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Abstract

:

The phosphate industry produces huge volumes of waste (hundred million tons per year). These wastes are generally surface landfilled, leading to significant environmental impacts and a large footprint. The current practices of phosphate waste management, the typology of the waste streams and their characteristics, and finally their potential applications are reviewed. All the waste streams generated during the life cycle of phosphoric acid production going from the extraction of phosphate rock to its enrichment and transformation are considered. Great circularity opportunities have been identified and they aim (i) to recover the residual phosphorus and other critical minerals and metals, and (ii) to consider phosphate wastes as alternative resources in the civil engineering and building sectors. The purpose is to shift from linear thinking to circular thinking where synergy between different mining and other industries is highly encouraged. By doing so, opportunities to safeguard natural resources and to minimize the environmental and societal impacts are limitless. However, many challenges are still limiting this shift: economic and technical constraints, societal and policy-makers’ awareness, regulation harmonization and finally knowledge gaps. More efforts and investment in research and development are still required to reach the zero-waste target.
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1. Introduction


The phosphate mining industry is vital for worldwide food security. Phosphorus is used mainly in the fields of agriculture, medicine, food, chemicals, etc. The largest phosphate deposits (50 billion tons) are located in Morocco (Figure 1), while the four main producers are China, Morocco, the USA and Russia (Figure 2) [1]. It is estimated that more than 270 million metric tons of phosphate rock was produced during 2017 [1], which represents an increase of more than 45% in comparison to 2000. After this production peak in 2017, production has slightly decreased to 223 million metric tons of phosphate rock in 2020 [1]. This is due mainly to the production decrease in China, shifting from 140 million tons (2017) to less than 95 million tons (2020) [1].



Phosphate rock may occur in different mineralization forms: sedimentary ores, igneous ores, metamorphic ores, and biogenic ores. Sedimentary phosphate deposits are principally composed of apatite and associated gangue minerals (calcite, dolomite, quartz, and clays) and metals (fluoride, cadmium, arsenic, uranium, and mercury). With increasing demand due to global population growth, the high-grade phosphate deposits are being depleted and the need to explore low-grade phosphate ores is growing. The current phosphate supply chain includes the extraction of phosphate rocks (mostly open pit), beneficiation (screening, desliming, and froth flotation), chemical transformation (wet phosphoric acid process), and phosphate fertilizer production (different kinds) [2]. As a result, the beneficiation of these low-grade ores will require additional water sources, energy, and chemicals, and will lead to the production of high volumes of solid wastes with potential environmental impacts.



The phosphate mining industry, as it is the case for almost mining industries, has followed a linear consumption and production model, where wastes are continuously produced and stored in waste rock dumps and tailings storage facilities. The volume of these wastes is increasing due to the growing demand for phosphorus in different sectors [3]. The stripping ratio is an informative tool to estimate roughly the volume of waste to be produced. If we consider a stripping ratio between 3:1 and 12:1, for 260 Mt of phosphate rock production, between 780 Mt and 3120 Mt of waste rock was produced in 2017 alone. To this, we should add the tailings from beneficiation processing and phosphogypsum from the chemical plants. These wastes are generally considered as a source of pollution and additional management costs (rehabilitation and restoration).



With the depletion of nonrenewable resources and high-grade ores, the difficult treatment of low-grade and complex ores, and the challenge of increasing waste generation, major focus is currently given to implementing a circular economy approach in the global mining sector. The goal is to strive towards circular supply chains rather than the current linear extractive models. In other words, the purpose is to close loops to simultaneously safeguard natural resources and to minimize the environmental and societal impacts of this industry. Novel sustainable and ecofriendly strategies are required to minimize waste generation, to optimize energy consumption, to decrease the possible environmental impacts on air and water, and finally to encourage the reuse of generated wastes. It was reported that a circular economy approach could generate an estimated material cost savings of 1 trillion USD by 2025 [4]. Kinnunen [5] reported that the European commission has estimated that 600 billion EUR can be saved for EU businesses and 580,000 jobs can be created by 2030 as a result of circular economy thinking. In the academic world, many research funding project calls were launched worldwide in the recent decade to tackle this big challenge. For example, in Europe, a call titled “Waste: A resource to recycle, reuse and recover raw materials (H2020-WASTE-2014–2015)” [6] was launched in 2015 with a budget of 54 million EUR. In 2021, another call for research titled “Raw materials for the sustainable development and the circular economy” [7] was launched by a pan-European network of research funding organizations, supported by EU Horizon 2020 with a budget of 19 million EUR. The aim of these project calls is to finance collaborative research and innovative mining projects related to, among others, circular design for resource efficiency, recycling, and reuse of end-of-life products. Several review papers were recently published to highlight the importance of the circular economy [8,9,10,11].



The implementation of the circular economy concept in the mining industry is still in the initial stages. The focus of this manuscript is to draw some responses to the challenges faced by waste generation in the phosphate mining industry, one of the largest waste streams in the global mining sector): How can phosphate wastes be returned to the process as an input rather than being disposed of or becoming a pollutant? How can phosphate wastes build capital rather than decrease it? What if the wastes of today become the resources of tomorrow? Is it possible to shift from linear to circular thinking? What are the main challenges and opportunities? How can these novel management strategies be adopted by the phosphate industry? Responses to all these questions are developed further in the following sections.



