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Abstract 
 
An Inductively Coupled Plasma Mass Spectrometry (ICP-MS) based analytical method was developed to 
measure the concentrations of rare earth elements (REEs) in coal fly ash samples. Samples were first 
digested to release metals, including rare earth elements, from the aluminum-silicate containing glassy 
phase into aqueous solutions, followed by accurate ICP-MS determination of REEs. A standard reference 
material for coal fly ash, NIST SRM 1633c, was utilized to assess the method performance. Method 
recoveries of measured REEs were between 93 – 106%, with an averaged detection limit of 0.010 µg/g 
among all REEs including scandium and yttrium. Precision of the measured REEs were within 10% in 
different batches.  Eight coal fly ash samples from different power plants with various coal sources were 
measured for their REEs contents, with a total REE values ranging from 391 to 717 µg/g.  

This developed method was applied to study the efficiency of two REE recovery processes from the above 
coal fly ash samples: 1) aqueous leaching: It was observed that, with a mild leaching solution (1% HNO3), 
a longer leach time (30hr vs. 1hr) lead to higher REE recoveries and, typically the first hour leached majority 
(>50%) of the total leachable REEs (< 40% of total REEs in ash).  For a single REE, the leaching efficiency 
varied among different coal fly ash samples. 2) Plasma arc gasification: Preliminary data indicated 
promising REEs separation from the coal fly ash and their enrichment in the metal phase with this process 
(> 100 µg/g REE).   

 
 
  



Introduction 
Rare earth elements (REEs) are widely used in high-tech industries and clean energy applications such as 
hybrid electric vehicles, catalysts, nickel metal hydride batteries, wind turbines, and lamp phosphors. Due 
to their economic importance and risks in supply chain they are now considered as the most “critical 
material’ especially in US.1 REEs are normally found in in mineral ores such as bastnasite, monazite and 
xenotime, however, the diminishing supply of these ores necessitates the diversification of potential REE 
sources. REEs have been found in coal and coal byproducts such as ash at varying concentration.2 Even 
though the concentration of REEs in coal and coal byproducts are much lower relative to the current 
commercial supply sources, they are now being increasingly considered as a potential source for the 
extraction of REEs because of two major reasons: (a) Concentration of heavy REEs may be comparable to 
current commercial sources and can be greater than that found in major sources of light REEs; (b) Coal-
fired power plants generate a large amount of coal fly ash that are left unused and recovering REEs from 
them will be a great value addition.3  

The amount of REEs in US domestic coal fly ashes (CFAs) are relatively low (average ~500 ppm) and they 
are mainly encapsulated and evenly distributed in amorphous, glassy alumina-silicate phases of CFAs.4 
Hence, precise and accurate quantification of REEs in CFAs is difficult. Typically the glassy phases are 
attacked by concentrated hydrofluoric acid to release entrapped REEs into solutions for further analysis5. 
An alternative is to fuse the CFAs with a flux e.g. lithium metaborate6, and then the fused product is 
dissolved in acid for REE determination. An updated ASTM method D6357 procedure is developed at 
Southern Research and, in this method, samples are sequentially digested by concentrated hydrofluoric 
acid, and then aqua regia to extract REEs prior to the analysis. This method yielded consistent values when 
compared with those listed in standard reference material (NIST 1633c). It was then applied to study the 
REE extraction efficiency of two recovery processes from the coal fly ash samples. 

 

Instrumentation and method parameters 
Agilent 7700 ICP-MS was used in this work. The measurement parameters and sample introduction setup 
can be seen in table 1.  The instrument was set up on both no gas and helium modes, however, as data from 
no gas mode as used for high sensitivity. Cross interference correction was predetermined with a serious of 
single REE solutions to assess the interferences. The determined correction coefficients were entered into 
the software to automatically compensate for these interferences on a sample.  
 
