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Abstract 

Based on a systematic literature search (Number of initial publications = 1571; Number of in-

depth publications = 97), this paper reviews the different potential applications for 

phosphogypsum, the main unwanted by-product of the fertilizer industry, providing some 

insights into the new valorization routes, and critically describing the advantages and drawbacks 

of each one. Industry and policy makers face the challenge to manage the increasing loads of 

phosphogypsum generated worldwide, especially on reasons of cost, safety and environmental 

impact. The recycling of this material could be an environmentally friendly, safe and cost-

effective solution for this quandary. Different phosphogypsum valorization routes were 

developed in the last years in agriculture, building, and environmental and energy sectors, and 

these topics are described along this review. The first barrier to be overcome is the shift of 

paradigm needed to consider phosphogypsum not as a waste but as a raw material and the 

harmonization of classification rules of this material worldwide. Another issue to be faced is the 
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heterogeneity of phosphogypsum reported worldwide, which could make unfeasible certain 

applications due to chemical and physical differences. On the one hand, while technical and 

economic constraints are increasingly lifted, many applications of phosphogypsum valorization 

consume low amounts of waste, and thus cannot satisfy the purpose of mass consumption. In 

addition, the different valorization routes may cause a secondary pollution which must be 

evaluated and compared with that caused by traditional disposal options. In order to provide a 

solution to this waste management, a better social and political awareness is needed. Economic 

and technical constraints must be lifted by a higher economic investment on research and 

development. However, site by site studies and assessment of secondary pollution using suitable 

tools (e.g. life cycle analysis) must be performed in order to assure the success of each 

valorization route. 

Keywords: phosphogypsum; recycling; zero waste generation; raw materials; pollution 

prevention. 

 

Introduction 

The phosphate fertilizer industry is basic to maintain the levels of farming production worldwide. 

The main raw material used in the industrial process is the phosphoric acid, which is usually 

produced by two different approaches: by pyrometallurgy, applying thermal reduction of 

phosphate rock in an electric furnace to produce elemental phosphorus, or by a more common 

and cheaper hydrometallurgical method, from the chemical reaction of phosphate rock with 

sulfuric acid (Lottermoser, 2010). This latter process, known as “wet digestion”, accounts for 

around 90% of the worldwide phosphoric production (USGS, 2017) though also generates an 

unwanted by-product; a solid waste known as phosphogypsum (PG). Phosphogypsum is mainly 

composed of gypsum (CaSO4·2H2O) although may also contain other minor solid phases (e.g. 

alkali fluorosilicates, fluorides, quartz, and feldspars), traces of unreacted phosphate rock, and 
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organic matter. In addition, PG also contains remains of process waters, which are used in the 

industrial process, trapped in the interstices of mineral particles. The term PG is, therefore, a 

collective term for a waste mixture comprising major solid and minor liquid waste components 

(Lottermoser, 2010). The amount of PG produced during phosphoric acid production exceeds 

the mass of the final product, i.e. 4.5-5.5 tonnes of PG are generated per tonne of phosphorus 

pentoxide produced (El-Didamony et al., 2012). The total amount of PG produced up to 2006 is 

estimated to have been about 6 billion tonnes, of which 2.2 billion tonnes (37%) were produced 

in United States (IAEA, 2013). 

World resources of phosphate rocks are more than 300 billion tonnes, including the largest 

sedimentary deposits found in northern Africa, China, the Middle East, and United States, and 

significant igneous deposits found in Brazil, Canada, Finland, Russia, and South Africa (USGS, 

2017). Although China is currently the main phosphate rock producer worldwide, Morocco and 

Western Sahara host the largest reserves (Table 1). World phosphate rock production capacity 

is expected to increase by 2% per year, with Africa and the Middle East as the leading areas of 

planned growth (USGS, 2017). Associated to such level of production, a proportional increase in 

the generation of unwanted by-products is therefore expected. Assuming that approximately 

95% of phosphate rock production is allocated to phosphoric acid production (USGS, 2017) and 

around 5 tonnes of PG are produced per ton of phosphate rock, then around 1.1 and 1.2 billion 

tonnes of PG could have been generated worldwide during 2015 and 2016 (Table 1). These 

figures could increase concomitantly to the expected rise of phosphate rock production 

worldwide. 

Several disposal options have been considered to deal with this problem; the discharge of PG 

directly into the sea, the filling of mined-out open pits and the stacking in large heaps in the 

vicinity of the factory, being the latter the most common practice applied (Lottermoser, 2010). 

The storage process begins with the filtering and washing of PG at the processing plant to 
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remove any trace of soluble phosphate. Then, the PG is converted into a slurry with the process 

water, freshwater or seawater in origin, and pumped to the top of the stack. Finally, the water 

is indirectly removed, after seeping through the stack and collected by perimeter channels to 

avoid the release of contaminants to the environment, and subsequently treated (Lottermoser, 

2010). However, the stacking is not completely watertight and the treatment of these polluted 

waters is not always carried out (e.g. Pérez-López et al., 2015 and 2016). These waters are highly 

acidic (pH 1-3) and contain elevated concentrations of fluoride, sulfate, phosphate, ammonia, 

radionuclide, trace metals, and metal(loid)s. In this sense, the wastes generated by the fertilizer 

industry are of environmental concern due to the high pollutant content (e.g. Bolívar et al., 2002; 

Tayibi et al., 2009; Pérez-López et al., 2015; El Zreli et al., 2016). Thus, the huge amount of PG 

produced causes a serious disposal quandary and expensive managing costs. This environmental 

issue has attracted the interest of the scientific community as evidenced by the growing number 

of publications about PG in the last years (Fig. 1A). 

Indefinite stacking is now imposing a negative externality on the phosphate industry because it 

constitutes disproportionately costs; for example, the cost of remediating the unlined Piney 

Point Stack in Florida (US) is estimated to date to have been of the order of 300 million USD 

(Hilton et al., 2010). For this reason, the adoption of more sustainable solutions to the 

management of these wastes is required in order to reach the objective of developing cleaner 

production of fertilizer products worldwide. The attractive economic potential of PG has 

promoted the development of numerous investigations focused on the search of new recycling 

alternatives for PG, such as manufacturing of building materials, application in agriculture, 

obtaining of mineral resources or environmental applications (Fig. 1B). However, such practices 

are often limited by the high content of toxic impurities, and only around 15% of the worldwide 

production is estimated to be recycled (IFA, 1998), mainly as raw material in building.  
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There are different reviews and/or official publications focused on environmental impacts of 

wastes from the fertilizer industry (Rutherford et al., 1994) and their potential uses in specific 

fields of application (e.g. Alcordo and Rechcigl, 1993; EC, 2002; Tayibi et al., 2009; Binnemans et 

al., 2015; Rashad, 2017); however, to the authors’ knowledge, there is not a compilation work 

that critically reviews all potential uses developed to date. To bridge this gap, this study reviews 

the different potential applications for these by-products, providing some insights in the new 

routes of PG valorization, and critically describing the advantages and drawbacks of each 

potential application. 

2. Methods 

An exhaustive search of works dealing with phosphogypsum was performed, considering all 

fields of interest such as waste characterization, management, environmental impact, and 

recycling. The literature retrieval was conducted using the world-famous indexed databases 

Web of Science (WoS; http://www.webofknowledge.com/) and SCOPUS 

(http://www.scopus.com/). The publications compiled by both databases have been peer 

reviewed and considered of high quality. In addition, a comprehensive search was also 

performed in international government agencies (e.g. EC, USEPA, and USGS), international 

agencies (e.g. International Atomic Energy Agency, International Commission on Radiological 

Protection), patent office records and organizations related to the phosphate industry (e.g. 

