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ABSTRACT
Phosphogypsum (PG: CaSO4·2H2O) is a waste product generated by 
the phosphate industry. World production of this waste exceeds 200 
million tonnes per year. PG, discharged into the sea, watercourses or 
in wilderness stocks, contains toxic elements harmful to ecosystems 
and human health, including heavy metals and radionuclides, and 
there is therefore a concern regarding environmental impacts. The 
concentrations of these elements vary between the regions and the 
processes used, all of which require particular and specific follow-up 
after the release of PG and during its use. Phosphogypsum is used in 
agriculture for soil amendment or as fertilizer, as well as in the brick 
and cement industry, and in road construction.

Introduction

Phosphogypsum (PG) is a waste product of the phosphate industry; the digestion of phos-
phate rock with sulphuric acid generates the co-products phosphoric acid and phospho-
gypsum. The raw phosphate (fluorapatite) decomposes with concentrated sulphuric acid 
at a temperature of 75–80 °C, and phosphoric acid and calcium sulphate dihydrate – phos-
phogypsum are produced. The chemical formula of the reaction is as follows [1]:

Phosphoric acid is mainly used in the production of phosphorus fertilizers: DAP 
(Diammonium Phosphate) and MAP (Monoammonium Phosphate). For every tonne of 
P2O5 produced as phosphoric acid, 4–6 tonnes dry mass of phosphogypsum are produced. 
Worldwide PG generation is estimated to be 200–250·106 tonnes per year; it was about 
225·106 tonne in 2014, and is expected to increase up to 258·106 tonnes in 2018, usually 
deposited in large stockpiles, without any treatment [2–4].

The phosphate industry discharges toxic contaminants into air, water and soil. Air pol-
lutants from phosphate fertilizer plants are fluorides and particulate matter (2 and 50 mg/L 
per cubic metre respectively), SO2 (2 kg/tonne acid produced) and SO3 (0.15 kg/tonne acid 
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produced). The effluents are TSS (Total Suspended Solids), Phosphorous, Fluoride and 
Cadmium with 50, 5, 20 and 0.1 mg/L per cubic metre respectively [5]. These pollutants 
damage the environment and human health. Furthermore, PG is characterized by the pres-
ence of heavy metals and radioactive nuclides. As a result, PG stockpiles present a serious 
environmental problem, with a potential hazard for pollution of groundwater and human 
health [6]; Inhalation of the toxic fumes from these industries cause autoimmune disor-
ders, lung diseases, liver dysfunction, etc. [5]. In addition, Ortega-García et al. [7] suggest 
a possible association between proximity to energy/chemical industries and increased risk 
of paediatric cancer, specifically neuroectodermic tumours.

The socio-economic benefits of the phosphate industry and its impacts on the environ-
ment and human health pose several questions about their current and future management 
and the suggested way to value the high amount of phosphogypsum produced.

Physico-chemical properties of PG

Phosphogypsum is a grey, damp, fine grained powder, silt or silty-sand material with a max-
imum size range between 0.5 and 1.0 mm, and 50–75% of particles finer than 0.075 mm. 
The specific gravity of phosphogypsum ranges from 2.3 to 2.6 [8]. The moisture content is 
usually in the range 8–30% [3]. The quality of PG generation depends upon the quality of 
the phosphate rock and process route used to produce phosphoric acid [8]. PG is principally 
CaSO4·2H2O, and contains impurities such as free phosphoric acid, phosphates, fluorides 
and organic matter [9]. Three families of compounds are typical of the organic matter: lin-
ear hydrocarbons, isoprenoids and hopanes [10]. The data presented by the International 
Atomic Energy Agency (IAEA) [3] show high SO4, CaO, SiO2 and P2O5 contents in PG. In 
Tunisia, the raw PG obtained comprises 90% bassanite (Ca (SO4)1/2 (H2O)), 9% gypsum 
Ca (SO4)2 (H2O) and 1% Brucite HP (Mg (OH)2) [11]. The main compounds of PG are: 
SO4, CaO, SiO2, Na2O and P2O5 (Table 1).

Heavy metals in PG

The concentration of heavy metals depends on the composition of the phosphate rock; the 
polluting potential of the phosphate rock seems to be much higher than the waste PG (Table 2).  
The latter has a higher pollution potential because most trace elements are associated with 

Table 1. Chemical composition of raw PG in percentage.a

aSynthesis table according to several authors in several countries cited in [3].