This review aims to: (i) present the different kinds and characteristics of solid wastes produced during the extraction, beneficiation, and transformation of sedimentary phosphate ores, (ii) present the environmental impacts related to these wastes, (iii) highlight current management methods, and (iv) present the potential opportunities related to circular economy thinking.




2. Methodology


This work is based on an integrative and critical literature review in which only peer-reviewed scientific articles were evaluated. It aims to identify the main conceptual gaps in phosphate waste management and to present novel perspectives. Research papers were selected based on a careful analysis of the title, keywords, and abstract. The content of the selected papers was evaluated to identify their relevance and suitability to the objectives of this article. The following keywords were used in the search: sedimentary phosphate, phosphate byproducts, phosphate clay sludge, phosphate tailings, phosphate waste rock, phosphogypsum, and phosphate mine waste. Scopus and Google Scholar were the main databases used. The study covered all the published papers in the period between 1970 and 2020 and a focus was given to the recovery of critical raw materials (phosphate, REE, U, etc.) and use of waste outside the mine site. Papers dealing with waste water sludges as a source of organic phosphorus were not considered. Only solid wastes coming from the exploitation of sedimentary phosphate deposits were targeted in this study. It was observed that the number of published papers in the recent 50 years showed an increasing trend (Figure 3). This indicates that the concerns for such a topic are receiving greater attention. The majority of research studies focused on the physical, chemical, mineralogical, and radiological characterizations of different kinds of phosphate wastes. The environmental impacts of wastes and their reuse, recycling, valorization, and utilization in other sectors such as construction and building materials, agriculture, water treatment were evaluated.




3. Phosphate Waste Streams and Characteristics


Only solid wastes are considered in this paper. Liquid and gaseous emissions are not considered. To have an idea about the properties of solid waste material, it is important to understand their source and processes. Seven major waste streams are recognized and listed in Table 1. Three waste categories are generated during mining operations, three others during beneficiation, and one during the chemical transformation.



Each waste is the result of a particular step in the mining, beneficiation and transformation process. These wastes differ because of various factors: the geological setting of the ore, its depth and geometry, the grade of the phosphate minerals, and the extraction and treatment process. Figure 4 highlights the different waste streams in a phosphate supply chain.



3.1. Mining/Extraction Operations Waste Streams


The most common steps during phosphate mining are the removal of the topsoil and overburden and the extraction of phosphate layers through open pit mining activities. Several methods are used to process phosphate ores [12]. Open-pit mining methods are generally known to generate more waste rock than underground mining. The stripping ratio is an important parameter in phosphate mining not only to estimate the costs of extraction but also to predict the volume of waste produced during mining operations. This ratio could reach a maximum of 11:1 depending on the phosphate orebody thickness and depth [13]. A ratio of 11:1 means that more than 11 tons of waste rock would be produced to extract 1 ton of phosphate rock.



After blasting, large electric walking draglines are the most widely used mining technique for the removal of the overburden and the preparation for excavation of the phosphate ore [12,14]. The overburden and nonphosphatic layers are mined using a dragline machine and deposited directly as a mixed waste stream called “exploitation waste rock”. The extracted phosphate (mixed with gangue rocks) is then sent to the crusher and sieved to remove the coarse particles, generally > 60 mm, creating a second waste stream called “destoning waste rock”. The passing material is then sieved to remove particles generally > 10 mm, creating a third waste stream called “screening waste rock”. Those wastes are surface landfilled close to the mine site to avoid high transport costs.



The overburden and waste rock are highly heterogeneous and mainly composed of clays, limestones, marls, flintstone, sand, and residual phosphate minerals [2]. Due to this heterogeneity, the management and reuse of these wastes is complex and requires the use of more sophisticated techniques such as ore sorting. Therefore, for a successful mine closure and sustainable rehabilitation, it is important to consider the heterogeneity of the overburden layers and the excavation method in the early stages of the mine project development plans.




3.2. Beneficiation Processing Waste Streams


Phosphate beneficiation is generally used to upgrade the apatite content by removing the low-grade ores and gangue minerals (clays, limestones, etc.). Mixing, screening, washing, and flotation are the main processes used in the phosphate beneficiation plants in Morocco [12]. Upon arrival at the beneficiation plants, the low- and medium-grade phosphate ores undergo a wet sieving around 2 mm, creating a fourth waste stream called “beneficiation waste rock”. The removed materials are washed and landfilled in waste rock piles. After phosphate desliming in hydrosizers and hydrocyclones, a very fine and silty material is generated, called “phosphate sludge −40 µm”. After flotation processing, limestone and silicate minerals are floated together using ester and amine collectors (reverse cationic flotation) creating a sixth waste stream called “froth tailings”. Currently, froth tailings and phosphate sludges are mixed and stored in beneficiation tailings ponds over an area of several dozen hectares. The disposal of these tailings can present many risks related to the stability of the ponds.



The storage of the phosphate sludge and froth tailings is considered problematic due to the large environmental footprint of the tailing ponds, the large volumes of waste, and the associated restoration costs. The reclamation and restoration of these tailings ponds is generally not easily attainable due to the poor physical properties, low hydraulic conductivity, and heavy metal content [15]. It is estimated that one ton of phosphate sludge (froth tailings and clays) is generated for each ton of final phosphate product [16].



