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The high temperature ashes (HTA)
from bituminous coal combustion
as a potential resource of rare earth elements

Introduction

REEs in coal constitute a group of elements of special importance. Due to their chemical
properties they are usually studied as one group rather than individually.

Rare earth elements (REE) include 17 elements, i.e.: 15 lanthanides (La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and Sc, Y. There are several classifications
of these elements that take into account geochemical and economic considerations (Seredin
2010; Seredin and Dai 2012). According to a geochemical classification, REE fall into three
subgroups: light rare earth elements (LREE: La, Ce, Pr, Nd, Pm, Sm), medium rare earth el-
ements (MREE: Eu, Gd, Tb, Dy) and heavy rare earth elements (HREE: Ho, Er, Tm, Yb and
Lu). If yttrium is included in the lanthanides, the following three subgroups are formed: light
elements (LREY: La, Ce, Pr, Nd, Sm), medium elements (MREY: Eu, Gd, Tb, Dy, Y) and
heavy elements (HREY: Ho, Er, Tm, Yb, Lu). The above classification is very convenient
for describing the distribution of rare earth elements specifically lanthanides and yttrium
(REY) in coal as well as in coal ash and in ores.
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Yttrium in nature is closely associated with the lanthanides, since its ionic radius is simi-
lar to that of Ho and its ionic charge is equal to that of Ho. For this reason yttrium is usually
inserted on the REY distribution patterns between Dy and Ho (Bau 1996).

Rare earth elements, both in the form of metals as well as oxides, find use in modern
technology. Rare earth metals are used, for instance, in the glass industry (cerium), steel
industry (cerium), chemical industry in the manufacture of X-ray films and of catalysts
for waste gas treatment (lanthanum), electronic industry (europium, gadolinium, erbium),
high-energy magnetic materials industry (samarium and neodymium). They are also used in
the automotive industry (batteries and catalysts), in the aircraft and rocket industry (engine
parts) and in medical diagnostics, in the armaments industry (radars, lasers, etc.). The rarity
of these metals is only apparent, as they occur almost everywhere, although their concentra-
tions in nature are mostly low (Smakowski 2011).

The widespread shift from coal-fired power plants to wind/solar plants and from au-
tomobiles with internal combustion engines to electric cars can, within a few decades,
cause even a 26-fold increase in demand for two rare earth elements: dysprosium and neo-
dymium, which are produced almost exclusively in China (Chen 2011; Alonso et al. 2012;
Catusz-Moszko and Biatecka 2013; Du and Graedel 2013; Hoenderdal et al. 2013; Seredin
et al. 2013).

REY deposits are found mainly outside Europe, with large potential resources, mostly
unexplored, existing in many African countries. At present, China controls about 57% of evi-
denced rare earth resources and about 97% of the rare earth metal market (Smakowski 2011).

Rare earth minerals occur in Poland, but the content of rare earth elements is low and
these minerals have no economic significance. REY occur predominantly in the form of
carbonates, oxides, phosphates and silicates. In Poland, rare earth deposits are located in
Lower Silesia in the vicinity of Szklarska Porgba (up to 0.5%) and Bogatynia (1.55%). They
have the form of oxides, and are of mineralogical significance only, mainly because of low
rare earth elements content, which adversely affects the economics of producing rare earth
concentrates. The secondary sources are potentially economically important, i.e. waste
phosphogypsum, apatite concentrates (0.8—1.0% REO) imported from the Khibiny Massif
in Russia.

The phosphogypsum disposal site at the Wizoéw chemical plant in Lower Silesia is also
well explored. The national demand for rare earth elements is met by imports, mainly from
China, West European countries, USA, and from Estonia (2007-2008) (Radwanek-Bak
2011; Catusz-Moszko and Biatecka 2012; Blaschke et al. 2015; Jarosinski 2016).

The rare earth elements are raw materials of high economic importance and have been
identified as critical for the European Union economy. These raw materials, apart from the
small potential of obtaining them from secondary sources, will remain critical for the econ-
omies of the EU countries.