P2O5 CaO SiO2 SO4 Al2O3 Fe2O3 MgO Na2O F C (organic)
0.05–8 24–34 0.5–18 48–58 0.05–0.6 0.01–0.25 0.01–0.54 0.12–10 0.1–1.8 0.1–2.5

Table 2. main rare earth elements and Heavy metals in PG.a

aSynthesis table according to several authors in several countries cited in [3].

Trace element Cd Zn Cr Cu Ni Sr Cs Ba
Content (ppm) 0.8–40 4–315 1.6–75 2–195 1.7–250 10–118 0.5–75 20–236
trace element Hg Zr Pb as Se v Y
Content (ppm) 0.005–10 10–110 0.5–16 1–42 0.5–75 2–40 2–156
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the mobile fraction [12]. Indeed, during the production of phosphoric acid, between 2 and 
12% of each trace element in phosphate rock is transferred to PG, except for Sr, Ce, Y and Pb, 
characterized by high transfer (66, 56, 41 and 27%, respectively) [12]. Mobility of metals in 
PG was classified into three levels: elements with high mobility were Sr and Zn, those with 
moderate mobility were As, Ba, Cd and Cr and those with low mobility were Cu, Ni, Pb, Se, 
V, Y and Zr. PG is also susceptible to leaching out metals in acidic condition (pH 2–4) [13].

In Wiślinka (northern Poland), trace metals were analysed for some crops in the 
phosphogypsum waste heap area and high concentrations were registered in comparison 
with a control area [14]. Currently, in Northern Kazakhstan, PG is used for fertilization 
of spring wheat, and does not have a negative impact on the environment. The heavy 
metals and radionuclides present in the soil and grain do not exceed the maximum 
allowable concentrations [15]. In Tunisia, where slightly acid woodland polluted soil is 
treated with 8 tonnes per hectare on the surface, an increase in P content is observed, 
with no soil Cd rate increase [16]. Al-Hwaiti et al. [17] showed the performance of two 
polymers: polyethylene glycol (PEG) and polyvinyl alcohol (PVA) in removing heavy 
metals from waste PG materials.

Radioactive impurities of phosphogypsum

The activities and concentrations of different radionuclides in PG vary with the origin of 
the rock used in the phosphate industry (Table 3) [18]. Phosphogypsum is enriched in 
radioactivity; the source of radioactivity comes mainly from 238U and 232Th [19]. Uranium 
is the main environmental radiotoxic element associated with phosphoric acid production; 
it is transferred from the non-mobile fraction in the phosphate rock to the bioavailable 
fraction in phosphogypsum [20]. In the production of phosphate mineral fertilizers, 238U 
presented high values, and 80–90% of 226Ra is extracted to phosphogypsum, replacing 
Ca in the chemical structure [21]. South African PG contains appreciable amounts of the 
radioactive nuclides 238U, 235U, 210Pb, 228Ra, 226Ra, 228Th, 232Th and below detectable levels 
of 40K, with low activity concentrations [22].

In Northern Greece, 226Ra varies in PG from 261 to 688  Bq  kg−1 and from 50 to 
479 Bq kg−1 in soil tilled with phosphogypsum used for agricultural purposes. Radium 
(226Ra) presented higher values in rice originated from cultivated fields tilled with PG. 
It is necessary to control 226Ra in phosphogypsum before it is used for agricultural pur-
poses [23]. But, in a field experiment realized in Brazil with increasing phosphogypsum 
rates (4, 8, and 12 tonnes per hectare for soybean culture, no increment of 226Ra and 
228Ra activities was observed attributable to the presence of phosphogypsum in the soil; 
for Dias et al. [24], the application of PG for soybean production is a practice without 
risks of radiation damage to human health.

Despite the radioactivity known to be contained in PG, the radiation dose resulting 
from the use of phosphogypsum piles, and received by the workers, is negligible compared 

Table 3. radioactive nuclides in PG.a

aSynthesis table according to several authors in several countries cited in [3].

Nuclide 238U 226Ra 210Pb 210Po 228Ra 228Th 330Th 232Th
value (Bq/g) 0.005–0.21 0.004–1.48 0.05–1.4 0.05–1.5 0.07–0.5 0.001–0.63 0.1–2.9 0.004–0.59
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to the average annual effective dose from natural sources [25]. Besides, the resulting radi-
ation dose caused by phosphogypsum used as a construction or plaster material can be 
considered negligible [26,27]. PG is leached by organic extractors to remove radioactive 
material. The extractants used and effective are kerosene, TBP (tributyl phosphate) or TBP 
in kerosene [28].