Florida Industrial and Phosphate Research Institute). 

The procedure of literature retrieving was initiated in both databases introducing the term 

phosphogypsum with a time span from 01/01/1975 to 31/08/2017. As a result more than one 

thousand references were obtained with both databases (SCOPUS, 1571; WoS, 1413). This 

information was obtained to construct the Figure 1A, which shows the interest of the scientific 

community on phosphogypsum. Potential papers were identified by a filtering process including 

different keywords related to the research object (i.e. management, characterization, recycling, 
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agriculture, building, environmental applications, pollution treatment, mineral resources, 

industrial applications, and CO2 sequestration). This information was used to build the Figure 

1B, which indicates the main field of interest concerning research on PG. After the collection of 

potential related papers, a comprehensive screening was performed in each category by 

scanning titles and abstracts. As the scope of this study is to show the last advances in PG 

valorization, we have preferentially used the most recent papers. Finally, a cross referencing 

examination was performed to ensure the inclusiveness of this research. In total, 97 papers were 

object to an in-depth analysis. 

3. Properties of PG: the key role for its potential application 

Knowledge of physico-chemical properties of PG is of paramount importance to develop 

technical solutions for the sustainable management and/or valorization of this waste. 

Phosphogypsum consists primarily of silt-sized gypsum crystals, which are softly aggregated and 

whose morphology depends on the source of the phosphate rock, and the reaction conditions 

in the acid attack (IAEA, 2013). The total specific surface area of PG particles is exceptionally 

large causing high reactivity to the PG and, hence, PG piles dissolve more rapidly than a natural 

gypsum mass of the same size (Lottermoser, 2010). Physical properties of PG such as density, 

permeability or strength are influenced not only by the characteristics of the source rock and 

the reaction process, but also by the method of deposition, age, location, and depth within the 

PG stack. In this sense, the density and strength of the material generally increase with the age 

and the depth within the stack, while the water content and permeability tend to decrease 

(IAEA, 2013). 

Since gypsum is the main component of PG, sulfate and Ca can constitute more than 90% of the 

total content. The presence of other minor minerals originated by the wet process or inherited 

from the raw materials could explain the occurrence of other elements in PG (e.g. Si, Na, Mg, Al, 

K, P, and trace metals), which can reach significant concentrations in PG (Rutherford, 1994). For 
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instance, silica and fluoride contents of PG are highly variable around 0.5–18 wt.% and 0.1-1.8 

wt.% respectively, depending upon the rock source and the efficiency of the wet process (IAEA, 

2013). The presence of process waters trapped in the interstices of mineral particles confers to 

PG its acidic nature due to its high content in phosphoric, sulfuric, and hydrofluosilicic acids. In 

addition, this residual water contains high levels of nitrate, trace metals, metal(loid)s, and 

radionuclides (Luther et al., 1993). Moreover, the anomalously high concentrations of some 

toxic metal(loid)s (e.g. As) in PG could be also explained by the low quality of the sulfuric acid 

often used in the wet process (Macías et al., 2017). 

During the acid process, elements contained in the phosphate rock are released from their host 

phases into solution. Thus, elements are partitioned into the phosphoric acid or the PG, 

according to their solubility and chemical affinity (Rutherford, 1994). The transference of 

radionuclides originally present in the phosphate rock to PG has been focus of much research 

(e.g. Rutherford, 1994; Mazzilli et al., 2000; Santos et al., 2006; Rentería-Villalobos et al., 2010). 

Uranium, Th, and Pb-210 concentrate in the phosphoric acid whereas most of Ra-226 and Po-

210 are finally transferred into PG (Lottermoser, 2010). However, different results were 

reported by Santos et al. (2006) in Brazilian PG; these authors found a preferential accumulation 

of Th and Pb-210 in PG. This enrichment in Pb-210 was also observed by Rentería-Villalobos et 

al. (2010) in Spanish PG stacks. 

According to different authors (e.g. Rutherford et al., 1994; Al-Masri et al., 2004; Pérez-López et 

al., 2011), metals (e.g. Cd, Cu and Zn) are preferentially transferred into phosphoric acid. Some 

authors (i.e. Rutherford et al., 1994; Arocena et al., 1995) reported a heterogeneous distribution 

of impurities in PG with small and/or very large particles containing relatively more impurities 

than medium-sized gypsum particles. 

Phosphate rocks can also host significant quantities of rare earth elements (REE) that can be 

transferred to PG during the phosphoric acid production. Igneous phosphate rocks are much 
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richer in REE than sedimentary phosphate rocks (1-2 wt.%) and contain only trace amounts of U 

(Binnemans et al., 2015). It is interesting to note that U and Th are commonly present in REE 

phosphate ores and are a cause of major environmental concern that penalizes the extraction. 

Cerium, lanthanum, and neodymium account for 80% of the total REE content of phosphate rock 

(Habashi, 1985). During the production of phosphoric acid, around 70-85% of REE originally 

present in phosphate rocks are concentrated in PG and the REE pattern observed in the 

phosphate rock is preserved.  

4. Routes for PG valorization 

4.1. Application in building 

One of the most explored valorization routes of PG is the manufacturing of building materials 

such as bricks, cement, plasterboard or tiles (Fig. 1B). The potential uses of PG in building have 

been recently reviewed by Rashad (2017). Phosphates and fluorides contained in PG may cause 

pernicious effects on the final properties of raw materials, such as delay in the setting time and 

reduction of strength of cement (Tayibi et al., 2009). For this reason, different methods have 

been proposed to obtain PG harmless and suitable to secondary uses (i.e. washing, wet sieving, 

alkaline neutralization, and addition of extractant solutions). The different pre-treatments of PG 

as raw material in the building sector have been reviewed by Tayibi et al. (2009). Among the 

studies mentioned by Tayibi et al. (2009), that of Ölmez and Yilmaz (1988) reported that all 

water-soluble impurities can be removed by simple washing treatment with water or lime milk, 

but the P2O5 and other impurities are enclosed to the crystal lattice and can be only removed by 

thermal treatment (from 130 to 150 °C). This latter process not only causes impurities 

immobilization but also the production of anhydrite which has a wide application in the 

manufacturing of building materials and cement industry. However, it also constitutes a high 

cost that may become technologically sub-economic. Valkov et al. (2014) proposed a method 

with sulfuric acid to process PG when heating to temperatures of 70-100 °C for 1-2 hours at a 



9 
 

S:L ratio of 1:(1-3) and bubbling air into the pulp. The resulting PG does not contain harmful 

impurities and can be used in road construction, as additives in the production of cement, and 

for the production of various building materials. 

Another limitation in the use of PG as building material is the content of natural radionuclides if 

compared with those found in common building materials (Table 2). This natural radioactivity is 

of environmental concern taking into account that individuals spend 80% of their daily time 

indoors, and PG-manufactured building materials can be a source of interior radiation (Kovler, 

2009). In this sense, chronic exposure of human beings to low doses of ionizing radiation can 

cause health damages which may appear 5–30 years after the exposure (ICRP, 1991). Kovler 

(2009) reported radiation exposure by building materials differentiating external and internal 

exposure, being the external exposure caused by direct gamma radiation while internal 

exposure is mainly caused by the inhalation of radon (222Rn), and its short-lived decay products. 