They are characterized by the high risk of their shortage resulting from limited resourc-
es (Radwanek-Bak 2011; Smakowski 2011; Mayfield and Lewis 2013; Franus et al. 2015;
Jarosinski 2016).
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The first data on the potential of lanthanides and yttrium (REY) recovery as by-products
of coal mining emerged 25 years ago after the discovery of high REY content coal deposits
(0.2-0.3% in ash) in one of the coal basins in the Russian Far East (Seredin and Dai 2012).
During the next five years, several coal seams have been found with similar or even higher
REY content, up to 1.0% in ash (Seredin 1996). Since that time REY-rich coals have been
identified in many coal basins (Hower et al. 1999; Mardon and Hower 2004; Dai et al. 2008,
2011; Seredin and Dai 2012; Blissett et al. 2014; Hower et al. 2016). In order to evaluate the
possibilities of extracting rare earth elements from any source (including coal ash), several
parameters have to be taken into account, such as:

¢ the amount of resources of these metals and the feasibility of their use,

¢ simplicity and rate of hydrometallurgical recovery,

¢ environmental impact and effect on human health of recovery and processing of rare

earth elements.

For the initial estimation of the recovery potential of REY from coal ashes, the REY
content in ash and their individual composition should be taken into account in first order.

Based on experimental data on REY extraction from ashes from coals of the Russian
Far East, it was found that REO content in ash greater than 1000 ppm (0.1%) allows for the
successful recovery of these metals from low rank coal (Seredin and Dai 2012). The prices
of rare earth metals systematically increased until 2012, but began to decrease as of 2013.
However, according to predictions, the demand for REY will increase by 2030.This will
cause their prices to rise again. The limit at which it will be profitable to recover REY from
coal ashes will decline in the future (Seredin and Dai 2012; Zhou et al. 2017; Fernandez
2017). We now know that the limit could be lower, in the order of 800-900 ppm, and could
be related to ashes from the combustion of any coals, not limited to low-rank coals (Seredin
and Dai 2012).

The second criterion that can be applied to determine the suitability of ash as a rare
earth resource is the share of individual metals in the total REY content (Seredin 2010).
This approach is not based on the traditional division into light REY and heavy REY, but
on current market trends. In accordance with this division, REY were grouped as critical
(Nd, Eu, Tb, Dy, Y, Er), uncritical (La, Pr, Sm, Gd) and excessive (Ce, Ho, Tm, Yb, Lu)
(Seredin 2010).

Based on this approach, the ideal composition of the REY raw material (e.g. coal ash)
should contain as many critical REY elements as possible, and as few excessive REY ele-
ments as possible. In view of these criteria, in order to evaluate coal ash as an alternative
source of REYs, an outlook coefficient (C,,,;) is calculated as the ratio of the total amount
of critical REY elements to the total amount of excessive REY elements using the following
formula (Seredin and Dai 2012):

1
Nd+Eu+Tb+Dy+Er+Y O

Ce+Ho+Tm+Yb+Lu

Count =
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The average content of REY of world coals, according to Ketris and Yudovich 2009, is
68.5 ppm, which is 2.5 times lower than the REY content in the rocks of the upper continen-
tal crust (UCC) (168.4 ppm) (Taylor and McLennan 1985).

The average content of REYs in ashes from coals of world deposits is 404 ppm, which
is about 3 times higher than in UCC. The content of the REY oxides (REO) is a common
indicator of REY content in an ore. The REO content in ashes of coals from world deposits
is 483 ppm. That value is close to the REO content in some REY-rich deposits.

Therefore, if the average REY content in coal ashes determined by the analysis of nume-
rous samples is comparable to the fact that in some ores, coal-burning waste could and
should be considered as a possible source of these elements (Seredin and Dai 2012).

The aim of this study was to evaluate high-temperature ashes (HTA) from the combus-
tion of coal from the Ruda beds in the Pniéwek coal mine as an alternative source of REY.

1. Samples and analytical procedures

The research was based on 13 samples of high-temperature ashes (HTA) from the com-
bustion of metabituminous (B) coal collected from the Ruda coal seams in the Pniowek
coal mine, namely: 401/1 — sample M4; 403/1 — samples M2, M11, M12; 404/1 — samples
M10, M13 and 404/2 — samples M5, M6, A1-AS (Adamczyk et al. 2014). Coal samples were
taken in compliance with PN-ISO 13909, they were reduced, and grinded to the fraction
@ < 0.2 mm. Ash content (AY) was determined in all samples according to PN-G-4512:
1980/Az1:2002. HTA for testing were produced by coal combustion in a muffle oven at
815°C. HTA obtained in this manner from coal samples constituted a test material for deter-
mining the oxide composition and rare earth elements content. Analysis was carried out us-
ing the ICP-MS (inductively coupled plasma mass spectrometry) method on a Perkin Elmer
SCIEX ELAN 6000 ICP-MS spectrometer at Activation Laboratories Ltd. in Canada.

