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Ştefan Marincea c, Meriem Essakhraoui h, Binlin Li i, Reymar R. Diwa j, Jennyvi D. Ramirez j, 
Yelizaveta Chernysh k,l,m, Viktoriia Chubur l, Hynek Roubík l, Horst Schmidt n, 
Redouane Beniazza o, Carlos Ruiz Cánovas p, José Miguel Nieto p, Nils Haneklaus n,q,* 
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A B S T R A C T   

Nearly 300 million t of phosphogypsum (PG) are produced every year as a byproduct from phosphate fertilizer 
production worldwide. Approximately 58% of the PG are stacked, 28% are discharged in coastal waters and only 
14% are further processed. This critical review provides an overview of the physical-chemical properties of PG 
produced from sedimentary and magmatic phosphate ore worldwide using various analytical tools. Results from 
more than 25 years of work on PG at École des Mines de Saint-Étienne are presented and critically discussed. In 
total PG samples from 67 industrial storage sites around the world and PG samples synthesized under different 
conditions in the laboratory have been considered. The low radioactivity present in PG (particularly PG produced 
from sedimentary phosphate rock) was identified as the main challenge to using PG as a raw material in con
struction. Water-soluble and volatile chemical compounds were identified as the main challenge to environ
mentally sound PG management. Although PG does (in most cases) not pose an immediate threat to the 
environment the authors recommend processing all PG instead of storing or disposing it, to eliminate potential 
long-term risks and utilize a relevant secondary resource.   
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1. Introduction 

Circular economy considerations are gaining more and more mo
mentum among practitioners and scholars (Corona et al., 2019; Kirch
herr et al., 2017) putting pressure on the extractive industries to also 
move away from a linear economy model to a more circular one. The 
nature of mining obviously makes this challenging and circular economy 
considerations in mining usually focus on minimizing natural resource 
extraction and residual waste (Kinnunen and Kaksonen, 2019; Upad
hyay et al., 2021) with a strong focus on waste, byproducts or mine 
tailings (Asr et al., 2019; Ojeda-Pereira and Campos-Medina, 2021). 

Phosphogypsum (PG) is the primary byproduct generated during the 
production of phosphoric acid, an intermediate product in phosphate 
fertilizer production, from calcium phosphate (apatite) ore. PG also 
exists in very small amounts in nature where it is the result of natural 
guano processes as they took for instance place in the Cioclovina Cave 
located in the Şureanu Mountains in Romania (Onac et al., 2002). Nearly 
300 million t PG are produced per year (Bouargane et al., 2023; Qin 
et al., 2023) of which 58% are dry- or wet stacked (Fuleihan, 2012), 28% 
are discharged into coastal waters, and only 14% are reused (Rutherford 
et al., 1994). It is also noteworthy that there are more than 3 billion t 
(estimates in the literature usually range from 3 to 8 billion t) additional 
PG stacks worldwide (Chernysh et al., 2021; Hermann et al., 2018; IAEA, 
2013; Pliaka and Gaidajis, 2022; Tayibi et al., 2009). 

Specifically, PG is generated at the stage of wet-phosphoric acid 
(WPA) manufacturing at which phosphate rock (pre-concentrated 
phosphate ore) is digested with sulfuric acid at approximately 80 ◦C as 
shown in Eq. (1) and schematically in Fig. 1. 
[
Ca3(PO4)2

]

3CaF2 + 10H2SO4 + 20H2O= 6H3PO4 + 10(CaSO42H2O)

+ 2HF (1) 

The WPA process with sulfuric acid makes it possible to obtain PG in 
the form of a dihydrate (CaSO4⋅2H2O) while other processes lead to the 
production of a hemi-hydrate (CaSO4⋅0.5H2O) or an anhydrite (CaSO4). 
The attack of one t phosphate rock is usually done with 0.6 t of 
concentrated sulfuric acid that generates approximately 0.4 t of phos
phoric acid and 1.2 t of PG (Chang and Mantell, 1990; Hakim, 1997; van 
Selst et al., 1997). 

The importance of calcium sulfate dihydrate (CaSO4⋅2H2O) in in
dustrial and agricultural fields as well as potential environmental risks 
associated with PG stacking (Tayibi et al., 2009) and PG disposal in 
coastal waters (Aoun et al., 2015; Belahbib et al., 2021; Ben Salem and 
Ayadi, 2017; Boudaya et al., 2019; El Zrelli et al., 2015; Jia et al., 2022) 
has increased interest in considering PG no longer a waste, but a 
byproduct of WPA production that could be utilized in construction to 
substitute natural gypsum (Aagli et al., 2005; Abu-Eishah et al., 2000; 
Burnett et al., 1996; Cárdenas-Escudero et al., 2011; Elkanzi and Cha
labi, 1991; Haneklaus et al., 2022; Mulopo and Omoregbe, 2012). 

In addition, phosphate ore can contain elevated concentrations of 
valuable trace elements in the form of rare earths (Akfas et al., 2023; 
Cánovas et al., 2016; Chen and Graedel, 2015; Emsbo et al., 2015; 
Ramirez et al., 2022) and uranium (Haneklaus, 2021). During WPA 
production with sulfuric acid uranium largely (>80%) transfers to the 
phosphoric acid product while the rare earths largely (>80%) transfer to 
the PG matrix (Rutherford et al., 1994). Circular economy consider
ations in phosphate rock processing (Scholz and Wellmer, 2018), 
increased demand for uranium (Gabriel et al., 2013; Mudd, 2014) and 
rare earths (Balaram, 2019; Liu and Chen, 2021), as well as geopolitical 
supply risks (Habib and Wenzel, 2014; Jyothi et al., 2020; Mancheri 
et al., 2019) have spurred research investigating potential rare earths 
recovery from PG (Cánovas et al., 2019; Kandil et al., 2010; Lütke et al., 
2022; Rychkov et al., 2018; Walawalkar et al., 2016) and 
techno-economic feasibility of uranium recovery from WPA (Beltrami 
et al., 2014; López et al., 2019; Shang et al., 2021; Tulsidas et al., 2019; 
Ye et al., 2019). Industrial processes for uranium recovery from WPA are 
available and were used in the United States in the 1980s until 
decreasing uranium prices made the practice unprofitable in the 1990s 
(Haneklaus et al., 2017a, 2017b; Kim et al., 2016; Steiner et al., 2020). It 
is noteworthy that direct leaching approaches for rare earths and ura
nium recovery from phosphate ore are also under investigation (Al 
Khaledi et al., 2019; Banihashemi et al., 2021; Guzmán et al., 1995; 
Roshdy et al., 2023) and uranium concentrations in phosphate ore can 
reach concentrations exceeding those of commercial uranium mines 
(Mwalongo et al., 2022). If successful, direct leaching approaches could 
limit the radioactivity of PG considerably and thus make the material 
available as a secondary raw material in construction. 

Despite the interest in rare earth element (REE) recovery, PG still 
largely (about 96 wt%) consists of gypsum. Depending on the type of the 
phosphate ore, traces of Cd, Zn, Pb, Hg, Zr, Cu, Ba, REEs, Y, Th, U and 
226Ra (which gives off 222Ra) are the most common and relevant trace 
elements in PG. The radioactivity of the PG is usually 3–4 times higher 
than that of the phosphate ore (Arhouni et al., 2022; Diwa et al., 2021; 
El-Bahi et al., 2017; Hakkar et al., 2021; Qamouche et al., 2020). In 
Table 1 the radioactivity of PG is compared to concrete, ceramic bricks 
and natural gypsum. While the values for 4 K are smaller in the case of 
PG, the radioactivity for 266Ra and 232Th can be 10 to 100 times higher 
than those of the conventional building materials. 

During WPA production, PG usually settles in a slurry and the 
resulting acidic process waters are recycled. The recycling of the process 
waters further concentrates the trace elements in the PG and the mate
rial is acidic because of the acids involved in the WPA production pro
cess. In addition, fluorine from the phosphate ore is also present. 

