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Abstract This study demonstrated using yttrium (Y) as an indicator to estimate the total rare earth element and Y contents

(REY) in coal-associated samples and to facilitate selection of samples with high REY assays in a fast and inexpensive

manner. More than 10 anthracite-associated samples were collected from each of three Pennsylvanian sites (sites B, J and

C) based on Thorium gamma ray logging suggesting high REY content. Several samples from each site were analyzed by

ICP-MS to determine the rare earth distribution patterns and to establish the site-specific linear equations of Y and REY.

The Y contents of the remaining samples were measured by a portable X-ray fluorescence analyzer, and the REY values

were estimated based on the site-specific linear equation developed earlier. R-squared values above 0.70 were obtained for

all the estimation equations from all three sites on both a whole sample basis and an ash basis. Previously, ash content has

been widely used as an indicator of high REY content. This may not be applicable for a specific site. Site B in this study is

an example where ash contents could not be statistically correlated with REY, so using Y for estimation is more applicable.

The demonstrated sample screening process is suitable for samples from sites that share more similar distribution patterns

(either MREY or LREY or HREY) as well as for samples from sites that share multiple distribution patterns (LREY/

MREY/HREY) depending on the desirable accuracy. The demonstrated process lowers the analytical cost from $70 to 80

dollars per sample to $10–15 per sample while significantly reducing the processing time and acid consumption for ICP

digestion. This is particularly true when a relatively large sample size is involved, for example, 100 samples from one site

analyzed by ICP-MS/OES.
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1 Introduction

The demand for rare earth elements (REEs) is increasing

due to the development of advanced technologies. REEs

have found numerous uses in high technology applications

such as high-strength permanent magnets, lasers, automo-

tive catalytic converters, superconductors, and electronic

devices (Yanfei et al. 2015). REEs are one of the 35 critical

minerals listed by the U.S. Department of Interior in 2018

(DOI 2018). Bastnaesite (La, Ce) FCO3, monazite (Ce, La,

Y, Th)PO4, xenotime YPO4, and the weathered crust elu-

tion-deposited (ion-adsorbed type) ores are the main

commercial sources of rare earth minerals. In order to

expand the reserves of REEs globally, coal and coal by-
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products are being evaluated as potential economic sources

of REEs. High levels ([ 0.1%) of total REEs have been

found in coal seams and coal ashes, as well as in the host

and basement rocks of some coal basins. Coal fly ash

contains on average 445 ppm of REEs on a global basis

(Seredin and Dai 2012; Franus et al. 2015). To further

explore the potential opportunities for recovering REEs

from coal-based resources, the US Department of Energy

(DOE) initiated a Rare Earth Elements and Critical Min-

erals program. DOE suggested a 300 lg/g (ppm) level of

REEs plus yttrium (REY) as a minimum level for potential

REY resources on a whole sample basis (DOE 2014).

The concentrations of REY are commonly determined

using inductively coupled plasma optical emission spec-

trometry (ICP-OES) and inductively coupled plasma mass

spectrometry (ICP-MS). The sample preparation for ICP-

OES or -MS both require ashing and acid digestion prior to

the analysis. In addition, turnaround times of 10 days are

not uncommon in a commercial lab. As such using these

methods to determine REYconcentrations among hundreds

of samples would be expensive and time consuming.

Alternative techniques have been recently explored for

determining REY content in coal fly ash. One such tech-

nique, the sensitive high-resolution ion microprobe—re-

verse geometry (SHRIMP-RG) analysis (Kolker et al.

2017), gave an analytical uncertainty of ± 10%–20% when

used for determining REEs in fly ash aluminosilicate

glasses. This method was able to reveal not only the con-

centrations, but also some mineral association information.

However, this technique is not commonly available. For

rapid detection and analysis of REEs, laser-induced

breakdown spectroscopy (LIBS) has been applied for REE

peak identifications in monazite sand and coal ash (Abedin

et al. 2011; Phuoc et al. 2016). Bhatt et al. (2017) have

used this method to quantitatively analyze REEs in geo-

logical samples. Lanthanum (La), cerium (Ce), and neo-

dymium (Nd) were found in all samples and were

comparable to those obtained by ICP-MS analysis where

the other REEs were partially detected. However, the

samples analyzed contained over 8000 ppm Ce, La, and

Nd. Hence it remains unknown whether this method will be

suitable to determine REY content in coal associated

samples whose individual REEs are usually in the

10–100 ppm range. A method to estimate REY content

rapidly using thorium (Th) gamma ray logging and a linear

relationship between thorium content and total REEs was

described (DOE 2017). Despite a possible broad general

correlation between total REEs and Th, others have also

reported that the total REEs of individual samples showed

little correlation with that of Th (Wedow 1967; Staatz et al.