2. Chemical composition of the HTA samples

Nearly all of the coal samples from which HTA samples were produced featured low ash
content (A4 < 10%). For this reason all tested coal samples were classified as very low ash
samples (A9 < 5%) or as low ash samples (5% < A9 < 10%) (PN-ISO 11760:2007 (pl)). One
exception was sample M12 from the 403/1 seam, where ash content was 11.24% which clas-
sified it as a medium ash sample (10% < A9 < 20%) (Table 1, Adamczyk et al. 2014).

The predominant chemical constituents of the ashes included SiO, and Al,O5 oxides,
the combined content of which in almost all samples exceeded 49%. The exceptions were
samples M6 and A4 obtained from the coal seam 404/2, where the total content of these con-
stituents was much lower at 32.86% and 33.12%, respectively. Furthermore these samples
featured the highest content of Fe,O; among the tested ash samples: 45.25% and 42.07%,
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respectively. The Fe,O5 content in the other samples was much lower, varying between 2.3%
and 16.05% (Table 1). The high content of Fe,05 is associated with the occurrence of siderite
in coal samples (Adamczyk et al. 2016).

Other important chemical constituents of the tested samples included CaO and P,O5 ox-
ides. The CaO content in the ash samples varied between 3.57% and 23.15%, whereas the P,O5
content varied between 0.87% and 17.10%. The high content of P,O5 and CaO is associated
with the occurrence of apatite, calcite and dolomite in coal samples (Adamczyk et al. 2016).

The tested samples also contained significant amounts of MgO, Na,O and SO, the con-
tent of which was usually at a level of a few percent (Table 1).

Other chemical constituents, i.e. MnO, K,O and TiO,, were present in lower amounts,
usually below 2% (Table 1).

The studies have shown that the analyzed HTA obtained from coals from the Ruda bed
seams differed in chemical composition despite the fact that these coals were characterized
by a similar coal rank.

In accordance with the chemical classification of HTA introduced by Vassilev (Vassilev
and Vassileva 1998) and based on the normalized content of the five main oxides, HTA
obtained from the coal samples from the Ruda beds were assigned to the following types
(Fig. 1): sialic — M4; sialocalcic — M2; sialoferricalcic — M12, M10; calsialic — M13; ferri-
calsialic — M5, M6, A1-AS; ferrisialic — M11.

Among all of the examined samples, the sialic type ash demonstrated the highest content
of SiO, and Al,O3 (sample M4) and the lowest content of CaO. This ash also showed the
lowest ratio (MgO+CaO)/(K,0+Na,0).

Among all of the tested samples, the sialocalcic type ash (sample M2) demonstrated the
highest content of K,O and TiO,. This ash also had the lowest content of Na,O. The sialocal-
cic type ash was also characterized by the highest ratios SiO,/Al,03 and K,0/Na,O (Table 1).

Among all of the examined samples, the calsialic type ash was found to have the lowest
content of Fe;,03, MnO, MgO and SOs, and the highest content of CaO and P,05 (sam-
ple M13). This ash was also characterized by the highest ratios (MgO + Ca0O)/(K,0 + Na,0)
and CaO/MgO (Table 1).

It was found that HTA classified as ferricalsialic type were obtained only from coal
channel samples from the 404/2 seam. However, there is a high differentiation of chemical
composition between ashes of this type. The ferricalsialic samples, the M6 and A4 were
found to have the highest Fe,O5 content and among of all analyzed samples simultaneously
(Fig. 1). Moreover, these ashes had the highest content of the oxides MnO (0.49% and 0.40%
in M6 and A4 samples, respectively).