Phosphogyspum uses and conversion

Application of PG in Agriculture

For decades, PG has been used and valued in agriculture. According to Mesić et al. [1], 
positive effects of PG are shown for soil, water and plants. Waste PG is used mainly in agri-
culture with several methods of recycling for fertilization and amelioration of soil. There are 
four well known agricultural uses: reclamation of land, remediation of saline and sodic soils, 
amendment of soil to prevent crusting and to enhance water retention, and fertilization of 
soil for growing crops and pasture [3]. A fifth use is also known, its addition during manure 
composting [29]. Indeed, PG is an efficient alternative for amendment, desalinization and 
desodification of saline sodic soils [30].

Gharaibeh et al. [31] have successfully removed 90% of the total Na and soluble salts with 
an application of 30 tonnes per hectare of PG. Usually, calcium chloride appears to have a 
strong effect in the reaction, but PG has lower total costs than CaSO4·2H2O and CaCl2·2H2O. 
In acid soil, PG application might be of use for managing detrimental effects of subsoil 
acidity; this application causes root growth at depth and efficient water and nutrient use 
by plants [29]. The addition of PG and lime in soil improves its plasticity and swell-shrink 
characteristics, and results in the formation of a dense compact mass of stabilized soil [32]. 
Our recent work shows the possibility of mixing PG and sand to obtain a substrate for the 
propagation of ornamental and forest species. Promising results have been obtained for 
Ficus nitida, Pelargonium × hortorum, Washingtonia flifera and Hibiscus rosa [33].

Phosphogypsum is used as a fertilizer in agriculture because it contains large amounts of 
calcium, phosphorus, and sulphur [34]. PG application improves seed growth and yield for 
several species. In saline-sodic soils of North-East China, Liu et al. [35] added three differ-
ent quantities (15, 30 and 45 tonnes per hectare) to rice fields and obtained high increase 
essentially for 30 tonnes per hectare. The increase concerns individual grain mass, number 
of spikelets (m2), number of panicles (m2), filled spikelet percentage and 1000-grain weight. 
In wheat culture, Li et al. [36] registered an increase of 37.7% in seed yield after treatment 
with PG (2100 kg /hectare). In Brazil, the addition of 12 tonnes per hectare of PG on a 
loamy Oxisol results in benefits to maize (Zea mays) and wheat (Triticum aestivum) yields. 
This improvement has been explained by the supply of Ca2+ and S-SO2−

4
 to plants [37]. For 

alfalfa (Medicago sativa), the increase in PG rate promotes increases of shoot dry weight 
(SDW), with increase in calcium and sulphate contents in soil (0–40 cm), but no change 
in potassium contents [38].

In agriculture, heavy metals appear to be the most hazardous elements contained in PG 
for human health. Al-Hwaiti and Al-Khashman indicated a relative absence of health risks 
associated with the consumption of vegetables/fruits grown in PG-amended soils [39]. In 
addition, Mahmoud and Abd El-Kader [40] used PG alone or mixed with compost (mix 
ratio of 1:1) at 10 or 20 g/kg dry soil to mobilize heavy metals in contaminated soil, and 
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showed that this practice improves canola growth and immobilizes heavy metals mainly 
for PG alone.

Finally, the use of PG in agriculture is related to several factors: PG composition, soil 
type, region and crop, and the environmental regulations. Every state should conduct their 
own research corresponding with their agricultural regions and agroecosystems [1].

Phosphogypsum as a building material

Phosphogypsum can be used as a substitute for natural gypsum in the production of Portland 
cement to control the hydration reaction rate of cement, but natural radioactivity of PG 
could be a major disadvantage for its use as a building material. This disadvantage could 
be avoided by minimizing its percentage during the preparation of cement [41]. Sadiqul 
Islam et al. [42] studied the properties of cement paste, mortar and concrete, and concluded 
that 5–10% addition of PG in cement clinker, after treatment by washing and subsequent 
drying of the raw field samples, give interesting and promising results. Phosphogypsum 
is also used for the manufacture of bricks; the incorporation of 30% PG into the fired clay 
bricks provides a product which successfully satisfies standard requirements [43]. López et 
al. [44] obtained construction materials with an optimal mixture of (sulphur/PG = 1/0.9, PG 
dosage = 10–40%). The resulting material is characterized by highest strength and low total 
porosity. These cements can be used without radiological restrictions in the manufacture of 
building materials. Folek et al. [27] confirmed the suitability of phosphogypsum-ash-binder 
mixes for road construction, both in terms of geotechnical and physicochemical parameters.