During dry stacking of PG rainwater and remaining process waters 
can combine to form a hydraulic head that forces the infiltration of the 
acidic stack water into underlying aquifer systems or surrounding water 
bodies (Al-Hwaiti et al., 2010; Bituh et al., 2013; Borilo et al., 2012; El 
Zrelli et al., 2019; Lysandrou and Pashalidis, 2008; Pérez-lópez et al., 
2016; Pérez-López et al., 2015; Zhou et al., 2023). Besides, fine dust 
from the powder-like PG stacks can be emitted causing respiratory 
problems (Adeoye et al., 2021; Lütke et al., 2020; Silva et al., 2022). As a 
result, these wastes may be harmful to the environment and, in the long 
term, induce health problems to local populations. 

PG represents both an environmental problem and an opportunity 

Fig. 1. Overview and mass balance of phosphoric acid and phosphogypsum 
production from phosphate rock with sulfuric acid. 

Table 1 
Radioactivity of PG compared with the radioactivity of some building materials.  

Products 266Ra αBq/kg 
Radon gas 

232Th αBq/kg 
Thoron gas 

4 K γBq/ 
kg 

Index I = Ra/300 
+ Th/200 + K/ 

3000 

Concrete 25–50 20–50 200–1000 <0,3 
Bricks 50 15 600–1000 <0,3 
Gypsum 10–20 2–20 10–80 <0,2 
PG 100–2000 15–200 15–80 >1  
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for valuable secondary resource recovery. Within the context of present- 
day regulations and circular economy considerations, the only reason
able way to dealing with this material is the development of sustainable 
practices for complete (zero-waste) utilization of PG. 

Given the large amounts of PG tailings produced annually it is not 
surprising that a number of researchers have already investigated and 
reviewed potential zero-waste strategies for PG utilization (Bouargane 
et al., 2023; Cánovas et al., 2018; Y. W. Cao et al., 2021; Chernysh et al., 
2021; El-Didamony et al., 2013; Fornés et al., 2021; IFA, 2020; Kulc
zycka et al., 2016; Mohammed et al., 2018; Qin et al., 2023; Rashad, 
2017; Rosales et al., 2020; Saadaoui et al., 2017). 

Although present in relatively small quantities by weight and volume 
the trace-elements (particularly the radioactive ones) associated with 
PG are usually the limiting factor to zero-waste PG utilization. The 
quantities of these trace-elements in the PG depends largely on the 
phosphate ores processed and the chemical processes (usually it is the 
WPA process with sulfuric acid) used for phosphoric acid production 
(Macías et al., 2017; Rutherford et al., 1995). A detailed knowledge of 
the trace-elements present in different PG stacks is thus of profound 
interest when developing zero-waste PG utilization strategies that 
should be applicable to a wide range of locations worldwide. 

This critical review provides an overview of the physical-chemical 
properties of PG produced from sedimentary and magmatic phosphate 
ore worldwide. Results from more than 25 years of work on PG at École 
des Mines de Saint-Étienne (EMSE) are for the first time presented 
together and critically discussed. In total PG samples from 67 industrial 
sites around the world and PG samples synthesized under different 
conditions in the laboratory have been considered. The large sample set 
allowed the authors to draw new conclusions with regards to PG texture 
and morphology (Chapter 3.1), PG chemistry (Chapter 3.2), PG dehy
dration (Chapter 3.3) and PG synthesis (Chapter 3.4) that led to an 
improved discussion on PG circular economy considerations (Chapter 
4). 

2. Materials and methods 

PG samples (67 in total) and phosphate rock samples for production 
of PG in the laboratory were provided by different phosphoric acid and 
phosphate fertilizer producing companies from around the world who 
anonymity was promised in exchange for samples. The samples were 
usually dried at low temperature to reduce the humidity and then ana
lysed shortly after they were received. For this review we largely relied 
on the historic data and only analysed samples again if we felt data was 
incomplete or inconclusive. When PG samples are stored the samples 
humidity content can change. The storage, even over longer periods of 
time, should not affect the concentration of major elements and minor 
trace elements. Gamma ray spectroscopy was used for radioactivity 
measurements and inductively coupled plasma mass spectrometry (ICP- 
MS) was used to determine the concentration of trace elements in the 
PG. In addition, PG samples were analysed using inductively coupled 
plasma optical emission spectroscopy (ICP-OES), infrared (IR) spec
troscopy, scanning electron microscope (SEM), thermogravimetric 
analysis (TGA) and X-ray diffraction (XRD). 

3. Results and discussion 

3.1. PG texture and morphology 

The texture of PG depends on the production process, the particle 
size distribution of the phosphate rock (relative speed of H+, SO4

2− and 
Ca2+ ionization), the concentration of the phosphoric acid in the reactor 
slurry (the higher reaction speed, the higher the ion mobility) and the 
solid/liquid ratio. Hemihydrate processes operate with 3–5% lower 
solids content if compared with dihydrate processes. According to (Bilal 
and Caspar, 2004) five morphological groups can be differentiated and 
examples of these different groups are provided in Fig. 2. 

Group 1 is characterized by needle-shaped crystals with a uniform 
distribution of fine needles and elongated platelets with sizes varying 
from 10 to 120 μm and crystallites typically ranging from 400 to 550 nm. 
The predominant phases in this group are gypsum, bassanite and traces 
of anhydrite. The needles tend to form monoclinic gypsum crystals. The 
particle size distribution of the phosphate rock feed in this group is 
usually as following: 160 μm (20–30%), 125 μm (30–40%), 80 μm 
(40–60%). 

Group 2 is characterized by a texture of fine agglomerated needles 
that are 5–30 μm in size and crystallites ranging from 70 to 300 nm. 
Group 2 shows some of the characteristics of natural gypsum but the 
material is only agglomerated so that the cohesive forces, bonding the 
grains together is weaker. The concentration of the phosphoric acid in 
the reactor slurry in this group is usually as following: 30% P2O5 in 
phosphoric acid with 58.6% water. Further increasing the P2O5 content 
to 40% P2O5 and 44.7% water or even 52% P2O5 and 28.2% water will 
lead to smaller and more irregular crystallization of the PG. 

PG of group 3 can be described as polycrystalline aggregates that are 

Fig. 2. PG types differentiated by their morphology and texture as rhombic 
type (Group 1), aggregate small rhombic type (Group 2), cluster type (Group 3), 
aggregate short needle type (Group 4) and needle type (Group 5). 
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in a disorderly manner. The crystals tend to form bunches that are 
sometimes referred to as "pink sand". The solid content in the slurry 
(solid/liquid ratio) is usually 30 vol%, if thick rhombic crystals are 
present or 22 vol% if needle type crystallization is given. The rhombic 
crystals are preferred for better filtration. In this context it is noteworthy 
that hemihydrate systems typically operate with 3–5% lower solids 
content than dihydrate systems. 

The PG of group 4 differs significantly from the other groups. Here 
small grains are found that typically have a roundish, pebble like shape. 
In direct contrast, the PG of group 5 consists of very thin needle like 
crystals. 

The texture of the PG is particularly important for its potential use as 
a building material. For example, in the plaster industry only certain 
gypsum crystal sizes are acceptable to produce plasterboards. Group 1, 2 
and 5 are acceptable. On the other hand, group 3 and 4 cannot be used 
for plasterboard production but could be utilized in the cement industry 
or in agriculture. The texture and morphology also influence further 
processing of the PG in processes such as calcination. 