Among all of the examined samples, the ferricalsialic type ashes were found to have
the highest content of the following oxides: MgO (sample M5), Na,O (sample A5) and SOy
(sample A2). The ferricalsialic ash type samples were characterized by the content of Al,O3
(samples A4), SiO,, SiO,, P,O5 (sample M6) and TiO2 (sample A2) oxides lower than in
other samples, as well as by the lowest CaO/MgO (sample M6), SiO,/Al,05 and K,0/Na,0O
(sample A2) ratios (Table 1).
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Fig. 1. The chemical classification system of HTA samples (Vassilev and Vassileva 1998)

Rys. 1. Chemiczna klasyfikacja popiotow HTA

The ferrisialic samples M6 and A4 paid special attention because they had the smallest
SiO, and Al,O5 contents and the highest Fe,O5 from all analyzed samples. Therefore the
chemical composition of these samples significantly differed from that of the other analyzed
ashes.

3. Rare earth elements and yttrium (REY) in HTA samples

The content of REY in the analyzed samples of HTA varied between 380.80 and
1886.50 ppm and it was characterized by high variability (V = 49%). The average REY
content in the analyzed ashes was 1038.67 ppm and it was 2.5 times higher than the world
average (404 ppm).

The data presented showed that in seven ash samples from coals from the 404/1 and
404/2 seams the REY content was higher than 800 ppm, i.e. it exceeded the limit at which
REY recovery from coal ashes is profitable.

The REO content in all HTA samples was, on average, 1230.10 ppm (oxide basis) and
was 2.5 times higher than the average for the coal ashes of world deposits (483 ppm).



www.czasopisma.pan.pl P N www.journals.pan.pl

1A NAUK

POLSKA AKADEM

Adamczyk et all 2018 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 34(3), 135-150

142

oS 06'CS SOR3Y 6'vS €1'9¢ 81°9¢ [S3Y 86'YS 6'vS 80°¢CS | 1¢€6Y 998y | LS'LY 29°6¢ 6C'SS A

90T LY'L 'l 15°6 8¢°¢ ¥0°61 17¢ LT'1CT (U €L°0T | ¥918 6’61 | TO09T | 60'9S L9°86 Sp

LO'Y 06'LC 1Sy 06°¢¢ 09°CI 0L'S9 Or'1I1 0LeL 0S'LT 00°CL | 00°10¢€ 09°¢L | 00°CI9 | 00°6CC | 00'8¥¢ Xew

860 0€'9 00'T or'L 09°C 0g'el ov'C LYl LT¢ 09°¢€l | OL°SS OI°€l | 00°80T | 09'8% 00°LL ur

0r'e [4R4! 6C'C [4 A 8¢9 68°¢E 009 16°8¢ 6’6 18°6€ | €9'1LI v6'0F | 8€9¢E | SSTIVL | 9¥'8LI S

S1'C oL¥1 (494 018l 0L9 0C9¢ 0T'9 o' 0¥ 18°6 00°Ch | 00°SLI 0Evy | 009S€ | 00°SST | 0081 vV 1444014

S 0T'6 3! 0801 00t 0C'1¢C oL'e 06'€T LL'S 0€¥C | 00°€01 0€°ST | 00°€0T | OV'¥8 00501 1A% oy

LT'E 0¢'1¢C 6v'¢ 0€'LT 0C0l 0C'sS 09°6 0S'19 0g'SI 0879 | 00C9T 0809 | 00°L0S | 00861 | 00°C0€ £V 1444014

66'¢ 06°'LT S84 06°€€ 09°CI 0L'S9 (U 0L €L 0S°LT 00°CL | 00°TOE 09°¢L | 00°CI9 | 00°6CT | 00°8%¢€ 44 1434014

LO'Y 0L'LT 6€Y 05°¢e 0¢'Cl 0Sv9 0601 0r'cL Ol'LIT ov'IL | 00°00¢ 06°0L | 00°L9S | 00°80CT | 00'9C¢E v voy

LT'T 0g'L 9I'l 008 08°C oLel 0r'c 00°S1 LTE 09°¢€l | 0L°SS 0I'€l | 00801 | 09'8% 00°L8 IN 1434014

S8'1 01°¢Ct S6'1 06'¢€l ors 06°LT 0g’s 0L've 178 0S°LE | 00°S8T 0€'e€y | 00°TLE | 00°€9T | 00°SHI SN /voy

0€'¢C 0091 8L'C 06°'1C 0C'8 (%74 01’8 0C'8y 0S'T1 0L'8% | 00°00C 09°9% | 00199¢ [ 00°6ST | 00t€T €IN 170

9¢'C 06°ST 69°C 08°0C 08°L 09ty 00'8 06°0S 09°CI 0t'SS | 00°LET 00°SS | 00°vEr | 00°€6T | 00°€CT 0TIN /40t

