Pre prints.org

Review Not peer-reviewed version

Phosphogypsum as the Secondary
Source of Rare Earth Elements

. . * . . .
Faizan Khalil , Francesca Pagnanelli, Emanuela Moscardini

Posted Date: 27 August 2025
doi: 10.20944/preprints2025071138.v2

Keywords: rare earth elements; phosphogypsum; phosphate rock; REE’s recovery; scale up challenges;
REEs occurrence in phosphogypsum; wet phosphoric acid process; secondary resources; industrial waste
valorization; hydrometallurgy; resin in leach

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4587828
https://sciprofiles.com/profile/1141737

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 27 August 2025 d0i:10.20944/preprints202507.1138.v2

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Phosphogypsum as the Secondary Source of Rare
Earth Elements

Faizan Khalil 1, Francesca Pagnanelli 2 and Emanuela Moscardini 3*

1 Department of Chemical Engineering, La Sapienza University of Rome, Piazzale Aldo Moro, 5, 00185 Roma
RM, Italy

2 Department of Chemistry, La Sapienza University of Rome, Piazzale Aldo Moro, 5, 00185 Roma RM, Italy

3 Eco-recycling, Viale Palmiro Togliatti 1639, 00155 Roma, Italy

* Correspondence: faizan.khalil@uniromal.it; Tel.: 3485660814

Abstract

Phosphogypsum (PG) is a byproduct of the wet phosphoric acid (WPA) production process. Since
PG originates from phosphate rock (PR), it holds various concentrations of heavy metal and
radionuclide posing environmental threat because of its large production and long-term
accumulation. In addition to toxic heavy metals, PG may also be an alternative source of rare earth
elements (REEs), since over 60 % REEs in PR transfers to PG during acid digestion. With the
increasing demand of phosphoric acid (PA), global PG generation is approaching 300 million tons
annually. Since 1994, an estimated 6.73 billion tons of PG has been produced worldwide with
approximately 58% (approx. 3.7 billion tons) ending up in stacks. Assuming a conservative REEs
content of 0.1%, these stacks may hold over 3.7 million tons of REEs. This review discusses
phosphoric acid production processes and the transfer of REEs from PR to PG. In addition, it also
discusses the current REEs world reserves, their presence in primary and secondary sources and their
uses. The review critically evaluates the research that has been done so far and the recent innovations
in REE recovery from PG and discusses the challenges associated with scalability and raw material
variability.

Keywords: rare earth elements; phosphogypsum; phosphate rock; REE’s recovery; scale up
challenges; REEs occurrence in phosphogypsum; wet phosphoric acid process; secondary resources;
industrial waste valorization; hydrometallurgy; resin in leach

1. Introduction

Phosphate rock is the primary source of phosphorus, a fundamental nutrient to all living things.
As reported by the United States Geological Survey (USGS), global phosphate rock annual mine
production has reached approximately 240 million tons since 1994 (Figure 1) and approximately 95%
of this produced rock is used to produce phosphoric acid through the wet phosphoric acid (WPA)
process [1]. The reaction is conducted according to the following chemical equation:

Ca1(PO4wsF2 (s) + 10 H2SO4 () + 20 H20 (I) > 10 CaSO4+2H:0 (s) + 6 HsPO«(I) + 2 HF (g)

However, since 1994, this large-scale production of phosphate rock and its use in WPA process
also resulted worldwide generation of an estimated 6.73 billion tons of phosphogypsum (mainly
CaS04.nH:0), a byproduct of WPA process. Theoretically, when one ton of phosphate rock is
digested using concentrated sulfuric acid, approximately 1.36 to 1.49 tons of phosphogypsum is
produced according to the following theoretical mass balance equation [2]:

172
Gy =~ (Ca0 MF + CF) +1S

Where,
Gy =(gypsum factor) Tons of solid per ton of rock
MF  =Miass fraction of CaO in phosphate rock (0.45-0.49)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1138.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 27 August 2025 d0i:10.20944/preprints202507.1138.v2

2 of 41

CF = Correction factor (0.98) to consider the loss of CaO in phosphoric acid stream

IS = Insoluble solids, quartz (0.015)

The above equation is a stoichiometric conversion formula used in the phosphate fertilizer
industry to estimate the amount of gypsum (CaSO, nH,O) produced from a given amount of calcium
oxide (CaO) content present in phosphate rock. The equation is based on the following chemical
reaction:

CaO +H:SOs++ H:O 2 (CaS0+«2H:0
Where,
Molar mass of Phosphogypsum 172
Molar mass of calcium oxide =~ 56
Due to the presence of heavy metals, such a large-scale generation and direct dumping in the

ocean of phosphogypsum (PG) pose serious risks to the ecosystems, making its management a major
environmental challenge throughout the world. In addition, a large amount of PG is also accumulated
as huge PG stacks around the world. As reported in literature, approximately 58 % of this PG is stored
in stacks [3]. This means that at this moment we have nearly 3.7 billion tons of PG already stored
around the world, which is a significant risk for the environment. Despite the presence of hazardous
metals, the presence of some important rare earth metals in this waste makes it an important
secondary source for the recovery of these metals. However, the presence of rare earth elements
(REEs) and other metal impurities in phosphogypsum depends on the origin, type of phosphate rock
and phosphoric acid production process. Figure 1 shows worldwide annual production of PR and
PG since 1994 and accumulation of PG since 1994.
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Figure 1. a) Annual production of PR and PG since 1994, (b) Accumulation of PG since 1994.

Though, the presence of REEs varies, considering an average 0.1% of REEs content means that
roughly 3.7 million tons of REEs are locked inside this stacked. This means that this environmental
challenge also brings a significant economic opportunity to recover these critical metals from this
waste. By recovering REEs, researchers can mitigate the environmental impact of PG while
simultaneously creating economic value, aligning their efforts with global sustainability goals and
circular economy principles. However, the recovery of these metals is not an easy task because of
many factors such as very low concentration of these metals, presence of impurities, and the
investment required for the construction of and operation of the recovery plant makes the overall
approach less attractive to the phosphoric acid producers as compare to simply dumping this waste
into ocean or stacking on the ground near plant site. Consequently, the need is to develop a robust
and scalable and economically workable recovery method which can be used for any type of PG
waste regardless of the origine of the phosphate rock and the phosphoric acid production process.
Figure 2 shows the number of articles published between 1970 and 2025 under the keyword
“Recovery of rare earth elements from phosphogypsum”.
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Figure 2. No. of article published under the keyword "Recovery of rare earth from phosphogypsum.”.

2. Industrial Production of Phosphoric Acid

Phosphoric acid is produced from phosphate rock either through thermal or wet production
process. Each method has its advantages, however, for producing massive quantities of fertilizer-
grade phosphoric acid. The wet process is more commonly used because of ease in operation and
lower expenses as compared to thermal process [2]. The wet process is sub-divided into three main
types, dihydrate, hemihydrate, and a combination of dihydrate and hemihydrate processes. The
overall divisions and types of industrial processes used to produce phosphoric acid are shown in
Figure 3 below:
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Hydrochloric acid
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Phosphoric Acid
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Phosphoric Acid Phosphoric Acid Phosphoric Acid
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Figure 3. Industrial phosphoric acid production pathways from phosphate rock.

Thermal process produces highly pure phosphoric acid by burning elemental phosphorus (P.)
in the presence of coke and silica inside a combustion chamber at elevated temperatures between
1000°C and 2000°C. The resulting vapor of P,Os, at temperatures ranging from 500°C to 1000°C, is
contacted with water in a hydrator, results in the formation of phosphoric acid, as shown in Figure 4
[4,5].
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Figure 4. Block flow diagram of thermal phosphoric acid production process [2].

The overall reaction chemistry shown in the following equations:
1)  Caw(POgysF:2 (s) +9Si02 (s) + 15C (s) 2> 9CaSiOs (s) + 3Pz (g) + 15CO (g) + CaF: (s)
2) P:+50:2 22P:0:5
3)  P:0s5+3H20-2H3PO4
AH1 = 3457 kJ/mol
AH:2 =-3012 kJ/mol
AHs = -188 kJ/mol

On the other hand, the wet process is extensively used for phosphoric acid production, according
to literature more than 90% of global phosphoric acid production is conducted by wet phosphoric
acid productions [6]. This process implies the acid digestion of phosphate rock using concentrated
sulfuric acid, the digested rock mixture is then filtered, and phosphoric acid product is separated
from the solid byproduct known as phosphogypsum (CaSO,42H,0), as shown in the reactions below:
4)  Caw(PO4)sF2 (s) + 10H2SO04 (1) + 20H20 () > 10CaSO+2H:0 (s) + 6H3PO4 (1) + 2HF (g)
5) CaF:+ H:SO4+2H:0 - 2HF + CaSO4«.2H:0
6) 6HF+SiO: -> H:SiFs+2H:
AHs=-2901.5 kJ/kmol
AHs = 22.343 kJ/kmol
AHs = 770.5 k]/kmol

Several types of the wet process are available at industrial scale. These processes are
differentiated by the type of calcium sulfate crystals produced during phosphoric acid production.
Despite these differences, all wet-process methods follow the same fundamental steps: pretreatment
of the phosphate rock, acid digestion of the treated rock, filtration to separate the solid and liquid
phases, and concentration of the resulting dilute phosphoric acid, as shown in Figure 5 below:

Rock preparation

Filtration

Figure 5. phosphoric acid production main steps during wet phosphoric acid production.

The main differences among various wet processes come from the operating conditions and the
concentration of P,Os during the acid digestion phase. The operating conditions are generally
selected so that the calcium sulphate will be precipitated in either the dihydrate or the hemihydrate
form, 25-30% P20s at 70-80°C for dihydrate precipitation and 40-52% P:0s at 90-110°C for
hemihydrate precipitation., as shown in Figure 6. Extensive research has been conducted to study the
behavior of this complex system and to understand the stability, metastability, and transition zones
of calcium sulfate crystals within it [7,8].
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Figure 6. (a) Dependence of Calcium sulphate crystallization on temperatures, P205 (b) free SO4-2 concentration

[9].

The dihydrate process is a commonly used method for phosphoric acid production worldwide
(Figure 7) [9]. Its extensive use linked to its ability to process several types of phosphate rock with
minimal or no pretreatment. In addition, the overall process is simple and economically attractive to
the producers.
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Figure 7. Simplified block flow diagram of Dihydrate process.
Table 1 outlines the main wet-process methods used for phosphoric acid production, each

operating within specific regions of the CaSO4,~P,Os-H,O system and targeting distinct acid
concentrations.

Table 1. Industrially adopted wet phosphoric acid production processes [9].

PO
Process Name PG Type (0; ) ’ eff. (%)  Key Process Steps / Outcomes
()

In this process, phosphate rock is attacked with
Dihydrate sulfuric acid and calcium sulphate as dihydrate
Dihydrate 25-30%  95-96 %
process crystals is obtained with low concentration of
P50s.
In this process, sulfuric acid and steam are added
to transform the dihydrate solids into
Dihydrate- hemihydrate. This change in structure breaks
Di-hemihydrate 32-36 %  >98 %
Hemihydrate open the solid crystals, which helps to release

materials that were previously trapped, such as

phosphate.
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Here gypsum slurry recrystallizes into

Di attack Hemi
Dihydrate- hemihydrate calcium sulphate in the conversion
filtration 32-35% 9798 %
Hemihydrate section before being filtered to produce the
process
phosphoric acid.

After the first reaction in hemihydrate mode, the

product acid is separated as a 46% P,Os. The

remaining a-hemihydrate is further processed
Hemi-dihydrate Hemihydrate-

40-46 %  >98.5%  with sulfuric acid in conditions in which a-

Process Dihydrate

hemihydrate is unstable and recrystallizes as

gypsum, releasing crystallized and unreacted

PzOs.