3.2. PG chemistry 

Phosphate rock is a mineral resource that contains phosphorus and is 
used as the raw material for the production of phosphoric acid, which is 
a key ingredient in fertilizer. It is mainly found in marine sedimentary 
deposits, igneous rocks, and guano. Approximately 75% of the global 
phosphate resources come from sedimentary phosphate rocks, while 
20–25% are obtained from igneous deposits (Manning, 2008; Ptáček, 
2016; Pufahl and Groat, 2017). Guano, despite its high phosphate con
tent, cannot be used on a global scale as it is not available in enough 
quantities (Pufahl and Groat, 2017). 

Practically, phosphoric acid can be produced from phosphate ore 
through two main routes: the wet process, which involves the use of 
strong mineral acids for decomposing of the phosphate, and the dry 
process, where the ore is heated in an electric furnace to produce 
elemental phosphorus as an intermediary (Abouzeid, 2008; Da Silva and 
Kulay, 2005). The wet process, in which phosphate rock is usually 
treated with sulfuric acid, is the prevalent way of manufacturing phos
phoric acid today (Becker and others, 1989). This procedure leads to the 
production of considerable amounts of hydrated calcium sulfate, 
commonly referred to as PG (see simplified mass balance in Fig. 1). In 
accordance with the temperature as well as the phosphate and sulfate 
content of the solution, either calcium sulfate dihydrate (DH), hemihy
drate (HH) or anhydrite (AH) is formed. 

There are in fact two main wet processes that can be differentiated: 
single-stage processes and recrystallization processes. Single-stage pro
cesses consist of only one reaction-recrystallization step, regardless of 
the form of the obtained gypsum. The dihydrate (DH) and hemihydrate 
(HH) processes are the two most prevalent methods in single-stage 
procedures. The dihydrate (DH) process is widely used due to its 
simplicity and flexibility in the treatment of different types of phosphate 
rock and is therefore considered a reliable technique for phosphoric acid 
production on industrial scale (Abdelouahhab et al., 2022; Abu-Eishah 
and Abu-Jabal, 2001; Houghtaling, 1973). In this process, calcium sul
fate in the form of gypsum (dihydrate: CaSO4-2H2O) is obtained at a 
temperature between 70 and 80 ◦C and moderate acid concentration. 
The energy efficiency of the DH process is lower due to the requirement 
to finely ground feed rock and the resulting dilute phosphoric acid, 
which requires additional energy for a subsequent concentration step. 
Phosphoric acid generated through the dihydrate process is generally 
denoted as wet phosphoric acid (WPA). The Hemihydrate process (HH) 
involves treating phosphate rocks at slightly higher temperatures 
(90–110 ◦C) (De Vreugd et al., 1994; Gioia et al., 1977; Jansen et al., 
1984). The PG obtained by this method is contaminated with heavy 
metals and radioactive elements. The HH technique has the advantage of 
requiring less grinding, but, the recovery rate of P2O5 is slightly lower 
(Abu-Eishah and Abu-Jabal, 2001). 

Recrystallization processes are intended to enhance the efficiency of 
recovering P2O5, including the production of a purer final filter cake 
and, in some cases, generating a higher-strength acid directly. These 
processes include hemihydrate-dihydrate (HDH), hemihydrate dihy
drate recrystallization (HRC), and dihemihydrate (DH/HH) routes 
(Gobbitt, 2012; Koopman and Witkamp, 2000; Wang et al., 2021a, 
2021b). In the HDH process, hemihydrate (HH) is produced first and 
then filtered from the strong pure phosphoric acid product. Subse
quently, the HH is transformed into dihydrate (DH) through recrystal
lization, leading to higher process efficiencies. The primary 
disadvantages of the HDH technique are the corrosion caused by the 
higher temperatures in the reactors and the intricate nature of the pro
cess, that places a strain on the operating staff. The HRC starts with the 
decomposition of the phosphate rock under the same conditions as the 
hemihydrate process, but without filtration. Then, the product un
dergoes recrystallization to form dihydrate and is finally filtered to 
obtain the final product. This results in an acid with a slightly higher 
strength compared to that produced by the dihydrate processes. 
Furthermore, this technique leads to the formation of a pure dihydrate 
byproduct. The DH/HH process forms dihydrate (DH), which is filtered 
from phosphoric acid and then recrystallized to produce a pure hemi
hydrate (HH) product. The HH product can be used directly in the 
production of plasterboards. Over the last 20 years, the primary focus in 
WPA production has been the reduction of the energy costs. Despite low 
energy consumption per kilogram of P2O5 produced, the total cost is 
substantial due to the high overall production rates. The most 
energy-intensive step in the production of phosphoric acid, if the 
chemical and not the thermal route is chosen, is associated with the 
grinding of the phosphate rock. In fact, the processes that can handle 
coarser rock feeds (e.g., HH and HDH) have become more significant 
due to their overall lower energy consumption. Table 2 shows the 
average composition of PG from different industrial production pro
cesses. It is noteworthy that the individual production process influences 
the PG texture and morphology that was discussed in the previous 
chapter. It is, however, not possible to link the specific texture and 
morphology groups that were defined earlier (Group 1–5) directly to the 
specific WPA processes listed in Table 2. 

Generally, the PG samples produced from sedimentary phosphate 
rock (s-PG) have higher SiO2 contents than the PG samples produced 
from magmatic phosphate rock (m-PG) with the exception of Kola 
Peninsula PG samples that also have a high concentration of Na2O (rock 
phosphate initials formed nepheline (Na3KAl4Si4O16)). The Y, Zr, Cu and 
Ba contents are much higher in m-PG resulting from treatment of 
igneous apatite than in those from the sulfuric treatment of sedimentary 
ores. Tunisian PG (an s-PG), for example, has relatively high levels of Cd, 
Hg and Zn (Abbes et al., 2020; Choura, 2007; El Zrelli et al., 2015; 
Rutherford et al., 1994). Approximately 80% of the Cd content passes 
preferably to the phosphoric acid (Rutherford et al., 1994). If clean 
sulfuric acid is used, the major components of the PG composition varies 
with the treatment of the phosphate rock while the trace elements 
mainly depend on the origin of the ore. Macías et al. (2017) describe 
well how sulfuric acid from pyrite roasting was used in the production of 
Huelva PG. This sulfuric acid actually added a number of trace elements 
to the PG that did not result from the phosphate rock itself showing that 
the acid used for the digestion can also be an additional source of im
purities. Radioactive elements, most notably 226Ra, 232Th, 40K result in 
the typical radioactivity indexes (I = (Ra/300) + (Th/200) + (K/3000)) 
of 1.33–2.59 for s-PG and the mixed PG (m-PG and s-PG). m-PG 
(particularly m-PG from Russia and some PG from China) typically 
shows relatively low radioactivity indexes of 0.24–0.45. m-PG and also 
mixed PG thus tend to show radioactivity indexes (I < 1) that theoret
ically allow for the use of the material in construction as established by 
the International Commission on Radiological Protection (ICRP) (Cal
derón-Morales et al., 2021; Campos et al., 2017; Kuzmanović et al., 
2021). In practice however, the material is often not used since it is 
harder to sell than a natural raw material that might show lower 
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radioactivity, better strengths when processed and pose much lower 
legal risks to producing companies that might have to adjust to changing 
national regulations. Nevertheless, developments in PG treatment have 
been made to further decrease the levels of radioactivity and impurities. 
The treatment methods vary and may include washing, filtration, 
calcination, neutralization, leaching, and purification, among others, to 
remove impurities and further reduce the radioactivity levels. The spe
cific process used depends on the composition of the PG and the required 
end use. The challenge of resolving the crystallization of thorium 
nesosilicate (ThSiO4), which is a highly radioactive substance, in m-PG 

remains unresolved though. The radioactivity measurements on 
different sites have shown that fine particles are richer in radon than 
fractions above 30 μm. Some PGs that were previously washed, showed 
a decrease in levels of heavy metals, Th, REEs, P2O5, Na2O and K2O. 

