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ABSTRACT

This article is devoted to studying the scientific foundations for the ecologically and economically efficient processing of phosphogypsum (PG), the main waste product of phosphoric acid production. The primary objective of the research is a comparative study of the process for obtaining valuable products—calcium carbonate (CaCO3) and ammonium sulfate-via the conversion of natural gypsum (NG) and phosphogypsum with ammonium carbonate ((NH4)2CO3), as well as the thermal properties of the initial raw materials and the conversion products.
The efficiency of the conversion process was confirmed through thermal analysis. The obtained CaCO₃ products exhibited high stability at low temperatures. The decarbonation of CaCO₃ derived from NG occurred at -750 °C, while that of “phosphomel” based on PG took place at -715 °C, proving the higher reactivity and fine dispersion of the product derived from the waste material. The research results serve as a scientific basis for the complex processing of large-scale industrial waste and reducing environmental risk.
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1. Intraduction

Phosphoric acid is a vital industrial product of strategic importance, widely used in various manufacturing sectors. Phosphogypsum (PG) is the main by-product generated during the wet-process production of phosphoric acid [1]. In this process, phosphate raw material reacts with sulfuric acid, resulting in an average of 4.0-5.0 tons of phosphogypsum produced per ton of manufactured phosphoric acid [2]. The massive accumulation of phosphogypsum and the low level of its effective utilization are exacerbating environmental risks, creating a necessity to develop efficient technological solutions for converting it into safe and high-value-added products [3].
In terms of composition, phosphogypsum (PG) consists primarily of calcium sulfate dihydrate (CaSO4·2H2O) and contains certain amounts of phosphorus and fluorine compounds, organic residues, various oxides, heavy metal ions, and natural radioactive components [4]. The harmful impurities in phosphogypsum significantly restrict its direct use as a raw material, and advanced technologies aimed at its efficient long-term processing have not been sufficiently developed. Consequently, a large portion of phosphogypsum is stored in dumps or disposal sites or discharged into water basins [5], which intensifies environmental risks related to land occupation, pollution of the hydrosphere and soil environment, and the dispersion of harmful and radioactive elements into the atmosphere [6].
The adverse ecological and environmental impacts resulting from the long-term storage of phosphogypsum (PG) are increasingly drawing the attention of both society and government regulatory bodies. Simultaneously, the issue of developing and implementing rational and efficient processing technologies for phosphogypsum utilization is emerging as a priority scientific-practical direction on an international scale [7-8]. At the same time, the regulatory and legal measures being implemented within environmental policy are gaining crucial strategic importance globally in promoting the recycling of phosphogypsum as a secondary resource, as well as in addressing pressing ecological problems associated with the management of solid industrial waste [9-10].
Over many years, fundamental research and technological experiments aimed at processing phosphogypsum (PG) and identifying opportunities for its multifunctional use have been conducted regularly. However, despite the formation of very large quantities of this secondary industrial product in manufacturing processes, the indicators for its integration into real production cycles and its economically and ecologically efficient utilization have remained low to this day.
The process of involving phosphogypsum as a secondary mineral resource in economic and technological circulation is multifactorial and systemic in nature, determined by a complex set of interrelated ecological and technological constraints. The issue of processing phosphogypsum (PG) as a secondary mineral resource and its comprehensive utilization has recently moved to the center of the scientific community's attention, directly linked to the concepts of environmental safety, resource efficiency, and sustainable development. However, a significant theoretical and practical discrepancy persists between the needs for large-scale, short-term utilization of phosphogypsum at an industrial level and the strategic goals aimed at long-term ecological stability and environmental protection. While existing research has addressed the chemical composition of phosphogypsum, processing technologies, and specific application directions, these developments are often of varied character, and their results have not been generalized within a unified, systematic framework.
One promising direction for phosphogypsum utilization is its use as a raw material in the production of construction materials, which includes the manufacture of wall panels, various dry construction mixtures, and cement compositions. However, the high acidity level of phosphogypsum and the presence of retained technogenic additives in its composition significantly limit the possibilities for its widespread industrial application. Technological processes aimed at purifying phosphogypsum from residual acids and foreign components are characterized by high energy consumption and low economic efficiency, and are therefore often deemed impractical [10-11]. In other studies, the compositional impurities in phosphogypsum and methods for their elimination have been systematically analyzed, providing a foundation for modern purification and high-value-added processing routes to enable its environmentally safe and comprehensive utilization. Research has scientifically highlighted the prospects of using phosphogypsum as a sustainable and economically efficient raw material, particularly in the construction materials and road construction sectors [1, 2, 12]. In this study [13], the main components (Si, P) and (F, Fe, Al, C) in phosphogypsum, their mineral-phase state, as well as their negative impact on the phosphogypsum processing process, have been systematically analyzed.
Scientific research indicates that phosphogypsum, after thorough purification from harmful impurities, can be technologically converted into construction materials, chemical products, nanomaterials, and eco-functional products in an economically efficient manner. In particular, flotation, acid washing, and combined purification methods are of decisive importance for the industrial-scale processing of phosphogypsum [13, 14].