The reaction takes place in two stages. The first

stage takes place with low sulfuric acid
Two stage concentration, while the second stage works at a
Hemihydrate Hemihydrate 39-45%  >92-95% higher sulfuric concentration. Control of Sulphate
process content and temperature allows the filtration of a

slurry holding highly stable hemihydrate crystals

that stay in slurry and do not stick easily.

3. Rare Earth Elements Usage, World Reserves and Demand

Rare earth elements (REEs) are seventeen elements with similar geochemical properties, fifteen
of them are from the lanthanide series with the inclusion of two other elements scandium and yttrium
because of their similar geochemical behavior like lanthanides where scandium behaves more like
light REEs, and yttrium behaves more like heavy REEs. Because of the technological revolution in the
late 20™ century, these elements became crucial for the modern tech industry. Several Rare earth
elements are necessary in many devices such as terbium, europium, and yttrium used in computers
and smartphones; Lanthanum, Cerium, Neodymium, Samarium, and Praseodymium used in
rechargeable batteries. Whereas Europium, Terbium, and Yttrium are used in the manufacture of
LED lights while neodymium, dysprosium, terbium, and samarium are used to produce super
magnets.

Rare earth element reserves are spread across various parts of the world. Despite their
abundance in earth crust, they are difficult to mine due to their low concentration in ores and because
of their complex chemical and physical behavior. In addition, because of their similar chemical
properties, they are always found mixed with other rare earth metals which require complex
operation to separate them. China to hold the largest share of global REEs reserves. This domination
has proved China as the leading global REEs supplier. On the other hand, The United States, ex
largest supplier of REEs before the supremacy of China, also owns large REES reserves, particularly
in the Mountain Pass mine in California rich in light rare earth elements such as cerium, lanthanum,
and neodymium. The overall distribution of global REE reserves shown in Figure 8 [10].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1138.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 27 August 2025 d0i:10.20944/preprints202507.1138.v2

7 of 41

50.00
@ 45.00 44.00
f=]
‘= 40.00
L
= 35.00
1S
= 30.00
o
= 25.00 21.00
&a
o 20.00
+ 15.00
o
@ 10.00 6.90 5 9g sm0 4o
= . .
o= 5.00 1.80° 150 089 0.86 0.79
0.00 . . | - — — —
2> R ol oG K= oo = L ] Neg N
& W & Cl = o 5 & & > 2
F o & oy NS & ™ & A - o
> <« ¥ §£> (5€g <7 I =

Figure 8. REEs reserves (in million tons) and distribution worldwide (2024).

Due to their importance in high tech industry, many countries started conducting intense
research focused on understanding and managing their supply, and sustainable recovery methods.
Figure 9 illustrates the number of articles published from 1990 to 2024, highlighting the surge in REE-
related research after 2008; the data extracted from Google Scholar using the keyword “rare earth
elements.”
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Figure 9. No. of articles published between 1940 to 2024 under the keyword "rare earth element.

3.1. REE’s from Primary Raw Material

Although rare earth elements (REEs) are named for their perceived scarcity, they are, in fact,
abundant and widely distributed throughout the Earth's crust [11,12]. Primary REE deposits typically
formed through igneous and hydrothermal processes, while natural weathering further contributes
to the development of secondary deposits.

Primary REE deposits which include carbonatites, alkaline igneous rocks, pegmatites, iron oxide
copper-gold deposits, veins, and skarn deposits. Due to isomorphous substitution with other metals,
REEs occur as trace elements in all minerals, particularly in Ca?* bearing minerals such as calcite,
fluorite, and phosphates. During the weathering of igneous and sedimentary rocks, REEs partially
released into the hydrosphere, where they strongly adsorbed onto particulate matter or co-
precipitated with calcite or aragonite [13]. Figure 10 reports the rare earth oxide (REO) content in
common REE-bearing minerals.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Rare earth oxide (REO) content in common REE-bearing minerals, several types of minerals can be
found in certain types of rock. These values are the theoretical REO concentration in each mineral, not the grade

of natural ores (or rock). These minerals a.

REE deposits which include residual deposits such as laterites, ion-adsorption clays, and sand
placer deposits are formed during the deep weathering of igneous rocks such as pegmatites, and iron
oxide copper-old, residual deposits are formed. When REE-bearing deposits undergo such
weathering, REEs may enriched to concentrations of economic interest. Laterite deposits, for
example, result from the in situ chemical alteration and enrichment of REEs. A notable example is
the REE-laterite deposits in southern China, formed through the weathering of tin granites [14-21].
Table 2 shows REE content (in %) in different REE bearing minerals from various REE deposits
around the world.

Table 2. REE content (in %) in different REE bearing minerals from various REE deposits around the world.

Depos Mountain  Byan Mount Kola

it pass Obo Weld Lehat Longnan Xunmu Penisula

Count . ... Malays . . .

ry USA China Austrailia ia China China Russia

Miner . Bastnas . Xenom High- Low- .
Bastnasite . Monazite . . Loparite

al ite ite Ylateritie Ylateritie

La 33.8 23.0 25.5 1.2 1.8 434 25.0

Ce 49.6 50.0 46.7 3.1 0.4 2.4 50.5

Pr 4.1 6.2 5.3 0.5 0.7 9.0 5.0

Nd 11.2 18.5 18.5 1.6 3.0 31.7 15.0

Sm 0.9 0.8 2.3 1.1 2.8 3.9 0.7

Eu 0.1 0.2 04 trace 0.1 0.5 0.1

Gd 0.2 0.7 <0.1 3.5 6.9 3.0 0.6

Tb 0.0 0.1 <0.1 0.9 1.3 trace trace

Dy 0.0 0.1 0.1 8.3 6.7 trace 0.6

Ho 0.0 trace trace 2.0 1.6 trace 0.7

Er 0.0 trace trace 6.4 4.9 trace 0.8

Tm 0.0 trace none 1.1 0.7 trace 0.1

Yb 0.0 trace none 6.8 2.5 0.3 0.2

Lu trace trace none 1.0 0.4 0.1 0.2

Y 0.1 trace <0.1 61.0 65.0 8.0 1.3

3.2. REE’s from Secondary Raw Material

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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REEs are often found in industrial and mining waste. For example, red mud from bauxite
processing holds large amounts of REEs, ranging from 500 to 1700 ppm while fly ash from coal
combustion typically has an average REE content of 10 ppm to 551 ppm [22-24]. Phosphogypsum,
on the other hand have varying REEs concentration depending on the concentration of REEs in source
rock and it could vary up to 200 ppm to 9000 ppm [25,26]. Fluorescent materials are also a valuable
source of REES, including fluorescent lamps and cathode ray tube displays, including devices that
require lighting phosphors, also have significant amounts of REEs. Rare earth elements, such as
europium (Eu), terbium (Tb), and yttrium (Y), are used in phosphors lighting, in fluorescent lamps.
On the other hand, neodymium-iron-boron (NdFeB) magnets waste are another potential source of
REEs. These magnets, found in electric cars motors and may have up to 30 g of dysprosium and 200
g of Neodymium per motor [27]. Additionally, spent wind turbine generators, which can hold 1140
kg of neodymium and 176 kg of dysprosium in a single 4000 kg motor, are valuable sources of REEs
[28]. Electronic waste (E-waste), including items such as cell phones, scanners, and other electronic
equipment, also holds up to 8000 ppm (on average) of REEs. As the volume of E-waste continues to
grow, it becomes an increasingly efficient source for REE recovery [29,30]. Extensive research has
been conducted on the extraction of these metals from industrial waste sources. Figure 11 (a) shows
the concentration of REEs in different types of industrial wastes along with their annual production
capacity while figure 11 (b) shows the percentage share of country wise annual mine production of
REES from primary sources.

400 @
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5 300
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2 50 G
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Figure 11. (a) shows the concentration (maximum values) of REEs in different types of industrial wastes along
with their annual production capacity (b) Worldwide Annual Mine Production (in kilo tons) of REES from

primary sources.

It is also interesting to see the presence of different types of rare earth metals in various types of
secondary waste as shown in Table 3. It can be clearly seen from Table 3 that PG has wide range of
LREE with significant concentrations of some of the critical LREEs such as Pr, Nd which are critical

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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to producing permanent magnets necessary for various high-tech applications, which makes PG a
good candidate for the recovery of these elements.

Table 3. Concentration (ppm) of different types of REEs in present in various types of wastes.

Wast N S E G T D H E T Y L S
La Ce Pr Y Ref.
e d m u d b y o r m b u c
Fly [23,2
8% 176 19 77 15 3 13 2 11 2 6 1 6 1 61 0
ash 4]
145 231 23 89 16 1 18 25,2
PG 35 9 7 46 7 1 6 1 1
0 0 5 9 3 6 0 6]
E-
11 88 [29,3
wast 59 53 1 2 11 0 29 5 0 O 1 1 0 9
3 3 0]
el
Red 41 1 12 2
195 312 15 82 11 10 8 10 1 12 0 0 [22]
mud 5 5 2 1

Figure 12 shows the above data with clearer visualization specifying also the percent share of
individual REEs in various types of waste. It is clear from the graph that PG not only holds the
concentration but also holds high percentage of important LREEs such as La, Ce and most
importantly Nd and Pr.

BEla ECe EPr EINd BSm EEu BBGd BTb BDy BBHo EEr BBTm EYb EHLlu EY Sc

Red mud
E-waste
i LTRSS S o,
Fly ash /Ce 176 Wi Nd, 77
SN ARSI TS S S as s S ses s
PG e APy )35 Nd, 899 Sm; B A 18’

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 12. REEs concentration (ppm) and percent share (%) of indivisual REEs in different type of waste.

3.3. REEs and Trace Metals in Phosphate Rock

Phosphate rocks are the primary source of phosphorus for fertilizer production. More than 95 %
of phosphate rock mined in USA is used to produce phosphoric acid using wet phosphoric acid
production proves as reported in the USGS Mineral Yearbook [1] while the rest is used for other
applications, such as water treatment, pharmaceuticals, ceramics, textiles, and explosives. [31].

Phosphate rocks are usually categorized into two types: sedimentary phosphate rock and
igneous phosphate rock. These sedimentary deposits are rich in carbonate-fluorapatite
((Ca,Mg,Sr,Na)19(PO4,SO,,COs)6F). Sedimentary phosphate rock accounts for approximately 95% of
global reserves and typically has REE concentrations ranging from 50 to 600 parts per million (ppm).

1 Indivisual elemental values are taken as average of the reported values in various types of e-wastes
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In these deposits, REEs are primarily incorporated into the mineral francolite, where they substitute
for calcium in the crystal lattice. However, the concentration of REEs can vary significantly
depending on the geological formation of the rock [32].

Igneous phosphate rock, on the other hand, formed by the cooling and solidification of molten
material within the earth’s crust [33]. Igneous rocks hold higher REE content as compared to
sedimentary phosphate rock, and it can be up to 1000 ppm. REEs in igneous deposits are typically
present with minerals such as monazite and xenotime. These are the two most widespread REE-
bearing minerals. Monazite holds larger light rare-earth elements (LREEs, e.g., La—Gd), while
xenotime preferentially holds smaller, heavy rare-earth elements (HREEs, e.g., Tb-Lu, and Y). As per
USGS report, global phosphate rock reserves are estimated to exceed three hundred billion tons.
Figure 12 shows the worldwide location of phosphate rock reserves with respective rock type and
REEs content [34—44].

Quantities are reported in billion tons of phosphate rock
World reserve 300 billion tons
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Figure 12. world phosphate rock reserve with respective REEs content.