1972, 1974; Staatz 1983; Christman et al. 1959). Another

possible problem with this correlation is that a represen-

tative measurement of Th for individual samples is difficult

to obtain; the measured values could have a standard

deviation as high as 7.5 ppm at a low concentration level

(Th\ 20 ppm) (Li et al. 2016).

X-ray fluorescence (XRF) analysis has also been used to

determine REE concentrations. It was first explored in the

late 1960s, however the method described during that time

was not extended to microgram concentration levels (Rose

and Cuttitta 1968) and the samples needed to contain high

REE concentrations (Aleksiev and Boyadjieva 1966). Eby

(1972) used XRF analysis to determine REEs, yttrium (Y),

and scandium (Sc) of some standard rocks from the US

Geological Survey (USGS 2014). The results were com-

pared with literature values and indicated a 10%–30%

difference at the ppm level (Eby 1972). Uhrin (2018)

proposed a correlation for identifying and quantifying

REEs in coal-associated samplesusing a field-portable XRF

analyzer. Although lanthanum (La), cerium (Ce),praseo-

dymium (Pr), and neodymium (Nd) could be detected by

the XRF analyzer, concentrations of these elements in coal-

associated materials are often close to 10 ppm. At these

levels, the concentration error would be too broad to allow

standard compositions to be used as references, so Y was

used as a tracer for total REEs (Uhrin 2018).

Although Y is not specifically an REE, it is grouped

with REEs as the properties are close to other lanthanides.

For example, the ionic radius of Y3? is similar to holmium

(Ho)3?. It is considered to fall between dysprosium (Dy)3?

and (Ho)3? in normalized REY distributions and is con-

sidered as a medium REE (Bau and Peter 1996; Seredin

and Dai 2012; Dai et al. 2016). Due to this similarity in

ionic radius, Y exhibits similar chemical properties and

typically occurs in the same deposits as REEs (USGS

2014). The REY distributions as used in this study are

classified into 3 types:light (LREY)—La, Ce, Pr, Nd, and

samarium (Sm); medium (MREY)- Europium (Eu),

gadolinium (Gd), terbium (Tb), Dy, and Y; and heavy

(HREY)—Ho, erbium (Er), thulium (Tm), ytterbium (Yb),

and lutetium (Lu) (Blissett et al. 2014; Seredin and Dai

2012). A binary classification of REEs is also commonly

used: LREE (La, Ce, Pr, Nd, Sm, and Eu) and HREE (Gd,

Tb, Dy, Y, Ho, Er, Tm, Yb, and Lu) (Wang and Liang

2015).

To determine the relative amounts of REY in each

sample, a distribution pattern plot was developed. These

distribution plots give REY concentrations in the samples

normalized to a standard material. The current study

adopted the Upper Continental Crust (UCC) as the standard

material (Taylor and McLennan 1985). The UCC shares a

similar genetic origin to coal as coal was deposited within

the UCC. This approach was used by previous researchers

that focused on coal-associated samples from various

sources (Dai et al. 2014a, b, 2016). Three types of REY

distributions were identified based on UCC normalizations
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(Seredin and Dai 2012; Dai et al. 2016): L-type (light-

REY; LaN/LuN[ 1); M-type (medium-REY; LaN/SmN-

\ 1, GdN/LuN[ 1); and H-type (heavy REY; LaN/LuN-
\ 1). In cases where the original material was of

magmatic origin, chondrite was used for normalization

(Zhou et al. 2000; Dai et al. 2011, 2016). Other standards

like the North American Shale Composite (NASC) and

Post-Archaean Australian Shale (PAAS) have also been

used depending on the sampling characteristics (Dai et al.

2016). For example, Noack et al. (2015) studied the REE

distributions in eleven outcrop samples and six, depth-in-

terval samples of a core from the Marcellus shale. These

values were normalized by referencing the PAAS of Nance

and Taylor (1976).