The monitoring of radon gas in the environment is of critical importance in terms of radiological 

protection because radon is an inert gas that easily moves through porous media such as 

building materials. This subject was approached by Campos et al. (2017) by measuring the radon 

exhalation rate from plates and bricks manufactured with Brazilian PG. These authors concluded 

that the recycling of PG as building material is a safe practice from a radiological point of view. 

However, this work does not describe the PG content added to these building materials. In 

addition, these findings cannot be extended to each PG deposit, since radionuclide content 

varies widely among sites. According to the studies reported by the IAEA (2013), the use of PG 

in structural panels for house construction could, in extreme circumstances, result in the 

occupant receiving an annual effective dose exceeding 1 mSv. For all other uses of PG in home 

construction, including its use in cement, bricks, plasterboard and tiles, the annual effective dose 

received by the occupant is unlikely to exceed 1 mSv and restrictions on such use would appear 

to be unnecessary (IAEA, 2013). On the other hand, there is no information on the metal and 

metal(loid)s released from these products and thus, this issue should be addressed. 
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Another limiting factor in PG recycling relies on that most applications consume low amount of 

PG and do not meet the condition of high-consumption required to valorize the huge amount of 

PG generated by the fertilizer industry. Thus, low-cost and highly-consuming PG technologies 

are required. In this way, another possibility would be the use of PG in road base applications 

which could consume up to 25,000 tonnes per lane kilometer (IAEA, 2013). The use of PG in road 

construction may constitute a reduction of costs and the use of virgin raw materials of up to two 

thirds compared to using conventional materials (IAEA, 2013). In this sense, Cuadri et al. (2014) 

evaluated the potential utilization of PG as a bitumen modifier for paving industry. They found 

that after activation with a small quantity of sulfuric acid (0.5 wt. %), the addition of 10 wt. % PG 

leads to a notable improvement in the rheological response of the resulting material at high 

temperatures. However, no information on the release of impurities (i.e. radionuclides, metals.) 

of the resulting material under weathering conditions in the long term is available. Beretka et 

al. (1996) explored much earlier the use of PG in the manufacturing of calcium sulfoaluminate 

cements. These authors reported that these cements require, compared to ordinary Portland 

cements, lower energy in the manufacturing process and give higher mechanical strength at 

early ages due to the rapid formation of non-expansive ettringite. On the other hand, Yang et al. 

(2016) studied the possibility of recycling PG as raw material for the manufacture of self-leveling 

mortar. They obtained a final product which met the requirements of Chinese standards with 

PG contents of up to 55%, decreasing the production costs 5 to 7 times in respect of those for 

cement-based self-leveling mortar. In the same way, Tian et al. (2016) used non-pretreated PG 

to manufacture foam concrete with a high content in PG (up to 45-55%). However, these authors 

reported that the compressive strength of the formed concrete decreased dramatically with the 

increase in the PG percentage between the range of 40-70%. The addition of quick lime in the 

foam formulation may immobilize the acidic impurities present in PG, thus decreasing the 

secondary pollution and the costs required (i.e. energy, reagents) to pretreat the PG.  

4.2. Application in agriculture 
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Due to its high content in some elements such as Ca, P and S, PG has been traditionally 

considered as an amendment in order to improve the physico-chemical properties of soils. This 

valorization route is not recent; Alcordo and Rechcigl (1993) reviewed the potential use of this 

by-product in agriculture. Since then, much research has been devoted to the agricultural uses 

of PG (Table 3), mainly to improve soil structure and crop yield (e.g. Tang et al., 2006), reduce 

soil erosion (e.g. Zhang et al., 1998), treat acidic or metal-rich soils (e.g. Takahashi et al., 2006; 

Rodriguez-Jordá et al., 2010) or increase available soil concentrations of S and P (Delgado et al., 

2002). In order to assure a safe long-term application in agriculture, the characterization of PG 

impurities as well as their mobility and bioavailability is of critical relevance. Some authors have 

addressed this issue by applying different extractants to PG in order to simulate the migration 

of pollutants from PG-amended soils to agricultural products. Saueia et al. (2013) studied the 

leaching of radionuclides and metals from Brazilian PG using EDTA solutions, and compared the 

results with those obtained using different phosphate fertilizers. These authors concluded that 

the use of PG is safe for agriculture given that all metals remained below the limits established 

by the Brazilian Regulatory Agency, with values even lower than those obtained by applying 

phosphate fertilizers. The bioavailability of metals and radionuclides from PG has been 

addressed by other researchers using aqua regia digestion and sequential extractions (e.g. 

Santos et al., 2006; Al-Hwaiti et al., 2010). These studies concluded that the toxic metals in PG 

are not likely to be leached and thus, PG could be considered to be used as an amendment to 

agricultural soils. However, the real transfer of metals to soils and the effects on the living 

organisms should be properly addressed. Nisti et al. (2015) reported a low release of 

radionuclides and metals (i.e. As, Cd, Ni, Cr, Se, Pb, and Hg) from Brazilian PG amended soils in 

doses 10 times higher than those needed to achieve 50% of the soil base saturation (around 15 

g PG/kg soil). On the other hand, Abril et al. (2008) and Enamorado et al. (2014) studied the 

trace-elements uptake by plant in soils amended with different doses of PG in SW Spain. After 

three decades of PG amendments in agricultural soils, these authors reported Cd levels in shoots 
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and tomato fruits below, but close to, the limit values for food safety. In fact, these authors 

estimated that accumulated PG amendments greater than 16 g PG/kg soil would be enough to 

exceed such a limit. Similar conclusions were obtained from Al-Hwaiti (2015), who reported 

contamination in soils and vegetables (i.e. tomatoes and green peppers) in amended soils with 

Jordanian PG. Thus, these authors obtained contradictory conclusions to those reported by Nisti 

et al. (2015) applying similar PG doses to soils, which could be attributed to the higher metal 

content in PG used by Enamorado et al (2014) and Al-Hwaity (2015). This high variability in trace 

element content of PG worldwide has been recently reported by Macías et al. (2017) and 

evidences that the assessment of the metal/loid content of this by-product, and their release 

capacity before its use as soil amendment is of critical in agriculture to avoid the transference of 

these elements to the chain food. 

In addition, any change in the soil properties may have a significant impact on its habitat. In this 

sense, the impact of PG soil amendments on bacterial biota, plants and invertebrates has not 

been evaluated until recently. Hence, Hentati et al. (2015) provided evidences of remarkable 

ecotoxicological effects on invertebrates, attributed mainly to Ca, due to metabolism disruption 

with consequences in the reproduction and even in the survival. Metals, Ca, and P provided to 

soils by PG may be easily mobilized to the aqueous solutions, affecting the aquatic life, in 

particular invertebrates like cladocerans, which have a critical role on the equilibrium of aquatic 

food chains. 