Apart from rare earth elements, phosphate rock also holds minor quantities of trace elements,
including Aluminum, iron, zinc, copper, nickel, chromium, manganese, and cadmium as well as
radioactive metals. The distribution of these elements is strongly influenced by the type of mineral
present in the phosphate deposits and the geological processes that formed the rock over the period.
Figure 13 presents the periodic table, highlighting the abundance of various elements found in
phosphate rock.
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Figure 13. Presence of various trace metals and important rare earth elements in phosphate rock [45].

3.4. Incorporation and Occurrence of Metal Ions in PG

During phosphoric acid production process trace metals along with REEs find their ways
between the phosphoric acid (main product) and phosphogypsum (byproduct). From environmental
point of view the enrichment of hazardous metals such as cadmium and uranium raise concern for
the leaching of these metals from PG waste to the ground water, the enrichment of rare earth elements
(REEs) in phosphogypsum presents a promising opportunity for possible recovery, contributing to
the circular economy goals and reducing reliance on primary mining sources. Based on the data
available in literature, the partition of metal ions between phosphoric acid and phosphogypsum
depends on various factors such as the phosphate rock processing method, the concentration of the
metal ions and the origin and type of the phosphate rock. The uptake of metal ions is governed by
three key phenomena [46]:

1. Interstitial incorporation
2. Co-precipitation
3. Isomorphous substitution

Interstitial incorporation is one of the three mechanisms by which the metal ions could fit in the
interstitial lattice spaces present among the host lattice ions. In phosphogypsum(dihydrate) crystal
lattice, interstitial incorporation possibility occurs due to the uptake of hydrophilic ions onto the
empty positions available because of the crystal water layers. Since the water molecules are not
loosely trapped in phosphogypsum crystal but they are part of the crystal structure, and their
arrangement is not random. Usually, these water molecules form layers that are arranged
perpendicularly to one direction in the crystal, called the b axis. The hydrogens of the water molecules
point towards the oxygens in sulfate (5042°) in PG lattice, forming hydrogen bonds. This organized
bonding leaves empty spaces (or openings) in between these water molecules. These opening are
around 100 pm in radius, so, small ions like Na* (0.95 pm), Mg?, can fit in without causing structural
problems [46]. Similarly, rare earth elements with quite similar ionic radii (Figure 13) for ionic radii
of metal ions) can easily fit in these spaces without causing structural distortion.
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On the other hand, hemihydrate structure is more suitable for interstitial accommodations of
foreign ions because of the 300 pm wide interstitial spaces in the lattice structure. The uptake of
monovalent Na* or divalent Cd*2 formed using sea water is 20 times higher than dihydrate. Finaly,
the closely packed anhydrate structure barely allows the interstitials incorporation and to incorporate
foreign ions anhydrate lattice undergo defect to allow such incorporation. It is important to mention
that the interstitial incorporation strongly depends on the interionic or interatomic space in the crystal
structure, so, it is hard to predict the precipitation conditions such as solution composition,
temperature and stoichiometry in the solution [46].

The second uptake mechanism is the co-precipitation of the foreign ions when a counter ion is
present in the solution. Foreign ions (like Cd?*, Sr?*) can coprecipitate with sulfate (SO42") if their
concentration is high enough to exceed the solubility product of their sulfate salts. This produces
secondary salts such as RaSO, BaSO, SrSO, in addition to the main host salt CaSO,. This co
precipitation enhances in the presence of high sulfate concentrations (common in phosphoric acid
production). These coprecipitated phases are often smaller crystals than the main host crystals and
can remain as separate particles, stick to the host crystal surface or grow inside the host crystal lattice
if the host provides a good substrate. Importantly, if coprecipitation is the mechanism, the amount of
foreign phase formed depends only on the solution chemistry (ion concentrations, acidity) and not
on how much CaSQO, is precipitating and can be tested. For instance, if radium uptake in CaSO, shows
a sharp threshold behavior with increasing H,SO, concentration, it strongly suggests coprecipitation.
Over time, the coprecipitated particles (CdSO,, SrSO,) can become intergrown with CaSOj crystals,
making it hard to distinguish between coprecipitation and direct lattice incorporation [46].

Finally, isomorphic substitution means a foreign ion replaces a host ion directly inside the crystal
lattice without forming a new separate phase. In CaSO; crystals (dihydrate, anhydrite, hemihydrate),
Ca?* can be replaced by Cd?, Sr?*, La® etc., or SO4?~ can be replaced by other anions like HPO,*,
AlF¢*. When substitution happens, the ratio of foreign ions to host ions in the solid crystal often
differs from their ratio in the solution. To quantify this, a partition coefficient D is defined.

_ [M]/[H](solid)
~ [M]/[H](Liquid)

Where,

[M] = concentration of the foreign ion (e.g., Na*, Cd?")

[H] = concentration of the host ion (Ca?* or SO427)

If D > 1, the foreign ion prefers the solid (more concentrated in the crystal than in solution) while,
if D <1 the foreign ion prefers to stay in solution. The partition coefficient D measures this preference.
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If the foreign ion fits well (like Sr?* instead of Ca?*), substitution is easier. If it doesn’t fit (like ions
with very different sizes or bonding), substitution is limited. The partition coefficient is controlled by
thermodynamic and structural factors such as solubility product (ksp), free energy (Au), Activity
coefficients (Y), (Elastic deformation energy (e) and coordination number. In coprecipitation or
surface adsorption, D often changes with solution chemistry while in true isomorphous substitution,
the partition coefficient D is still constant across a wide range of concentrations as long as solution
composition stays stable [46].

However, the partition coefficient (D) is a mainly a thermodynamic measure but in real crystal
growth, kinetics (rate processes) also affect whether a foreign ion replaces Ca?". The various stages in
the Crystal growth process are:

*  Diffusion from the bulk solution towards the crystal surface
*  Adsorption at the surface

»  Surface diffusion towards the steps upon the surface

* Incorporation in the kink sites

The incorporation of foreign ions particularly lanthanides into different phosphogypsum
minerals is controlled by several kinetical steps during crystal growth, including diffusion from the
bulk solution, adsorption onto the surface, surface diffusion, and final incorporation at kink positions
in the lattice. During these stages, lanthanides compete with host ion (Ca?*) for incorporation sites,
and the ease of their substitution depends strongly on the crystal lattice type. In phosphogypsum
(CaSO42H,0, dihydrate), the water molecules form continuous layers (planes) between the calcium-
sulfate sheets. These water layers are relatively broad and provide open “interstitial sites” where
foreign ions, such as lanthanides, can be accommodated. Because of this layer-type structure, the
crystal lattice can tolerate more substitutions, particularly of larger ions, since the hydration layers
act like cushions and stabilize distortions. In hemihydrate (CaSO40.5H;O), the structure changes.
Instead of wide water-filled planes, the crystal holds narrow water channels (along the c-axis, ~4 A
in diameter). These channels still allow ion mobility and substitution but in a more constrained way
compared to the planes in gypsum. However, because the water in hemihydrates is less rigidly bound
than in gypsum, the channels provide greater flexibility for certain ion exchanges, especially for
smaller lanthanides. In anhydrite (CaSO,), no structural water is present. The crystal is denser and
more compact, with no water planes or channels to buffer the lattice. As a result, ion substitution is
much more restricted, and incorporation of large foreign ions like lanthanides is energetically
unfavorable [46].

For instance, hemihydrate-dihydrate and dihydrate-hemihydrate processes generally produce
cleaner and purer phosphogypsum compared to the conventional dihydrate processes. This is
attributed to the more efficient removal of impurities during the conversion from hemihydrate to
dihydrate process, making HH-DH a preferable choice for producing cleaner phosphogypsum.
summarized in Table A1[3]. The data reported in Table A1 highlights that both the phosphoric acid
production method and the origin of the phosphate rock significantly influence the transfer of trace
metals into phosphogypsum. Additionally, the purity of sulfuric acid used during the digestion of
phosphate rock can introduce metals into the system, which accumulate either in the
phosphogypsum or the phosphoric acid [3]. Apart from the above factors, chemistry of individual
metals could also play a role in the transfer factor of each metal. For instance, up to 50% of the Cd
passes to phosphogypsum during phosphoric acid production process [47].

There are various opinions in the literature about the transfer of rare earth elements (REEs)
during phosphoric acid production. Some older studies reported that the type of digestion process
may change the transfer factor of REEs and trace metals from phosphate rock (PR) to
phosphogypsum (PG). About 15-30% of REEs input found in phosphoric acid are reprecipitated in
sludge during evaporation procedure [48], while 70-85% REEs are transferred into PG withinside the
shape of isomorphous substitution with calcium ion (Ca?" in CaSO4+.2H20 crystal lattice. During the
Hemihydrate technique (HH) attacks phosphate rocks at accelerated temperatures of 90-110°C and
produce 40-52 % P:0s [49,50]. In this technique, calcium sulfate is crystallized as hemihydrate
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phosphogypsum (CaSO+0.5H-0 PHH). For REEs distribution, as much as 90% of REEs enter PHH.
This transfer of REE to hemihydrate phosphogypsum could be due to uncommon, rare earth hydrate
phosphates precipitation (REEPO4-xH2O) because of the excessive presence of phosphate ions and
elevated temperature [51,52]. Normally, the solubility of REEPO4-xH:O increases with the increase in
hydration and since x relies upon temperature of HH technique [53,54]. In addition, the Hemi-
dihydrate technique (HDH) includes the most important sections: hemihydrate phase and hemi-
dihydrate transformation phase where more than 90% of REEs are present in hemihydrate gypsum
they eventually ended into dihydrate phosphogypsum if no recovery methods are used during
recrystallization [55,56]. The researchers claim that the type of process such as dihydrate or
hemihydrate process does not significantly affect the REEs transfer factor, reporting values between
55% and 66%, except for scandium, which partitions into phosphoric acid rather than
phosphogypsum [56]. However, this study performed using only PR obtained from different sites of
Morocco, moreover they study only focused on the distribution of REEs among PG and PR, but it
does not explicitly mention the behavior of REEs towards final Hemihydrate or Dihydrate
phosphogypsum. Another recent study analyzing industrial phosphogypsum samples from various
storage sites shows that the production process type may indeed influence the final concentration of
REEs in phosphogypsum [3]. For instance, when sedimentary phosphate rock was processed using
the hemi-dihydrate (HDH) process via the Hitachi method, the resulting phosphogypsum exhibited
a much lower total REE concentration compared to phosphogypsum produced using the dihydrate
process with sedimentary rock. Similar trend was seen with magmatic rocks where phosphogypsum
found through the HDH process had lower REE concentrations as compared to the one that was
obtained from the dihydrate Prayon process [3]. Based on the data reported in Table Al, it can be
hypothesized that phosphogypsum (dihydrate) generated through the dihydrate (DH) process tends
to have higher concentrations of REEs. In addition, it is reported that the in both DH and HH
processes the heavy REEs found in phosphoric acid rather than in phosphogypsum which clearly
shows that the ionic radii of these elements greatly influence the partition factor (D) of these ions [3].

In addition to the trace metals and REEs, certain radioactive metals, particularly uranium (U),
radium (Ra), and thorium (Th) show distinct distribution behaviors between the phosphoric acid
product and phosphogypsum. Literature reports that an important part of uranium, typically more
than 80-90%, ends up in the phosphoric acid product while the remaining 10-20% goes to
phosphogypsum [56]. In some cases, the concentrations of radioactive elements like radium and
thorium in PG may reach 10 to 100 times higher than conventional building materials such as concrete
or natural gypsum [3]. The concentrations of the radioactive elements in phosphogypsum are largely
dependent on the type of phosphate rock used during WPA production and the chemical treatment
methods used (Table Al).