The contents of major impurities in PG vary according to the process 
type used, while the trace concentrations would depend directly on the 
nature of the initial phosphate rock (Rutherford et al., 1994). Only As, 
Ba, Cd, Cr, Pb, Hg, Se and Ag are classified as toxic elements by the 
United States EPA (Environmental Protection Agency). Their content in 
PG is usually less than the tolerated limit though. The fate of major and 

Table 2 
Average PG composition from industrial production.  

Phosphate Rock Sedimentary Magmatic Mixed 

Process HDH Hitashi HDH Hydro Agry DH Jacob DH Prayon (S) DH Prayon (M) HRC Kemira 
Loss of ignition (1000 ◦C) 17.78% 20.65% 20.68% 21.10% 19.71% 20.72% 
Combined moisture 12.74% 22.91% 16.31% NR NR NR 
Purity (sample dried at 250 ◦C) 93.27% 94.87% 91.83% NR 95.56% NR 
pH (5% solution in distilled water) 3.9 4.4 3.3 NR NR NR 
Major elements 
CaO% 30.53% 33.65% 33.73% 35.20% 35.85% 36.42% 
SO3% 44.83% 45.82% 42.50% 44.47% 43.49% NR 
SiO2% 4.70% 6.82% 4.38% 5.13% 2.39% 3.25% 
Al2O3% 0.08% 0.14% 0.36% 0.19% 0.36% ND 
Fe2O3% 0.18% 0.06% 0.12% 0.18% 0.25% 0.03% 
P2O5% 1.31% 0.28% 0.78% 0.52% 0.70% 0.38% 
Soluble P2O5 0.23% NR NR 0.37% 0.08% 0.02% 
Na2O% 0.06% 0.06% 0.08% 0.04% 0.07% 0.02% 
K2O% 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% 
Chloride as Cl 1.78 mg/L 1.86 mg/L 0.88 mg/L 2.4 mg/L NR NR 
Nitrate 8.70 mg/L 6.83 mg/L 6.86 mg/L 10.02 mg/L NR NR 
Trace elements 
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 
V 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 
Rare earths (including Y) 
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 
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 
∑

REEs + Y 49 ppm 78 ppm 180 ppm 289 ppm 3960 ppm 438 ppm 
Radioactivity 
226Ra 211 Bq/kg 596 Bq/kg 414 Bq/kg 562 Bq/kg 267 Bq/kg NR 
232Th 5 Bq/kg <7 Bq/kg 5 Bq/kg 32 Bq/kg 185 Bq/kg NR 
235U <7 Bq/kg <16 Bq/kg 73 Bq/kg <9 Bq/kg 261 Bq/kg NR 
40K <10 Bq/kg <26 Bq/kg 60 Bq/kg <12 Bq/kg NR NR 
Radioacativity Index I 0.73 1.99 1.71 2.03 NR NR 

NR: Not reported; ND = not detected. 
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trace elements in gypsum can be attributed to many processes such as 
precipitation in a fairly pure mineral phase, inclusions of liquids, 
co-precipitation, formation of solid solutions and surface adsorption of 
organic compounds or minerals. Free phosphoric acid, unreacted 
phosphates, sodium hexafluorosilicate, sodium sulfate, fluorosilicic acid 
H2SiF6 and organic compounds adhere to the surface of the gypsum 
crystals. 

PG may contain heavy metals (Burnett et al., 1996; Hamdona et al., 
1993) such as Pb, Cd, Hg, Zn and Cu (Al-Masri et al., 2004; Cossa et al., 
2001; Garrido et al., 2005; Van Der Sluis et al., 1986) with Cu usually 
being the most abundant one (117 ppm). The Cd (usually 1 ppm) of the 
Syrian PG is in 45–58 μm fine fractions while most heavy metals (Cr, Co, 
Zr, Cu, Pb, Z n, Ag, Ni, Cd and V) are found in the particle size fraction 
less than 20 μm (Rutherford et al., 1996; Fávaro, 2005). 

REEs (except Ce), Th and Ba are essentially in a residual phase which 
corresponds to a small fraction of rock phosphate or monazite: (Ce, La, 
Nd, Th)PO4 and has insoluble compounds such as phosphates and sili
cates (Santos et al., 2006). 60–80% of the REEs (especially the light ones: 
La to Sm) present in the phosphate rock are found in the PG. In both the 
dihydrate or hemihydrate process the heavy REEs (Gd and Lu) migrate 
into the phosphoric acid. REEs, Y, Ba and Sr are typically found in the 
fine fraction (<20 μm) (Fávaro, 2005). 

The m-PGs have higher strontium and rare earths contents (La and Ce 
mainly but also Pr, Eu, Dy, Er and Lu) than s-PGs. In this work it was 
possible to draw a border zone, where the Sr/Ca ratio is approximately 
0.0057 (Sr/Ca <0.0057 = s-PG and Sr/Ca> 0.0057 = m-PG) (Bilal et al., 
2010) (see Fig. 3, Fig. 4 and Fig. 5). 

Lanthanides retard the growth rate of gypsum crystals on all sides 
(preferably that with miller indices (011) of needles for cerium) except 
for (− 111) (Ce3+> La3+> Eu3+> Er3+) because the ionic radius of lan
thanides such as cerium (128pm) is closer to that of calcium (126pm) 
than lanthanides such as erbium (114pm)) (Koopman and Witkamp, 
2002). In addition, Ce3+ and Na+ form a solid solution with the hemi
hydrate during crystallization [(Na,Ce)(SO4)2.H2O + CePO4.0.5H2O] – 
CaSO4.0.5H2O. This stabilizes the structure of the hemihydrate and 
slows down the recrystallization of the dihydrate (Rutherford et al., 
1994). 

The other elements which can be substituted in the structure of the 
gypsum are Cd, Sr, Mg, Na, K, Cl and Se. Cd2+ ions can replace Ca2+ ions 
because they have the same charge and very similar ionic radii (1.12A 
and 1.07A respectively). The incorporation of Cd2+ increases with 
increasing H2SO4 (Rutherford et al., 1994). 

The s-PGs usually have higher SiO2 contents than the m-PGs with the 
exception of the PG produced from phosphate rock from the Kola 
Peninsula (Russia) (a m-PG that also has high Na2O contents because 
they are made up of nepheline (Na3KAl4Si4O16)). Silica exists as amor
phous SiO2, quartz or SiO2-containing minerals (Elkanzi and Chalabi, 
1991; Rutherford et al., 1994). The selenium may be found in the form of 
CaSeO4.2H2O in the PG (Kruger and Abriel, 1991). Fluorides precipitate 
in the form of complex crystalline salts, depending on the concentrations 
of Al, Si, Mg, Na, Ca and sulphates dissolved in the acid. The most 
common are calcium fluorosilicate and calcium fluoride. During the 
process of manufacturing phosphoric acid, silicon increases the growth 
of the gypsum crystals along the c-axis and prevent the formation of 
aggregates because it tends to dissolve fluorine, which does not syn
crystallize in the PG. This therefore shows normal acicular growth. 

Aluminum and silica tend to form complexes with fluorides and 
therefore modify the distribution of ionic species (6F− = SiF2-

6 or AlF2-
6 ). 

When the alkali concentration is low, then chukhrovite: Ca4(SO4)(AlF6) 
SiF6).12H2O (whose structure has been described by (Mathew et al., 
1981)) can precipitate. For high dissolved aluminum concentrations, 
fluorine precipitates in the form of cryolite: (Na, K)3AlF6. The presence 
of magnesium changes the fluorine precipitation mechanism. Specif
ically, the MgSiF6.6H2O phase appears. This group of fluorosilicates Fig. 3. Distribution of PG (Magmatic PG and Sedimentary PG) in sum of REE 

versus Sr diagram. 

Fig. 4. Distribution of PG (s-PG and m-PG) in Chondrite normalized diagram.  

