clusters. The first big cluster merges the following samples together: B12-19, B19-19, B22-
15, B19-15, B22-15, B4-10, and B7-10. The second big cluster comprises B7-15, B7-19, B19-
5, B12-19, B19-19, B22-15, and B19-15, and finally the third big cluster contains B22-5, B4-
10, B7-10, B15-15, B15-19, and B12-10.

The disposition of 32 trace elements, including REE, and 24 coal ash samples are
illustrated in the PCA diagram (Fig. 5).
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Fig. 5. PCA graph of the variables based on component correlations.

The points shown in the PCA graph, which are geometrically close to each other,
indicate the similarity of the patterns that represent these points. The orientation of the vector
describing the variable in the factor space indicates an increasing trend of these variables. The
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length of the vector is proportional to the square of the correlation values between the fitting
value for the variable and the variable itself. The angles between corresponding variables
indicate the degree of their correlations (small angles corresponding to high correlations).

The PCA of the presented data explained that the first two components accounted for
56.44 % of the total variance (41.39 and 15.06 %, respectively) in the 32-variables system
(trace elements). Considering the map of the PCA performed on the data, the contents of Co
(which contributed 5.6 % of total variance, based on correlations), Ge (5.0 %), Pb (4.9 %), Cr
(5.6%), Be (6.0 %) and Ni (5.4 %) exhibited the most intensive positive scores according to
first principal component. The positive contribution to the second principal component
calculation was observed for the content of: Au (5.3 % of total variance, based on
correlations), T1 (7.0 %) and W (7.5 %), while negative scores on second principal component
calculation were observed for the content of: Dy (13.6 %), Gd (7.7 %), Eu (8.0 %), Nd
(8.3 %), La (10.2 %), and Ce (9.9 %). As expected the identified REE were grouped and their
content was relatively low in comparison to other trace elements.

As it can be seen from the PCA graph in Fig. 5, Mn is singled out and positioned at
the left side of the diagram, since its quantity was among the highest. Very high quantity of
Mn was characteristic for the samples: B4-10, B4-15, B4-19, B12-10, B12-5, B19-5, B19-10,
B15-19, B15-10, B15-15, B7-5 and B7-10. Relatively high amounts of Zn and Cd, which are
situated at the lower half of the diagram, are characteristic for the following samples: B4-10,
B19-10, B12-10, B22-5, B12-19, and B22-10. The majority of the trace elements (Tl, Au, W,
Hg, Nb, Ag, Li, Ga, Sn, Be, Ni, Cr, Mo, V, Co, Pb, Ge, In, Sb, Zr, Cu, Th, and As) are
positioned at the upper right side of the PCA graph together with the samples: B4-5, B12-15,
B15-5, B7-15, B22-15, B7-19, B19-19, B19-15, B22-15, B12-19, B19-5, and B22-5. The high
concentration of Au can be found in the B19-5 and B4-5 samples. Tl, W, Hg, and Ag are
characteristic for the B12-15 sample, while Li and Nb can be found in B19-19. Samples B7-
19 and B19-15 are characterized by high concentrations of Sn, Be, Ni, Cr, and Ga. B15-5 and
B7-15 are abundant in Mo, V, Co, Pb, and Ge, while B22-15, B12-19, B22-5 have high
concentration of Cu, Th, Zr, In, and As. REE (Dy, Gd, Eu, Nd, Ce, and La) are separated and
positioned at the lower right corner of the diagram. According to the principal component
analysis, REE were especially high on the B22 sampling position on TENT-A landfill, i.e. in
the coal ash samples B22-5, B22-10, and B22-15 upon five stage extraction.

4. Conclusion

An environmentally benign and economically sustainable procedure for the isolation
of rare earth elements from the unconventional resource, i.e. an industrial byproduct, was
developed. Upon analyzing twenty-four coal combustion ash samples from the different
positions and various depths of the TENT-A thermal plant’s landfill and conducted a five-
stage extraction procedure, the total of thirty-two trace elements were successfully isolated.
Six of the extracted elements, i.e. La, Ce, Ng, Eu, Gg, and Dy, belong to the rare earth
elements (REE) group. The extraction can be considered successful only if all five stages are
conducted. Acquired mean values (in mg/kg) of REE were: 0.18 (La), 0.39 (Ce), 0.33 (Nd),
0.02 (Eu), 0.08 (Gd), and 0.10 (Dy).