4. Review of Existing Research on REE Recovery from Phosphogypsum

A lot of research has been conducted on the recovery of rare earth elements (REEs) from
phosphogypsum. Various approaches have been adopted to extract REEs from phosphogypsum
waste, which can be broadly classified into four main categories:

1. Hydrometallurgical methods
Solvo-metallurigical methods
Supercritical CO:z extraction
Hydrothermal methods

O LN

Pyrometallurgical methods

Each of these four categories is further subdivided into several methods. For example,
hydrometallurgical methods such as mineral acid leaching which involves the dissolution of
phosphogypsum in different strong or weak acids. Once the leachate is obtained, REEs can be
separated through ion-exchange, solvent extraction, or direct precipitation. Phosphogypsum
conversion, on the other hand, refers to the carbonation of phosphogypsum using reagents such as
ammonium carbonate, potassium carbonate, or similar salts. This process converts phosphogypsum
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into products like ammonium sulfate, with side products primarily holding REEs and calcium
carbonate. The side product is then dissolved in a strong acid to leach REEs, followed by standard
recovery techniques from the leachate.

Another hydrometallurgical approach is bioleaching where bio lixiviants are used to selectively
leach REEs from phosphogypsum, instead of acids or basic salts. Bioleaching is preferable to
conventional hydrometallurgy because of its lower cost and greater eco-friendliness; however, it has
a slower reaction rate and longer operation time. On the other hand, Resin in leach or resin in pulp is
an alternative technique used to recover REEs from phosphogypsum which is a combined process of
simultaneous leaching and REE separation, reducing the need for an added REE separation step.
Finally, some researchers have used subcritical water extraction at elevated temperatures and
pressures to release REEs during the recrystallization phase, thereby enhancing the overall recovery
yield.

On the other hand, Solvo-metallurgical methods are also used for the recovery of REEs from
phosphogypsum where organic solvents such as DEHPA, Cynax, or TBP, or combinations of these
solvents, to directly extract metals from phosphogypsum. When solvo-metallurgical methods are
applied in the presence of CO:, the mobility of these organic solvents within the crystal matrix of
phosphogypsum is enhanced, reducing the amount of solvent needed. This approach is categorized
under SCFE (Supercritical Fluid Extraction) solvo-metallurgical methods. Hydrothermal treatment
of phosphogypsum is relatively a new technique which also involves the recrystallization of
phosphogypsum to release the REEs in solution under elevated temperature and pressure and
simultaneous leaching under the attack on an acid. Pyrometallurgical methods are also employed,
where phosphogypsum is converted into CaS and SOz gas, followed by the further conversion of CaS
to calcium carbonate and the recovery of REEs. The overall methods adopted so far for the extraction
of REEs from phosphogypsum are summarized in Figure 14 below:

Direct Leaching

PG conversion

Hydro-metallurgy

Bioleaching

Resin in Leach

Mineral Acid Leaching

Carbonation

Bio Lixiviants

Pulp of resin with
mineral acid

H,50,, HNO,,HCI

K,COs, (NH,),CO4

(Gluconobactr oxydans
Gluconobacter
oxydants NRRL, B85

Purolite C150 and
Finex CS16GC
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Solvu-metallurgy Direct REE extraction TBP/TOPO/TPPO

REE Extraction from PG

Super critical fluidic Extraction with super
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Hydrothermal Rerystallization with

treatment physical treatment
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Pyrometallurgy

Figure 14. Schematic description of the REEs recovery methods from phosphogypsum.

4.1. Hydrometallurgical Methods

Hydrometallurgy involves the use of aqueous chemistry for the recovery of metals from ores,
concentrates, and recycled or residual materials. This process is used in extraction of less electro
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positive or less reactive metals like gold and silver. Recently, hydrometallurgy was preferred over
pyrometallurgical process since it is considered environmentally friendly since it is more energy
efficient. Hydrometallurgy is typically divided into three general areas:

*  Leaching (Dissolution

*  Purification and Concentration

*  Metal Recovery (Precipitation or Electrowinning)

4.1.1. Mineral Acid Leaching

Leaching involves the use of aqueous solutions, which is brought into contact with a material
holding a valuable metal; the solution may be acidic or basic. In the leaching process, oxidation
potential, temperature, and pH of the solution are important parameters, and are often manipulated
to optimize dissolution of the desired metal part into the aqueous phase. Mineral acid leaching is one
of the most widely used methods for the extraction of rare earth metals from phosphogypsum.

Sulfuric acid is the most common mineral acid used for the leaching of rare earth elements from
phosphogypsum due to its easy availability and cost-effectiveness compared to other mineral acids.
However, due to excess of sulphate ions in the reaction mixture it promotes the recrystallization of
calcium as calcium sulphate at higher acid concentrations and at increased temperatures. This
phenomenon occurs due to the common ion effect and the low solubility of calcium sulphate under
such conditions, hindering the dissolution process and reducing the extraction efficiency.

To address these challenges, several studies have been conducted to investigate different
operating conditions aimed at enhancing the extraction of REEs while minimizing the dissolution of
unwanted impurities. Adjustments to acid concentration, temperature control, optimization of
liquid-to-solid ratios, careful management of dissolution time, and the strategic use of additives have
all been explored to improve the overall efficiency and selectivity of the mineral acid leaching process.

In a pilot scale study, the hemihydrate and dihydrate types of PG have been evaluated for the
recovery of rare earth elements (REEs). The PG is produced through hemihydrate method, leaching
is performed using diluted sulfuric acid at temperatures below 10°C, leading to a high REE recovery
rate of about 80%. On the other hand, the dihydrate method evaluated at higher temperatures,
typically between 50°C and 60°C, and at higher sulfuric acid concentration ranging from 10% to 15%,
resulted in a lower REE recovery rate of approximately 52%. A significant advantage of the dihydrate
process is the possibility of recrystallizing the leached phosphogypsum into anhydrite, which can be
used as a raw material for cement production. Further process optimization in both methods often
involves steps such as filtration, crystallization, and calcination to ensure efficient separation of
valuable materials from waste streams [57].

In a separate study, the use of mechano-activation to enhance REE solubility from
phosphogypsum has been explored. Mechano-activation is conducted using a centrifugal ball mill
under various conditions, including activation in air, in water suspensions, and in diluted
hydrochloric and sulfuric acid solutions. Results show that activation in air significantly increases the
solubility of phosphogypsum and facilitates the leaching of REEs into acid solutions. On the other
hand, activation in water suspensions appears to reduce overall solubility but enriches the
concentration of REEs in the dissolved fractions. When activated in acid suspensions, varying results
are seen: activation in diluted hydrochloric acid leads to a slight increase in REE concentrations, while
activation in sulfuric acid does not show a significant impact on REE recovery. The findings highlight
that water-activated phosphogypsum samples treated later with 7% sulfuric acid show technological
potential due to the enhanced enrichment of REEs in the resulting leachate [58].

Low-concentration sulfuric acid treatment, using around 4 wt.% acid at room temperature, has
also shown effectiveness in removing impurities such as fluorides and phosphates from
phosphogypsum. This approach achieves high extraction efficiencies, with complete recovery of
thorium, fluorine, sodium, and phosphorus, while uranium recovery reaches up to 93.1%. In addition
to purifying the phosphogypsum for potential use in cement manufacturing, this method also enables
the concurrent recovery of rare earth elements (REEs) [59].
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Laboratory-scale studies conducted at the Wizow Chemical Plant in Poland have shown REE
recovery through a sulfuric acid leaching and crystallization strategy. The phosphogypsum is leached
with 15% sulfuric acid extracted a rare earth concentrate with up to 25% lanthanide oxides. Following
the leaching step, recrystallization transforms the remaining gypsum into anhydrite, which can be
used as a high-quality construction material. Despite the encouraging results in terms of recovery
and material valorization, the economic feasibility of the process is still a significant consideration,
given the high initial investment costs associated with scaling up, although the ecological benefits are
large [60].

Further investigations into the extraction of rare earth elements (REEs) from phosphoric acid,
phosphoric acid sludge (PAS), and phosphogypsum emphasize the economic potential of recovering
valuable metals from phosphate processing streams. Ion exchange resins have proven effective for
REE extraction from phosphoric acid, offering a viable route for recovery. Additionally, digestion of
phosphogypsum with concentrated sulfuric and phosphoric acids, followed by solvent extraction,
enables selective recovery of REEs, with heavy rare earth elements (HREEs) dominating the
recovered fractions. Critical REEs account for about 45% of the total recovered metals, underscoring
their strategic importance. Comparative studies show that nitric acid leaching of PAS achieves greater
efficiency (58%) compared to sulfuric acid leaching (49%) [61].

In another study, a two-step sulfuric acid leaching approach was applied to Tunisian
phosphogypsum, showing substantial REE enrichment. The process involved washing and grinding
the phosphogypsum, followed by sequential leaching at 60°C. This first leaching step increased the
REE concentration in the solid residue by 52%. The later leaching phase dissolved REEs into the acid
solution with a 50% dissolution rate. The final crystallized product, consisting of anhydrite and
monazite, achieved a total REE enrichment of 86%, confirming the potential of this method for both
purification of phosphogypsum and effective recovery of rare earth elements [62].

Effect of Leaching Parameters on REE Leaching efficiency

When it comes to metals leaching, sulfuric acid is the first choice among researchers because of
its easy availability, ease of handling and lower cost as compared to nitric acid and hydrochloric acid.
However, the hydrometallurgical extraction of REEs from PG depends on the number of important
factors such as type and concentration of acid, leaching temperature, solid to liquid ratio, contact time
and the presence of other chemicals which could help in the release of REEs during the leaching
phase.

Acid type and Concentration

A recent study showed that 25 g/l sulfuric acid concentration is best to leach up to 65 % REEs
[63]. In contrast, another recent study showed that it was possible to extract 92 % REE employing 2
M H2SO4, using undried, finely ground particles (<200 um), and maintaining a temperature of 60 -C
[64]. Apart from sulfuric acid, nitric acid and hydrochloric acid also showed good REE leaching
efficiencies [65]. The higher leaching efficiency of these acids could be linked to the PG solubility and
complexation behavior of REEs with these acids, particularly cerium complex with HCl. On the other
hand, nitric acid has strong oxidizing properties which could also lead to the increased REE
dissolution. Another factor could be the fast kinetics of these acids over sulfuric acid helping in higher
REEs leaching efficiency. However, higher leaching efficiencies obtained through nitric acid and
hydrochloric come with the drawback of contaminated leachate, contaminated with other metal ions,
so lowering REE selectivity and increasing downstream operation steps thus increasing overall cost
of the process.