The chemical and mineralogical compositions of these sludges and tailings are highly variable and depend on the geological context of the extracted ores. The major minerals found in Moroccan phosphate beneficiation wastes include quartz (SiO2), clays (montmorillonite (Si8Al3.5Mg0.5O20(OH)4), illite ((K,Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), and palygorskite ((Mg,Al)2Si4O10(OH)·4(H2O))), limestones (dolomite (CaMg(CO3)2) and calcite (CaCO3)), and residual phosphate minerals (fluorapatite (Ca5(PO4)3F)). These findings are in accordance with the results from other studies [17,18,19]. The proportion of these minerals in beneficiation wastes varies significantly among sites. Beneficiation plants often mix different phosphate ores from different sources in response to customer specifications (i.e., impurities content such as Cd, MgO, etc.).



Clays are mostly removed because they can affect the performance of the flotation process by coating the surface of phosphate minerals (known as slime-coatings) and increasing reagent consumption. Carbonate minerals are removed to improve the quality of the phosphate rock and to avoid any downstream processing issues, particularly during the production of phosphoric acid. These issues can include increased sulfuric acid consumption (high production costs) and low phosphogypsum filtration performance due to the increased fluid viscosity, mainly due to the presence of dolomite [2]. However, it is important to note that the removal of dolomite by flotation is reported to be difficult, as it presents similar surface properties as apatite [20,21,22]. The same problem was also reported with calcite [23,24]. These carbonates are removed using flotation, or sometimes calcination at high temperatures (700–850 °C) if the flotation processing is insufficient. The removal of quartz by flotation is crucial to avoid equipment erosion, high filtering costs, and increased pumping costs [2].




3.3. Chemical Transformation Waste Streams


To produce phosphoric acid, phosphate rock is chemically digested using sulfuric acid leading to the production of phosphgypsum. For each ton of phosphoric acid, five tons of phosphogypsum are produced. This category of waste is heavily studied in the literature and many reviews have been published [25,26]. In 2015, the world production of phosphoric acid was around 83 million tons [27]. Consequently, around 415 million tons of phosphogypsum was produced in 2015 alone.



As it is the case for the other waste streams, the properties of phosphogypsum are widely variable and depend on the nature of the phosphate rock, the chemical process, the disposal method, and many other parameters [28]. Phosphogypsum is mainly composed of gypsum, insoluble apatite, residual acids (H3PO4, H2SO4, and HF) and trace elements (F, REE, As, Cd, Cr, Pb, etc.). Many studies have been conducted to characterize phosphogypsum and its properties [29,30]. The environmental protection agency of the US (USEPA) has classified phosphogypsum as a “technologically enhanced naturally occurring radioactive material” (TENORM). It is called so because the most of naturally-occurring radionuclides (mainly uranium, thorium and radium) in phosphate rock remain in this byproduct. As a result of the concentration of radionuclides, phosphogypsum is considered more radioactive than the original phosphate rock.





4. Environmental Impacts and Management Methods


4.1. Environmental Impacts


As in any extractive industry, enormous volumes of solid waste materials are produced during phosphate mining that have no current economic value and may present various potential impacts on environmental ecosystems. Large areas of land (many thousands of hectares) are commonly affected when surface mining is undertaken, including disturbance of land surface, removal of topsoil, excavation of ore and overburden, and construction of overburden dumps or solar evaporation ponds [12,31]. Two examples are highlighted in Figure 5 and Figure 6. Figure 5 highlights the evolution of the environmental footprint related to phosphate extraction in an arid region in Morocco during the period between 1984 and 2020. In this case, two main problems have been encountered: occupation of large areas and dust generation. In Florida (Figure 6), in addition to occupation of large areas, many problems related to mine water drainage were reported [32,33]. The same problem was also observed in China where high ammonia nitrogen (NH4+), nitrate (NO3−), fluoride (F−), and total nitrogen were detected in the outfalls of phosphate mining regions [34].



The topsoil and overburden are commonly placed in the proximity of the extraction sites in dumps designed for future rehabilitation and revegetation. However, the removal of topsoil and surface vegetation may affect not only the hydrological cycle and biodiversity of the area but may also lessen the arable lands used for agricultural purposes. It was demonstrated that the waste rock and sludge produced by the phosphate industry do not contaminate the quality of water (groundwater, nearby surface water, etc.) due to the presence of alkaline carbonate minerals and absence of sulfidic ones [35,36,37]. The effects of these wastes are mostly localized and confined to the mine site. It was reported in Florida that more than 73,000 ha of land were mined for phosphate between 1975 and 2005 [15]. From the large area that was mined, only 64% was completely reclaimed. It was estimated that a minimum of 100 years would be required to achieve a full restoration of mines in Florida (USA) if ecologically engineered practices are followed, or more than 500 years for natural attenuation [38].



During beneficiation, wastes such as oversized waste rock from screening, coarse flotation tailings, and clays fines are produced. These wastes are commonly associated with chemical reagents used during washing processes, which may present an environmental risk to surface water and groundwater if not properly managed. The volume and nature of the waste produced depend mainly on the characteristics and the constituents of the ore, the efficiency of the treatment process, the nature of the chemical reagents, and the presence of contaminants in the treated ore. Currently, the flotation tailings and sludges are mixed and disposed in specifically engineered dams and ponds. The accumulation of these phosphate waste products is of great concern due to their complex storage issues and potential dam failures [39,40,41].