The spatial disposition of REE varied throughout the landfill. The B22 sampling
position was characterized with the highest REE content. Ce, Eu, Dy, and La concentrations
increased with the depth of the sampling borehole, while the concentrations of Nd and Gd did
not significantly vary with respect to the depth and sampling disposition. There are strong
correlations with REE and other trace elements. Namely, Nd, Eu, Gd, and Dy are strongly
correlated to As, Pb and Ge; La with Ge; and Ce with As. Dysprosium had the most abund ant
correlations with REE and the rest of trace elements (As, Cr, Co, Ni, Pb, Zn, Ge, and In).
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Despite relatively low amounts of REE and necessity of all five stages of extraction,

this procedure can be considered sustainable because used the raw material is economical as it
is an industrial byproduct. REE obtained from the five stage extraction from coal combustion
ash can improve domestic supplies of these critical materials.
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Casxcemak: Enemenmu xoju npunaoajy epynu pemxux semamna (REE) npedcmaswajy ocHogy
3a MHo2a yHanpehera y MOOEPHO] UHOYCMPUju ¢ 003UpoM 0d UMAJy WUPOK CHeKmap
npumMene npeeHCcMEeHo 3002 C8OJUX eleKMpO-MASHEMCKUX U ONMUYKUX cgojcmaga. Enemenmu
U3 gpyee pemKux 3emamd ce NPUMernyjy y Hpou3eo0iu Kamaiuzamopd, mMdazcHema u Kdao
oonawm y 3a pazmuume Kepamuuxe mamepujane. Munepanu xoju caopaice pemie semasbe cy
Usy3emHo Crabo 3acmynmerwu Y npupoou, 3002 ueza ce HenpeKuoHo UCMPAXCY]y HO8U
HEKOHBEHYUOHATHU PeCYPCU KOju caopaice 08e elemMenme - NOnym OmnaoHux mamepujania u
uHoycmpujckux Hycnpoussooa. Ilpodykmu cazopegara yema cadpaice KonyeHmpayuje pemxo
s3emHux enremenama y pacnory usmehy 200 oo 1500 ppm. Osa ce xonuuuna REE se mooice
U307106AMU NOCMYNKOM eKcmpaxyuje. ¥ 060m ucmpanicugarsy cCnpogeoeHa je nemo-cmenena
excmpaxyuja REE u3 nenena oOobujenoe cacopegarvem yema U 00J0NCEHOZ HA OENOHUJY
mepmo-enrexkmane TEHT-A. Uzepwena je excmpaxyuja 32 enemenma (4s, Ga, Ce, Be, Ge, Nd,
Cr, Zr, Eu, Cu, Nb, Gd, Co, Mo, Dy, Li, Ag, W, Mn, Cd, Au, Ni, U, Hg, Pb, Sn, Tl, V, Sb, Th,
Zn, La). Xemujcxe ananuze ypahene cy nomohy XRF, ICP-OES, ICP-MS u AAS mexnuka.
Crooicenocm 00bujeHux nooamaxa ucCnumana je avaiuzom eiasuux xomnonenama (PCA) u
xknacmep anamszom (CA) xaxo ou ce ymepoune mehycobne gesze, KOJUHUHE €LEMEHAMA U
Kapakmepucmuke 00Ja2amuma, Kao u mehycoouu 00HocCU elemMeHama Koju cy 00 uLmepeca.
Ha osaj nauumu je ypahena npoyena moeyhnocmu dobujara enemeHama u3 cpyne pemkux
3emMana U3 ye/beHozs neneid.

Kuwyune peuu: cummnospuu mamepujamu; UHOYCMPUJCKU — HYCHPOU3BOOU,  XeMUJCKA
EeKCMPAKYUja, AHATUMUYKO MOOeN08arbe;, OONAHMU 34 KEpamuyKke Mamepujae.
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