Particle Size

To increase the metals extraction efficiency, the requirement to completely dissolve PG in acid
solution is still questionable among the researchers and a mixed observation is found throughout the
literature review. Some studies insisted that it is mandatory to destroy the PG matrix to release the
rare earth elements as they believe that the REEs are present in PG as isomorphous Ca?* substitutions
as well as separate oxides and sulphate phases blocked inside PG crystal lattice. In a test conducted
in Sverdlovsk region, Russia, they combined the grinding of phosphogypsum along with ultrasonic
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treatment to avoid the agglomeration of fine particles to see its effect on the leaching efficiency of
phosphogypsum. However, the experiment does not effectively show the effect of grinding since the
tests are performed with varying sulfuric acid concentrations, so putting in doubt the increased
leaching efficiency is due to increased acid concentration or due to the grinding and ultrasonic effect
[66]. Whereas other studies oppose the idea of complete PG dissolution and support their observation
with higher extraction efficiencies obtained without complete dissolution of PG [63,64].
Leaching Temperature

Leaching temperature is a crucial factor for the extraction of REEs from PG. Studies showed that
higher leaching temperature promotes the release of REEs in the solution. However, increasing the
temperature to enhance REEs leaching can only be done to a certain extent. This is because of the
different solubility behavior of PG in water and in mineral acids. This behavior limits the increase in
temperature up to certain point. In a recent study the researcher analyzed the PG solubility at
different acid concentration at different leaching temperatures. It was found that leaching at 45 °C
with 2.5 M HCI and a 29.8 mL/g L/S ratio resulted in the high dissolution of PG, this could be
associated with the transformation of calcium sulphate hydrates to soluble salt, CaCl> with a
solubility of 1280 g/l. Similarly, in the HNO3 system, leaching at 85 °C with 2.1 M HNOs and 27.7
mL/g liquid-to-solid ratio also resulted in the high dissolution of PG, which could be linked to the
generation of highly soluble salt, Ca (NOs)2 with a solubility of 3580 g/L. In the H2504 system, the
dissolution rate of PG is significantly lower. The solid residue after leaching at 85 °C with 1.3 M H250x
and 30 mL/g liquid-to-solid ratio is anhydrite (CaSO4, S = 2.34 g/L), which is sparingly soluble and
precipitates residue [65].
Solid to Liquid ratio

Solid to liquid ratio is another key parameter for increasing the extraction efficiency of REEs
from PG. A recent study employed Plackett-Burman design (PBD) method to screen the main
influencing factor for the recovery of REEs from phosphogypsum and it was found that increasing
solid to liquid ratio from 1/3 to 1/9 increased the extraction efficiency from 30 % to 83 %. However,
during this change of solid to liquid ratio other parameters are also changed such as acid
concentration and leaching temperature which could also have profound influence on the leaching
efficiency putting this claim under doubt [67]. However, from technological point of view, increasing
too much the solid to liquid ratio makes the overall process unfeasible to scale since larger volumes
means larger equipment sizes, increased liquid waste and increased number of steps to concentrate
the REESs rich solution keeping in mind that the concentration of REEs in PG is significantly lower.
All these factors will increase the cost capital as well as the operating cost of the plant.
Leaching kinetics

REE Leaching kinetics is faster and equilibrium reaches typically within an hour thus making
leaching time less important as compared to other factors mentioned above. However, there are
contradicting references in literature about leaching kinetics, a study carried out in Egypt where they
leached Egyptian low-P20s PG with hydrochloric, nitric, and sulfuric acid, and found that leaching
with nitric and hydrochloric reached completion within 2 hours, but REE continued leaching with
sulfuric acid for up to 8 hours [68,69]. On the other hand, another research presented that with 0.5 M
H250sand with 3 M HNO:s, leaching was = 90% complete within 2 hours [66]. In a recent study it is
reported that 87.5 % REEs leaching with 3.3 M HNOs achieved within 20 minutes time [67]. Table 4
shows the operating conditions and leaching efficiency of REEs using different acid types and
concentration.

Table 4. Operating conditions and leaching eff. of REE using different acid types and concentration.

Operating conditions

REE content
PG type Temp Time Eff. (%) Ref.
Lixiviant S/L ratio (%)
O ()
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Hemihydrate 5-10 % H2504 <20 0.5 6 NR? 80 57]
Dihydrate 10-15% HoSO: 40 0.5 6 NR 52
Dihydrate 7% H2SOs NR 0.2 2 0.37 59
Dihydrate 10 % HCl NR 0.2 2 NR 49
Dihydrate 7 % H2SOs NR 0.2 2 NR 62 58]
Dihydrate ~ HCI NR 0.2 2 NR 51
Dihydrate 7% H2SOs NR 0.2 2 NR 70
Dihydrate 4% HaSOx NR 0.49 1248 NR 50.5 [71]
Hemihydrate 4% HaSOs 25 0.22 NR  0.57-051 NR 50
Dihydrate 4% H:SOs 25 0.22 NR  0.41-049 NR
96 % H2SO0s + 34
Dihydrate 72 0.14 1 0.0335 49 [60]
% HaPOs

Dihydrate 5 % H2SOs 50 0.25 0.5 0.0218 43 [72]
Dihydrate 10% -15 % HaSOs 25 0.33 4 0.34-0.63 50.9-51.5 [73]
Dihydrate 0.5 M HzSOx 25 0.05 8 NR 86 -
Dihydrate 3 M HNOs 25 0.05 8 NR 58
Synthetic 0.02 M HsPOx 25 20 24 Synthetic 85 (for Y) 83]
Synthetic 0.02 M HaSO4 25 20 24 Synthetic 80 (for Y) 83]
Dihydrate 15% H2S0s 100 0.33 2 0.041 NR [74]
Dihydrate 1.65M/IHNOs 80 0.1 2 0.0208 83 [75]
Dihydrate 2.5 M HCl 45 0.033 0.3 NR 57X, 96 %

Nd 86.1 % Dy

7.6% Nd, 83.5%
Dihydrate 2.1 M HNO:s 85 003 NR  NR Y, and 77.8% [76]

Dy

477%  Nd,
Dihydrate 1.3 H2SO4 85 0033 NR NR 57.2% Y,

44.9% Dy
Dihydrate 3 M HNO: 80 0.1 NR  NR >80 % Nd [77]
Dihydrate 2 MH,SO, 60 0125 4 0.51 92 [64]
Dihydrate 3.3 M HNO, 75 0.111 0.3 0.036 87.55 [67]

Based on the compiled data, sulfuric acid (H,SO,) appears as the most widely used leaching
agent for REEs from phosphogypsum. The highest reported leaching efficiency with H,SOj is 92%,
achieved at 60 °C using 2 M concentration, a solid-to-liquid (S/L) ratio of 0.125, and a contact time of
4 hours. Another notable efficiency (86%) was recorded with 0.5 M H,SO, at 25 °C, S/L ratio 0.05, and
8 hours of leaching. For nitric acid (HNQO3), the best condition yielded an 87.55% recovery at 75 °C
using 3.3 M HNO;, S/L ratio of 0.111, and 20 minutes of contact time. Additionally, 2.1 M HNO; at
85 °C resulted in 83.5% Y, 77.8% Dy, and 7.6% Nd extraction. On the other hand, 2.5 M HCI at 45 °C
with a low S/L ratio of 0.033 and just 20 minutes contact time achieved 98.5% Y, 94.6% Nd, and 86.1%
Dy leaching efficiency. These results highlight that higher acid concentrations, elevated

2 Not reported
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temperatures, and lower S/L ratios enhance REE extraction from phosphogypsum, with HCI
delivering the most efficient recovery in the shortest time for selected elements.

Multi-Parameter Effects in REE Recovery from PG

Single-parameter experimental approaches such as increasing REE recovery with lower S/L
ratios or higher acid concentrations provide a basis for understanding the REEs leaching at various
parameters, they are not sufficient alone to see the combined effects that control practical process
performance. For instance, only studying the effect of increasing the acid concentration may only
improve leaching up to a certain level, beyond which further optimization can also achieved by the
changing the temperature and leaching time. Similarly, improvement in REEs recovery at lower S/L
ratios can be compensated or reinforced by changes in acid type (H.SO4, HCl, HNOs;, citric acid) and
leaching temperature. Some new research on REEs leaching from PG leaching has shown that the
interaction between the parameters is critical for the overall optimization of the process. Factorial and
response-surface designs showed non-linear synergies between temperature, acid concentration, and
S/L ratio, shifting the parameters away from optimum conditions predicted by any single factor alone
[96][78]. Another research combines both statistical and machine learning models showed that it is
possible to significantly increase the parameters prediction accuracy when variables are analyzed
together rather than in isolation [97][79]. Consequently, to selectively recover REEs from PG, future
work must consider including the experimental designs and modeling approaches that explicitly
include multi-parameter interactions, ensuring strong optimization suitable for various types of PG
wastes.

4.1.2. Phosphogypsum Conversion

During the conversion of phosphogypsum to ammonium sulfate using the Merseburg
ammonium carbonation process, researchers analyzed samples from industrial-scale phosphoric acid
plants to track the behavior of radionuclides such as U-238, Ra-226, Pb-210, and Po-210. The results
revealed that these radio nuclides stay in the by-product calcium carbonate rather than transferring
to the ammonium sulfate. This shows that the process effectively lowers the radioactive content in
the final fertilizer product. For example, in Indonesian phosphogypsum samples, the activity of Ra-
226 was recorded at 730 Bq/kg in the calcium carbonate compared to only 9 Bq/kg in the ammonium
sulfate. These findings support the feasibility of the Merseburg process as a method to mitigate the
environmental impact of phosphogypsum while simultaneously producing a valuable fertilizer [80].

In another study, the production of potassium sulfate (K;SOs) from phosphogypsum and
potassium carbonate (K,COs) was evaluated. The research compared the reactivity of
phosphogypsum with two types of synthetic gypsum, focusing on reaction efficiency under various
temperatures and concentrations. Optimal conversion was achieved at 80°C using exact
stoichiometric proportions of phosphogypsum and potassium carbonate, with a largest K,SO,
solubility of 1.2 mol/L after 1.5 hours of reaction time. The experiments showed that phosphogypsum
was more reactive than synthetic gypsum, leading to complete conversion into potassium sulfate and
calcite, while synthetic gypsum produced slower reactions and unwanted by-products. These
findings highlight the efficiency and industrial potential of the process for reducing phosphogypsum
waste while generating valuable products like K;SO, and calcite [81].

Another study explored the impact of residual sulfuric and phosphoric acids on the conversion
of phosphogypsum waste into calcium carbonate, aiming to enhance the efficiency of
phosphogypsum processing by removing acidic impurities that hinder its chemical reactivity.
Researchers conducted experiments using dump phosphogypsum from Phosagro, Volkhov, which
was washed in a jacketed glass HEL mono-reactor at 70°C under constant stirring at 200 rpm. This
washing process successfully removed approximately 22% of impurities, including sulfuric and
phosphoric acids. Subsequent conversion reactions were carried out using sodium carbonate
(NazCO:s), potassium carbonate (K.COj3), and ammonium carbonate (NH4).CO3), resulting in calcium
carbonate yields of 70.6% and 65.0% for sodium and potassium carbonate reactions, respectively. The
study concluded that washing phosphogypsum significantly improves its reactivity and enhances
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the yield of calcium carbonate, making it a more workable material for construction and paper
industries.

Additionally, the study calculated the change in Gibbs free energy for reactions using Na,COs,
KyCOs;, and (NH4)>COs. The results showed that reactions with Na,CO; and K,CO; are
thermodynamically favorable under normal conditions without the need for elevated heat or
pressure, showing Gibbs free energy changes of —37 kJ/mol and -58 k]J/mol, respectively. In contrast,
the reaction with (NH,),COs was less favorable, with a positive Gibbs energy change of 166.7 kJ/mol,
suggesting a lower probability of calcium carbonate formation. Enthalpy changes further revealed
that reactions with Na,CO; and K,COs are exothermic, releasing heat, while the reaction with
(NH4).COs is endothermic and requires other energy input. The study suggests that further
investigation is needed to improve the conditions for reactions with (NH4),CO; to enhance its
efficiency [82].

4.1.3. Bioleaching

Bioleaching fundamentally differs from conventional hydrometallurgical processes, which
typically use strong acids or bases to extract metals from solid matrices. In one experiment, the REE
recovery efficiency of a bio-lixiviant was compared with that of mineral acids by evaluating the
leaching performance of phosphoric acid, sulfuric acid, commercial gluconic acid, and a bio-lixiviant
produced by the bacterium Gluconobacter oxydans. The bio-lixiviant had a pH of 2.1 and held 220 mM
gluconic acid. Leaching experiments were performed at a 2% pulp density (20 mg solid per 1 mL
lixiviant) at 25°C for 24 hours with shaking at 150 rpm. The results showed that sulfuric acid was the
most effective leaching agent, achieving up to 93.7% extraction of cerium, while phosphoric acid was
the least effective, with only 5% cerium extraction. The bio-lixiviant showed better performance as
compared to commercial gluconic acid in all cases, with the greatest difference seen for europium,
where the bio-lixiviant achieved an added 18.8% extraction [83].