Phosphogypsum conversion

The decomposition of PG in aqueous solution into valuable products, potassium sulphate 
and calcium carbonate (K2SO4 and CaCO3 respectively) is very workable, reproducible 
and inexpensive. K2SO4 is a fertilizer and CaCO3 can be used in the cement industry. The 
reaction is of ecological interest [45]. Hammas et al. [46] converted a salt solution of PG 
to calcium carbonate and sodium hydrogenosulphate. In a second stage, NaHSO4 can be 
transformed to ammonium sulphate and sodium carbonate. Mulopo and Ikhu-Omoregbe 
[47] used sodium carbonate for the conversion of 98.5% of PG to calcium carbonate; the 
obtained product in this reaction is comparable to commercial calcium carbonate. Further, 
PG can be converted into calcium fluoride (solid phase) and sodium sulphate (liquid phase) 
with a percentage exceeding 96% [48]. Mashkovtsev et al. [49] treated in pilot-scale PG and 
uranium in an in situ leaching (ISL) solution. Scandium oxide and rare earth concentrate 
were purified from the uranium ISL solution. Pantazopoulou et al. [50] studied the addition 
of PG to tannery wastewaters at a ratio of 1:1 for its stabilization; and obtained leachates with 
reduced radioactivity and low concentrations of chromium and DOC (Dissolved Organic 
Carbon).

Impact of PG and phosphate industry on environmental pollution

Phosphogypsum is stored in open areas which can cause major environmental prob-
lems caused by the presence of toxic and radioactive elements [34]. In Gabes (Tunisia, 
Mediterranean Sea), the main Tunisian industrial zone for phosphate ore processing, 
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important amounts of Ca2+, SO2−

4
 and F- were observed along its coastline [51]. At the 

same time, four heavy metals (mercury, lead, cadmium, and chromium) were assessed 
in four mollusc species with high heavy metal concentrations in some species [52]. PG 
is generally completely dissolved in the sea; the process is explained by high acidity and 
high temperature of the water in the gulf of Gabes. In this same region, pollution concerns 
also groundwater; its chemical species containing Na–Cl–Ca–SO4–F caused by rock-wa-
ter interaction, rejection of phosphate waste from the phosphate and fluorine industries 
and irrigation water flow rich in chemical fertilizers [53]. Industrial fluoride, one of the 
dangerous components of PG, exists in both gaseous and particulate forms in industrial 
zones, causing serious health problems after prolonged inhalation or ingestion [54]. Thus, 
increasing sulphate may have negative effects on aquatic organisms: in Microcystis aerug-
inosa, it inhibits photosynthesis, causes oxidative stress, increases toxin production, and 
affects expression of the related genes [55].

Hentati et al. [56] studied the ecotoxicity of soils amended with Tunisian PG and of 
elutriates obtained from PG – amended soil to a battery of terrestrial and aquatic species 
and registered that Daphnia magna (aquatic) and Eisenia andrei (terrestrial) are the most 
sensitive species, displaying acute and chronic effects. Ecotoxicity is explained by extremely 
high levels of calcium found in both test mediums.

Several techniques are used to evaluate PG or improve its quality; Romero-Hermida et 
al. [57] considered PG and liquid wastes from the green olive as precursors; Ca-bearing 
PG is mixed with Na-bearing liquid wastes in order to obtain a harmless liquid phase and 
an active solid phase, the solid phase acts as a carbon sequestration phase. Washing with 
water makes it possible to remove the soluble impurities of PG and thermal treatment leads 
to optimizing the elimination of undesirable gases and volatile impurities [8]. The mini-
mization of negative environmental impacts requires the adoption of cleaner production 
processes and appropriate treatment technologies, and the bulk use of solid waste [5]. Since 
the criteria established in environmental regulations among countries vary widely, there 
may have to be different waste management strategies worldwide [4].

Conclusion

The phosphate industries produce high amounts of phosphogypsum, usually stored in open 
spaces or released into aquatic environments. It causes serious problems for the environment 
and human health. Yet phophogypsum is valued in several areas such as agriculture for soil 
amendment and fertilization, cement and brick manufacturing or road construction. All of 
these uses pose environmental issues because PG contains heavy metals and radionuclides 
at various levels. Policymakers must weigh the costs (the pollution damage and negative 
environmental consequences) and benefits (to the phosphate industry).
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