In such a case, due to its composition, phosphogypsum has been placed in stacks in many countries covering hundreds of hectares and reaching dozen meters of height (Figure 7). Risks of stacks failures and contaminated water infiltration are possible when safe and secure monitoring is absent. In some coastal regions, it may be discharged underwater. Due to its composition in terms of radionuclides and heavy metals [42,43], phosphogypsum could present many environmental impacts on soils and waters [44]: leaching of heavy metals due to weathering processes, chemical and radioactive contamination of surface and underground waters. Dissolved elements may be transferred to waters and finally to living beings [45,46].




4.2. Management Methods


The main challenge for the mining industry in general is the management of the large volumes of mine wastes produced throughout the entire life cycle of the mine. These wastes may present potential environmental impacts if not properly managed and disposed of in a safe, stable, and environmentally sound manner [47,48]. The objective of the mining industry is to limit the environmental impacts as much as possible over the short, medium, and long terms. For this reason, various waste management methods have been developed over the recent decades [49]. Researchers have also made a good progress regarding the replacement of classic and conventional methods of storage with more sustainable and integrated management techniques [50].



Currently, the waste management methods mainly employed consist of dumping the overburden in spoil piles or for the construction of containment dykes, the construction of ponds or dams for the storage of the beneficiation tailings, the discharge of wastes to oceans and rivers (sometimes with release controls), or the backfilling of these wastes into the mined-out openings [51]. The construction of engineered containment infrastructure allows the confinement of the various environmental impacts to a limited and controlled area. In terms of phosphogypsum, the USEPA has required its placement in stacks. However, it is not the case everywhere, phosphogypsum is sometimes sent to rivers, seas and oceans [29].



When the management methods are not controlled in a sufficiently safe and secure way, this could lead to dramatic and serious social, environmental, and economic impacts [52]. The installation of control and monitoring systems is of high importance to detect the first signs of failure and minimize the possibility of accidental release.





5. Circularity Opportunities


As mentioned previously, the mining industry is following linear thinking in terms of waste management, leading to various risks to human health and the environment. However, those wastes, or what we think of as wastes, can be transformed into useable products via reuse, recycling, and recovery. This is very important to decrease the demand for new nonrenewable resource quarries and the associated environmental impacts, and more importantly to generate economic profits [53,54,55,56]. The need to explore alternative and sustainable resources is becoming an urgent task for decision makers and stakeholders. Phosphate waste streams could present a potential alternative to recover lost phosphate minerals and other strategic raw materials, thus responding to the increasing need for construction and building materials and generating profit. However, significant efforts are still required to implement the objectives of circularity in the mining sector. Enormous circularity opportunities have been identified in the literature, but there is still a long way to go in this area. This section aims to highlight the recent advances and opportunities related to the reuse and recovery of phosphate wastes (one of the largest waste streams) by way of a thorough literature review.



5.1. Waste Minimization


A rethinking of novel and sustainable management of mine wastes is necessary to achieve the overall objectives of sustainable development goals. As stated in Figure 8, the preferred options are the prevention of mining wastes or their minimization from the source. Reuse, recycling, and resource recovery are also favored to transform these materials “without any value” to high value products [47]. The last desirable option is to landfill wastes in a safe and sustainable way.




5.2. Phosphate Recovery


The recovery of phosphate during mining and beneficiation has never been efficient using traditional methods. Mining companies were always interested in readily extractible and high-grade phosphate ores. Lower grade and complex ores are neither extracted nor treated due to the presence of impurities (e.g., dolomite, cadmium, etc.), insufficient thickness, location under hard-calcareous and flintstone layers, etc. [57]. Therefore, some unwanted layers are just left in the ground or mixed with waste rock and sent for disposal. In other words, significant losses of phosphate may occur when associated with unwanted minerals such as dolomite and clays. Other losses may occur during processing, leading to the generation of waste rock with relatively high P2O5 content [58]. Currently, traditional screening methods are still used in the first extraction steps. Many losses of P2O5 may also occur when the vibratory screens are underdimensioned or when the phosphatic ore presents a high humidity rate. Very fine phosphate particles could be lost during the removal of clays by desliming or flotation with limestone [59]. The loss of phosphate in the various waste streams results not only in economic losses but also, and more importantly, the need to extract more phosphate ores.



No detailed studies have been conducted in Morocco to estimate either the mass fraction of P2O5 in the different waste streams or the volume of lost phosphate. In the USA, it was estimated that the mass fraction of P2O5 in bulk sediment varies from approximately 4 to 21 wt% with an average of 14 wt% [15]. It was also reported that one third of the phosphate in the original ore matrix lies in the clay tailings [60]. The majority of this lost phosphate is concentrated in the very fine clay fraction (<2 µm). The current beneficiation technologies, mainly gravity separation techniques and flotation, are very limited in these grain size distributions. More efficient technologies are needed to recover phosphate from clays.