Table 1. Method parameters and sample introduction setup used 

RF power 1550W 
Nebuliser Concentric 
Spray chamber Double Pass 
Sampling depth 8.0mm 

Carrier Gas 0.70 L/min 
makeup gas 0.40 L/min 
Nebulizer pump 0.10 rps 
Oxide level (CeO+/Ce+) < 0.5% 
Double charged level (Ce2+/Ce+) < 1% 
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Standards and Reagents 
 

All chemicals were of analytical-reagent grade unless stated otherwise and water obtained from a Milli-Q 
system (Millipore) was used to prepare working standards.  1000ug/mL mono-element REE primary 
standard and internal standards (rhodium, indium and bismuth) were purchased from Inorganic Ventures 
(Inorganic Ventures, Christiansburg, Virginia). Calibration standards were prepared from serial dilution of 
1000 mg/L single element solutions into 1% HNO3 solutions.   

 
A 100 µg/L internal standard was introduced via online mixing. This allows the method to compensate for 
variations in sample matrices along with any changes to the sample introduction. The internal standard  

Standard reference material (SRM 1633c) was purchased from the National Institute of Standards and 
Technology, USA (NIST). NIST SRM 1633c ) is prepared along with samples in each analytical batch. 

 
Sample Preparation 
Method for digestion is the updated ASTM method D6357.  0.0500 g to 0.2000 g of ground ash are 
weighed into a 100 mL polypropylene tube. Add 10mL concentrated hydrofluoric acid, mix and place 
the tube on a heatblock at 110°C until it turns incipient dryness. Cool to room temperature and add 30 
mL of freshly prepared aqua regia, reheat at 110°C to incipient dryness. Remove the tube from the 
heatblock and cool to room temperature. Add 1 mL of concentrated nitric acid and 20 mL of deionized 
water to the tube. Heat at 100 °C for 1 hour. Remove the tube from the heatblock and allow the solution 
to cool to room temperature. Quantitatively transfer the cool solution to a 50 mL volumetric flask and 
dilute to volume with deionized water. Transfer the solution to a 100mL polypropylene tube for 
storage. The solution is further diluted 10 folds in 1% HNO3 solutions prior to being injected for 
analysis. 
  
Results 

An empty sample tube was subjected to the same sample digestion method as the samples, and this blank 
was then diluted and analyzed with 6 replicates. The method detection limits were calculated by multiplying 
the standard deviation of these 6 replicates by a factor of 3. The method detection limits for these rare earth 
elements are listed in Table 2.  

Analytical results of the standard reference material (NIST 1633c) sample were compared with the certified 
and reference values (table 3). The NIST 1633c was digested and analyzed at three different dates. Table 3 
shows that the averaged analytical results are within ±10% of the expected values (certified vales and 
referenced values), and the relative standard deviation (RSD) among the determined results were within 
±10%, demonstrating the accuracy and precision of this method for the analysis of coal ash samples. 
Different amounts of NIST 1633c were utilized for the method development, and all results showed 
consistent values with the expected values.  

 

  

                                               

 

                                                   Table 2. Method detection limits 
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Element 
Detection Limit, 
mg/Kg 

Sc 0.063 
Y 0.002 
La 0.002 
Ce 0.003 
Pr 0.002 
Nd 0.003 
Sm 0.001 
Eu 0.018 
Gd 0.002 
Tb 0.030 
Dy 0.002 
Ho 0.002 
Er 0.001 
Tm 0.001 
Yb 0.002 
Lu 0.026 

 

Table 3. Analytical results for NIST certified reference material (1633c). 

Element 

Expected 
value, 
mg/Kg 

Determined, mg/Kg 
Recovery, 
% 

RSD, 
% Day 1 Day 2 Day 3 Average 

Sc 37.6 38.2 34.3 37.9 36.8 98 5.9 
Y NA 93.9 105.7 102.6 100.7 NA 6.1 
La 87 75.3 90.2 85.2 83.6 96 9.1 
Ce 180 173.5 196.9 191.7 187.4 104 6.6 
Pr NA 20.9 19.4 21.8 20.7 NA 5.7 
Nd 87 82.6 77.7 86.0 82.1 94 5.1 
Sm 19 18.1 17.7 19.1 18.3 96 3.9 
Eu 4.67 4.7 4.1 4.7 4.5 96 7.1 
Gd NA 21.1 18.2 20.2 19.8 NA 7.6 
Tb 3.12 3.2 2.8 3.0 3.0 96 6.6 
Dy 18.7 17.9 16.6 18.2 17.6 94 4.7 
Ho NA 3.4 3.1 3.6 3.3 NA 7.8 
Er NA 9.5 9.1 10.1 9.6 NA 5.5 
Tm NA 1.3 1.3 1.4 1.3 NA 4.0 
Yb 7.7 8.2 7.9 8.4 8.2 106 3.4 
Lu 1.32 1.3 1.2 1.2 1.2 93 5.3 
 