Previous work done by Uhrin (2018) provided an

approach for using XRF analysis to provide a fast and

inexpensive way to estimate REY concentrations in the

field. The current study has refined the method to select or

locate high REY assays from a specific coal seam or coal-

associated material. The procedure required analyzing

several samples from the original collected material using

ICP-OES or ICP-MS to determine the REY concentrations

and then developing a site-specific linear correlation with

Y. Uhrin (2018) proposed a general Y-REY correlation

where Y was correlated with HREE, and REY was esti-

mated using HREE = 0.1 9 REY. However, the correla-

tion HREE = 0.1 9 REY may not be applicable for

samples that share M-REY or H-REY distribution patterns.

Thus, having a site-specific Y-REY correlation would take

into consideration the distribution patterns from the sites

and lead to a more accurate prediction. The Y values for

the remaining samples were then obtained by XRF analy-

sis, and the correlation was used to calculate REY con-

centration. With this approach, the number of required ICP

analyses would be reduced, significantly reducing process

time. Moreover, ashing and acid digestion are not required

for XRF analysis. The current study also describes the

current state of knowledge on anomalous REY concentra-

tions within some Pennsylvania sites as most recent studies

on coal-related REY have focused on coals from China, Far

East Russia, and Kentucky in the U.S. (Dai et al. 2016).

2 Materials and methods

2.1 Sample collection and preparation

Samples were obtained from several locations within

Pennsylvania. The samples consisted of sandstone, coal,

and shale. Site B samples are chip channel rock samples

collected by Jeddo Coal Co. from the Upper Lehigh No. 5

property. Hand samples were collected from another

nearby Upper Lehigh site (Site J). A drill core sample was

obtained from site C from the Jeddo Coal Co Eckley North

property that covered a depth of 39.2 to 102.3 ft. Sub-

samples from Site B and Site J and each core sample were

ground to pass through a 75 lm screen. Representative

samples of approximately 1 g and 5 g were used for ICP

and XRF analyses, respectively.

2.2 ICP-MS and ICP-OES analysis

Six samples from Site B and Site J were analyzed by ICP-

MS (Thermo Fisher Scientific Xseries 2) at Penn State.

These samples and ten samples from Site C were also

analyzed by ICP-OES at a commercial lab. Both ICP-OES

and ICP-MS allow a detection limit as low as 1 part per

trillion (ppt) for REEs. Acid-digestion using the HNO3,

HCl, HF process was adopted for ICP-OES (ASTM

D6357-11 2011). A lithium metaborate (LiO2) fusion

method adapted from Suhr and Ingamells (1966) was used

for ICP-MS digestion: 0.100 g of each sample was placed

in the mixture with 0.400 g LiO2 flux, heated to 915�C in a

graphite crucible, and the resultant bead was dissolved in a

stirred 100 mL 5% nitric acid solution. Samples were

further diluted by ten times in 0.3 N nitric acid to reduce

the matrix for ICP-MS analysis. Calibration curves were

created using a serial dilution of a calibration standard, a

custom multi-element calibration standard from High

Purity Standards along with digested coal fly ash (NIST

1633 and NIST 1633a) and combinations of USGS rock

standards (BHVO-1, BCR-1, BIR-1 RGM-1) and Japanese

Geological Survey standard JA-1.

2.3 XRF analysis

A linear fit between total REEs and Y was generated for

each site. XRF analysis was used to determine the Y values

for the remaining collected samples using an XRF analyzer

(Thermo Scientific Niton FXL FM). The REY concentra-

tions were then calculated using the site-specific functions.

The Y values provided by XRF analysis were validated

with ICP-MS (Penn State). Because of the relatively fast

turn around time for XRF analyses, it is possible to screen

many samples and select the highest Y samples for more

detailed ICP analysis. The ash content was determined as

Ash %ð Þ ¼ 100� LOI %ð Þ. The loss on ignition (LOI, in

percent) was determined by ashing the sample at a 900 �C
overnight.