Due to the strategic importance of phosphorus and its growing scarcity in many countries, research efforts have increased recently to recover phosphorus from different mine waste streams. Those studies are mainly concerned with the development of novel treatment solutions to recover the lost phosphate in tailings and low-grade ores. Froth flotation was the most common method to deal with low grade ores due to the higher selectivity and recovery rates [61]. Direct froth flotation was used by Alsafasfeh and Alagha [62] to upgrade the P2O5 content in tailings (21.57% P2O5) from a phosphorus beneficiation plant. Results showed that a recovery greater than 73% and a concentrate upgrade to 28.4% P2O5 can be achieved using sodium silicate (dispersant) and sodium oleate (collector). Oliveira et al. [63] evaluated the recovery of apatite from phosphate flotation tailings from a Brazilian fertilizer manufacturer using column flotation. The authors succeeded in obtaining a phosphate concentrate of 29.4% P2O5 and a recovery of 46.2% using a mixture of a synthetic reagent and rice bran oil soap. In another study in Brazil, fine (38–13 µm) and ultrafine (<13 µm) phosphate particles were successfully recovered from clay tailings using column flotation coupled with high intensity conditioning [64].




5.3. Recovery of Other Critical Elements


Mining companies tend to focus their recovery on the metal/mineral of interest. The recovery of other elements is generally not considered in the initial design plans. Significant value is lost in the generated waste streams. Due to the growing prices of metals, the depletion of resources, and the monopolization of markets by a few countries, research efforts to find alternative sources of critical raw materials have gained much interest.



Phosphate rock is known to contain traces of critical raw materials such as rare earth elements (REE) and uranium (U) [65,66]. Many studies have been conducted on the recovery of REE from phosphate rock, phosphogypsum, phosphoric acid slurry, and phosphoric acid [67,68,69]. However, limited research has been conducted on the recovery of REE from waste rock, tailings, and sludge. Phosphate flotation tailings from central Florida (assaying 2.6% P2O5 and 198.2 μg/g REEs) were upgraded to recover REEs using gravity separation and flotation processing followed by leaching and precipitation processes [70]. The authors demonstrated that precipitates assaying 0.926% REEs and 0.716% REEs can be achieved after the leaching of flotation and table concentrates, respectively. However, these mass fractions are not high enough to stand as a REE feed. The authors suggested combining this concentrate with REEs concentrated from other phosphate waste streams, such as phosphogypsum, waste clay, or phosphoric acid sludge. In Sweden, for example, the LKAB mining company has successfully developed a pilot plant to recover apatite, REE, fluorine, and gypsum by reprocessing iron-ore tailings. This solution will help the company not only to manage its environmental footprint and costs, but also to secure an additional revenue stream [71,72]. Phosphate sludge was also characterized in Tunisia to evaluate the REE content [73]. Results highlighted the presence of non-negligible amounts of REE (around 480 mg/kg) in sludge, particularly concentrated in the coarse fraction.




5.4. Application of Wastes as Alternative Raw Materials


The transformation of mine waste from a risk into an opportunity has gained greater importance in the recent decade. Terms like “valorization”, circularity”, “reuse”, and “recycling” were used by many authors to present their novel and sustainable management strategies for mine wastes. Few mining companies have even started to discuss “circularity” and “closed-loop systems” in their waste management strategies. However, this field is not sufficiently developed to help individual mining companies contribute to the circular economy. Each mine site is unique, as are the characteristics of the wastes. A large proportion of these wastes are inert and do not present any drainage risk. In phosphate mining, the majority of mining wastes are in the form of clays, sand, and gravel.



The need for clay, sand, and gravel in the construction sector is very high; these materials constitute the largest resource consumption in the world. The consumption of sand, gravel, and crushed rock is expected to reach 55 gigatons by the year 2060, compared to 30 gigatons/year in 2018 [74]. To respond to this need of materials, there is pressure to open new quarries and develop new infrastructure. Also, the use of these extracted materials causes to the release of greenhouse gas (GHGs) emissions and consequently climate change. Huge volumes of waste rock and tailings (hundred million tons per year) are generated by mining companies; diverting these wastes for use in construction is far more sustainable and ecofriendly than extracting new materials.



Mining companies have long been looking inside the box and focusing on their products and local waste management methods. As a result, mining companies are losing many opportunities by ignoring solutions outside their own circles. Waste valorization is not only a pollution control solution and a cost-effective management method but also a business opportunity.



The characterization of phosphate waste rock for the purpose of valorization has been investigated by few authors. An overview of the main opportunities and challenges of phosphate waste rock and sludge valorization from Moroccan phosphate mines was presented in [75]. Applications to the construction sector, civil engineering field, ceramic manufacturing, and acid mine drainage pollution control were suggested. The characterization of the main components of phosphate interlayer materials in Morocco was evaluated in [76]. Results showed that significant volumes of industrial minerals are present in these materials in the form of carbonaceous minerals (calcite and dolomite), siliceous minerals (quartz, tridymite, and cristobalite), aluminosilicates (clays), and phosphates (francolite). Those abandoned minerals could represent a promising resource to feed many nonphosphate sectors such as cement manufacturing, road infrastructure, pyrometallurgical industries, agriculture, green energy-based technologies, etc. The potential use of these materials is still underexplored.




