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Abstract
Rare earth elements (REE) are technology drivers, essential for applications ranging from clean 

energy technologies to biomedical imaging. Thus they are “critical elements” and it is desirable to find 
additional RE domestic sources and explore green extraction technologies to overcome their supply 
risk. Phosphogypsum, a major byproduct of the phosphate fertilizer industry, incorporates a significant 
amount of RE from the apatite source rock and thus is a potential alternate source of RE. To know the 
accessibility and extractability of RE from phosphogypsum, it is important to understand the location 
and nature of RE binding. Here, we report the synthesis of analogs of RE-doped phosphogypsum, with 
europium (Eu) as a model RE. Using several characterization tools we conclude that the majority of 
Eu is on the surface of the calcium sulfate crystal as a separate secondary phase, namely a metastable 
amorphous/nanocrystalline precipitate in which Eu is associated with phosphate and sulfate as coun-
terbalancing ions. The rapid precipitation at low temperature could be responsible for this behavior, 
which may not represent equilibrium, and our experiments are comparable in the timescale with the 
fast phosphogypsum precipitation in the industrial process. These results suggest that the Eu is not 
entrapped by ionic substitutions in the calcium sulfate lattice. Thus RE should be extracted relatively 
easily from phosphogypsum using methods that extract the RE from its surface.
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Introduction
Rare earth elements (REE) are technologically very important 

in today’s world. They are found in materials such as catalysts, 
batteries, magnets, phosphors, cell phones, LED displays, GPS 
equipment, night vision goggles, and many others (Cho et al. 
1999; Gai et al. 2014; Bitnar et al. 2002; Shen et al. 2008; Zhou 
et al. 2008). REE, contrary to their name are moderately abundant 
in the Earth crust; however, there are few natural occurrences 
of ores in which REE are in concentrations of 1 wt% or greater 
(Burt 1989). The major commercial REE ores contain bastnaesite 
and monazite (Shivaramaiah et al. 2016; Ni et al. 1995; Glass et 
al. 1945). Currently the major and almost sole global producer 
and supplier of REE is China (Keith 2011; Scarce supply 2014), 
making RE supply vulnerable to geopolitical control (Humphries 
2010). REE are thus considered “critical” or “strategic” since 
their supply risk could adversely affect today’s technology-
dependent society across the globe (Humphries 2010). This has 
called for a situation where there is an urgent need for strategic 
plans to manage the supply risk of REE, which is one of the major 
focus areas of Critical Materials Institute, an Energy Innovation 
Hub established by the U.S. Department of Energy. Its strategy 
includes searching for alternative sources of RE, from which 

they can be recovered economically.
Phosphate rock, which is used as a source for synthesizing 

soluble phosphoric acid-based fertilizers, contains an appreciable 
amount of RE (0.06%) (Habashi 1985; Altschuler et al. 1967). 
Its major mineral is apatite [Ca10(PO4)6(OH,F,Cl)2] (Waggaman 
and Fry 1915). Since RE substitute easily for Ca, they are present 
within the lattice of apatite itself or in the associated monazite 
phase (REPO4). In the wet processing of the ore, phosphate 
rock is treated with sulfuric acid to obtain phosphoric acid and a 
byproduct phosphogypsum as shown in Equation 1 (Slack 1968; 
U.S. Geological Survey 2012).

Ca5F(PO4)3 + 5H2SO4 + 10H2O → 
3H3PO4 + 5CaSO4 + 2H2O + HF (1)

During this process, ~38 wt% of RE from original rock are 
incorporated into the byproduct phosphogypsum while the rest 
remains in sludge (~12 wt%, obtained by evaporative concen-
tration of phosphoric acid) and in clay (~40 wt%) (Thyabat and 
Zhang 2015). Thus, both phosphogypsum and sludge could be 
potential attractive sources of RE. Phosphogypsum and sludge 
comprise hydrated forms of CaSO4 with some occluded phos-
phate phases. Every year 220 million tons of phosphate rock are 
mined and processed worldwide to produce agricultural fertil-
izer (Hull and Burnett 1996). For every ton of phosphate rock 
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