The use of PG as an additive during composting has also been examined. During composting, a 

loss of N is commonly observed by ammonia volatilization in the early stage when decomposable 

organic N is abundant and pH increases with protonation of amine (Eghball et al., 1997). The 

addition of PG during composting may avoid ammonia volatilization due to the formation of 

ammonium salts ((NH4)2SO4) retaining N and avoiding nutrient imbalance by reduction of the 

N:P ratio. Prochnow et al. (1995) investigated the effectiveness of PG and simple 
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superphosphate in controlling ammonia losses by volatilization during the process of manure 

composting. These authors revealed that the amount of ammonia lost by volatilization from the 

samples decreased with the addition of both products, although PG was more efficient, and the 

reduction in volatilization increased with the rate of PG application. Lim et al. (2017) studied the 

N loss and changes in C content and dry matter losses using PG amendments, and different 

bulking agents (i.e. rice hulls and sawdust) during cattle manure composting. These authors 

reported a lower N loss using a mixture of sawdust and PG (2:1 mass ratio), although these 

results were obtained in mesophilic conditions due to the inability to achieve thermophilic 

conditions. However, these authors did not study the content of metals and radionuclides of the 

final compost neither the transfer to soils after addition. 

4.3. Source of raw materials  

Phosphogypsum could also be a source of raw materials after developing suitable recovery 

schemes. For instance, the potential of phosphate rock as a source of REE has been already 

recognized in the 1960s (Anon, 1966). During the manufacturing of phosphoric acid, elements 

are unevenly transferred from the phosphate rock to the phosphoric acid and PG (see section 

2). The possibility of recovering elements of economic interest (e.g. REE, Sc, U, V, Cr, Ga, Ge, Be, 

and B) contained in these unwanted by-products must be explored. Although the concentration 

of these elements is one or several orders of magnitude lower in PG than those reported in 

conventional mineral deposits commonly mined, the huge volume of PG stacks could convert 

these repositories into secondary sources of these elements (Cánovas et al., 2017). However, 

most research has been focused on REE and to a lesser extent Sc and U. The first stage in the 

recovery process is the extraction of valuable metals from metal-bearing materials, which is 

frequently performed by the use of aqueous extractants. Once dissolved, further steps are 

needed to concentrate and separate elements of interest. The final goal is to obtain the highest 

purity by refining and purifying the element to achieve a marketable product.  
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4.3.1. Metal recovery by acid leaching 

The most common approach to separate REE contained in PG is performed by leaching with 

dilute acids (i.e. H2SO4, HNO3) and subsequent recovery by solvent extraction or by precipitation 

with oxalic acid (e.g. Leveque et al., 1981; Jarosiński et al., 1993; Preston et al., 1996; Germeau 

et al., 2013). The type of acid and concentration, the solid to liquid ratio, temperature, and 

reaction time may have a significant influence on the extraction efficiency. Jarosiński et al. 

(1993) performed REE extraction in PG with nonylphenilphosphoric acid (NPPA) in kerosene and 

then re-extraction with 8M H2SO4, which allowed breaking the NPPA-REE complexes, and the 

precipitation of REE complexes (Fig. 2A). Optimal conditions were reached at temperature lower 

than ambient (0-10 °C) and acid concentration lower than 10% of H2SO4. As a result, these 

authors achieved a water-soluble concentrate with around 40% of REE2O3. 

Preston et al. (1996) reported higher leaching efficiencies with HNO3 instead of H2SO4, and 

maximum recovery of REE observed for 3M HNO3. These authors also studied the leaching 

efficiency after successive additions of fresh portions of nitric acid (2M) at a fixed solid-to-liquid 

ratio (1:1), reporting a high cumulative recovery (80% after four interactions), but with a high 

acid consumption. After leaching, a solvent extraction with tri-n-butylphosphate (TBP) and di-n-

butyl n-butylphosphonate (DBBP) allowed reaching a mixed REE oxide product of high purity 

(94-98%) (Fig. 2B). These authors also reported an increase in recovery with increasing 

temperatures, although the effect of temperature on the leaching recovery was reversible. 

Lokshin et al. (2002) also found HNO3 to be a more efficient extractant than H2SO4 for the 

recovery of REE from hemihydrate PG (different from the dihydrate obtained during the 

common wet process). Leaching with fresh portions of HNO3 led to a 96% recovery of REE, while 

only 7.8% of the calcium content went into solution. Walawalkar et al. (2016) also investigated 

the optimal extraction of REE using different acids (i.e. HCl, H2SO4, and HNO3). These authors 

reported optimal operation conditions at acid concentration of 1.5 M, 80 °C, solid-to-liquid ratio 
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(S/L) of 1:8 and 20 min of residence time for all three acids, but the leaching efficiency using 

nitric and hydrochloric acids was higher than using sulfuric acid. 

The addition of some reactants can improve the leaching efficiency of REE. In this sense, Preston 

et al. (1996) reported an improvement in recovery rates by adding Ca(NO3)2 to HNO3 solutions 

(from 35 to 76%). These authors attributed this improvement to the high calcium concentration 

in solution which tends to displace the REE from the gypsum, in which they are heterovalently 

substituted by calcium ions. However, these authors also consider the possibility of REE 

solubility that could be controlled by fluorides. The addition of Ca would complex F ions, allowing 

the REE to remain in solution. On the contrary, Lokshin et al. (2002) did not observe enhanced 

leaching of REE in PG upon addition of Ca(NO3)2 to the HNO3 solution. In fact, based on the high 

percentage of REE extraction compared to the low rate of gypsum dissolution, these authors 

concluded that REE are not incorporated into the gypsum lattice, but rather exist as separate 

phases. The same conclusion was obtained by Shivaramaiah et al. (2016) and Cánovas et al. 

(2018) in studies performed under laboratory and field conditions, pointing out at metastable 

amorphous precipitates of phosphate and fluoride as minerals hosting REE in PG. 

The existence of suitable technologies to extract REE from PG would justify the exploitation of 

these wastes; however, as pointed out by Cánovas et al. (2017), economic and market 

constraints may put in risk the development of these technologies at industrial scale. For 

instance, some initiatives become sub-economic due to the poor quality of the final product that 

does not meet the market specifications. Thus, improved refining processes are required to 

increase the purity of the final product which may control its market value. In addition, although 

the developed recovery technologies are cost-effective, they require significant financial 

investment and are subject to a relatively high degree of risk such as fluctuations of REE prices 

and feasibility to scale up the technological process (Kulczycka et al., 2016). 

4.3.2 Metal recovery by organic solvents 
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The use of organic solvents instead of acidic solutions for metal recovery from PG could provide 

some advantages: the largely reduced consumption of acids, a major reduction in the volumes 

of the leaching solutions, and the possibility of achieving a much higher selectivity for metal 

recovery compared to conventional hydrometallurgical leaching methods. This route was 

explored by El-Didamony et al. (2012; 2013) who investigated the possibility of releasing metals 

from PG with organic extraction agents dissolved in kerosene. They initially tested the usage of 

tributylphosphate (TBP) dissolved in kerosene, recovering a 69.8% of REE present in the solid 

material. The method was improved by using mixtures of TBP and TOPO (TOPO 1/4 

trioctylphosphine oxide) in kerosene with a recovery rate of around 80% (Fig. 2C), however, the 

authors did not quantify this improvement. 

Uranium is also extracted by TBP. Selectivity can be pH-controlled: U is extracted at very low pH 

values (0.6-0.7) whereas the maximum recovery of REE can be achieved at a pH of 1.0 where a 

precipitate starts to form (Habashi and Awadalla, 1986). Al-Masri et al. (2004) reported U 

recoveries of around 60% using 1M H2SO4. The same authors performed a sequential extraction 

in PG to study U (and other metals) partitioning among different solvents. Around 20% U was 

released by distilled water reaction. Slightly higher amounts of U were released from the gypsum 

crystal lattice (ammonium oxalate) and the acid-soluble fraction (HNO3+HCl+H2O2). Much lower 

amounts of U were reported linked to organic matter and the residual fraction. 