5.5. Civil Engineering Applications


As stated in [75], phosphate waste rock presents promising geotechnical properties and could be an excellent alternative secondary raw material to conventional borrow pits. Later, Amrani et al. [77] investigated the use of phosphate waste rock as material for road construction. The authors justified their approach based on the fact that phosphate waste rock is similar to conventional aggregate, which has not been subjected to any transformation other than mechanical fragmentation. The characterization and pilot test results showed that the sampled phosphate waste rock met the required geotechnical properties for materials to be used in embankment applications. Furthermore, the investigation of the effect of dry compaction on the stability behavior of phosphate waste rock as embankment material was assessed [78]. Dry compaction is a growing solution in arid regions as it minimizes water use. The results of the study confirmed the ability of phosphate waste rock to be used as embankment material at dry moisture content under total over-burden stress below 200 kPa. Another application of phosphate waste rock, phosphate sludge, and phosphogypsum as asphalt binder additives was evaluated [79]. The results showed that the phosphogypsum-based asphalt binder performed better than the phosphate sludge-based binder in terms of the mechanical behavior and rutting resistance. It was also demonstrated in another study that phosphogypsum can be successfully used as an embankment and pavement material when mixed with a calcareous material and clayey soil [80]. Due to its acidity, phosphogypsum stabilized with alkaline materials and low-cost cementitious materials is an innovative and sustainable solution to help open new horizons for phosphogypsum reuse.




5.6. Construction and Building Materials


As stated in the preview report released by the Organisation for Economic Co-operation and Development [74], resource consumption will more than double by 2060, leading to significant environmental consequences. Construction and building materials (such as sand, gravel, limestone, and crushed rock) is now the largest resource-consuming sector, and is expected to grow significantly in the future (more than half of total materials). At the same time, more wastes with similar properties to those used in the construction sector will be produced by the mining sector all over the world. The creation of synergy between both sectors is a must and should be developed as soon as possible due to the growing demand for these materials, particularly in developing countries. The use of materials in a sustainable and ecofriendly manner is a major challenge for both the mining and construction sectors. Many environmental and economic opportunities exist for uptake by companies in these sectors.



Researchers demonstrated that waste rock and tailings derived from the mining sector are good materials for the construction and building sector. The use of raw destoning waste rock as alternative aggregate in concrete manufacturing was assessed by El Machi et al. [81]. It was confirmed that destoning waste rock does not meet the requested geotechnical properties for concrete standards in its current form. This was explained by the presence of a substantial volume of crumbly limestones and marls in the mix. The authors stated that concrete samples with higher mechanical performance can be achieved when the percentage of flintstone aggregates in the mix is increased. After manual sorting, the authors succeeded in completely replacing the conventional aggregates with flintstone aggregates, thus developing a concrete sample with higher mechanical performance [82]. This solution requires improvement, as the materials remaining after sorting (limestones and marls) are not used. Limestones are mainly composed of dolomite and calcite minerals, while marls are composed of clayey minerals (montmorillonite and palygorskite), quartz, and limestones.



The use of waste rock as an alternative raw material in the cement industry has not yet been developed in the literature. This is surprising, given that a significant proportion of waste rock is composed of calcite and clayey minerals, which are the main raw materials for clinker production. Researchers were often focused on the use of tailings rather than waste rock. The use of phosphate tailings in Portland cement as filler was investigated by Zheng et al. [83]. The authors concluded that the presence of phosphorus and dolomite significantly affect the setting time, strength, and drying shrinkage of cement pastes. A small proportion of phosphorus tends to dissolve during the early stage of hydration and leads to setting delays due to precipitation. Bahhou et al. [84] investigated the use of marls as supplementary cementitious materials. It was demonstrated that marls can be activated at calcination temperatures around 800 °C and replace more than 20% of clinker in cement formulations. The incorporation of calcined marls in cement manufacturing will lead not only to the reduction of GHG emissions but also the costs of production. However, some challenges related to the chemical heterogeneity of marl-rich wastes, their pozzolanic activity after activation, compatibility with conventional plasticizers, and the durability of calcined marl-based concrete still need to be overcome [85].



The use of marl-rich wastes as secondary raw materials for the manufacturing of ceramic materials [86], fired bricks [87], and lightweight aggregates [88] was also evaluated. All these studies demonstrated that marl wastes can be efficiently used to manufacture good quality ceramic products in terms of mechanical performance, water absorption, and porosity.



In terms of phosphate sludge or phosphate tailings, many reuse studies have been conducted. Negm and Abouzeid [89] demonstrated that phosphate washing plant tailings could be upgraded to produce a high-grade phosphate concentrate (more than 30% P2O5 at over 90% recovery), aggregates for concrete mixes, brick manufacturing (90% phosphate slimes and 10% shale), and pottery (from ultrafine fraction < 40 µm). Phosphate processing sludge as a raw material for fired brick making was also evaluated [73]. As already demonstrated in other papers [59], this study highlights the nonplastic properties of phosphate sludge due to the low clay content. The addition of high-plasticity materials (e.g., clays, chemical additives) is always required to improve the final plasticity of the mix. Furthermore, ceramisite products were successfully synthesized using phosphate tailings, soft interlayers, and black shales [90]. The ceramisite materials are known for their good corrosion and freeze resistance, which allows many applications as building, refractory, and thermal insulation materials.