Fig. 5. Radioactivity index of PG (s-PG, m-PG and mixed phosphate PG) versus 
Sr diagram. 
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crystallize in acicular form, which helps to improve the filterability of 
calcium sulfate. When F, Mg, Na and Al are present, ralstonite: 
NaxMgxAl2-x (F, OH)6H2O (x between 0.2 and 1.0 and the F/OH molar 
ratio between 3 and 1) is frequently formed (Lehr et al., 1966). Fluorite 
and fluorapatite may be the solids controlling the solubility potentials of 
fluorine in PG. The study of the PO4-SiO2-F system has shown an 
interdependence between PO4

3− and F− because they are surely associ
ated with the same phase, apatite (Ca5(PO4, CO3)3(F, OH)2) which 
reprecipitates between F− and SiO2 because they would form an alkaline 
hexa-Fluorosilicate ((Na, K)2SiF6) (Burnett and Elzerman, 2001). The 
length/width ratio (L/l) varies depending on the impurity present in the 
PG. Indeed, the presence of fluorides (up to 2.09–2.80% in F− ) or SiO2 
(0.9–3.0%) leads to an increase of L/l while this ratio remains un
changed with impurities such as CO2 (1.5–4.6%) and Fe2O3 
(0.17–0.48%) or decreases slightly with Al2O3 (0.15–0.40%). 

Dicalcium phosphate, monosodium sulfate and fluorophosphate can 
also enter the structure of gypsum. A solid solution exists between the 
dicalcium phosphates because the HPO4

2− ions replace the SO4
2− ions in 

the gypsum structure because these 2 ions have the same size, molar 
mass and charge (Van Der Sluis et al., 1986). This substitution of 
phosphates in the gypsum network during acidification is reduced with a 
high concentration of sulphates, longer attack times of the phosphate 
rock, higher reaction temperatures and a large percentage of solids. The 
incorporation of HPO4

2− decreases when H2SO4 increases. HPO4
2− ions 

can be incorporated into the gypsum structure thus forming ardealite 
(Ca(SO4)1-x(HPO4)x.2H2O) where x = 0.5 (Freyer and Voigt, 2003). One 
method to differentiate PG from synthetic gypsum is for instance the 
analysis by IR spectroscopy. PG as an additional band at 840 cm− 1 

relating to the absorption of the H2PO4 group (Hanna et al., 2009) that 
cannot be observed in case of synthetic gypsum (Sebbahi et al., 1997). 

El Moussaouiti et al. (1996) observed the appearance of a band at 
836 cm− 1 generated by phosphate ions and the increase in intensity of 
that at 1094 cm− 1 corresponds to the superposition of the vibrations of 
SO4

2− and HPO4
2− . It was then proven (Guilhot et al., 1974) that by IR 

spectroscopy, it is possible to highlight the syncrystallized HPO4
2− ions 

(836 and 1015 cm− 1), HPO4
2− from the brushite phase (872 cm− 1) and 

syncrystallized FPO3
2− (766 and 1025 cm− 1). They can be measured (the 

heights of these bands depend on the content of syncrystallized ions) 
(Guilhot et al., 1974). Gypsum crystals were observed to be needle-like 
as long as the molar fraction of syncrystallized HPO4

2− ions does not 
exceed 0.07 to 0.085. Beyond this value, the products appear in the form 
of lamellae groups in flower-like forms (Guilhot et al., 1974). EDS an
alyzes (energy dispersive spectroscopy) do not show the presence of 
phosphorus in PG (El Moussaouiti et al., 1996). 

The complexes containing the AlF2-
5 ions retard the growth of gypsum 

crystals because they replace the SO4
2− ions and are mainly adsorbed on 

the faces (011) and (− 111) hence a decrease in the L/l ratio of the 
crystals can be observed. The presence of aluminum fluorides causes 
also the formation of small agglomerated crystals, having a hexagonal 
structure (Koopman and Witkamp, 2002; Martynowicz, 1994; Marty
nowicz et al., 1996a, 1996b). From the Al content of the phosphate rock 
and the values of the aluminum distribution coefficients, it is possible to 
know the aluminum concentration during the hemihydrate process and 
the probability that difficult to filter dihydrate crystals are formed. The 
applicability of different phosphate rocks, in terms of their Al content, 
can be determined (Martynowicz et al., 1996b). The hemihydrate ob
tained by calcining gypsum containing this co-crystallized species has a 
setting-time which is less easy to control by adding a setting retarder 
than the pure hemihydrate (Kitchen, 2007). During the phosphoric acid 
manufacturing process, the presence of aluminum limits the growth of 
gypsum along the c-axis and promotes the formation of aggregates. The 
presence of carbonates can lead to the formation of rapidcreekite 
(Ca2(SO4)(CO3)4H2O) (Dydo et al., 2003). 

3.3. PG dehydration 

Efforts should focus on impurities, which play an important role in 
the hydration of PG to use as substitutes for natural gypsum. Indeed, the 
s-PG shows conductometric curves highly variable and late stabilization 
of conductivity (2.9 mS/cm) after 16 min and up to 32 min. Some of the 
s-PGs are characterized by a late conductivity stabilization, greater than 
40 min and the conductivity at a high value of 4.1 mS/cm. Some of S-PGs 
can further be characterized by a late conductivity stabilization, greater 
than 40 min and the conductivity at a high value of 4.1 mS/cm (see 
Fig. 5). 

The S-PG has impurities that slowly release and can result in an in
crease of the setting time (Fig. 6). The conductivity stabilization time 
(setting time) reduced after many washings of s-PG prior to dehydration. 
Experimental work in the EMSE laboratory (Bard and Bilal, 2011; Bilal 
et al., 2014; Bourgier, 2007; Laborde, 2002) showed that the hydration 
depends mainly on the presence of P2O5 in the PG, which was also 
confirmed more recently by others (see for instance (Jia et al., 2021; Liu 
et al., 2020)). This effect disappeared when heating the PG at 160 ◦C 
during which a reversal of the conductometric curves could be observed 
with significant reduction of the setting time (Fig. 6). Excellent work on 
this was also carried out by (Geraldo et al., 2020) for PG from Brazil as 
well as (Cao et al., 2022; W. Y. Cao et al., 2021) and (Li and Zhang, 
2021) for PG from China. The relatively low required temperatures led 
to first experiments to consider waste heat (Mittal and Rakshit, 2020) or 
solar power (Palla et al., 2022) for treatment of PG. Experimental lab
oratory studies have also shown that a treatment consisting of washing 
with dilute citric acid solutions (Singh, 2002), oxalic acid solutions (Cai 
et al., 2021) or sulfuric acid solutions (Bilal et al., 2010, 2014) helped 
reducing soluble P2O5 in the PG considerably. 

3.4. PG synthesis 

To better understand the morphology, texture, and presence of im
purities in PG various syntheses of PG and gypsum were carried out. The 
first lesson learnt is that the composition and morphology depend on the 
starting composition of the phosphate ore and the concentrations of the 
sulfuric acid during the acid attack and the washing that follows. During 
the acid attack little mobile elements are found in or with the PG such as 
P2O5 and F in solid or dissolved form as: Ca(H2PO4).2H2O, Ca3PO4, 
CaF2, CaHPO4.2H2O (brushite), CaFPO3.2H2O; and HPO4

2− , FPO3
2− ions 

and AlF5
2− (Kitchen, 2007; Martynowicz et al., 1996a) co-crystallized in 

PG. During washing, several salts and acids are not completely elimi
nated (H2PO4

− , SiF6− or F− , Na+ and K+). 
The excess of sulfuric acid and temperature in the acid attack plays 

an important role on the texture and morphology of the PG that has 
already been discussed in Chapter 3.1 and is further illustrated in Fig. 7. 
The excess sulfuric acid in the reactor slurry is the most effective factor 
governing the quality of the crystallization. With very low sulfuric acid 
content, only small diamond-like crystals are produced (Bard and Bilal, 
2011). As the sulfate levels increase, the crystal size increases and the 
shape of the crystals stretches out most of the time, eventually becoming 
needle-like. The level of sulfuric acid is also responsible for the syn- or 
co-crystallization of the P2O5. 