Phosphogypsum (PG) can be effectively used as a secondary raw material in the synthesis of valuable inorganic compounds-ammonium sulfate, sodium sulfate, calcium carbonate, calcium sulfoaluminate, and lithium sulfate monohydrate. This direction not only allows for the rational use of raw material resources and reduction of production costs but also offers the opportunity to develop sustainable and environmentally harmless production by converting industrial waste into renewable resources [15-19].
In our scientific research on phosphogypsum processing, the possibilities for reprocessing the EFK waste product-phosphogypsum-generated during the phosphoric acid production process at "Ammofos-Maksam" JSC, as well as natural gypsum extracted from the "Sho‘rsuv" deposit in the Fergana region, were thoroughly studied based on liquid-phase carbonate conversion technology. The main objective of these studies was to determine the scientific and technological foundations of the process for converting phosphogypsum and natural gypsum into high-value products—ammonium sulfate ((NH4)2SO4) and calcium carbonate (CaCO₃)-using ammonium carbonate.
The efficiency of this process directly depends on a number of technological factors. In the conducted experiments, the duration of conversion time, the concentration of the ammonium carbonate solution, the temperature regime of the medium, stirring intensity, the particle size composition of the gypsum, the stoichiometric ratios of the solution, and additional technological indicators affecting the reaction kinetics were thoroughly analyzed. The experimental results showed that the coordinated management of these parameters significantly influences the selectivity of the conversion process, product purity, the formation characteristics of the crystalline phase, and overall technological productivity [20-22].
In this article, the thermal analysis results (TG, DTA) of phosphogypsum and the conversion products obtained through its processing are analyzed. 
Studies have shown that the thermal decomposition of phosphogypsum (CaSO4·2H2O) occurs in two consecutive endothermic stages: transition from dihydrate to hemihydrate (CaSO4·0.5H2O), and then to anhydrite (CaSO4). Significant differences in the thermal properties of the samples were identified depending on their origin. Dehydration in Spanish phosphogypsum (PGS) begins at -133 °C, while in Tunisian phosphogypsum (PGT) it starts at -143 °C.
Based on DSC data, it was determined that the calculated activation energy is lower for PGS (61-63 kJ/mol) and higher for PGT (107-118 kJ/mol). Kinetic analysis indicates that the decomposition of PGS best fits a first-order reaction model, while the PGT process best corresponds to a three-dimensional diffusion mechanism. The results scientifically substantiate the necessity of strictly controlling its heat treatment regime before using phosphogypsum as a setting regulator in the cement industry [23]. This study provides a comprehensive analysis of the current state of phosphogypsum (PG) processing and suggests effective directions for its recovery as a resource. The main challenges in high-temperature calcination and decomposition of phosphogypsum, along with their solutions, are discussed. The analysis results indicate that the most viable solution for large-scale processing of PG is the maximum extraction of its abundant calcium (as CaO) and sulfur (as SO₂) and their combined use in the production of calcium-based materials and sulfuric acid [23].
Thermoanalytical studies (TG-DSC) conducted by Chinese researchers have enabled an in-depth investigation of the thermal properties, stepwise phase transformations, and kinetic processes under heat exposure of the two main products formed during the liquid-phase conversion of phosphogypsum with ammonium carbonate – ammonium sulfate and calcium carbonate. The obtained thermograms clearly demonstrate that ammonium sulfate ((NH4)2SO4) decomposes under thermal influence through three consecutive major endothermic stages. Specifically, in the range of 235-280 °C, the dissociation and release of water bound to the crystal lattice is observed; in the temperature interval of 280-330 °C, thermal decomposition reactions occur involving the transition of ((NH4)2SO4) to an intermediate (NH4)HSO4 phase and the release of NH₃; and in the temperature range of 330-450 °C, the disintegration of the sulfate anion leads to the release of SO3 and the final thermal decomposition of the substance is observed.
TG-DTG analysis of calcium carbonate (CaCO3): The decomposition of CaCO3 into CaO and CO2 occurs at 600-750°C, with complete dissociation above 700 °C. The variant of CaCO3 obtained from phosphogypsum was found to decompose faster and at a lower temperature compared to natural CaCO3, which is attributed to its high dispersity and reactivity.
The TG-DTG thermoanalytical analysis of calcium carbonate (CaCO3) clearly reveals the typical decomposition kinetics of this compound under thermal influence. According to the thermograms, the main endothermic dissociation stage of CaCO3 is observed in the temperature range of 600-750°C, where the decomposition of the carbonate ion results in the release of calcium oxide (CaO) and carbon dioxide (CO2). At temperatures above 700°C, complete dissociation of the carbonate phase occurs, and the final conversion degree of the reaction reaches its maximum value.
The analyses indicate that the CaCO3 sample obtained from phosphogypsum conversion decomposes at a lower temperature and more rapidly compared to calcium carbonate of natural origin. This phenomenon is explained by the high dispersion degree of the CaCO3 crystals, expanded surface area, fine particle morphology, and high reactivity with respect to ion exchange. Such a structure ensures high thermal activity, significantly accelerating the kinetic parameters of the CaCO3 → CaO + CO2 dissociation process.
The impurities present in phosphogypsum (F⁻, P2O5, SiO2) strongly influence its thermal behavior. The thermograms show additional endothermic peaks, secondary phase transitions, and the recrystallization of hemihydrate. This condition affects the quality of the CaCO3 and ((NH4)2SO4) products formed during the conversion process.
Literature analysis reveals that TG and DTA analyses elucidate the kinetic and phase mechanisms of the conversion process. The thermal composition and dehydration stages of phosphogypsum are crucial for the correct selection of conversion technology. The decomposition temperature of ammonium sulfate serves as a control parameter in its recrystallization, granulation, and liquid fertilizer preparation processes. The thermal stability of CaCO3 determines its potential applications in developed fields (fertilizers, plastics, construction). Therefore, thermal analysis methods are regarded as an essential and indispensable research tool for scientifically substantiating phosphogypsum processing technologies, evaluating the thermodynamic and kinetic properties of processes, and determining optimal technological parameters.

