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Abstract Many advanced technologies in modern society require the use of rare
earth elements (REEs). Since these technologies are dominating the world, the
demand for REEs is increasing fast. Therefore, finding new sources for them is
highly of interest. One of the secondary sources for REEs is phosphogypsum
(PG) that is a by-product generated by phosphoric acid production. This research
builds upon our previous studies investigating the hydrometallurgical recovery of
REEs from PG. Here, we investigate the effect of microwaving the PG sample
before leaching in acid. Microwave radiation results in the dielectric heating of
water molecules in the PG crystals and vaporization, causing the formation of
breaks and pores in these particles as the vapor escapes. The lixivant would then be
able to penetrate and diffuse further into the PG particles, bringing more REEs into
solution. Our results show that REEs leaching efficiency increases when microwave
treatment is used.
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Introduction

Rare earth elements (REEs) are a group of 17 elements including 15 lanthanides,
scandium and yttrium. REEs have unique magnetic, spectroscopic, catalytic, and
hydrophobic properties. Because of that they are essential for the production of
many high-tech products, such as portable electronics, aeronautical components,
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and renewable energy. Despite their name, REEs are not rare, and even the most
rare ones are 200 times more abundant than gold [1]. The problem with REEs is that
they do not occur in high concentrations that are suitable for economic extractions.
Also, they are mainly concentrated in a few minable resources across the world
(97% in China). Also, they co-occur and their similar physicochemical properties
make their individual separation and purification challenging [2].

The global demand for REEs was about 136,000 tonnes in 2013 [3] and cur-
rently it is about 200,000 tonnes (47% increase) [4]. Therefore, some of REEs are
expected to be in short supply in the next 15 years [5]. Currently, 95% of the
world’s production of REEs takes place in China [6]. The availability of REEs is
undergoing a temporary decline mainly because of quotas imposed by the Chinese
government on export and actions taken against illegal mining operations. The
reduction in availability coupled with increasing demand has led to increased prices
for REEs over the past few years. For those reasons, REEs have become a
strategically important class of materials, and the importing countries, including
Canada, United States, and European Union members have accelerated efforts to
find other routes to satisfy their demands for REEs [7, 8].

Apatite, which is a mineral used for production of phosphate fertilizer, contains
about 0.04–1.57 wt% REEs [9, 10]. It has been reported that 65–85% of REEs in
apatite are precipitated with the process by-product, called phosphogypsum (PG)
[10]. For every tonne of phosphoric acid produced, about 5 tonnes of PG is pro-
duced. Global estimated production of PG is about 100–280 million tonnes
annually [11]. In most cases, it is wet stacked adjacent to fertilizer production
facilities, spanning hundreds of hectares in area and a few meters in height,
occupying vast amounts of land [12]. Although the concentration of REEs in PG is
low, its volume is large; therefore it is a suitable secondary source for REEs.

In a recent study, we investigated the recovery of REEs from PG, obtained from
the Agrium’s fertilizer production plant in Redwater, Alberta, Canada. We per-
formed hydrometallurgical acid leaching experiments and showed that hydrochloric
acid is the most efficient leachant in this process. The optimum operating conditions
were determined to be 1.5 M concentration, 80 °C, solid-to-liquid ratio of 1/15, and
20 min residence time.

In the current study, we examined the effect of microwaving the PG sample
before leaching in acid. Theoretically, the dielectric heating of water molecules in
the PG crystals by microwave radiation would vaporize them, causing the formation
of breaks and pores in these particles as the vapor escapes. The leachant would then
be able to penetrate and diffuse further into the PG particles, bringing more REEs
into solution. This innovative process would provide an effective and highly effi-
cient way for recovering REEs from PG.
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Results and Discussions

Phosphogypsum Characterization

Agua Regia Digestion and Inductively-Coupled Plasma (ICP-OES). The PG
sample was obtained from Agrium Inc. To determine the amount of REEs present
in the PG sample, we performed aqua regia digestion (Ethos EZ Microwave
Digestion System) followed by Inductively-Coupled Plasma (Agilent 720-ES
ICP-OES). Table 1 presents the concentration of REEs in the sample. The total
content of REEs in the feed is 342 ppm. As can be seen, Y, La, Ce, Nd, and Sm
have higher concentration than the rest of the REEs, so for extraction purposes, we
only focused on these 5 elements.