Another study further explored the recovery of rare earth elements (REEs) from
phosphogypsum (PG) waste using a novel bio-lixiviant produced by Gluconobacter oxydans. This
study detailed the design of a pilot plant capable of producing the bio-lixiviant through fermentation,
using it for REE leaching from PG, and recovering the REEs in oxide form through crystallization,
filtration, and high-temperature decomposition. Despite the innovative approach, economic analysis
revealed that the process is currently unprofitable, with a negative internal rate of return (IRR) after
15 years and a negative net present value (NPV) as evaluated through process scale-up simulation
[84].

4.1.4. Resin in Leach

The resin-in-leach (RIL) method is an evolving hydrometallurgical technique designed for the
selective recovery of rare earth elements (REEs) from complex matrices such as phosphogypsum
(PG). This process involves the use of ion exchange resins which are directly added to the acidic
leaching medium that has PG. In this way the process enables the simultaneous dissolution of REEs
and their immediate capture by the resin. The integrated strategy could reduce the loss of REEs,
minimize impurity interference, and simplify later separation processes. The RIL approach is
particularly helpful for low-grade materials like PG, where achieving efficient and selective recovery
is essential for both economic viability and environmental sustainability.

The research conducted by S. Al-Thyabat and P. Zhang focused on the extraction of rare earth
elements (REEs) from phosphoric acid, phosphoric acid sludge (PAS), and phosphogypsum (PG)
using ion exchange resin and solvent extraction techniques. Phosphoric acid samples were treated
with ion exchange resin at varying temperatures (10-82°C) and resin dosages (3—7 kg/t), achieving
extraction efficiencies of up to 65%. For PG, a mixture of concentrated sulfuric acid and recycled
phosphoric acid was employed, followed by solvent extraction using DEHPA, reaching a maximum
extraction efficiency of 59% after three stages. The study highlighted that heavy rare earth elements
(HREEs) represented over 70% of the REEs in phosphoric acid, while critical REEs (CREEs) accounted
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for 45%. It was concluded that both temperature and resin dosage significantly affected extraction
efficiency, with higher values improving the results [61].

The research conducted by Ural Federal University (UrFU) and VTT focused on developing
industrial technologies for extracting rare earth elements (REEs) and scandium from
phosphogypsum and uranium in-situ leach (ISL) solutions. The study combined solvent extraction
with advanced ion exchange methodologies in a pilot facility capable of treating 5 m? of solution per
hour. Leaching-absorption processes were supported by multicomponent solution modeling using
VTT’s ChemSheet/Balas program. In the experiments, 45 tons of solids were processed, yielding 100
kg of REE concentrate. Additionally, a mini-pilot plant was used to recover scandium oxide and REE
concentrates from uranium ISL solutions, achieving concentrations with 99% purity for both
scandium oxide and REEs. The study found that the best conditions for REE extraction involved using
macroporous sulfonated resins with a divinylbenzene (DVB) content of over 12%, which resulted in
an extraction efficiency of 32.8% for REEs and 30-40% for scandium. Desorption using ammonium
sulfate solution was effective, with a recommended concentration of 300 g/dm? and a feed rate of five
volumes per hour. The overall extraction efficiency for REEs was 32.8%, with scandium extraction
varying between 30-40% [85].

Another research investigated the potential of extracting rare earth elements (REEs) from
phosphogypsum (PG) using Resin-in-Leach (RIL) technology. The method involved batch contacting
PG with sulfuric acid and a strong acid cation exchange resin (Purolite C150TLH) at varying acid
concentrations and ratios. The optimal conditions were found to be a sulfuric acid concentration of
10 g/L and an acid-to-PG ratio of 4:1. The tests showed that REE recovery efficiency varied
significantly depending on the source of PG, with extraction efficiencies ranging from 15% to 80%.
Despite the variability, the study concluded that RIL technology could be economically favorable,
especially considering the mixed REE oxide product price of over $21/kg, even with overall REE
recovery as low as 15% [86].

A separate study explored the use of a combination of mechanical grinding, ultrasonic impact,
and resin-in-pulp (RIP) processes to enhance the leaching efficiency of rare earth elements (REEs)
from phosphogypsum. The experiments involved treating 40g samples of phosphogypsum with
300mL of sulfuric acid solutions at concentrations ranging from 5 to 30g/L. Mechanical grinding was
applied at 3000 rpm for 2 hours, followed by ultrasonic treatment at 50W power for 2 hours, and the
addition of 40cm?® of cation exchange resin. The results showed that this combined treatment
significantly increased REE recovery from 15-17% to over 70%. Additionally, the study has shown
that the treated phosphogypsum could be used as a raw material for cement production, thus
enhancing the economic feasibility of the process [66].

Another study systematically investigated the selection of resin, leaching agent, and eluent to
improve the recovery process. The experiments employed four different lixiviants H,SO,, HCl, and
H3POy at varying concentrations. Using a chelating resin allowed for a low H>SO4 concentration (1
g/L) in the resin-in-leach (RIL) process, achieving a rare earth element (REE) loading of 19.2 g
(REE)/kg (resin) and up to 20% purity after four stages. In contrast, strong acid resins reached only
3% purity. The study concluded that breaking the phosphogypsum (PG) structure or adsorbing
calcium via the resin was unnecessary for enhancing REE recovery. For elusion, saturated sodium
chloride solutions were effective for strong cation exchangers, while EDTA or concentrated
hydrochloric acid was needed for the chelating resin. Overall extraction efficiency depended on the
resin and leaching agent combination, with the chelating resin showing superior performance [87].

Another study investigated enhancing the recovery efficiency of rare earth metals (REEs) from
technological solutions generated during apatite raw material processing, particularly
phosphogypsum, which has light REEs such as praseodymium, neodymium, and samarium. The
researchers employed an ion exchange method using the AN-31 anion exchanger to extract REEs
from sulfate solutions. Experiments were conducted under static conditions with a liquid-to-solid
ratio of 1:1, a pH of 2, and a temperature of 298 K. Initial REE concentrations in the solutions varied
from 0.83 to 226.31 mmol/kg. The study showed that under such conditions it was possible to recover

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1138.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 27 August 2025 d0i:10.20944/preprints202507.1138.v2

24 of 41

59.7% for praseodymium at pH 2 and 52.8% for samarium at pH 4. The ion exchange equilibrium
constants were determined to be 1.84 for praseodymium, 1.66 for neodymium, and 2.32 for samarium,
with corresponding Gibbs free energy changes of ~1507.16, -1259.15, and —2082.96 ]J/mol, respectively.
The total sorbent capacity reached 0.67 mol/kg for praseodymium, 0.68 mol/kg for neodymium, and
0.71 mol/kg for samarium. The study showed that the AN-31 anion exchanger effectively recovers a
mixture of light REEs from sulfate solutions, showing an average ion exchange equilibrium constant
of 1.94 and a total sorbent capacity of 0.6853 mol/kg [88].

Another study examined the extraction and purification of rare earth elements (REEs) from
phosphogypsum waste using a resin-in-leach (RIL) process followed by batch elusion. The
researchers utilized Purolite 5940 resin in a diluted sulfuric acid solution across multiple consecutive
RIL cycles, achieving a maximum REE loading of 0.92 equiv./kg and a calcium-REE purity exceeding
70% after seven cycles. The loaded resin was later treated in a packed bed column with a two-step
elution procedure: calcium was first removed using 0.06 M HCI, followed by REE elution with
biodegradable chelating agents, including N,N-dicarboxymethyl glutamic acid (GLDA) and
methylglycinediacetic acid (MGDA). Results showed that both MGDA and GLDA effectively eluted
REEs, with MGDA yielding a high-purity REE fraction of up to 99.01%. The study concludes that the
RIL process, combined with biodegradable chelating agents, offers a promising approach for REE
recovery from phosphogypsum waste [89]. Table 5 shows the operating conditions and leaching eff.
of REEs using RIL process.

Table 5. Operating conditions and leaching eff. of REEs using RIL process.

Operating conditions

REE leachin

Tem Ref
PG type Lixivian Resin Resin/PG/Aci conten g eff.
Eluent p Time(h
t type d ratio (v/m/v) t (%) (%)
(WY )
Purolite
Dihydrat 10 g/l Resin/PG/Aci
C150TLH NaCl NR3 24 0.3387 15-80%  [86]
e H2S0q, d =1:5:20
Dihydrat  10-20 g/l Purolite Resin/PG/Aci
NH:NO NR 2 NR 15-70 %  [66]
e H2SO04 C160 d =4:30:4
3
011, 5
Purolite
and 10 NadCl,
5940, 45-75%
g/l HCl,
Dihydrat Purolite Resin/PG/Aci from
H2S0s4, EDTA, 20 24 0.17 [87]
e C150, d=1:5:40 CHEL
HCl, Na-
Finex resin
and citrate
CS16GC
HsPOs
HCl, yield 98
Purolite
Dihydrat 10 g/l GLDA Resin/PG/Aci %,
5940, 25 20 NR
e H2S04 and d =1:5:40 purity [89]
Na+
MGDA 94 %
Dihydrat 25 g/l Resin/PG/Aci 0.43-
SAC NR 40 12 65% [90]
e H2504 d =1:5:40 0.45

3 Not reported
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Resin in leach method is a unique technique for the simultaneous extraction and loading of REEs
on either chelating of strong acidic cation resins. The idea is to integrate the two separate processes
to reduce capital and operational costs while also reducing the requirement of very concentrated acid
solutions. However, the process comes with various limitations such as High concentrations of
calcium, iron, aluminum, and other metal ions compete with REEs for binding sites on the resin. On
the other hand, Extraction efficiency varies widely depending on the origin and composition of PG
(e.g., 15% to 80%). In addition, many resins require a narrow pH range or specific acid concentration
to be effective (e.g., chelating resins work well at low H>SO, concentrations but require strong eluents
for desorption) while resins like Purolite 5940 have moderate REE capacity and require multiple
cycles for meaningful recovery. Nevertheless, most of the processes reported in literature have a very
long contact time which is already not feasible for an industrial scale process, except one study from
2018 which showed 2 h contact time with a variable REEs leaching efficiency of 15-70 % while using
Purolite C160 and 10-20 g/l sulfuric acid solution with a Resin/PG/Acid ratio of 4:30:4.

In general, chelating resins (e.g., Purolite S940 or similar) prove the best selectivity and REE
loading performance, particularly under optimized RIL conditions and low acid concentrations.
However, their effectiveness is offset by complex elution requirements and the need for multiple
processing cycles. For practical and scalable extraction, macroporous SAC resins (with DVB >12%)
offer a compromise between efficiency and industrial applicability, though their selectivity is lower.
Table 6 shows the type of resins with their advantages and limitations in terms of REEs extraction.

Table 6. Performance and limitation of several types of resins used in RIL process.