3 Results

All the samples from site J in Fig. 1 satisfied LaN/SmN-

\ 1, GdN/LuN[ 1, meaning they were all M-type REEs

as discussed previously. Samples J1 and J4 had small Eu
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anomalies at 1.15 and 1.17 while having an Eu maximum

and the rest shared a Dy maximum. Here Eu anomalies

were calculated as EuN=Eu
�
N ¼ EuN= 0:5SmN þ 0:5GdNð Þ.

(Dai et al. 2016). These distributions were similar to those

reported for roof strata of the No. 25 coal from the Guxu

Coalfield in China (Dai et al. 2016) (Fig. 2).

The REY values for samples J1, J2, J4, J5, J6, and J9

were obtained on a whole sample basis and on an ash basis

and were fitted to linear curves (Fig. 3a) as described in the

method section. At site J, the ash content of all analyzed

samples was also plotted against REY concentration

(Fig. 3b). In this case, ash content was highly associated

(R2 = 0.99) with REY (grey).

Samples B1–B7 were analyzed by ICP-MS to determine

the individual REY. All samples from Site B (Fig. 4) also

followed the LaN/SmN\ 1, GdN/LuN[ 1 trend, indicating

M-type REEs as was found for Site J. Positive Eu

anomalies were observed for most samples ranging from

1.1 to 1.6 except for B2 and B3 for which EuN=Eu
�
N ¼ 1.

A Sm maximum was observed for samples B2 and B3

(Fig. 4). The enrichment level in samples from Site B were

similar to those from Site J. No obvious negative anomalies

were observed (Figs. 2 and 4).

No correlation between the ash content and REY content

was found for samples from Site B (Fig. 5). On the other

hand, the REY versus Y linear fit (on an ash basis) was

significantly better (R2 = 0.96) than that on the whole basis

(R2 = 0.77) (Fig. 6).

Y values for samples B1–B7 from site B were measured

by ICP and XRF. ICP-OES was done at a commercial lab

following a microwave acid digestion process, while ICP-

MS was done at Penn State using the LiO2 fusion method

Fig. 1 REY distribution patterns for samples J1, J2, J4, J5, J6, and J9

from Site J

Fig. 2 Roof strata of the No. 25 coal from the Guxu coalfield, data

from Dai et al. (2015), figure from Dai et al. (2016)

REY, whole basis = 8.12× [Y] + 7.30
R² = 0.88

REY, ash basis = 7.31× [Y] + 62.30
R² = 0.82
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Fig. 3 a Linear correlations of Y versus REY for samples collected

from Site J. b Linear correlations of ash content versus REY for

samples collected from Site J

Fig. 4 REY distribution patterns for samples B1–B7 from Site B

Using yttrium as an indicator to estimate total rare earth element concentration: a case… 655

123



(Fig. 7). All three values were comparable with the highest

difference being 7 ppm (Fig. 7, Sample B1).

After the linear correlation was developed from samples

B1–B7, the Y values for samples B8–B11 were measured

using the XRF analyzer. The REY values were calculated

by REY whole basis; ppmð Þ ¼ 5:11� Y½ � þ 128:01. The

error bars for samples B1–B7 were negligible, since the

measured values would be used to compare to the calcu-

lated values of samples B8–B11. These results are shown

in Fig. 8. Here, sample B6 had the highest REY and was

chosen for future experiments.

Due to the similarities of samples from site B and site J

in terms of REY distributions and the level of enhance-

ment, Y values obtained by XRF analysis were used to

calculate the REY values for the site J samples using the

equation generated from site B samples

ðREY ¼ 8:12� Y½ � þ 7:30) and the equation generated

from Site J samples (REY ¼ 5:11� Y½ � þ 128:01Þ (Figs. 3
and 9). The Y values for samples J3 and J8 were deter-

mined by XRF analysis and were added to the figure for

comparison. Most calculated values were similar except for

sample J8. Sample J4 had the largest difference when

comparing the calculated values to the measured ones.

However, during sample selection, the measured data

would also be compared to the calculated data for the rest

of the samples. Here, samples J3 and J4 were selected for

future studies.