4.3.3 Chemical transformation of PG 
 
Another promising valorization route could be the chemical transformation of PG to obtain raw 

materials of economic interest. The recycling of PG can be approached by a process known as 

the Merseberg ammonocarbonation process (Fig. 3A) which yields ammonium sulfate, an 

excellent fertilizer, and calcium carbonate, a useful product for neutralization of acidic water 

(IAEA, 2013). This process has been used on a commercial scale in China, India and Indonesia. 

Almost all the radionuclides within the PG migrate to the calcium carbonate, leaving the 

ammonium sulfate fertilizer product lower in radioactivity than most natural materials (IAEA, 
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2013). Nevertheless, the process has found only limited use in practice because of abundant 

supplies of inexpensive ammonium sulfate from other industries. To overcome this barrier, the 

recovery of other elements of economic interest may be explored. So, Habashi (1985) followed 

the Merseberg ammonocarbonation route to recover REE from PG. The acidic leaching of REE-

rich calcite with HNO3 would yield REE in solution and the precipitation of CaNO3, also a by-

product of agricultural interest. Another way to recover REE would be the calcination of calcite 

to obtain CaO, which would be leached afterwards with ammonium carbonate. 

 
Kolokolnikov and Shatov (2008) induced chemical transformation of PG using washing soda 

(Na2CO3) into calcium carbonate and sodium sulfate (Fig. 3B). This reaction was investigated 

within the temperature range of 40–90 ˚C and the Na2CO3 concentration of 240–260 g/L. These 

authors reported an increase in transformation rate with increasing temperature; 80–90 ˚C and 

20–30 min yielded a 96–98 % conversion. However, these authors did not study in this paper 

the REE partitioning between different by-products of the reaction. A similar paper of 

Kolokolnikov and Kovalev (2009) reported an accumulation of REE in calcium carbonate (0.8% 

REE2O3) (Fig. 3B). These authors forced the transformation of CaCO3 into CaO by heating at 

950ºC, increasing the concentration of REE2O3 up to 1.2%. Afterwards, ammonium chloride 

(NH4Cl) was added to CaO, giving rise to an increase of Sr and REE in the solid residue that can 

be used as a potential resource. Kolokolnikov and Kovalev (2009) performed the acidic attack of 

this residue using HCl, H2SO4, and HNO3. They obtained a high efficiency recovery (> 90%) using 

15-20% of HCl at 80ºC during 60 min. In turn, the same conditions using HNO3 and H2SO4 did not 

get efficiencies higher than 60%.  

The induction of such mineral transformations could be a hopeful route for the recycling of PG. 

However, some obstacles must be overcome. For instance, the secondary raw materials 

obtained during the mineral transformation (i.e. calcite, ammonium sulfate, or sodium sulfate) 

must usually compete with abundant and inexpensive supplies from other industries. As 
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commented before, this could be solved encouraging the recovery of elements of economic 

interest contained in these by-products. In this sense, another problem to be solved is the 

preferential transference of target elements (i.e. REE) and impurities (i.e. metals and 

radionuclides) in Ca minerals during transformation. In addition, some of these processes 

require the consumption of energy and chemicals that can turn these schemes into sub-

economic at industrial scale. 

4.4. Applications in pollution prevention and remediation 

Industrial activity is the main source of metals to the hydrosphere. For this reason, industries 

have tried to mitigate the metal release by different approaches such as chemical precipitation, 

adsorption, ion-exchange, reverse osmosis or electrochemical reduction (Fu and Wang, 2011). 

Although, there are available technologies to successfully reduce the metal concentration from 

industrial effluents, they are usually expensive, especially for developing countries, the reason 

why much research has been devoted in the search of low-cost technologies based on cheap 

materials or wastes. Among them, the use of PG as a potential raw material in the production 

of substances to mitigate pollution has received recent attention. Kadirova et al. (2014) reported 

the joint application of PG and kaolin to produce a low-cost inorganic sorbent material. This 

mineral assemblage was thermally activated (500-1000 ºC for 2h) and the resulting material 

turned to be a good sorbent for ammonium, dihydrophosphate and nickel ions. On the other 

hand, based on the high content of Fe and Al oxy-hydroxides in red mud, which are reported as 

great As scavengers in nature (e.g. Carrero et al., 2015), Lopes et al. (2013) studied the 

enhancement of As retention by the addition of PG to red mud at different rates (from 1 to 25%). 

These authors observed that As adsorption increased upon increasing the proportion of PG in 

the mixtures due to the presence of Ca2+ which alters the charge balance of the adsorbent, 

leading to the formation of ternary complexes. Zhang et al. (2012) used PG as raw material to 

prepare hydroxyapatite nanoparticles via microwave irradiation technology with the aim of 
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studying the removal of fluoride from aqueous solution. This mineral has been previously 

recognized by its retention potential of metals and anions in surface and groundwater (e.g. 

Smičiklas et al., 2006; Sundaram et al., 2008). These latter authors found that fluoride adsorption 

by hydroxyapatite nanoparticle can be explained by electrostatic interaction and hydrogen 

bonds. A similar approach was followed by Balkaya and Cesur (2008) to study the adsorption of 

Cd on pre-conditioned PG. The PG was mixed with a 0.4% of lime milk to neutralize the water 

insoluble impurities and then, batch experiments were performed using a dosage of 10 g/L of 

sorbent. These authors obtained a high Cd removal rate, around 99%, using lime pre-

conditioned PG, although this process is strongly pH-dependent; removal is driven by adsorption 

at pH values of about 9.0 but it could be slightly enhanced by cadmium hydroxide precipitation 

at pH > 9.0. 

The use of PG has also been focus of research to mitigate air pollution. Mineral sequestration is 

a promising approach to the problem of managing and capturing carbon dioxide permanently 

and safely, and thus to mitigate the global warming. The mineral sequestration process involves 

a chemical reaction where aqueous cations (e.g. Ca or Mg) react with CO2 to form stable 

carbonate minerals. This route was explored by Zhao et al. (2015), following a similar procedure 

after Habashi (1985), using ammonia and carbonation under pressurized conditions in a one-

step process. As a result, an almost complete carbonation ratio (around 97%) was achieved in 5 

minutes, yielding calcite and ammonium sulfate which can be reused as raw materials (see point 

3.3.3 and Fig. 3A). However, these authors did not report the transference of impurities from 

PG to the resulting final products. This issue was in contrast addressed by Cárdenas-Escudero et 

al. (2011) by dissolving PG with NaOH to yield Na2SO4 and portlandite (Ca(OH)2) (Fig. 4A). This 

latter mineral proved to be very efficient CO2 sequester under carbonation even in 

environmental weathering conditions and CO2 was permanently captured in the form of calcite 

(Fig. 4A). However, these authors also reported the total transference of metals and metal(loid)s 

from PG to portlandite and finally to calcite. In that case, the purity of Na2SO4 would allow its 
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use by detergent or paper industries, while CaCO3 could be used for acid mine drainage (AMD) 

remediation due to the amount of metal(loid)s transferred from PG to calcite is total but 

negligible compared to the content existing in AMD. On the other hand, Contreras et al. (2015) 

traced the transfer of radionuclides through PG carbonation. As occurred for metal(loid)s, a 

complete transference of radionuclides from PG to the final product was observed. In the case 

of 226Ra, the most important radionuclide in PG, it is not surprising its behavior through the 

process due to their chemical affinity with Ca. These authors highlighted the hazardousness of 

these products (i.e. portlandite and calcite); according to the EU regulations both are NORM 

materials and their commercialization must be controlled. On the other hand, the described 

processes rely on the consumption of pure reagents (i.e. ammonia, soda) whose costs and 

energy consumption of their production may put in risk the economic viability of the process. 