8¢'1 0L'8 vl 0¢0l 09°¢ 0g6l 0S¢ 0L°0C [42Y 00T | 00°SO1 08°SC | 00°CIT | 000 | OO'TOT CIN 1/€0%

6¢'1 or'6 Sl 0S'11 (1194 0S°CC (74 0€°LT 699 05°0€ | 00°0¥1 06°'1¢€ | 00'ILT | 00°0IT | 00°0OII ITIN 1/€0%

40! 0r’L 80°T oL’L 09°C 0¢'¢el or'c oLVl e 08'%1 | 00CL 0T8T | OO'ILT | 0T'L8 00'8L N 1/€0t

86°0 0€9 00°1 ov'L 0L'ce (\ra 4t 0L'C 0S°LIT 6Tt 05°0C | 0S°S6 0S°€C | 00°S61 | 00°'TOT | 00°LL YN 1/10%

(wdd)

00 _ 10 SO0 _ 10 _ 10 _ 1'0 _ 1°0 _ 10 _ S0°0 _ 10 _ 10 _ S0°0 _ 10 _ 1'0 _ 4 ojdures weas
W] UonodR( 20D

" | ax | wi | ;| ow | Aa | ar | PO | ma | ws | PN | M | O | ®I | A

VLH yowiqoid yokuepeq m ATy 950MemeZ C BI9QRL

sojdwres Y H poUIUEXd 9y} UI Juuod XY YL T "9[qel




www.czasopisma.pan.pl P N www.journals.pan.pl

1A NAUK

POLSKA AKADEM

143

Adamczyk et all 2018 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 34(3), 135-150

‘UOTJRLIBA JO JURIOJA0D — A ¢S UBIW JO UOTJRIAD PIBPUR)S — SP ‘JUSIUOD WINWTXEW PULR WNWIUILT — XeUW ‘UTt JUojuod 95eIoAe — §

188y | 1611 | sty | €09 | 9zL |98y |osvy  |wTs | 96l | ve€r | 8v's | €obs |€Tss | LS9or | LSy A
LE009 | ¥10 | 991 vS'1 L8T |68TLT |S89IT |vv'81T | 950 | 9g'c | 88'€ | 08'TT [00LYI [TIOVE | 62908 sp
81'9¢ze| W1 | €rLe | €8T | 99%F 00199 |o€Spy |0TLLL | LES | L8T€ | 9oL | 06T8 [0091S [09°L8T T|05°988 T xew
s6Tsy | L60 | €91€ | 09€T | €5 |evozt |oco6  |LooLt | sze | 1€0T | 979 | 8€81 |T8IIT | 00'6£T | 08°08¢€ unw
OT0ETT| +1T | 06'v€ | 15'sT | 6566 [LTT9€ |18°09C |659Ty | sov | LISz | 8LOL | 0TTy |S199T |zE0EL |L9°8€0T S
96'€6T 1| TI'T | vo'vs | SL'ST | ST6E  [L$I8E |0L718T |1€6Th | Tov | 1€ST | L90L | Loy [199LT |0€TLL [88T60T| SV | THOF
SVIvL | ¥1'T | 96'v€ | TTsT | €86 |86'81C |06'LST |Lv'6v | 8Tv | Sv'ST | szoL | 89T |LS6ST |000vy |S€929 | ¥V | Twop
L6968 1| €71 | 80v€ | s6'€T | L6'IF  [91'syS |o1€8e |ov'1L9 | 60y | €LLT | 81'89 | 9¥'S9 [09°€hy 09060 1[99°66S 1| €V | THO¥
819¢z| 81T | v0'se | orer | 0TTH [00199 |0€8ky |0TLLL | 6€v | s€LT | sT89 | 0678 [0001S [09°/8TT[0s988 1| TV | THOF
06021 2| 21 | 6€v€ | 09°€T | 10Ty | 9¥'ST19 |ov'zzy [00TSL | 8% | 1¥LT | 1089 | 9618 |09°06v |0SLITI|9868L1| 1V | T/wob
s6Tsy | W1 | €91 | 1€ | 9%y |evozl 006 |00l | LES | L871€ | 9479 | €40T |LETTI | 00'6€T | 08°08€ | 9N | TvOb
€CLYTT| 860 | €1 | 89T | 6v'9c  |00Tes |o0s8LT |1€s8¢ | 1€€ | v60T | SLSL | 06'H€ | 11712 | 08°66L | 18°SSOT| S | TvOp
SIvPr | T€1 | 9v'ze | v8vT | 69Ty |8Ts6e |osTos |08'6ls | 0Tv | €v'8T | LEL9 | ST'IS |01'9vE |0€0z8 |8SLITT| SIN | 1/v0F
PEOI9T| 8T'T | 00%E | €09T | L6'6S |SLTOV |0SHSE |00W¥S | ¥9'€ | LLYT | 6STIL | SS6v |OTLEE |O¥bL6 |SOTI9ET| OIN | 1/b0F
6TF9L | 80T | orse | 10,z | €8 |TrLTT |0SWLI |TwvbT | €6'€ | 61'€T | L$'TL | THST |T8GKI |08OLY |H09F9 | TIN | 1/€0%
vOpT6 | 20T | 8L9€ | €55 | 69'LE | €9°L8T |0L'661 |6Lv6T | 09°C | ISTT | 6SVL | €8T |6SOLI |OV€8S |TITSL | TIA | /0%
97s8s | L60 | 669¢ | 9TLT | 9L'se |06T8T |08HEl |T89LT | 96'€ | 19TT | THEL | 0961 |TSTIT |0I'€9E |TSHer | TN | 1/€0%
987L9 | 860 | 91'9¢ | €587 | 1€5€ |86'S0 |0STOT [60°T0T | €T€ | 1€0T | 9¥'9L | SE8T |69°STT |0SSEF | L5695 | YN | 1/10%
(wdd) (%) (wdd) (%) (wdd) wess
pno) ordwes
oay o>_m$o§_§u:o§_ [eOnIIO ozmmooﬁ_sou_a%_ [eonio | X4MH _ ATIN _ ASYT | A99H _ ATIN _ ATUT _ ATd 1800
POz ePqeL
‘Ju0d 7 dqeL