Microwave Treatment and Leaching Experiments

To conduct microwave treatment experiments, a multi-power microwave oven
(Panasonic, NN-ST775S) was used. A known amount of PG sample was placed
inside an alumina crucible, which was placed inside the microwave oven for
treatment. PG samples were treated at 1200 W power for 15 min. Microwave oven
was purged continuously with 0.5 L/min of nitrogen gas. After each treatment,
solid samples were collected and characterized by Transmission Electron
Microscopy (TEM), Scanning Transmission Electron Microscopy-Energy-
Dispersive X-ray Spectroscopy (STEM-EDS) (Hitachi HF-3300), Scanning
Electron Microscopy (SEM) (Hitachi SU8230), and X-ray diffraction (XRD)
(Philips PW1830 diffractometer). The microwave treated samples were used as the
feed for the leaching experiments, using 1.5 HCl, S/L of 1/15 at 80 °C for 60 min
as the leachant. Solution samples were taken using syringes and filtered by nylon
syringe filters from VWR. They were then diluted and analyzed by ICP-OES
(Agilent 720-ES).

Table 1 The concentration
of REEs in the PG sample

Element ppm Element ppm Element ppm

Y 116 Sm 22 Er 8

La 58 Eu 3 Tb 1

Ce 55 Gd 10 Yb 6

Pr 6 Dy 8 Lu 1

Nd 46 Ho 2
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Transmission Electron Microscopy (TEM), Scanning
Transmission Electron Microscopy-Energy-Dispersive X-ray
Spectroscopy (STEM-EDS)

To study the nature and structure of the PG sample after microwave treatment, the
sample was characterized using TEM and STEM/EDS. As shown is Fig. 1b, c, this
analysis confirms the presence of REEs and a cluster of Ce and La is observed in
the particle.

Scanning Electron Microscopy (SEM) and X-ray Diffraction
(XRD) Results

SEM analysis of as-received and microwave treated PG samples was performed to
observe the morphology change of the powders due to treatment. As can be seen in
Fig. 2, SEM images show that after microwave treatment, cracks and pores appear
on the particles. Furthermore, XRD results indicate that the crystal structure of the
particles changes. Initially there is 79% calcium sulfate dihydrate (CaSO4.2H2O)
present. After 15 min treatment, there is no dihydrate left, and particle consists of
hemihydrate (CaSO4.0.5H2O) and anhydrite (CaSO4) phases that have less water
molecules.

Fig. 1 a TEM image of microwaved treated PG. b STEM/EDS elemental map of Ce.
c STEM/EDS elemental map of La
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Leaching Results

Leaching experiments were performed using both original PG with no treatment
and microwaved PG. As can be seen in Fig. 3, microwave treatment increases the
average leaching efficiency of Ce, La, Nd, Y, and Sm by 30%. The reason behind
this result is that microwave radiation removes water molecules from the PG crystal

Fig. 2 a SEM image and XRD results of original PG with no treatment. b SEM image and XRD
results of microwaved PG

Fig. 3 Comparison of leaching efficiency of Ce, La, Nd, Sm, and Y from original PG with no
treatment and microwave treated sample. Leachant: 1.5 M HCl, 80 °C, S/L = 1/15
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(confirmed by XRD analysis, shown in Fig. 2); therefore it creates breaks and pores
in these particles (shown in SEM images of Fig. 2). Therefore acid molecules can
diffuse into the PG particles, extracting more REEs into solution.

Conclusions

In this research, we investigated the effect of microwave treatment on the
hydrometallurgical recovery of REEs (mainly Ce, La, Nd, Sm, and Y) from
phosphogypsum (PG) , which is the by-product of phosphoric acid production that
is used for fertilizer applications. We obtained the PG sample from Agrium Inc.
located in Alberta, Canada. Leaching experiments were performed using
1.5 M HCl at 80 °C with a solid-to-liquid ratio of 1/15. The results show that
microwave treatment removes water molecules from PG crystal structure; creating
cracks and pores on the particles. As a result, leachant molecules can diffuse into
the particles and bring more REEs into the solution. Microwave treatment increases
the average leaching efficiency of REEs by 30%. This innovative process results in
a significant improvement of the recovery of REEs from PG and can potentially be
implemented at large scale.
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