The crystal structure of brushite is similar to that of gypsum despite 
not being isostructural. Both minerals belong to the monoclinic system, 
but they have different space groups (Cole and Lancucki, 1974; Curry 
and Jones, 1971). This similarity makes the investigation of the 
brushite-gypsum system by XRD challenging. In fact, the intense peaks 
that correspond to the reflexion 020 (2θ = 11.7◦) of brushite and gypsum 
are indistinguishable (Roode-Gutzmer and Strydom, 1999). However, to 
differentiate these two phases the peaks at 2θ = 20.7◦ for gypsum and 2θ 
= 21.0◦ for brushite should be considered. The two peaks are only 
discernible for brushite contents greater than 1% in the gypsum and 
brushite mixture. 

On the other hand, XRD analysis can reveal the presence of a new 
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phase, ardealite (Ca2(SO4)(HPO4).4H2O), if the phosphate ion content is 
above 7% (Fig. 8). For HPO4

2− contents between 40% and 55%, the 
gypsum disappears and only the ardealite (Ca2(SO4)(HPO4).4H2O) 
phase remains. For HPO4

2− contents between 55% and 95%, ardealite 
coexists with brushite but beyond that only brushite is present. Rinaudo 
et al. (1994) obtained the same order of appearance of the phases 

according to the variation of the contents of HPO4
2− but they did not see 

the demixing of ardealite into ardealite and brushite after 55% of the ion 
HPO4

2− . 
In fact, the dehydration of brushite is less known than that of gyp

sum. Fig. 9 highlights the behaviour of brushite when it has been 
calcined at different temperatures. For temperatures between 25 and 

Fig. 6. Conductometric curves of different PGs and stabilization time of conductivity (setting time).  

Fig. 7. Variation of the texture of the gypsum according to the content of H2SO4 and the temperature.  
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250 ◦C, only the brushite CaHPO4.2H2O and monetite CaHPO4 phases 
were observed. At 250 ◦C, the initial brushite transformed into monetite 
after losing its structural water. The Ca3(PO4)2 and Ca(H2PO4).H2O 
phases were not detected by XRD. According to Lang Dupont (1985), it is 
impossible to obtain pure anhydrous calcium phosphate since before 
total dehydration, calcium pyrophosphate (Ca2P2O7) begins to form. 
There is always a superposition of the two reactions. During the dehy
dration of the gypsum-brushite mixtures, the transformation of anhy
drite III into anhydrite II occurs at higher temperatures than for pure 
gypsum. The brushite present in the mixture is transformed at 150 ◦C 
into two phases (Fig. 10): 24% brushite and 76% monetite (semi-
hydrated phase). This brushite differs from the first by its physico
chemical characteristics. 

In situ XRD analysis revealed that ardealite (Ca(HPO4)(SO4).4H2O) 
was decomposed during heat treatment into brushite (CaHPO4.2H2O), 
monetite (CaHPO4) and bassanite (CaSO4.0,5H2O) (see Fig. 11). At a 
temperature above 150 ◦C, the bassanite was transformed into anhydrite 
III, while at 250 ◦C, brushite was entirely replaced by monetite. Sub
sequently, between 250 ◦C and 350 ◦C, the appearance of stable anhy
drite II (CaSO4) and amorphous calcium pyrophosphate (Ca2P2O7) was 
observed. This explanation of the dehydration of ardealite is consistent 
with that of Balenzano et al. (1984) and Secco et al. (2015). 

The infrared absorption spectra of the gypsum-brushite mixtures are 
shown in Fig. 12 and the characters and intensities of the absorption 
bands obtained on the different gypsum and brushite mixtures are given 
in Table 3. The band assignments are in agreement with the work of 

Dumitras et al. (2004) which was based on previous work (Berry and 
Baddiel, 1967; Murat, 1982; Petrov et al., 1967; Tortet et al., 1996; 
Trpkovska et al., 1999). Infrared absorption spectra of the mixture 
containing 50% gypsum and 50% brushite (CaHPO4.2H2O) show the 
characteristic bands of gypsum and brushite. They are very different 
from those of ardealite (Ca2(SO4)(HPO4).4H2O). IR can thus be used as a 
relatively simple method to distinguish the mechanical mixtures of 
gypsum-brushite of a phase of the ardealite type containing in equal 
proportions HPO4

2− and SO4
2− . 

Brushite in a gypsum-brushite mixture, is detectable in the infrared 
spectrum by the absorption band 872 cm− 1 (see Fig. 12) corresponding 
to the vibration of symmetrical valence stretching P-O(H) of the struc
turaL HPO4

2− group. If the gypsum-brushite mixture is homogeneous, it 
is possible to relate it to the height of this absorption band and the 
amount of brushite introduced (Aslanian et al., 1980). 

In a solid solution with 5 wt% HPO4
2− only the band at 837 cm− 1 is 

present (see Fig. 12), representing the syncrystallized phosphate ion 
HPO4

2− , while the band at 872 cm− 1 appears at 10 wt% HPO4
2− in the 

solid solution corresponds to the demixing of the solid solution gypsum 
(SO4

2− , HPO4
2− ) into two gypsum phases (HPO4

2− syncrystallized) and 
ardealite (Ca(SO4)1− x(HPO4)x2H2O). At 40–50 wt% HPO4

2− only the 
872 cm− 1 band remains which corresponds to the HPO4

2− ion of 
ardealite. 

The IR studies of gypsum samples containing varying amounts of 
HPO4

2− showed that the primary absorption band of syncrystallized 
HPO4

2− ions, found at 836 cm− 1, increased in intensity until it reached a 

Fig. 8. Order of appearance of the phases (XRD analyzes) as a function of the 
variation in the HPO4

2− contents. 

Fig. 9. A series of XRD patterns taken during the calcination of brushite.  

Fig. 10. Phases present in the CaSO4.2H2O - CaHPO4.2H2O system heated to 
150 ◦C determined by XRD. 
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P/S ratio of approximately 0.1111 (see Fig. 13). However, as the pro
portion of inserted phosphate ions continues to rise, the intensity of the 
absorption band decreases and eventually disappears when the P/S ratio 
reaches 0.4287. Simultaneously, the characteristic absorption band of 
ardealite appears for P/S = 0.1111 at 864 cm− 1. The intensity of this 
band is raised with an increase of the P2O5 percentage and gradually 
shifts to higher wavelengths. For P/S ≅ 4, the absorption band was 
found at 870 cm− 1, and it shifts to 872 cm− 1 for pure brushite. There
fore, it was impossible for us to establish a limit between the passage 
from the ardealite phase to the brushite phase using this analysis tech
nique. In this spectral range, Aslanian et al. (1980) had only identified 
two absorption bands: the band at 850 cm− 1 which appeared for a P/S =

0.080 but was not attributed, and the 872 cm− 1 band identified for a P/S 
ratio above 0.25. Similarly, Rinaudo and Abbona (1988) also found that 
the spectrum of synthetic ardealite is different from that of a mixture of 
gypsum and brushite. However, they have not mentioned the presence 
of the 864 cm− 1 absorption band. It would be interesting to analyse in 
more detail the part where HPO4

2− > 96%. Contrary to the HPO4
2− < 3% 

area, the characteristic absorption bands of HPO4
2− (SO4

2− ions 
substituted by HPO4

2− ) in the gypsum phase that can be observed rela
tively easily, it seems difficult to determine the absorption bands relative 
to SO4

2− ions in the brushite lattice, considering the observations made 
above. We were indeed not able to observe a new absorption band but 
only a shift of the band located at 872 cm− 1 relative to the brushite. 