www.czasopisma.pan.pl P N www.journals.pan.pl

N

144 Adamczyk et all 2018 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 34(3), 135-150

Light elements (LREY), the average content of which was 730.32 ppm, had the highest
share (above 70%) in the rare earth elements content. Heavy elements (HREY) had the low-
est share (ca. 4%), their average content being 42.20 ppm.

The content of critical elements in the HTA samples varied between 170.07 ppm and
777.20 ppm, the average being 416.59 ppm, which constitutes 40% of the total REY content.
The content of critical elements in the analyzed ashes is characterized by high variability
(V =52%) (Table 2).

The content of uncritical elements in HTA samples varied between 90.30 ppm and
448.30 ppm, the average being 260.81 ppm, which constituted 25% of the total REY content.
The content of uncritical elements in samples was also characterized by high variability
(V =45%) (Table 2).

The content of excessive elements in the tested samples varied between 120.43 ppm and
661.00 ppm, the average being 361.27 ppm, which constituted 35% of the total REY content.
The content of excessive elements in samples, as well as the share of critical and uncritical
elements, was also characterized by high variability (V = 48%) (Table 2).

In order to evaluate the tested samples of ash as an alternative REY source, the outlook
coefficient (C,,,,;) was calculated, with the content of critical and excessive elements taken
into account. In addition, in order to determine the potential industrial value of the ashes,
a graph showing the relationship between the percentage of critical elements and C,,,; was
plotted (Seredin and Dai 2012; Dai et al. 2016) (Table 2, Fig. 2).

The value of the outlook coefficient C,,,; for HTA samples varied between 0.97 and
1.41, with the mean value being 1.14. This value for HTA samples was characterized by low
variability (V = 12%). It allowed all of the analyzed ash samples to be regarded as promising
REY raw materials (Table 2; Fig. 2).

In order to determine the degree of enrichment of the samples with rare earth elements in
relation to their content in UCC, the REY content determined in the samples was normalized
against its content in UCC. With regard to the distribution of REY content in comparison
to UCC, the samples may be classified into the following groups: enriched with LREY —
L type (Lan/Luy > 1), enriched with MREY — M type (Layn/Smy < | and Gdy/Luy > 1), and
enriched with HREY — H type (Lay/Luy < 1) where N means the REY content normalized
against its content in UCC.