Resin Type Key Findings Advantages Limitations
Chelating (e.g.,
Achieved 192 g High  selectivity, Requires complex
iminodiacetic
REE/kg resin loading good performance eluents (EDTA or
Chelating resin  acid or
and 20% purity with 1  at low acid conc. HCI), multi-
phosphonic acid
g/L H,SO4 concentrations stage processing
types)
Maximum loading;:
0.92 eq/kg; 70% Ca- High  selectivity; Multiple cycles
REE purity after 7 RIL  good for batch RIL needed; moderate
Purolite S940 Chelating resin
cycles; REE elution with eco-friendly overall loading
with  biodegradable elution capacity
agents
Macroporous 32.8% REE extraction; Industrial-scale Low selectivity for
Strong acid
sulfonated resin 30-40% scandium tested, good for REEs, moderate
cation (SAC)
(DVB >12%) recovery high-throughput efficiency
15-80% efficiency Commercially Highly variable
Purolite Strong acid depending on PG available; effective efficiency
C150TLH cation exchange  source; acid conc. =10 in RIL at ambient depending on PG
g/L temp origin
Not tested directly
59.7% Pr, 52.8% Sm Good for light on solid PG; more
AN-31 Anion exchange extraction from sulfate REEs; effective at applicable to
solutions pH2-4 solution-based

systems
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4.2. Solvo-Metallurgical Leaching

Solvo-metallurgical methods offer an alternative approach for extracting rare earth elements
(REEs) using organic solvents instead of mineral acids. A recent study investigated the treatment of
phosphogypsum (PG) waste to reduce concentrations of harmful radionuclides and recover REEs,
focusing on a leaching process with organic extractants, specifically tributyl phosphate (TBP) and
trioctylphosphine oxide (TOPO) in kerosene. The experiments systematically evaluated four key
parameters: contact time (2 hours proving optimal), TBP concentration (0.5 M most effective), liquid-
to-solid ratio (1:1 ideal), and temperature (55°C yielding best results). Under these optimized
conditions, the process achieved radionuclide removal efficiencies of 71.1% for Ra-226, 76.4% for Pb-
210, 62.4% for U-238, and 75.7% for K-40, alongside a 69.8% REE extraction efficiency. These findings
show that TBP-kerosene systems provide both an effective and economical method for PG waste
decontamination, significantly enhancing its safety profile for industrial applications [91].

4.3. Super Critical Fluidic Extraction

Supercritical fluid extraction is widely employed for metal and compound separation, but its
application in converting phosphogypsum (PG) into value-added products like calcium carbonate
(CaCQOs) and rare earth elements (REEs) using supercritical carbon dioxide (sc-CO,) is a novel
approach. This study aimed to optimize the conversion process for both efficiency and environmental
sustainability. Experiments were conducted at 33°C and 50 atm pressure with a solid-to-liquid (S: L)
ratio of 1:3, employing a CO, flow rate of 700-1100 g/min. Remarkably, an 86.67% conversion rate
was achieved within just 10 minutes. Parameter analysis revealed the S:L ratio as the most critical
factor, with the process yielding finely dispersed CaCO; and a Na,SO, solution. ICP-MS analysis of
the PG feedstock showed a total REE content of 888.4 ppm. However, the conversion process proved
limited effectiveness for REE recovery, as most rare earths remained trapped in unreacted CaSO.,.
These findings highlight the technique's strong potential for PG valorization into industrial minerals,
while showing the need for further research to address REE extraction challenges under SC-CO,
conditions [92].

In another recent study researchers used supercritical fluid extraction (SCFE) for recovering rare
earth elements (REEs), thorium (Th), and uranium (U) from monazite concentrate (MC) and
phosphogypsum using carbon dioxide while using tributyl phosphate (TBP) and di-(2-ethylhexyl)
phosphoric acid (D2EHPA) as solvent. At first, they converted phosphates to oxides by microwave-
assisted treatment with Na,CO;, followed by SCFE using supercritical CO, having TBP and D2EHPA.
This approach achieved up to 50% REE extraction efficiency, though Th and U remained
predominantly in the solid phase. In PG treatment, samples were acid-leached with 2 M HNO; prior
to SCFE, yielding 93.55% REE extraction efficiency with TBP and 88.90% with D2EHPA (Table 7) [93].

The study explains SCFE's potential as an effective recovery method for REEs, Th, and U from
both MC and PG, with particularly high extraction efficiencies for REEs from acid-pretreated PG.
These findings highlight that SCFE's has potential for valorizing industrial byproducts while
addressing critical material supply challenges.

Table 7. Operating conditions and leaching eff. of REEs using SCFE.

Operating conditions

REE
leaching eff.

PG type Temp Pressure content Ref.

Lixiviant S/L ratio Time (%)

(W@ (bar) (%)
(h)

2 M HNO:s, CO:
Dihydrate with TBP, 45 200 0.7-1 1 0.42 93.50% [92]

DEHPA
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(CO2) =700-1100 87% PG
Dihydrate 33 50.6 0.33 0.16 0.08 [93]
g/min. conversion)

4.4. Hydrothermal Treatment of Phosphogypsum

Hydrothermal treatment involves leaching rare earth elements (REEs) from phosphogypsum
(PG) at elevated temperatures or under subcritical water conditions. A study by Yahorava et al.
explored an innovative hydrothermal method to enhance REE recovery from PG waste. The research
emphasized the variability of PG from different sources, which influences both REE recovery rates
and the physical properties of the material. Recognizing that REEs are often encapsulated within the
PG matrix, the researchers used an autoclave setup to perform controlled hydrothermal treatments.
The Experiments are carried out at a temperature ranging from 80 °C to 150 °C, agitation speeds
between 300 and 500 rpm, and a pulp density of 10-18% (m/m). The results showed a significant
improvement in REE extraction efficiency, up to 80% under optimized conditions. It was found that
increase in the temperature and higher mixing rates enhance the leaching efficiency. ON the other
hand, the leaching after hydrothermal treatment further boosted the overall REE extraction,
achieving nearly complete recovery from the PG samples [94].

In a separate study, the subcritical water extraction (SWE) method is used for the recovery of
rare earth elements from phosphogypsum. The researchers used hydrochloric acid (HCI), nitric acid
(HNO:s), and sulfuric acid (H2SO,) as leaching agents and saw the effects of acid concentration, solid-
to-liquid (S/L) ratio, and temperature on rare earth leaching efficiency. The experiments were
conducted with 0.1 mol/L HCI, 0.1 mol/L HNOj3, and 0.05 mol/L H>SO,, using a solid to liquid ratio
of 20 g/L at 100°C and at a pressure of 10 kg/cm? for 5 minutes. Under these conditions, leaching
efficiencies with HCl were 66.67% for Y, 55.28% for La, 52.99% for Ce, and 49.93% for Nd; with HNO;,
efficiencies improved slightly; and with H,SO,, efficiencies were significantly lower as shown in
Table 8 [95].

Table 8. Operating conditions and leaching eff. of REES using hydrothermal treatment method.

Operating conditions REE
leaching eff.
PG type Temp Pressure S/L Time content Ref.
Lixiviant (%)
(W®) (bar) ratio (h) (%)
Dihydrate 100 g/l H2504 80-200 0.78-147 NR* 6 NR >80 [94]
0.1 mol/L HCJ, 0.1 Max 98.63
Dihydrate ~ mol/L HNOs, and 100 9.8 10 0.08 0.02 (while using  [95]
0.05 mol/L H,SO, HCl)

4.5. Thermal Decomposition of Phosphogypsum

Thermal decomposition is another promising technique for transforming phosphogypsum (PG)
into useful products while enabling the recovery of rare earth elements (REEs). This method involves
treating PG at very high temperatures under reducing conditions. In a laboratory study, researchers
investigated the behavior of selected REEs during the thermal conversion of PG into calcium sulfide
(CaS), followed by the formation of calcium carbonate (CaCOs) and sulfur (S). The experimental setup
included thermal reduction of PG at 1100°C for 1 hour, after which the material was dissolved in
water and reacted with H,S and CO, gases (Table 9). Both microwave digestion and traditional acid
leaching techniques were used to analyze the concentrations of REEs in raw PG, produced CaS, and
the resulting residues. The study found that CO, was more effective than H,S for the post-treatment,

4 Not reported
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as fewer REEs were leached when H,S was used. Most notably, a significant portion of the REEs
remained concentrated in the residue after processing, showing that the residue could serve as a
valuable secondary source for REE recovery [96].

Table 9. Operating conditions and leaching eff. of REEs from thermal decomposition of PG.

Operating conditions

REE
Leaching eff.

PG type Temp Pressure S/L content Ref.

Lixiviant Time (%)

(°Q) (bar) ratio (%)
(h)

H>S flow 450-

1350 mL/min, Enriched REE
Dihydrate 1100 atm NA 1 0.19 [96]

C02450-1340 residue

mL/min

4.6. Comparative Overview of REE Recovery Methods

Table 10 reports the comparison of various technologies analyzed with respect to their economic
and technical aspects and the current challenges associated with the scale up of the proposed
technologies. The analysis reveals that currently it is not economically feasible to build a commercial
REEs recovery plant using PG as secondary source. It is true that there is a huge amount of waste
available to be treated, however, the concentration and types of REEs and impurities greatly
dependent on the origine of PR. In addition to that, the REEs prices are highly volatile and the REEs
supply is expanding faster than demand causing the prices to further decrease. In this scenario, to
make the commercial recovery plant profitable, it is necessary either to integrate the REEs recovery
with co-production of other marketable products such as sulphate fertilizers or regeneration of
leaching acids such as sulfuric acid by thermal decomposition of PG while also producing CaO,
concentrated with REEs to recover in a later stage. This hybrid approach may effectively balance
selectivity, environmental impact, and overall economics, proposing a practical strategy for
commercial scale-up.

Table 10. Comparative Overview of REE Recovery Methods.

Profitability
Extraction  Extracti Environmental Technical Challenges Key Economic Outlook &
Technique on Eff. Impact for Scale-up Cost Drivers Economic

Feasibility

Uneconomical

as a standalone
Managing large
Reagent process. High
volumes of corrosive,
consumption (H,S  operational and

radioactive waste
High (Acid O, or waste
Acid 50-85 streams; low
waste, HCI), neutralizatio management
Leaching % selectivity ~ requires
radionuclides) n costs, waste costs outweigh
extensive
disposal. OPEX is the value of
downstream
high. recovered REEs
purification.

unless integrated

with PG
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Resin-in-

Leach

Carbonati

on

97-99
%

80-86 %

Low-Moderate
(Exhausted resin
is a new waste

stream)

Moderate
(Multiple waste

streams)

Resin
degradation/fouling
time;

over requires

efficient solid-liquid
separation; elution
and regeneration

cycles.

Requires a  pure,
concentrated CO, and
NHs source for in-situ
Ammonium

carbonate production,
production of.

Effective leaching of

REEs from co-
products is
challenging.

Capital cost of
columns/reactors,
resin cost but
possible to
reuse, eluent

reagents.

Reagent

cost (ammonium
salts or
NHs/COz), energy
cost for CO,

compression

processing  for
other purposes
sulfuric

(e.g.,

acid production).

Promising and
Likely

Feasible. High
selectivity
reduces
downstream
costs.
Profitability  is
highly
dependent  on
resin longevity
and elution

efficiency. OPEX

is lower than
solvent
extraction for
certain

applications. A
key candidate for
commercial
scale-up.

Low

Feasibility. Econ
omics are tied to
the sale of main
product,
Ammonium
sulphate, and the
recovery of REEs

from by-
products calcium
carbonate. The

difficulty to
penetrate in the
Ammonium

sulphate market
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Extraction
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56-69.8
%
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Low (Environme
ntally friendly)
High (Organic
solvent loss,
volatile
emissions)

Extremely slow
leaching kinetics
(weeks/months);

keeping microbial

health at scale; Large
equipment required
to meet the required
for

residence time

scaled plants

Requires

leachate (PG

very pure
liquors
and

are  complex

cause crud
formation); multi-
stage setup is
complex; solvent loss
is a major operational

issue.

Low reagent
cost but very high
operational

cost due to reactor
holding

time (CAPEX for

large tank farms),

nutrient costs,
aeration/agitation
energy.

High CAPEX for
mixer-

settlers, reagent
cost (extractants
like D2EHPA,
TBP), solvent
makeup

cost, scrubbing/str

ipping reagents.

30 of 41
with existing
suppliers  does
not offset the
high process
costs for REE

recovery alone.

Uneconomical
for

Scale. The

Large

immense reactor

volume and time

required to
process

industrial PG
volumes make

the capital and

operational costs

prohibitive.
Potential for
niche, small-
scale
applications.