In the spectral range from 500 to 700 cm− 1, it was observed that as 
the amount of P2O5 increased, the absorption band characteristic of 
syncrystallized HPO4

2− ions located at 527 cm− 1 intensified and shifted 
to 517 cm− 1, a band attributed to pure brushite (see Fig. 13). Moreover, 
for P/S = 4, the bands at 668 and 597 cm− 1 disappeared and a new 
absorption band at 576 cm− 1 could be observed. 

The solid solution containing HPO4
2− syncrystallized ions was char

acterized with respect to the gypsum-brushite mechanical mixture by 
the presence of two absorption bands: 1017 cm− 1 corresponding to the 
ν3 vibration of asymmetric valence stretching P-O(H) of the structural 
group (PO4)3- and 837 cm− 1 vibration linked to the structural group 
HPO4

2− , the latter being on average twice as important. It can be noted 
that there is a very good correlation between the quantity of syncrys
tallized HPO4

2− ions introduced into the solid solution gypsum and the 
height of the peak of the absorption band (Fig. 14). If the gypsum- 
brushite mixture is homogeneous, it is possible to relate the height of 
this absorption band to the amount of brushite introduced (see Fig. 14) 
(Aslanian et al., 1980; Bard and Bilal, 2011; Bilal et al., 2014; Bourgier, 
2007; Dumitras et al., 2004, 2011; Laborde, 2002; Marincea et al., 
2004). 

During the dehydration of synthetic PG, the transformation of 
anhydrite III to anhydrite II occurs at higher temperatures than for pure 
gypsum. The brushite present in the mixture is transformed at 150 ◦C 
into two phases (Fig. 15): 24% brushite and 76% monetite (semi-hy
drated phase). On the DSC curve an endothermic effect can be observed 
at 156◦C and 199◦C corresponding to the departure of molecular water. 
The work on synthetic brushite by C. Rinaudo and Abbona (1988); 
Sivakumar et al. (1998) agree with our observations on this double 
endothermic effect. 

The mass loss in the first step is 4.11% corresponding to weakly 
bound molecular water and the second mass loss is 16.42%, or 20.53% 

Fig. 11. A series of XRD patterns taken during the calcination of ardealite.  

Fig. 12. Infrared absorption spectrum of a solid solution as a function of the 
contents by weight of CaHPO42H2O/CaSO42HO + CaHPO42H2O) = 5, 10, 12, 
13, 15, 20, 30, 40 and 50. 

Table 3 
Summary of the waves corresponding to the absorption bands of HPO4

2−

observed on the infrared spectra of solid solution gypsum and of the gypsum- 
brushite mixture.   

Characteristic bands of HPO4
2− wavelengths (cm− 1) 

HPO4
2− (Brushite) 1650  986 872  524 

HPO4
2− syn-crystallized  1017   836   
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of the total cumulative mass loss. The third mass loss of 4.81% at 415 ◦C 
corresponds to the disappearance of monetite and the formation of 
Ca2P2O7 corresponding to the exothermic peak of the DSC curve 
(Fig. 16). 

The dehydration of ardealite occurs in several stages with endo
thermic peaks at 135 ◦C, 165 ◦C, 190 ◦C and 215 ◦C (Rinaudo and 
Abbona, 1988) and results in a total mass loss of about 20%. 

4. PG circular economy considerations 

The extractive nature of mining does not enable the raw material 
industry to become fully circular. In other words, the nature of mining 
will unavoidably make it environmentally disruptive (Schoenberger, 
2016; Zhao et al., 2012). There is still plenty of room for the mining 
industry (de la Torre de Palacios and Espí Rodríguez, 2022; Gorman and 

Dzombak, 2018; Laurence, 2011; Littleboy et al., 2019; Whitmore, 
2006), and also the phosphate ore mining industry (Geissler et al., 2018) 
to become more sustainable though. The extractive industries surely are 
part of the economy, providing the raw materials for all other activities, 
and they will therefore also be a part of any envisioned circular economy 
(Lèbre et al., 2017a; Singh et al., 2020). Circular economy consider
ations in mining usually focus on minimizing the environmental impact 
during raw material extraction (Input in Fig. 17) and minimizing the 
quantity as well as the environmental impact of the produced waste 
(Output in Fig. 17) (Cimprich et al., 2022; Gedam et al., 2021; Luthra 
et al., 2022; Tayebi-Khorami et al., 2019). There is a fine, and we like to 

Fig. 13. Infrared spectra of gypsum samples containing 0.00% < HPO4
2− <100.00% A and B) 700-950 cm− 1 C and D) 500-700 cm− 1. CaSO4.2H2O, P/S = 0.0526, 

0.1111, 0.1364, 0.1494, 0.1522, 0.2500 (Figs. A and C). CaSO4.2H2O, P/S = 0.1111, 0.2500, 0.4287, 0.6666, 1.0000, 1.5000, 4.0000, CaHPO4.2H2O (Figs. B and D). 

Fig. 14. Correlation between the height of the 837 cm− 1 absorption band and 
the content of HPO4

2− syncrystallized ions. 

Fig. 15. Dehydration of the pure gypsum (blue), brushite (red) and ardealite 
(green) phases. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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think permeable, line between what is a waste and what might be a 
resource (Lèbre et al., 2017b). This is even more true for naturally 
occurring radioactive material (NORM) or technologically enhanced 
NORM (TENORM) such as PG that are often overlooked in circular 
economy considerations (Tsioka and Voudrias, 2020; Turcanu et al., 
2022). Fig. 17 provides a simplified illustration of our understanding of 
the circular economy with considerations for fresh- and stacked PG. 
Specifically, we believe that fresh PG should ideally not be considered a 
waste but be processed and thus stay within the circular economy con
sisting of production, consumption, and recycling in Fig. 17 (Xu et al., 
2019). The considerable quantities of stacked PG (3–8 billion t world
wide) can also be processed and thus added to the circular economy, 
minimizing raw material extraction, for instance for natural gypsum and 
rare earths, elsewhere. 

Policies to support the re-use of PG as illustrated in Fig. 17 are 
already underway (Cui et al., 2022) and we sincerely hope that this 
review will add knowledge that can further foster the utilization of fresh 
and stacked PG as a valuable secondary resource. This practice would 
not only reduce environmental risks associated with storing PG but also 
free a considerable amount of land that can then be used for other 
purposes. 

This work allowed us to compare a relatively large number of PG 
samples with one another and learn about the different national prac
tices and regulations in the process. It is challenging to draw generally 
applicable conclusions from such a large dataset. We are confident to 

share though that directly marketable PG needs to fulfill strict specifi
cation that usually depend on its free moisture content, total P2O5 
content, soluble and insoluble P2O5 content, the PG insoluble F and 
soluble F content, pH, the particle size, morphology, texture, and 
radioactivity index. The chapters of this review were in fact designed 
accordingly to add our experience about PG analysis and processing. 
This experience also showed that washing with diluted sulfuric acid, 
morphological and chemical characterization can be simple but 
powerful methods to identify marketable PG. 

Table 4 provides an example of the PG specifications required for the 
plaster industry that we consider to be one of the most important takers 
of fresh and stacked PG worldwide. In this context, it is noteworthy that 
in case of fresh PG changes in the current phosphoric acid production 
processes (sulfuric acid use, the temperature of the reaction, the particle 
size of the phosphate rock and a mixture of different types of magmatic 
and sedimentary phosphate rock to influence the morphology and 
texture of the PG) can have significant effects on the resulting PG. 

As of now the phosphate fertilizer industry designs the phosphoric 
acid production processes with the aim of producing the best fertilizers 
(as they should). Not at all considering or having to consider the quality 
of the produced PG, can however, result in PG that is a particularly hard 
sell. We sincerely hope that this one-product-thinking will change to a 
multi-product-thinking as part of which the quality of both phosphoric 
acid and PG are considered in the process designs, so that both can later 
be sold at ease. 