Fig. 5 Variation of REY (whole basis) with ash content for Site B

samples

REY, whole basis = 5.11× [Y] + 128.01
R² = 0.77

REY, ash basis = 5.47× [Y] + 123.17
R² = 0.96
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Fig. 6 Linear correlations of REY versus Y for samples collected from Site B
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Fig. 7 Comparison of Y values obtained using ICP and XRF

techniques for samples (B1–B7) collected from Site B
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Fig. 8 The calculated REY values for samples B7–B11 from Site B
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As indicated previously, Site C samples were collected

from a drilled core and were separated based on the depth

of mining. The depth and thickness of each core sample is

listed in Table 1. Subsamples (Table 2) were selected

based on the Th gamma ray logging data collected

previously and were sent for ICP-OES analysis at a com-

mercial lab.

There was no clear correlation between the enhancement

of REY and the depth of drilling. Moreover, the distribu-

tion patterns could vary drastically between adjacent

samples, for example, samples 30–31 (88.4–89.8 ft)

(Table 2). The REY distributions of the samples were

mostly M-type (LaN/SmN\ 1, GdN/LuN[ 1) except for

cores 11, 24 and 33 (Fig. 10). Core 11 had an H-type

distribution (Gd11/Lu11\ 1, La11/Lu11\ 1) with a slight

Dy maximum with no obvious anomalies. There were also

slightly higher MREE and HREE enrichments compared to

that of the LREE. Core 24 also had an H-type distribution

(Gd24/Lu24\ 1, La24/Lu24\ 1) but with a small Eu

anomaly (EuN=Eu
�
N. = 1.26). Even though the Yb and Lu

enhancements were slightly high making them H-type, the

distribution pattern of core 24 showed some resemblance to

0

100

200

300

400

J1 J2 J3 J4 J5 J6 J8 J9

R
EY

 (p
pm

)

calculated REY using Site B sample fitting calculated REY using Site J sample fitting
measured REY (ICP)

Fig. 9 The calculated and measured REY values of samples from Site J

Table 1 Samples collected from Site C and their corresponding

depths

Core number Depth (ft) Core number Depth (ft)

1 39.2–39.7 22 79.0–79.2

2 42.7–42.9 23 79.2–80.2

3 48.2–48.8 24 80.6–81.2

4 50.3–50.6 25 81.6–83.6

5 51.3–51.6 26 83.6–83.8

6 56.5–59.3 27 83.8–85.1

7 59.3–59.5 28 85.1–87.0

8 59.5–61.1 29 87.0–88.4

9 61.1–62.1 30 88.4–89.5

10 62.1–62.3 31 89.5–89.8

11 62.3–62.9 32 89.8–90.1

12 62.9–63.8 33 90.1–91.9

13 63.8–64.0 34 91.9–93.7

14 64.0–65.0 35 93.7–95.2

15 65.0–66.5 36 95.2–95.5

16 66.5–68.6 37 95.5–96.2

17 68.6–70.8 38 96.2–97.0

18 70.8–72.8 39 97.0–98.8

19 72.8–74.6 40 98.8–100.3

20 74.6–76.5 41 100.3–102.3

21 76.5–78.3

Table 2 Site C samples selected for ICP analyses and their corre-

sponding depths

Core number Depth (ft) Y (ppm) REY (ppm)

6 56.5–59.3 41.7 299.2

11 62.3–62.9 46.9 324.2

12 62.9–63.8 48.0 359.9

13 63.8–64.0 47.4 362.0

24 80.6–81.2 37.8 300.7

30 88.4–89.5 23.8 180.7

31 89.5–89.8 27.7 290.5

33 90.1–91.2 28.9 285.1

36 95.2–95.5 41.1 289.8

41 100.3–102.3 53.7 350.2
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that of samples obtained from Site B. Core 33 had the only

L-type distribution (La33/Lu33[ 1, La33/Sm33[ 1, Gd33/

Lu33\ 1) among the analyzed samples. It also had a lower

enhancement of MREEs and a negative Eu anomaly

(EuN=Eu
�
N = 0.78). None of these three samples had the

highest REY and none of them contained any strongly

pronounced anomalies (Table 2, Fig. 10).

Y did not display any obvious anomaly except core 31.

A linear relationship between REY and Y was obtained

(Fig. 11). Core 31 had negative Y anomalies

(YN=Y
�
N = 0.88) with the most pronounced positive

anomalies among all (EuN=Eu
�
N = 1.74) (Fig. 10).