The distribution pattern of each type may have a positive or negative anomaly of differ-
ent amplitudes for different elements because their behavior in the environment may differ
from that of other REYs. Subtypes and intermediate types can be distinguished due to the
anomalies (Seredin and Dai 2012; Hower et al. 2013).

The distribution patterns for the HTA samples were of a similar shape and they were
M-H type. The distribution pattern had a shape characteristic of the M-L type only in one
case (sample M4). All the distribution patterns were, within their entire range, positioned
above the reference level. They featured a distinctive bulge, mainly within the range be-
tween Nd and Y. The content of some individual rare earth elements in the tested samples
was up to almost 20 times higher than in UCC (Fig. 3).
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Most of the distribution patterns had a maximum (positive anomaly) at a position cor-
responding to Eu. Positive anomalies were also observed in these curves for Dy (samples
M2, M4, M5, M10-M13, A1-A5). A positive anomaly for Ho was observed in samples M11
and A4. The normalized curve of sample M2 also had a positive anomaly for Er. Note that
almost all the distribution patterns had a slight negative anomaly for Y (samples M4, M5,
M10-M13, Al, A2, A4, A5) and for Pr and Ce (samples M2 and M4).

Tests have shown that the distribution pattern of sample M6 had a form different from

that the other analyzed HTA curves and that it had two positive extremes corresponding to
Gdand Y.
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Fig. 2. The relationship between critical REY content and outlook coefficient C,,,,; on the REY enriched coal
ashes classification (Seredin and Dai 2012).
REY source: I — unpromising; II — promising; III — highly promising

Rys. 2. Zalezno$¢ procentowego udziatu pierwiastkow krytycznych w badanych probkach od wspotczynnika
perspektywicznego C,,, na tle klasyfikacji popiotow weglowych wzbogaconych w REE.
Zrodto REY: I — nie perspektywiczne; 11 — perspektywiczne; 111 — zrédto REY wysoko perspektywiczne
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Fig. 3. Distribution patterns of REY in HTA samples (A) normalized by the Upper Continental Crust (UCC)
(Taylor and McLennan 1985)

Rys. 3. Rozktad zawartosci REY w probkach HTA (A) znormalizowany do ich zawartosci
w gornej skorupie kontynentalnej (UCC)
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Conclusions

The studies have shown that the analyzed HTA samples obtained from coals from the
Ruda bed seams differed in chemical composition despite the fact that these coals were
characterized by a similar coal rank.

In accordance with the chemical classification of HTA, the analyzed HTA samples were
classified as belonging to the following types: sialic, sialocalcic, sialoferricalcic, calsialic,
fericalsialic, ferisialic.

The studies have shown that the REY content in the analyzed samples of HTA was
characterized by high variability (V = 49%) and ranged from 380.80 ppm to 1886.50 ppm.
Whereas the average REY content in the ashes analyzed was 1038.67 ppm and it was
2.5 times higher than the world average (404 ppm).

Among rare earth elements, the light elements (LREY) had the highest share (above
70%) in the total rare earth elements content. Heavy elements (HREY) had the lowest share
(ca. 4%). The content of critical rare earth elements in the ash samples was characterized by
high variability (V = 52%) between 170.07 ppm and 777.20 ppm.

It was found that the content of the individual rare earth elements in the examined HTA
samples was up to almost 20 times higher than in UCC. The distribution patterns plotted
for all the samples within their entire range were positioned above the reference level. For
almost all of the samples these curves were of the M-H type. Only in the case of one sample
(M4) the distribution had a shape characteristic of the M-L type.

The value of the outlook coefficient C,,,,; for the examined HTA samples varied between
0.97 and 1.41, and its variability was low (V = 12%). The values of the outlook coefficient
allowed all of the analyzed ash samples to be regarded as promising REY raw materials.

Considering the obtained values of C,,; and the fact that in 7 out of 13 analyzed ash
samples the REY content was higher than 800 ppm, REY recovery from these ashes may
prove economic.
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THE HIGH TEMPERATURE ASHES (HTA) FROM BITUMINOUS COAL COMBUSTION
AS A POTENTIAL RESOURCE OF RARE EARTH ELEMENTS

Abstract

Potential sources of rare earth elements are sought after in the world by many researchers. Coal
ash obtained at high temperatures (HTA) is considered among these sources.