Phosphate wastes could also be used to produce ecofriendly and low-carbon binders such as geopolymers and alkali-activated materials [91]. Wastes are generally used in their natural state, sorted and separated from other wastes, calcined at moderate temperatures for activation purposes or mixed with other additives (metakaolin, fly ash, slag). Basic and activation solutions are also used in the mix formulations. The use of wastes could be an interesting alternative to substitute limited and unavailable resources such as metakaolin and fly ashes. Yellow clays from phosphate intercalation layers (unexploited resource) were calcined at 800 °C to synthetize alkali-activated materials [92]. A compressive strength of 25 MPa was obtained with sodium silicate/sodium hydroxide ratio of 0.5. Red clays from the same extraction region were also investigated as a filler in alkali-activated materials [93]. Results showed that a compressive strength of 39MPa can be achieved. Moukannaa et al. [94] succeeded to prepare geopolymers with compressive strength of 62 MPa using noncalcined phosphate sludge, fly ash and metakaolin. To activate phosphate sludge and rich higher substitution rates, Dabbebi et al. [95] demonstrated that the calcination do not allow to enhance the workability of phosphate washing waste-based geopolymers. An average compressive strength of 10MPa was achieved for mortars.



Phosphogypsum has also been used in many applications in the construction sector as an alternative raw material for cement, plaster [96,97] and brick making [98]. It was used as a setting retarder in the cement formulation [99] and a secondary raw material in gypsum plaster making [100,101]. When mixed with other industrial byproducts such as fly ash, phosphogypsum can be used to develop novel binders [102]. Real applications of phosphogypsum have strongly been limited due to the presence of many undesired chemical elements and low acidity. It was reported that residual fluorides and phosphate increase the setting time and decrease the mechanical strength development of cement paste [103]. The presence of naturally occurring radionuclides is also a big issue as radioactivity in building could directly affect human’s health and wellbeing. Accordingly, many processing methods have been developed to remove the undesired pollutants: washing, wet sieving, alkaline neutralization, and addition of extractant solutions [29,104]. Those methods produce a harmless material in the building sector. However, many research activities are still ongoing about the radioactivity of phosphogypsum and its use as a building material.





6. Challenges Facing Circularity in the Phosphate Industry


It is worth mentioning that the circular economy in the mining sector is still not very clear and further effort is needed to achieve this transformation [54,105]. Circular economy implementation is limited due to five different categories of challenges (Table 2). Those challenges are interconnected and cannot be resolved by one company alone. Many public and private stakeholders and decision-makers need to work together alongside academic researchers to develop concrete solutions for circularity.



One of the major challenges is the high heterogeneity of waste materials from one site to another, combined with the presence of impurities and unwanted materials [5]. The variation of these materials will significantly affect long-term circularity scenarios. A detailed understanding of the variability in the chemical (major, minor, and trace elements), mineralogical (minerals content and their distribution), and geotechnical (hardness, particle size, density, water content, etc.) properties of the wastes is essential. The development of viable technologies to deal with this high heterogeneity is required.



Knowledge gaps in terms of the properties of the wastes, including the metal content, and radioactivity, are also important challenges. The main challenge is to prove that these materials are stable and inert and will not present any risk to human health and the environment. The environmental and toxicological behavior of novel mine waste-based products is not sufficiently understood. Risks related to the leaching of metals and metalloids and to the exploitation of materials from old dumps are not predictable. Most of the solutions based on a thermal treatment of solid wastes (ceramics, cements, etc.) do not take into account the potential release of gases. Some gaseous pollutants could be generated (SOx, COx, NOx, etc.). Efforts should be made to better understand the interactions of these novel materials with the local ecosystem and their long-term behavior.



From a regulation policy perspective, mine waste reuse outside the mine site is limited due to the absence of legislation and permitting for the reuse and recycling of these materials. For example, reuse of mine wastes in the construction of roads and parking lots is an authorized practice in China [106,107]. Suitable environmental impacts and life cycle assessment studies should be included in the first circular models. Incentives to diminish the environmental impacts of these wastes through reuse are still not sufficiently developed to help mining companies move towards a circular economy approach.





[image: Table] 





Table 2. Synthesis of the main challenges facing circularity in phosphate industry.
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	Category
	Challenges
	References





	Technology
	Heterogeneity of secondary materials

Removal of impurities in waste materials

Waste rock sorting

Waste processing efficiency

Difficult access to waste materials
	[5,54,105,108,109]



	Environment
	Leaching of heavy metals and metalloids

Emissions of gaseous pollutants (thermal treatment applications)

Risks associated with opening old heaps
	[5,53,108]



	Regulation
	Absence of legislation regarding the sustainable use of mine wastes in other sectors

Absence of legal obligations on the recovery of P from the different waste streams

Legislation on environmental requirements

Legislation on contaminated land rehabilitation

Environmental permits
	[5,105,108,109]



	Economy
	Lower price of virgin materials

Presence of minerals of interest in wastes: potential future reserves

Low markets

Investment costs

High costs associated with building new process factories

Cost of logistics
	[5,53,54,105,108]



	Social
	Social acceptance

Societal awareness
	[5,53,108]



	Knowledge gaps
	Mineralogy, metal concentrations, and radioactivity of wastes

Long term behavior of novel waste-based materials

Market price
	[5,105,108]








From an economic point of view, it was stated by most researchers that the main challenge could be related to the low price of virgin raw materials and their proximity to the market. Mine wastes are generally located in remote areas and the costs for their sorting, transport, and logistics are in some cases higher than those for virgin raw materials, which limits their reuse. Furthermore, the investment costs for waste processing and sorting are still high. There is a need for more efficient technologies for the large-scale production of construction materials to decrease the treatment costs and maximize the associated benefits. From a consumer perspective, awareness regarding the safe use of mine waste-based products is insufficient; further efforts are still needed from the scientific community, nongovernmental organization (NGOs), and institutions to promote the social acceptance of those novel products.