5. Conclusions and outlook 

This critical review summarized over 25 years of work on PG utili
zation at EMSE. PG samples from more than 65 storage sides were 
considered and novel conclusions on s-PG and m-PG, as well as how the 
processing parameters of these PGs define the PG composition are pro
vided. Besides, the critical review puts an emphasis on providing useful 
observation for PG analysis and introduces an important way to group 
PG samples by its texture and morphology that is particularly relevant if 
PG is investigated for potential use as a construction material. Although 
a relatively large set of samples was used in this critical review tracing 
the PG back to the raw material utilized was sometimes challenging as 
industrial samples were used and the companies providing them had an 
interest to not fully disclose processing as well as mixing parameters. 
Future studies should aim for more transparency and also more consis
tency with regards to sample analysis and comparison so that further 
conclusions, relevant for the utilization of PG can be drawn. Recycling of 

Fig. 16. Conductometric curves and stabilization time of conductivity (setting 
time) of synthetic PG with different P2O5 contents and hydration of synthetic 
PG cooking. 

Fig. 17. Circular economy considerations for PG.  

Table 4 
Specification of PG for use in the plaster industry.  

Free Moisture % If possible <15 

Total P2O5% <1 
Insoluble P2O5% <0.6 
Soluble P2O5% <0.05 
Co-crystallized P2O5% <0,5 
Total F <1 
Insoluble F% <0.6 
Co-crystallized F <0,15 
Soluble F% <0.05 
Na2O % <0,5 
MgO % <0,6 
Chloride <0,01 
pH 5< pH < 8 
SiO2 (quartz & non soluble in HCl acid) <1,25% 
Particle Size: d50 50 μm < d 50 < 100 μm 
No needles, no spherical shapes 
RadioactivityIndex I = Ra/300+Th/200+K/ 

3000 
Index for final product <1 

Additives None which can penalize setting 
times 

Size specification for shipping Pellets 20/30 mm or <70 mm 
Size specification for utilization Mixed with clinker then ground  
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PG is an extremely active topic and we provided novel, higher-level 
analysis of the role of fresh and stacked PG in an envisioned circular 
economy. 
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Bituh, T., Vučić, Z., Marović, G., Prlić, I., 2013. A new approach to determine the 
phosphogypsum spread from the deposition site into the environment. J. Hazard 
Mater. 261, 584–592. https://doi.org/10.1016/j.jhazmat.2013.08.012. 

Borilo, A., Skwarzec, B., Olszewski, G., 2012. The radiochemical contamination (210Po 
and 238U) of zone around phosphogypsum waste heap in Wíslinka (northern 
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lópez, R., 2017. An anomalous metal-rich phosphogypsum : characterization and 
classification according to international regulations. J. Hazard. Mater. 331, 99–108. 
https://doi.org/10.1016/j.jhazmat.2017.02.015. 

Mancheri, N.A., Sprecher, B., Bailey, G., Ge, J., Tukker, A., 2019. Resources , 
Conservation & Recycling E ff ect of Chinese policies on rare earth supply chain 
resilience. Resour. Conserv. Recycl. 142, 101–112. https://doi.org/10.1016/j. 
resconrec.2018.11.017. 

Manning, D.A.C., 2008. Phosphate minerals, environmental pollution and sustainable 
agriculture. Elements 4, 105–108. https://doi.org/10.2113/GSELEMENTS.4.2.105. 

Marincea, S., Dumitras, D.-G., Diaconu, G., Bilal, E., 2004. Hydroxylapatite, brushite and 
ardealite in the bat guano deposit from Pestera Mare de la Mereti, Persani 
Mountains, Romania. Neues Jahrb. für Mineral. - Monatshefte 464–488. https://doi. 
org/10.1127/0028-3649/2004/2004-0464, 2004.  

Martynowicz, E., 1994. Impurity Uptake in Calcium Sulfate during Phosphoric Acid 
Processing. Delft University of Technology. 

Martynowicz, E., Liao, L., Witkamp, G.J., Van Rosmalen, G.M., 1996a. The influence of 
aluminium fluoride in hemi-dihydrate phosphoric acid processes. Hydrometallurgy 
41, 155–170. https://doi.org/10.1016/0304-386X(95)00054-K. 

Martynowicz, E., Witkamp, G.J., Van Rosmalen, G.M., 1996b. The effect of aluminium 
fluoride on the formation of calcium sulfate hydrates. Hydrometallurgy 41, 171–186. 
https://doi.org/10.1016/0304-386X(95)00066-P. 

Mathew, M., Takagi, S., Waerstad, K.R., Frazier, A.W., 1981. The crystal structure of 
synthetic chukhrovite, Ca4AlSi(SO4)F13 ⋅ 12H2O. Am. Mineral. 66, 392–397. 

Mittal, A., Rakshit, D., 2020. Utilization of cement rotary kiln waste heat for calcination 
of phosphogypsum. Therm. Sci. Eng. Prog. 20, 100729 https://doi.org/10.1016/j. 
tsep.2020.100729. 

Mohammed, F., Biswas, W.K., Yao, H., Tadé, M., 2018. Sustainability assessment of 
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Ptáček, P., 2016. Apatites and their Synthetic Analogues - Synthesis, Structure, Properties 
and Applications. InTech. https://doi.org/10.5772/59882. 

Pufahl, P.K., Groat, L.A., 2017. Sedimentary and igneous phosphate deposits: formation 
and exploration: an invited paper. Econ. Geol. 112, 483–516. https://doi.org/10.211 
3/econgeo.112.3.483. 

Qamouche, K., Chetaine, A., Elyahyaoui, A., Moussaif, A., Touzani, R., Benkdad, A., 
Amsil, H., Laraki, K., Marah, H., 2020. Radiological characterization of phosphate 
rocks, phosphogypsum, phosphoric acid and phosphate fertilizers in Morocco: an 
assessment of the radiological hazard impact on the environment. Mater. Today 
Proc. 27, 3234–3242. https://doi.org/10.1016/j.matpr.2020.04.703. 

Qin, X., Cao, Y., Guan, H., Hu, Q., Liu, Z., Xu, J., Hu, B., Zhang, Z., Luo, R., 2023. 
Resource utilization and development of phosphogypsum-based materials in civil 
engineering. J. Clean. Prod. 387 https://doi.org/10.1016/j.jclepro.2023.135858. 

Ramirez, J.D., Diwa, R.R., Palattao, B.L., Haneklaus, N.H., Tabora, E.U., Bautista, A.T., 
Reyes, R.Y., 2022. Rare earths in Philippine phosphogypsum: use them or lose them. 
Extr. Ind. Soc. 10, 101082 https://doi.org/10.1016/j.exis.2022.101082. 

Rashad, A.M., 2017. Phosphogypsum as a construction material. J. Clean. Prod. 166, 
732–743. https://doi.org/10.1016/j.jclepro.2017.08.049. 

Rinaudo, C., Abbona, F., 1988. A contribution to the study of the crystal chemistry of 
calcium sulfate phosphate hydrate. Miner. Petrogr. Acta 31, 95–105. 

Rinaudo, C., Abbona, F., 1988. A contribution to the study of the crystal chemistry of 
calcium sulphate phosphate hydrate. Acta Mineral. Petrol. 95–105. 

Rinaudo, C., Lanfranco, A.M., Franchini-Angela, M., 1994. The system CaHPO4⋅2H2O- 
CaSO4⋅2H2O: crystallizations from calcium phosphate solutions in the presence of 
SO2-4. J. Cryst. Growth 142, 184–192. https://doi.org/10.1016/0022-0248(94) 
90287-9. 

Roode-Gutzmer, Q., Strydom, C., 1999. The Characterization of Phosphogypsum and 
Gypsum-Brushite Mixtures by X-Ray Diffraction, Thermogravimetric and Differential 
Scanning Calorimetric Techniques. 
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