This problem can be overcome by the use of by-products and wastes generated in industrial 

processes. In this sense, Romero-Hermida et al. (2017) studied the PG carbonation using liquid 

wastes of the aluminum anodizing industry (Fig. 4B). 

The use of PG to mitigate other greenhouse agents have also been explored. Hao et al. (2005) 

studied the effect of PG on greenhouse gas emissions during cattle manure composting. These 

authors added PG at target rates of 10, 20, and 30% of manure dry weight and monitored the 

composting process during 134 days, when the windrow temperature dropped below 40ºC. 

During the composting process, the emission of N2O was not affected by PG addition. On the 

other hand, PG addition reduced the emissions of CH4, attributed to the increased content of 

sulfate that may enhance the interaction between sulfate-reducing bacteria and methane-

producing bacteria. Luo et al. (2013) came to the same conclusions after adding PG during 

composting of mixtures of pig manure and cornstalks. These authors reported a significant 

decrease in CH4 emissions with PG addition rate at 5% and 10% of mixture dry matter, but no 

significant effect on the emission of N2O was detected. The addition of PG has also been tested 

to reduce gas emissions during kitchen waste composting, which physical and chemical 
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properties vary widely from those of animal manure. Yang et al. (2015) reported that the 

addition of 10% of PG drastically reduced CH4 and NH3 emissions by around 86% and 24%, 

respectively, while increased around 3.2% the N2O emissions. In total, a reduction of around 

17% of greenhouse gas emissions was obtained by adding PG during kitchen waste composting. 

The use of PG has also been tested in applications aimed at prevention of pollution. For instance, 

Li et al. (2017) studied the manufacturing of cemented paste backfill (CPB) for underground 

disposal of tailings and industrial by-products using PG and an artificial cementitious agent (CA) 

composed of ordinary Portland cement, fly ash, yellow phosphorus waste, and lime. These 

authors reported the suitability of PG (a ratio PG:CA of 4:1) to produce materials to prevent 

pollution in mining and industrial sites. However, the amount of binder agents required during 

the manufacturing of PG-based CPB (over 14%) was higher than that used in common CPB (3-

7%) due to the high acid and sulfate contents in the PG. This problem could be solved if raw PG 

is washed previously to the PG-based CPB manufacturing. Unless other studies dealing with 

manufacturing of materials from PG, the leaching potential of the PG-based CPB was assessed, 

resulting in a low release of pollutants during the leaching tests due to the stabilization by 

cementation. In the same way, Çoruh and Ergun (2010) studied the application of PG as a liner 

material for the disposal of hazardous zinc leach residue waste. These authors reported a drastic 

reduction of trace metal content in the leachate when adding 10% of PG as liner. However, they 

recommend the use of other more efficient wastes (i.e. fly ash and red mud) which were also 

tested. 

4.5. Applications in the industrial sector  

The use of PG as raw material has been explored in a variety of industrial processes. For instance, 

PG has been tested as oxygen carrier during syngas generation. Yang et al. (2017) reported that 

PG has high reactivity and high oxygen transport capacity to contribute to syngas production in 

an environmentally and cost-effective manner. These authors also recommended, using a 
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PG:lignite ratio of 1:5, to reduce the size of PG particles for shortening the time of reaction 

equilibrium, and avoiding sintering. Another example of PG recycling as raw material is its use 

as fillers in paper making that can provide cost and energy savings, improved paper properties, 

increased productivities, and specifically desired paper functionalities. This route has been 

studied by Mechi et al. (2017) who used raw and pretreated PG samples (i.e. washing and 

calcination) to prepare PG fillers to be added to paper pulp in an amount of 5 to 15%. As a result, 

these authors concluded that the optical properties of the filled paper were strikingly enhanced, 

while the strength properties were practically negatively influenced. However, as in other 

applications involving PG, the transference of pollutants was not evaluated by these authors. 

Other examples of PG recycling in the industrial sector as a raw material can be found in the 

metallurgical industry. Jena et al. (2016) studied the extraction of K from feldspars by roasting 

and leaching using NaCl and PG as a source of Cl and Ca, respectively. These authors reported 

an increase of extraction from 61% to 92.5% with the addition of PG during the process. 

5. Legal, socio-economic and environmental considerations 

The policy of stacking, regarding the indefinite restraint of PG as the best option, is now under 

pressure on reasons of cost, safety and environmental impact and because it erroneously 

considers a recyclable material as a waste, for which there are increasingly stringent controls on 

disposal (Hilton et al., 2010). In some cases, the reason for compulsory stacking is somewhat 

definitional, as in the United States, where PG is characterized by the US Environmental 

Protection Agency (USEPA) as a waste of no commercial value. In fact, there is no clear unanimity 

among different countries about the characterization of these wastes. This issue was highlighted 

by Macías et al. (2017), who reported the discrepancies observed between EU and US 

regulations dealing with hazardousness classification of these materials. Following 

contemporary definitional trends, however, PG must be reclassified as a potential resource. The 

valorization of PG may contribute to a reduction of environmental and social impacts, 
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nevertheless industry and policy makers must face different political, technical, economic, and 

environmental challenges (Table 4). The first challenge to be overcome is the paradigm shift 

needed to consider a waste as a raw material. The use of secondary or recycled materials has 

traditionally met resistance in the industrial sector and only obtains acceptance after proved 

experience is attained. 

As described above, the recycling of PG has attracted the interest of much research in recent 

years (Fig. 1), giving rise to several technologies to valorize this unwanted by-product. These 

technologies have been successfully tested at lab or pilot scale. However, some factors may limit 

its application at real scale. The valorization of PG may face legal requirements before 

application. For instance, since 1989 PG stacking in the US became a legal necessity when the 

USEPA banned its use. However, in 1992, this rule was modified to allow the use of PG with an 

average Ra-226 concentration below 10 pCi/g for agricultural application as a soil amendment 

(FIPR, 2016). This limit is based on the dose of radiation, calculated by the EPA that a person 

might receive under a series of scenarios in which PG could be used. This strict limit constitutes 

an absolute barrier to PG valorization in the US, which generate 37% of PG worldwide, due to 

the availability of large amounts of low-cost natural gypsum produced as a by-product of coal-

fired power plants (FIPR, 2016). As a result, there is an oversupply of gypsum and the market for 

the PG generated by the fertilizer industry has been limited. 

Another challenge to be faced by recycling technologies is to treat the increasing loads of PG 

generated worldwide. Many applications of PG valorization consume low amounts of PG, thus 

the demand of the resulting product is limited and cannot satisfy the purpose of mass 

consumption. In this sense, the most promising applications are found in agriculture and road 

construction, where large amounts of PG are used. However, there is still a lack of information 

about the potential release of metals and radionuclides during the life time of certain 

applications. For instance, one of the main environmental concerns of its use as building material 
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is the radon exhalation, which must be considered of critical importance. For these reasons, case 

by case studies on metal and radionuclide release must be performed before application for 

safety purposes. This need is supported by the high variability of physical and chemical 

characteristics in worldwide PGs that could make certain PG unsuitable for the projected 

valorization route.  