7. Recommendations and Conclusions


Waste management is one of the main challenging tasks for the phosphate mining industry, not only due to the huge volumes of waste, but also due to the potential impacts on the environment and the well-being of local populations. The transformation of these wastes from materials with no value (source of problems) into useful and profitable secondary resources is a sustainable and ecofriendly solution. However, many complex parameters, including the absence of long-term strategies and viable technologies, are limiting this transition. To tackle these complex issues, a novel rethinking of the traditional approach to phosphate mining and waste management is needed. The achievement of these objectives requires the development of a synergistic consortium of interconnecting companies and universities that form our infrastructure and economy. Instead of being trapped in the frustrations of the present, it is time to open new perspectives and horizons for new thinking to innovatively redesign the future of phosphate mining.



When it comes to circularity, the mining companies are always limited by the huge volume (hundred million tons per year) of wastes they have produced and continue to generate. From their point of view, there is no company who is capable of consuming all the wastes. From our point of view as researchers, numerous opportunities exist and should be investigated. It is time to change our mindset and start looking at waste differently. Many construction and building materials companies could be interested in the materials they are producing.



It is inaccurate to consider all phosphate waste streams to be waste materials. A material can be considered as a waste only when it has been proven that the material is no longer useful. Otherwise, what we currently label as waste should instead be considered a byproduct. This definition should be carefully considered due to the potential depletion of natural resources and the continuous demands of society.



The minimization and recycling/reuse of wastes could provide a valuable opportunity to develop a sustainable and resource-efficient economy moving forward. Those wastes are generally inert and stable and should be considered as conventional resources to be consumed in other sectors. Two main approaches should be considered. The first approach is to rethink current production processes to minimize the production of waste materials as much as possible. The minimization of waste at the source is the most sustainable solution to consider. The second approach is to deal with the materials that are already stored in many dumps, waste rock piles, and tailings ponds.



Characterization of the different waste streams is a crucial step towards valorization. Identification of the properties of the wastes at the early stage of exploration will help to select the most important materials for consumption by the market. Once identified, the viable materials should be separated and stored for a potential future use. A rethinking of conventional mining activities is required to move towards a selective extraction of the ore and interlayers. Ore sorting, which is currently used by many mining industries around the world, is an interesting technology to achieve a good selectivity of materials. This nondestructive technology helps to upgrade the quality of low-grade ores by removing the unwanted minerals. It covers a large particle size range from few to dozens of millimeters. For example, this technology is currently used in Saudi Arabia to upgrade the low-grade phosphate ores by removing flintstones (more than 70% of the run-of-mine material) [110]. By doing so, the mine generates two streams: a phosphate rock-rich ore and a silica-rich waste rock. The silica-rich waste rock is currently considered to be waste, although flintstones could be used in many applications. A rethinking of the use of this technology could help not only to upgrade the phosphate rock but also to reuse the rejected materials.



From a regulation perspective, it is time to introduce novel environmental taxes and incentives to promote sustainable resource management and minimize environmental impacts. It is important to consider the environmental impacts derived from various sectors, not only from the mining sector. For instance, the impacts derived from the extraction of sand, gravel, and aggregates and their use in the construction and building sector must also be considered. With the presence of taxes, the polluter will have to pay for their environmental footprint. With incentives, a synergy between the mining and construction sectors will be anticipated. The support of policy makers and R&D investment by mining companies are required to reach sustainable mining and to improve social awareness.
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Figure 1. Global phosphate rock reserves (Source: data compiled from USGS database, 1994–2020). 
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Figure 2. Phosphate rock production by country. Source: data compiled from USGS database, 1994–2020. 
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Figure 3. Number of publications dealing with the different phosphate waste streams in the last 50 years (data gathered from Scopus). 
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Figure 4. A general flowsheet of the different waste streams from the mining, beneficiation, and transformation of sedimentary phosphate ore. 
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Figure 5. Satellite views of waste rock dumps evolution in the Gantour region in Morocco (1984 and 2020). 
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Figure 6. Satellite views of waste rock dumps and tailings ponds evolution in Florida, USA (1984 and 2020). 
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Figure 7. Phosphogypsum stacks in Florida (The Mosaic pile. Photograph: Phin Percy). 
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Figure 8. Waste management hierarchy from prevention to treatment and disposal. 
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Table 1. Main solid waste streams in the phosphate supply chain.
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	Mining/Extraction Wastes
	Beneficiation Wastes
	Transformation Wastes





	Exploitation waste rock (overburden and interlayers)

Destoning waste rock

Screening waste rock
	Beneficiation waste rock

Phosphate sludge

Froth tailings
	Phosphogypsum
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