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The United States consumes more than 900 million tons of coal per year and produces over 100 million 

tons of coal utilization byproducts (CUB) [1]. Characterization of rare earth element (REE) mineral phases 

in coal source rock, coal waste, and coal byproducts (e.g., fly/flue/bottom ash and refuse) is a key 

component to the development of innovative and economically feasible techniques to extract REE. 

Geologic and diagenetic history, industrial preparation methods, and the specific combustion process may 

play a major role in the composition of CUB produced by power plants. It is necessary to characterize 

different types of CUB in order to better understand how particular mineral phases decompose, partition, 

or disintegrate during the combustion process. The ability to develop a working model that addresses how 

REE minerals behave during the combustion process will help to determine the most effective engineering 

methods for extraction of REE minerals from coal byproducts.  

 

Multiple microanalytical imaging and image processing techniques were used to investigate the 

morphology, elemental composition, and 3D volume of rare earth phases in coal and coal combustion 

products. The results provide thresholds for modeling the occurrence, structural, and volumetric estimates 

of REE and other mineral phases of interest in CUB. Rock and ash samples from different pulverized coal 

power plants were characterized by morphology, grain size, presence of mineral phases, and elemental 

composition of grains/coatings using SEM-EDS, EPMA-WDS, FIB-SEM, XRD, and µ-XRF. 

Backscattered electron (BSE) images and elemental x-ray maps were collected on single fields of view 

and/or were montaged. Pixel classification using single and montaged SEM images was done with Ilastik 

1.1.9 software whereas the distribution and occurrence of features were quantified using ImageJ. 

Tomographic stacked slices were reconstructed into 3D volumes and features of interest were segmented 

using Avizo 9® Digital Rock Physics modules. Selected CUB samples were prepared into polished thin-

sections (30 µm thick) for µ-XRF elemental mapping and µ-XANES at the Ce-LIII edge on identified Ce 

hotspots at the Stanford Synchrotron Radiation Lightsource.  

  

The combination of data obtained from 2D and 3D BSE images, EDS/WDS mapping, synchrotron-based 

µ-XRF mapping and high resolution pixel classification was successful at identifying the different mineral 

phases present in the CUB (Figs. 1&2). Synchrotron-based µ-XRF maps found co-localization of REEs 

with P and Ca, and discrete REE-containing crystals with 5-10 µm (Fig. 1), in agreement with monazite 

and xenotime detected by electron microscopy. Further µ-XANES analysis resolved the presence of REE 

phosphate (Ce-III), oxides (Ce-IV) and sulfates (Ce-III) in CUB samples.  

 

The predominant mineral phases in the coal source rock and CCP samples analyzed were quartz, kaolinite, 

muscovite, Ti-Fe oxide (e.g., hematite/magnetite), mullite, and clinochlore. Trace minerals identified 

were; pyrite, zircon, monazite (Fig. 2), xenotime, and barite. Rare earth element phosphates (REE-

PO4,SiO4) occur as 5-10 µm long crystals embedded in muscovite or other phyllosilicate phases. Fly ash 

and bottom ash samples were comprised mainly of amorphous alumino-silicate spheres and iron oxide 

spheres (Figure 1). Trace amounts of Ca exist as Ca-oxides and mixed Al-Si-Ca slag. Monazite and 



xenotime exist as discrete crystals that are freely dispersed within the ash and appear to be unaltered and 

unaffected by the combustion process. The melting point of natural monazite(-Ce) is 2045oC and natural 

xenotime at 1522oC, depending on which lanthanides are present (Sm<<La) [3]. Combustion of pulverized 

coal typically occurs at 1400-1600oC [1], therefore it is plausible to assume that monazite and potentially 

detrital xenotime may remain in the ash as unaltered mineral solids.   

 

Our workflow allowed for the volumetric quantification of REE mineral phases and the relative 

distribution of other constituents in the fly ash, bottom ash, and source rock samples. The FIB-SEM results 

provided 3D tomographic images that depict the structure and association of the REE mineral with the 

matrix rock. This quantitative data and our interpretations will inform future REE extraction techniques 

and technologies practical for commercial utilization of CUB generated by power plants.  
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Figure 1. Synchrotron µ-XRF maps for light REEs, P and Ca distributions for 30 µm thick thin-section 

of a bottom ash sample [4]. Scale bar is 20 µm. The maps were collected at 7000eV, with 2 µm step size 

and 100msec dwell time. Red and yellow colors in maps indicate high intensity fluorescence signal and 

high elemental concentrations. s1: REE co-localizing with P and Ca. s2: discrete 5-10 µm REE crystal. 
 

 
 

Figure 2. (A) Photomicrograph of monazite in source coal. (B) Reconstructed 3D tomographic image of 

monazite collected with a dual beam FIB-SEM and post processing segmentation. (C) SEM backscatter 

image of fly ash particle showing mineral phase identification. Phases identified; amorphous Si-Al 

(purple) Fe-oxide (red), Ca-oxide (green), and monazite (yellow). 