On the other hand, the application of technologies may suffer from technical and economic 

constraints: most of available technologies are quite expensive and its development is complex. 

Some technologies developed to valorize PG need a physical or chemical pretreatment which 

may consume much energy and reagents, increasing thus the costs. For this reason, the costs 

generated by implementing each technology must be estimated and compared to the rest of 

potential solutions in order to assure the return on investment and the cost efficiency of the 

valorization scheme. 

In addition, the different valorization routes may cause a secondary pollution. In this sense, the 

environmental impact associated to each technology may be evaluated and compared with that 

caused by disposal conventionally performed close to fertilizer plants. This issue can be 

approached by Life Cycle Assessment (LCA), a cradle-to-grave approach to assess the cumulative 

environmental impacts resulting from all stages in the life of a product or a process. This 

approach was followed by Belboom et al. (2015) to determine the most environmentally-

friendly route to produce phosphoric acid. This methodology also allows combining 

environmental and economic factors during the assessment of each process. For instance, 

Kulczycka et al. (2016) studied by applying a LCA methodology the most effective solution for 

the management of PG in the Wizôw plant (Poland) taking into account both aspects. These 

authors assessed the environmental impacts and economic feasibility of land disposal and the 

recovery of REE by leaching with sulfuric acid and subsequent crystallization of REE oxides. That 

study found that PG landfilling had much less impact on the environment than the proposed 
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valorization technology even though this latter option took into account the potential beneficial 

environmental impacts associated with the acquisition of new materials: REE concentrates and 

anhydrite. In that case, the key factor affecting the impact of the proposed valorization 

technology was the excessive use of technological steam which required a large consumption of 

natural gas. Therefore, more sustainable technologies must be developed and compared to 

alternative options in order to address this technological and environmental quandary. 

Another aspect to be considered is the social externality associated with the traditional 

production of goods compared to that related to recycled products. Teah and Onuki (2017) 

performed a social life cycle analysis (SLCA) to contrast the social impacts associated with 

mineral and recycled P fertilizers using the case study of Japan. These authors recommend 

including not only economic factors in the decision making of recycling policy but also social 

factors such as health and safety, resource security, human rights or equity. The health and 

safety aspects of PG stacking cannot be absolutely ignored. The impact of these waste 

containments on the human health and safety may be noteworthy (Zakharova et al., 2002) and 

the settling of these industrial repositories commonly find social rejection. 

Conclusions 

The phosphate fertilizer industry is witnessing double-digit growth in order to maintain the 

farming production worldwide, however produces huge amounts of an unwanted by-product 

known as phosphogypsum (PG) which is commonly stacked near the fertilizer plants. This study 

reviews the different potential applications for this by-product, providing some insights into the 

new valorization routes and critically describing the pros and cons of each approach. The policy 

of stacking is however under pressure by reasons of cost, safety and environmental impact and 

because it erroneously considers a potentially recyclable material as a waste. Much research on 

PG valorization has been done in the last years, mainly in agriculture, building and in industrial, 

environmental, and energy applications. However, the successful development of these 
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technologies/applications met resistance due to social, political, technical, and economic 

constraints. 

The first challenge to be overcome is the paradigm shift needed to consider a waste as a raw 

material. The use of secondary or recycled materials in the industrial sector has gained attention 

but only after proved experience is achieved. Many valorization routes consume low amounts 

of phosphogypsum, thus the demand of the product is limited and cannot satisfy the purpose of 

mass consumption. In this sense, the most promising applications are found in agriculture and 

road construction, where larger amounts of this material are used. However, there is still a gap 

of information about the potential release of metals and radionuclides during the life-time of 

certain applications, mainly in building. For this reason, case by case studies on metal and 

radionuclide release must be performed before application for safety purposes. The application 

of technologies may suffer from technical and economic constraints; some available 

technologies are quite expensive and its development is complex or the material needs a 

physical or chemical pretreatment which may consume much energy and reagents, increasing 

thus the costs. Therefore, costs generated by each technology must be estimated and compared 

to the rest of potential solutions to assure the return on investment and the cost efficiency of 

the valorization scheme. Valorization routes may also cause secondary pollution which must be 

evaluated and compared with that produced by other options, including in this assessment the 

social externalities that are not commonly considered.  
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Figure 1. A) Number of publications dealing with PG in the last 40 years; B) main subjects of 
interest on PG research.  
 

 
 
Figure 2.  Some examples of REE recovery schemes developed at lab scale. 
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Figure 3.  Some examples of PG transformation into raw materials of commercial interest. 
 
 

 
Figure 4.  Some examples of CO2 sequestration using PG and obtaining of raw materials of 
commercial interest. 
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Tables 
 

 
 
Table 1.  Worldwide production of phosphate rock in 2015 and 2016, potential reserves and PG 
generated (modified from USGS, 2017). 
 

 
 
Table 2. Typical and maximum activity concentrations in common building materials and 
phosphogypsum used for building materials in the EU (from EC, 1999). 
 
 
 
 
 

Reserves
2015 2016

United States 27 28 1100
Algeria 1.40 1.50 2200
Australia 2.50 2.50 1100
Brazil 6.10 6.50 320
China 120 138 3100
Egypt 5.50 5.50 1200
India 1.50 1.50 65
Israel 3.54 3.50 130
Jordan 8.34 8.30 1200
Kazakhstan 1.84 1.80 260
Mexico 1.68 1.70 30
Morocco and Western Sahara 29 30 50000
Peru 3.88 4.00 820
Russia 12 12 1300

4.00 4.00 680
Senegal 1.24 1.25 50
South Africa 1.98 1.70 1500
Syria 0.75 1800
Togo 1.10 0.90 30
Tunisia 2.80 3.50 100
Vietnam 2.50 2.80 30
Other countries 2.47 2.41 810

241 261 67825
Potential PG Generation 1145 1239
data are expresed in million tons

Mine production 

Saudi Arabia

World total production

Material

226Ra 232Th 40K 226Ra 232Th 40K

Concrete 40 30 400 240 190 1600

Aerated  and light-weight 
concrete

60 40 430 2600 190 1600

Clay (red) bricks 50 50 670 200 200 2000

Sand-lime bricks 10 10 330 25 30 700

Natural building stones 60 60 640 500 310 4000

Natural gypsum 10 10 80 70 100 200

Phosphogypsum 390 20 60 1100 160 300

Typical activity concentration 
(Bq kg-1)

Maximum activity 
concentration (Bq kg-1)
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Table 3. Some examples of PG application in agriculture. 
 

 
Table 4. Potential application sectors of phosphogypsum, main advantages, drawbacks and 
associated solutions. 