Applications  
Recovery of REEs from coal fly ash is challenging because a large fraction of REEs are trapped in the 
glassy alumina-silicate matrix, which requires significant efforts for extraction. Aqueous leaching and 
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thermal segregation are two typical methods to extract REEs from coal fly ash. The analytical method 
developed in this study was utilized to analyze REE contents in these two REE recovery processes: Aqueous 
Leaching and Plasma Arc Gasification.  The later technique was a DOE funded effort led by Southern 
Research using a plasma arc gasification based technology to recover REEs from coal fly ash. The 
technology was based upon differences in melting and boiling point temperatures for the various 
constituents in coal fly ash to thermally separate and concentrate REE from coal ash gangue materials. 

11 coal fly ash samples were collected from different coal-fired power plants. These samples were first 
analyzed for their REE contents, with a total REE values ranging from 391 to 717 µg/g.  These samples, 
along with NIST 1633c were subjected to 1% HNO3 leaching. The leachates were taken at hours 1, 3, 5, 
and 30.  The leachates were then measured for their REE contents. The REE results on these time points 
were compared with total REE values in the solid sample to evaluate the extraction efficiency.  Figure 1 
shows percentages of REEs that are extracted from the coal fly ash (NIST 1633c) using 1% HNO3 after 1, 
3, 5, and 30 hrs leaching periods. Values for Tb, Ho, Er, Tm, Yb, and Lu were below the quantification 
limits, therefore the extraction efficiency are not reported in Figure 1.  As shown in Figure 1, the extraction 
efficiency increased with longer leaching time periods. It was initially expected that a significant extraction 
efficiency would be observed after 30hr leaching, however, less than 35% of REEs were leached out of the 
fly ash in this period. This occurred to all 12 studied samples, indicating 1% HNO3 is not an efficient 
leaching solution for REEs extraction from coal fly ash.  

Figure 1 REE extraction efficiency of coal fly ash (NIST 1633c) at after 1-, 3-, 5-, and 30- hr 1% HNO3 
leaching 
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For individual element, extraction efficiency can vary among samples. Figure 2 shows such variations for 
yttrium.  Differences in physical states, total REE contents, and the extents of REEs entrapped in the glassy 
phase among fly ash samples seemed to contribute to the extraction efficiency differences.  

 

Figure 2 Comparison of yttrium extraction efficiency among samples after 1-, 3-, 5-, and 30- hr 1% HNO3 
leaching

 

 

The analytical method was also utilized to determine REE contents in samples generated from a Plasma 
Arc Gasification study. In this work, REEs were thermally separated from coal fly ash matrices and enriched 
in a metal phase. Preliminary data (Table 4) showed that in certain conditions, REEs were indeed separated 
from the slag and enriched in the metal phase.  

 

Table 4  Summary results of smelting tests (excerpted) 

ID Total REE in 
Metal, μg/g Total REE in Slag, μg/g 

18 129.4 294.5 

58 302.1 1261 

62 116.2 1338.1 

 

Conclusion 
The analytical results demonstrate that the analytical method developed in this study is capable of 
performing analysis of REEs in coal fly ash samples. The method yielded consistent results with the 
certified and reference values in standard reference materials (within +/- 10%).  The inter-day precision of 
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the test showed good method reproducibility (< 10% RSD). The method was applied to analyze REEs 
contents in two REE Recovery Processes: Aqueous Leaching and Plasma Arc Gasification. Preliminary 
results from the test yielded meaningful understanding of the recovery process and recommendation for 
further process improvements.  
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