Economical only
after
purification. Not
feasible for direct
leachate. It is the
necessary,
established
downstream step
for purifying RE
E  concentrates

produced by a

more  selective
primary
extraction
method (like
RIL). Its
economics  are

acceptable only
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9B %

using
Supercriti  TBP,
cal Fluid 88%
Extraction  using

DHEP

A
Hydrother

Almost
mal

100 %
Extraction

Low-Moderate
(But high energy

demand)

Low-Moderate
(Uses water, but

high energy)

Engineering
equipment for high-
pressure (70-300 bar)
continuous operation;
material
compatibility;
efficient recycling of

CO, and modifiers.

Similar to SCFE: high-

pressure/temperature
reactor design;
corrosion control;

handling of solids in a

pressurized system.

Extremely

CAPEX for

high

pressure-rated

equipment, high
energy cost for
compression and
heating, cost of
CO; and modifiers

(e.g., TBP).

High CAPEX for
autoclaves, high

energy cost for
maintaining T and

P, reagent cost.

after the bulk of
impurities have

been removed.

Uneconomical
with Current
Technology. The
capital intensity
and high
operating energy
costs are far
greater than the
value of the
recovered REEs
from PG.
Significant
technological
breakthroughs in
pressure  vessel
design and
energy recovery
are needed.
Uneconomical
for Bulk

Processing. The

energy input
required to
maintain
subcritical
conditions  for
large PG

tonnages is cost
prohibitive. May
have  potential
for  processing
specific,  high-

value waste
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streams but not

for bulk PG.

5. Summary of Current Challenges

The effective utilization of phosphogypsum waste is still a major challenge for phosphoric acid
producers worldwide. One promising approach is the recovery of rare earth metals from
phosphogypsum, which not only helps reduce contamination but also enables its safer use in the
construction industry. At the same time, the recovery of valuable metals can make the overall process
more technically feasible, sustainable, and environmentally friendly. However, the heterogeneous
nature of phosphogypsum poses several challenges for lab scale recovery methods, including, but
not limited to, the following;:

# Origin of phosphate rock: sedimentary versus igneous rocks have different accessory minerals
and trace elements.

%+ Production process: dihydrate, hemihydrate, or hemi-dihydrate processes yield PG with
different crystal structures and impurity levels.

% Impurities mixed in the crystal lattice or surface: PG often holds silica, fluorides, phosphates,
clays, and traces of metals (Fe, Al, Zn, Cd, Cu, etc.) and radionuclides (U, Th, Ra).

#+ Particle size distribution: some PG is fine and porous, while others are coarse and crystalline,
which may affect leaching and adsorption.

In addition to these intrinsic factors, several external barriers hinder the progress of rare earth
recovery from PG:

4+ Industrial bottlenecks: The very low concentration of REEs in PG (generally 0.2-1 wt% of total
PG, often <0.1% recoverable), the need to process large volumes of waste, high chemical
consumption, scaling issues when moving from batch leaching to continuous systems, and the
lack of standardized pretreatment methods to handle impurities and radionuclides.

#+ Policy support suggestions: Lack of regulatory frameworks to encourage PG valorization
instead of stockpiling, international collaboration to establish safety and reuse standards for
decontaminated PG residues, and government incentives (e.g., subsidies or tax credits) for
pilot plants that integrate REE recovery with PG decontamination.

5.1. Future Directions

There is no single straightforward method to overcome these limitations and to deal with the
challenges associated with the selective recovery of REEs integrated with PG decontamination from
heavy metals. However, in the era of artificial intelligence, it will be worth training AI models on a
database of PG waste present all around the world segregated based on their origine (sedimentary,
igneous etc.) and type of the process (hemi or dihydrate) along with the concentration of REEs, trace
metals and radionuclide. This database can help scientists to design a robust and adoptive REEs
recovery method and use Al models to optimize the various parameters such as temperature, S/L
ratio, acid type and concentration and leaching time. Consider the following steps to design a robust
and adaptive method for PG decontamination and REE recovery:

+ Open-Access Global PG Characterization Database: Collaboration of international institutes
and industries is necessary to create a shared database having PG characterization data (REE,
impurities, particle size, etc.). A research and industry platform to standard processes and help
knowledge sharing for adapting REE recovery to various PG sources.
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# Pretreatment protocol based on PG typology: Categorization of PG based on origin (igneous,
sedimentary, weathered) and production process (dihydrate, hemihydrate, etc.), then create
modular pretreatment protocols (e.g., washing, pH adjustment, thermal treatment, flotation).
Al-assisted database matching PG type to develop more specific pretreatment recipes to
maximize REE mobilization and impurity removal.

#+ Adaptive design for Resin-In-Leach Modules: Develop switchable resins/solvents (pH or ion-
specific triggers) that adapt their affinity based on the PG composition, increasing selectivity
across PG types.

#+ Co-Product Valorization for Circularity: To minimize treatment cost it will be beneficial to
convert decontaminated PG residues into construction materials, agricultural additives, or
fillers. Develop standards for safe reuse based on metal leachability and REE residue levels to
turn waste into certified products, offsetting treatment costs.

#+ Utilize Machine Learning for Process Predictability: Apply machine learning models trained
on datasets from various PG sources to predict best leaching, sorption, and precipitation
conditions. A smart PG profiler tool that shows the ideal treatment path using real-time PG
characterization data (XRF, ICP, pH, etc.).

+ Modular Pilot Plant Concept for Flexible Scaling: Design a containerized pilot system with
interchangeable modules for different steps (pretreatment, leaching, separation). Enables on-
site testing and adaptation to local PG composition without building entirely new
infrastructure.

# Techno-Economic and LCA Analysis: Techno-economic assessment (TEA) and life cycle
analysis (LCA) must be included from the first design stage. A dynamic tool can be used to
update environmental and cost indicators in real time as the process adopts different PG types
or scales.
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Abbreviations

The following abbreviations are used in this manuscript:

PR Phosphate Rock

PA Phosphoric Acid

PG Phosphogypsum
WPA Wet phosphoric acid
REE Rare earth elements
S Sedimentary

M Magmatic

NR Not reported
Appendix A

Table Al. Average phosphogypsum composition of industrial phosphogypsum (adopted from [3]).

Sedimentar Magmat

Rock type ic Mixed

Method HDH HDH DH DH Prayon DH Prayon HRC
Hitashi Hydro Jacob (S) M) Kemira

CaO % 30.53% 33.65% 33.73%  35.20% 35.85% 36.42%

S503% 44.83% 45.82% 42.50%  44.47% 43.49% NR

5102% 4.70% 6.82% 4.38% 5.13% 2.39% 3.25%
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A1203% 0.08% 0.14% 0.36% 0.19% 0.36% ND
Fe203% 0.18% 0.06% 0.12% 0.18% 0.25% 0.03%
P205% 1.31% 0.28% 0.78% 0.52% 0.70% 0.38%
Soluble r20s 0.23% NRS5 NR 0.37% 0.08% 0.02%
Na20% 0.06% 0.06% 0.08% 0.04% 0.07% 0.02%
K20% 0.03% 0.02% 0.10% 0.01% 0.05% 0.02%
TiO2% 0.03% 0.02% 0.03% 0.03% 0.29% ND
MgO% 0.04% 0.07% 0.02% <0.01% 0.04% ND
MnO% 0.01% 0.01% NR <0.01% 0.01% ND
F% 0.55% 0.61% 0.64% 0.45% 0.55% 0.05%
Soluble F 0.21% 0.35% 0.11% 0.31% 0.24% 0.11%
CO2% 0.21% 0.56% 0.39% 0.35% 0.28% 0.12%
Organic C 0.01% 0.11% 0.05% 0.04% 0.02% 0.01%
gi\lorlde as 1.78 mg/L 3n8gé/L SnSgE;L 2.4 mg/L NR NR
Nitrate 8.70 mg/L fnggb;L 218g6/L 10.02 mg/L NR NR
Purity 93.27% 94.87% 91.83% NR 95.56% NR

Table A2. Average trace metal concentration in industrial phosphogypsum (adopted from [3]).

Rock Sedimentar Magmati

Mixed

type y C
Method HDH HDH DH DH Prayon DH Prayon HRC

Hitashi Hydro Jacob S) M) Kemira
As NR NR NR 2 ppm NR NR
Co 1 ppm 1 ppm 1 ppm <1 ppm 5 ppm 1 ppm
Zn 49 ppm 48 ppm 34 ppm 44 ppm 14 ppm 8 ppm
Pb 6 ppm 2 ppm 2 ppm 4 ppm <1 ppm ND
Cd 1 ppm 2 ppm 2 ppm 3 ppm <1 ppm ND
Ni 3 ppm 2 ppm 1 ppm 4 ppm 1 ppm ND
A% 4 ppm 2 ppm 4 ppm 2 ppm 7 ppm 1 ppm
Cr 4 ppm 5 ppm 7 ppm 14 ppm 4 ppm 3 ppm
Cu 9 ppm 60 ppm 1 ppm 33 ppm 5 ppm 10 ppm
Ba 76 ppm 109 ppm 150 ppm 53 ppm 207 ppm 39 ppm
Sr 569 ppm 801 ppm 402 ppm NR 7692 ppm 2099 ppm
Th 1 ppm 1 ppm 1 ppm 3 ppm 42 ppm 4 ppm
U 2 ppm 5 ppm 3 ppm <1 ppm 52 ppm 8 ppm

Table A3. Average REEs concentration in industrial phosphogypsum (adopted from [3]).

Magmati Sedimentar

Rock type  Sedimentary NRs y Magmatic NR

.. .. HDH .
Method HDH Hitashi Hydro DH Jacob DHPrayon DHPrayon HRC Kemira
Y 18 ppm 27 ppm 72 ppm 140 ppm 133 ppm 27 ppm
La 9 ppm 14 ppm 39 ppm 49 ppm 1215 ppm 165 ppm
Ce 10 ppm 15 ppm 20 ppm 31 ppm 1998 ppm 246 ppm
Nd 7 ppm 11 ppm 25 ppm 37 ppm 921 ppm NR

5 Not reported

¢ The type of the rock is not reported in the study
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Sm 1 ppm 2 ppm 6 ppm NR NR” NR
Eu <1 ppm 1 ppm 1 ppm 2 ppm NR NR
Gd 1 ppm 2 ppm 7 ppm 10 ppm NR NR
Tb <1 ppm <1 ppm 1 ppm 3 ppm NR NR
Dy 1 ppm 2 ppm 7 ppm NR NR NR
Ho <1 ppm <1 ppm 2 ppm 2 ppm NR NR
Er 1 ppm 1 ppm 5 ppm 6 ppm NR NR
Tm <1 ppm <1 ppm 1 ppm NR NR NR
Yb 1 ppm 1 ppm 4 ppm 8 ppm NR NR
Lu <1 ppm <1 ppm 1 ppm 1 ppm NR NR
Y REEs+Y 49 ppm 78 ppm 180 ppm 289 ppm 3960 ppm 438 ppm

Table A4. Average radioactive elements concentration in industrial phosphogypsum (adopted from [3]).

Rock Type Sedimentary Magmatic NR Sedimentary Magmatic NR
Method HDH Hitashi E?ﬁo DH Jacob  DH Prayon DH Prayon HRC Kemira
26Ra 211 Bq/kg 596 Bq/kg  414Bg/kg 562 Bg/kg 267 Bq/kg NR
22Th 5Bq/kg <7 Bq/kg 5Bq/kg 32 Bq/kg 185 Bg/kg NR
) <7 Bq/kg <16 Bq/kg 73 Bg/kg <9 Bg/kg 261 Bq/kg NR
4K <10 Bq/kg <26 Bq/kg 60 Bg/kg <12 Bg/kg NR NR
Radio activity 0.73 1.99 1.71 2.03 NR NR
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