Table 3. Some examples of PG application in agriculture 

Applications Treatment Results References 
PG type/composition Dose   

Improving soil structure and crop yield  PG (85% CaSO4, and particle size, 2 mm) PG alone (2 and 4 Mg ha-1). PG mixed with dissolved 
polyacrylamide (PAM 20 Kg ha-1 and PG 2 Mg ha-1; 
PAM 20 Kg ha -1 and PG 4 Mg ha-1 ) 

Preventing the dispersion of the clay, and subsequently decreasing soil 
loss 

Tang et al. (2006) 

Controlling surface sealing and reducing 
runoff and soil erosion  

Gypsum (chemical treatment, PG from 
Bortow, Florida: 95% CaSO4·2H2O) 

Gypsum powder at 5 Mt ha-1. 1Kg m-3 PAM solution 
(prepared in 2.5 mol m-3 gypsum solution) 

Reduction of seal-crust formation, runoff, and erosion Zhang et al. (1998) 

Acidic soils (non-allophanic Andosol) Gypsum (CaSO4·2H2O) Gypsum + 4.3 g kgí� soil samples; Gypsum + 8.6 g Kgí� 
soil samples 

Root growth in horizons poor in humus and decrease in Al release Takahashi et al. (2006) 

Reduction of the avaliability of Pb, Zn, and 
Ni in a metal-spiked acid soil   

PG and RG (Fertiberia S.A., SW Spain) Portions of 210 g of soils mixed with PG and RG alone, 
and with other industrial by-products (sugar foam and 
ashes from burnt biomass ACB) 

Decrease of metal (Pb, Zn, and Ni) leachability by formation of non-
cristalline Al-hydroxy polymers 

Rodriguez-Jordá et al. 
(2010) 

Phosphorus fertilizer recovery from marsh 
soils 

Gypsum (Fertiberia S.A., SW Spain) Gypsum at 6, 20, 100 g Kg-1 added to marsh soils with 
200 or 2000 mg PKg-1 applied as NH4H2PO4 

Increase the efficiency of fertilizer P, contributing to enhanced 
productivity of freshly reclaimed saline and sodic marsh soils 

Delgado et al. (2002) 

Evaluation of the bioavailability of metals  
(As, Cd, Cr, Co, Cu, Hg, Ni, Pb, Se, Zn) and 
radionuclides (226Ra, 228Ra and 210Pb) 
present in PG  

PG and phosphate fertilizers from Copebras 
S.A., Ultrafertil S.A., and Fosfertil (Brazil) 

NI PG presented metals concentration lower than the phosphate fertilizers. 
The radionuclides present in PG and fertilizer were not available to the 
environment 

Saueia et al. (2013) 

Evaluation of the bioavailability of REE, Ba 
and radionuclides to the surrounding aquatic 
system 

Phosphate rocks from Catalão I carbonatite 
complex (Brazil); PG from two Brazilian 
producers of phosphoric acid 

PG as water-soluble phase PG is enriched by 226Ra, 210Pb, 232Th, 228Ra, REE and Ba during the 
treatment of phosphate rock with sulphuric acid but without representing 
a threat to the surrounding aquatic environment 

Santos et al. (2006) 

Estimation of the lixiviation of the 
radionuclides (238U, 226Ra, 210Pb, 210Po, 232Th 
and 228Ra) and metals (As, Cd, Cr, Ni, Se, 
Hg and Pb) present in PG 

PG from Vale Fertilizantes Industry 
(Uberaba, Minas Gerais State), Installation 
(PG UBE) and in the unit of Cubatão (PG 
CUB, São Paulo State) (Brazil) 

Sandy and Clay Brazilian soils mixed with PG 
(percolated with water): 5 kg of soil + two types of PG; 
mixture of soil + recommended dose and mixture of soil 
+ 10 times the recommended dose + distilled water 
(sandy soil 1400 mL; clay soil 2400 mL) 

No enhancement of the radionuclides and metals content in water was 
observed 

Nisti et al. (2015) 

Soil amendment to reduce Na saturation in 
soils 

PG from a non-active PG stack in Huelva 
(Fertiberia, SW Spain)  

Cotton and sugar beet crops; 25 Mg haí� PG in April 
2003 and September 2004, applied in triplicate in 0.5 ha 
(250×20 m) plots 

Significant increment in 226Ra-concentration in three-decade application 
of PG soils. Cd concentrations in tomato fruits one order of magnitude 
higher than those found in tomatoes from a market survey but within the 
European-Union acceptance levels  

Abril et al. (2008) 

Ca-amendment to reclaim sodic soils PG from a non-active PG stack in Huelva 
(Fertiberia, SW Spain) 

Industrial tomato crop; four PG treatments equivalent to 
0, 20, 60, and 200 Mg haí� 

Decreased concentrations of Mn, Co, and Cu in shoots; and B, Cu, Sb, 
Cs, Ba, Tl, and Th in fruits. Enhanced accumulation of Se in fruits. Cd 
concentrations in tomato below the maximum allowed levels in control 
pots (0 Mg PG haí�) 

Enamorado et al. (2014) 

Assessing the impact of PG amendments on 
the soil habitat and retention functions, 
before recommending the use of Sfax PG as 
a soil fertilizer 

PG from Tunisian industrial plant (Sfax, 
Tunisia) 

OECD artificial soil mixed with PG percentages (0.0, 
4.9, 7.4, 11.1, 16.6, and 25) and elutriates obtained from 
OECD soil batch amended with PG percentages (0.0, 
6.25, 12.5, and 25) 

Acute and chronic effects on invertebrates exposed to amended soils 
and elutriates related mainly to the extremely high levels of Ca. 
Terrestrial and aquatic plants were the most tolerant species. No 
stimulatory effects on growth were observed for any of the species 
tested 

Hentati et al. (2015) 

Additive during composting  NI NI Addition of PG during composting may avoid ammonia volatilization 
due to the formation of ammonium salts ((NH4)2SO4) retaining N and 
avoiding nutrient imbalance by reduction of the N:P ratio 

Eghball et al. (1997) 

Effectiveness of PG and superphosphate in 
controlling ammonia losses  

PG (17.93% S) and ground simple 
superphosphate (19.31% total P2O5 and 
12.93% S) 

PG and superphosphate applied at the rates equivalent to 
50, 100, 150, and 200 kg.t-1 of prepared substrate 

Ammonia lost decreased by volatilization due to the presence of 
gypsum or sulfate 

Prochnow et al. (1995) 

The effects of PG and zeolite amendments 
on reducing N loss and concurrent changes 
in carbon (C) and dry matter losses 

PG sample from a P fertilizer manufacturing 
company (Namhae Chemical, Yeosu-city, 
Chonnam province, Republic of Korea) 

A ratio of cattle manure, bulking agents (i.e. rice hull, 
sawdust) and amendment (i.e. zeolite, PG) of 2:2:1  

Decreased total N loss; reduced N, C, and dry matter loss in mesophilic 
composting. Reduction in N loss  in mesophilic composting 

Lim et al. (2017) 

NI, non indicated; PG, phosphogypsum; RG, red gypsum 

PG Valorization Advantages Drawbacks Solutions/Tools
Legal barriers

Reluctance to consider PG 
as raw material

Agriculture Energy saving Consumption 
requirements

Source of raw material Preservation of mineral 
resources Technical constraints

Industrial Sector Reduction of landscape 
impacts PG heterogeneity Site by sites studies

Energy sector Reduction of social 
impacts

Classification 
discrepancies

Harmonization of 
International rules

Secondary pollution

Social Impact

Social and political 
awareness

Research and development

Social Life Cycle Analysis 
(SLCA)

Building Reduction of pollutants

Pollution prevention 
and remediation

Reutilization of derelict 
industrial sites for other 

land uses