The aim of the study was an evaluation of the suitability of the high temperature ash (HTA) for-
med during the combustion of bituminous coal from the Ruda beds of the Pniéwek coal mine as an
potential resource of REY. The 13 samples of HTA obtained from the combustion of metabituminous
(B) coal were analyzed.

The analyses showed that the examined HTA samples varied in their chemical composition.
In accordance with the chemical classification of HTA, the analyzed ash samples were classified
as belonging to the following types: sialic, sialocalcic, sialoferricalcic, calsialic, fericalsialic,
ferisialic.

The research has shown that the rare earth elements content (REY) in examined HTA samples
are characterized by high variability. The average REY content in the analyzed ashes was 2.5 times
higher than the world average (404 ppm).

Among rare earth elements, the light elements (LREY') were the most abundant. Heavy elements
(HREY) had the lowest share.

A comparison of the content of the individual rare earth elements in HTA samples and in UCC
showed that it was almost 20 times higher than in UCC.

The distribution patterns of REY plotted for all samples within their entire range were positioned
above the reference level and these curves were of the M-H or M-L type.
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The data presented indicate, that the analyzed ash samples should be regarded as promising REY
raw materials. Considering the fact that in 7 out of 13 analyzed ash samples the REY content was
higher than 800 ppm, REY recovery from these ashes may prove to be economic.

Keywords: rare earth elements and yttrium (REY), high-temperature ash (HTA),

critical raw materials

WYSOKOTEMPERATUROWE POPIOLY (HTA) ZE SPALANIA WEGLA KAMIENNEGO
JAKO POTENCJALNE ZRODLO PIERWIASTKOW ZIEM RZADKICH

Streszczenie

Potencjalne zrodta pierwiastkow ziem rzadkich sg poszukiwane w §wiecie przez wielu badaczy.
Wsrod tych zrodet rozpatrywany jest popiot z wegla uzyskiwany w wysokich temperaturach (HTA).
Celem artykutu byta ocena wysokotemperaturowych popiotéw (HTA) pochodzacych ze spalania
wegla kamiennego warstw rudzkich z KWK Pniowek, pod katem ich wykorzystania jako alterna-
tywnego zrodta REY. Badaniom poddano 13 prébek popiotéw HTA uzyskanych ze spalenia wegla
o $rednim stopniu uweglenia B.

Zgodnie z klasyfikacja chemiczna popiotdow HTA, badane probki popiotéw zaklasyfikowano do
nastepujagcych typow: krzemianowo-glinowych, krzemianowo-glinowo-wapniowych, krzemianowo-
glinowo-zelazowo-wapniowych, wapniowo-krzemianowo-glinowych, zelazowo-wapniowokrzemia-
nowo-glinowych, zelazowo-krzemianowo-glinowych.

Badania wykazaty, ze zawarto$¢ pierwiastkow ziem rzadkich REY w badanych probkach popio-
tow HTA charakteryzuje si¢ duzg zmiennoscia. Sredni udziat REY w analizowanych popiotach jest
2,5 razy wigkszy od $redniej dla zt6z swiatowych (404 ppm). Wérdd pierwiastkow ziem rzadkich
najwickszy udzial majg pierwiastki lekkie LREY. Najmniejszym udziatem charakteryzuja si¢ pier-
wiastki cigzkie HREY.

Poréwnanie zawarto$ci poszczegdlnych pierwiastkow ziem rzadkich w probkach popiotéw HTA
i w UCC wykazalo, ze jest ona prawie do 20 razy wieksza niz w UCC.

Krzywe normalizacyjne wyznaczone dla wszystkich probek w catym swoim zakresie znajduja si¢
powyzej poziomu odniesienia i sg to krzywe typu M-H lub typu M-L.

Przedstawione dane wskazuja, ze analizowane probki popiotéw nalezy uznaé za obiecujace su-
rowce REY. Uwzgledniajac fakt, ze w 7 z 13 analizowanych probek popiolu zawartos¢ REY jest
wyzsza niz 800 ppm, odzysk REY z tych popiotéw moze okaza¢ si¢ ekonomiczny.

Stowa kluczowe: pierwiastki ziem rzadkich i itr (REY),
wysokotemperaturowy popidt weglowy (HTA), surowce krytyczne



