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Abstract ; Phosphogypsum (PG), a major industrial byproduct derived from the wet-process phosphoric
acid production, represents one of the most pressing solid waste challenges in the global chemical industry, with
an estimated 5 to 6 tons of PG generated per ton of phosphoric acid manufactured, depending on the phosphate
rock quality and process efficiency. The worldwide accumulation of PG has now surpassed a staggering 6 billion
metric tons, with China contributing significantly to this figure, accounting for over 0. 8 billion tons of stockpiled
PG and an alarming annual increment of approximately 80 million tons, of which less than 40% is currently being

recycled or repurposed, leaving the majority to be disposed of in landfills or open-air stockpiles. This enormous
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accumulation poses multifaceted environmental threats, including but not limited to the occupation of vast tracts
of arable land, the leaching of toxic heavy metals (such as cadmium, lead, and arsenic) and radioactive elements
(like radium-226) into groundwater systems, the acidification of surrounding soils due to residual phosphoric and
sulfuric acids, and the emission of fugitive dust containing fine particulate matter that deteriorates air quality and
endangers respiratory health in nearby communities. Beyond these environmental hazards, the underutilization of PG
constitutes a tremendous waste of valuable mineral resources, as its primary component—dihydrate calcium sulfate
(CaSO, » 2H,0)—possesses chemical and physical properties that make it theoretically suitable for substituting
natural gypsum in numerous industrial applications, particularly as a cement retarder to control setting times in
concrete production, as a raw material for plasterboard and other construction materials, and as a soil amendment
to improve saline-alkali lands. However, the practical utilization of PG in these applications is severely hindered
by the presence of detrimental impurities, including free silica (SiO,) which increases abrasiveness, residual organic
matter from the flotation reagents used in phosphate ore beneficiation that compromises product stability, soluble
phosphorus and fluorine compounds that retard cement hydration, and various metal impurities that affect the
color and durability of final products. To address these quality limitations, extensive research has been devoted
to developing effective PG purification technologies, with current industrial practices predominantly relying on
a combination of physical, chemical, and thermal treatment methods, among which water washing serves as a
preliminary step to remove water-soluble impurities, calcination at controlled temperatures (typically 120—160 “C for
hemihydrate production or 600—900 °C for anhydrite) decomposes organic matter and crystallizes calcium sulfate,
while flotation separation—currently the most widely adopted method—effectively separates impurities based on
differences in surface hydrophobicity. The flotation processes for PG purification can be categorized into several
configurations, including direct (or positive) flotation where calcium sulfate is floated away from silicate gangue
minerals using anionic collectors like fatty acids or sulfonates, reverse flotation where impurities are floated while
calcium sulfate remains in the tailings using cationic collectors such as amines, and more sophisticated combined
flotation processes that integrate multiple stages to achieve higher purity levels. Despite these technological options,
current PG flotation operations face several persistent challenges, including the limited availability and high cost
of specialized flotation reagents (particularly those capable of selective impurity removal without excessive calcium
sulfate loss), the complexity of process control requiring precise adjustment of parameters such as pulp density
(typically maintained at 25% —35% solids), pH (often controlled between 2. 5—4.5 for optimal selectivity),
reagent dosage, and flotation time, the generation of difficult-to-treat wastewater containing residual reagents and
dissolved impurities that necessitates expensive treatment before discharge or reuse, and the relatively high energy
consumption of the overall process which diminishes its economic viability compared to natural gypsum mining.
Furthermore, the variability in PG composition depending on the source phosphate rock and production process
conditions adds another layer of complexity, requiring customized treatment approaches for different PG streams and
limiting the development of universal solutions. To overcome these barriers and enhance the economic attractiveness
of PG recycling, ongoing research focuses on several innovative directions, including the molecular design of
novel flotation reagents with higher selectivity and lower environmental impact (such as modified polysaccharides
or bio-based surfactants), the integration of advanced process control systems incorporating real-time monitoring
sensors and machine learning algorithms to optimize flotation parameters dynamically, the development of hybrid
processes combining flotation with other purification techniques (like magnetic separation for iron removal or
leaching for phosphorus reduction), and the implementation of zero-liquid-discharge systems to recycle process
water and recover valuable byproducts from wastewater streams. These technological advancements, coupled with
supportive policy measures such as stricter regulations on PG disposal, financial incentives for recycling operations,
and standardization of recycled PG products, are expected to significantly improve the economic feasibility and

environmental sustainability of large-scale PG utilization, ultimately transforming this problematic waste into a
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valuable secondary resource that contributes to circular economy objectives while alleviating the environmental
burdens associated with conventional PG stockpiling practices. The successful implementation of these solutions
would not only address immediate waste management challenges in the phosphate industry but also create new
value chains in construction materials manufacturing, provide alternative raw materials to conserve natural gypsum
resources, and contribute to broader sustainability goals including reduced carbon emissions (as PG recycling avoids
the energy-intensive mining and processing of natural gypsum) and minimized land degradation, thereby aligning with
global initiatives such as the United Nations Sustainable Development Goals (particularly SDG 12 on responsible
consumption and production) and national strategies like China's “dual-carbon” targets for peak carbon emissions
and carbon neutrality. This comprehensive approach to PG valorization exemplifies the potential of industrial
symbiosis and green chemistry principles in transforming linear production systems into circular economies where
waste streams become feedstock for new productive applications, demonstrating how technological innovation, when

properly supported by policy frameworks and market mechanisms, can turn environmental liabilities into economic

assets while advancing the transition toward more sustainable industrial practices worldwide.
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Fig. 4 Hydrocyclone-static microbubble flotation column system for phosphogypsum purification
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