The fitting curves obtained from site C were similar to

the one obtained from Site B (whole basis) for Y values

below 40 ppm (Fig. 11). Site B did not contain some of the

high Y samples like Site C, and the use of the site B fitted

curve would underestimate the high assays from site C if

applied. XRF analysis was used to determine the Y values

for the remaining core samples from Site C (Fig. 12).

Although there were still no clear correlations between Y

and the sampling depth, the samples with relatively higher

Y values ([ 40 ppm) were mostly observed around sam-

ples 6–13 (56.5–64.0 ft) and 32–41 (89.8–102.3 ft)

(Tables 1 and 2, Fig. 12). Samples collected from the

surface did not show high Y values (Fig. 12). The REY

values were calculated respectively, and samples with a

300 ppm or above REY values were selected for further

analysis (Fig. 13).

4 Discussion

Site specific linear relationships giving REY concentration

as a function of Y concentration were developed for coal-

related materials from three sites within Pennsylvania. The

R2 values were greater than 0.71 in all cases regardless of

the basis of calculation. The fit was relatively good con-

sidering the differences among Site C samples. Although

the locations of Site B and Site J were different, similar

distribution patterns and concentrations were observed, and

their estimation equations were interchangeable as shown

in Fig. 9. The samples analyzed in this study had mostly

M-type distributions with 1.5–2.0 times enhancement

compared to the UCC. At any given site or coal seam, it is

Fig. 10 REY distribution patterns for selected samples from Site C

Site C (commercial lab, whole basis), REY = 4.46× [Y] + 127.29
R² = 0.71

Site B (commercial lab, whole basis), REY = 4.02× [Y] + 131.12
R² = 0.80
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Fig. 11 Linear correlations of REY versus Y (whole basis) for samples collected from Site C. The linear correlation of REY versus Y for Site B

was added for comparison
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possible that a drastic difference in distribution patterns

and REY can occur within a layer as narrow as three feet,

thus additional samples from the area vary in concentra-

tions of both individual REEs and total REY.

Previous research showed that standard ash values can

also be directly correlated to REY concentration or alu-

minum on a broad basis, but the scattering of the data made

it difficult to develop an appropriate estimation equation

(Bryan et al. 2015). Similar to the Th relationship discussed

previously, this correlation was developed on a large

sample size scale, for example, all CoalQual Coal Samples

(Bryan et al. 2015). However, each individual sampling site

could exhibit totally different ash-REY relationships such

as found for Site B and Site J. For example, in some cases a

better estimate of REY concentration could be obtained

using the ash content information compared to the REY-Y

estimation method as shown for Site J. However, in other

cases, such as when the ash content information is not

available or when the ash content showed no correlation to

REY, using Y as an indicator to calculate REY from a

specific site is advised. Obtaining the site-specific REY

distribution patterns by ICP with fewer samples can pro-

vide not only the enhancement of individual REEs of the

tested samples compared to the UCC, but also the homo-

geneity of the sampling site. Particularly when the samples

display very different distribution patterns or if the R2

value is too small, this method may not be suitable. The

REY estimates indicated in this study were used to select

the highest REY assays on a whole basis. However, if

selecting the highest assays on an ash basis was the goal,

the estimation could be based on equations generated on an

ash basis by performing ash analyses on the remaining

samples. The sampling sizes throughout this study were

relatively small, which also contributed to the estimation

error. The number of samples chosen for ICP analysis

should be large enough to represent the entire set of sam-

ples. This screening method not only reduces the acid

consumption and time for digestion significantly but is also

more economical. To be specific, the cost of XRF analysis

used in this study was 10% the cost for ICP-MS per sam-

ple. The overall analytical cost for the screening process

during this study was only 15%–20% of that when the

traditional ICP technique was used for all samples.

5 Conclusions

In this paper, correlations were developed using yttrium

(Y) as an indicator to estimate the total rare earth element

and Y contents (REY) in coal-associated samples, which
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were obtained from three Pennsylvania sites. The correla-

tions had R-squared values above 0.70 for all the estima-

tion equations from all three sites on both a whole sample

basis and an ash basis. Such correlations would aid in the

technoeconomic feasibility of the process by facilitating

selection of feedstocks with high REY assays. In addition,

compared to using the traditional ICP measurements for all

samples, using XRF as a screening process for the majority

of the samples significantly reduced the acid consumption,

time, and cost required during the ICP analysis, resulting in

a faster and less expensive selection process.
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