2. METHODS AND MATERIALS

To study the thermochemical properties of the materials, simultaneous thermal analysis (STA) was employed, combining thermogravimetry (TG) and differential thermal analysis (DTA) methods. All measurements were performed using a Shimadzu DTG-60 analyzer. Measurements were conducted in an inert atmosphere (Ar, 80 ml/min) using standard porcelain crucibles. A constant heating rate of 10 °C/min was applied, with the initial temperature set from room temperature up to 1200 °C.
Primary Materials:Natural gypsum and phosphogypsum were subjected directly to thermal analysis.
Conversion Product:The calcium carbonate (CaCO3) precipitate obtained from the conversion of both types of gypsum with (NH4)2CO3 was separated, dried, and then prepared for STA analysis.
TG curves were analyzed to identify mass loss stages, while DTA curves were examined to record endothermic/exothermic effects corresponding to dehydration, decomposition, and phase transitions, and to determine their temperature ranges. Based on the obtained results, the thermal stability and phase transformation pathways of the three materials were comparatively analyzed.

3. RESULTS AND DISCUSSION

Synchronous thermal analysis (TG-DTA) of natural gypsum (NG) and phosphogypsum (PG) revealed that, despite sharing the same primary composition of CaSO₄·2H₂O, they exhibit significantly different thermochemical behavior due to the presence of impurities. The analyses were conducted under an inert atmosphere (Ar) at a standard heating rate of 10 °C/min (Figs. 1 and 2).
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Fig. 1. Thermal analysis (TG–DTA) curves of natural gypsum.
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Fig. 2. Thermal analysis (TG–DTA) curves of phosphogypsum.
In the dehydration stage of natural gypsum, the first endothermic transition appears as a sharp and symmetric peak at 147 °C. This distinct onset temperature and acute peak indicate rapid kinetics associated with the material's high degree of crystallinity and chemical purity. In phosphogypsum, the same dehydration stage occurs at approximately 143 °C; however, the DTA peak is significantly broader and asymmetrical in shape. This decrease in temperature and broadening of the peak is explained by the weakening of the crystal lattice and alteration of the water release pathway due to impurities such as SiO₂, F⁻, phosphates, and organic residues present in PG. This process undergoes thermal spreading.
In the second stage, natural gypsum exhibits a distinct second endothermic transition observed as a well-defined peak at 348 °C, although broader than that of the first stage. This corresponds to the formation of γ-CaSO₄ and reflects its diffusion-limited nature. In phosphogypsum, no clear separate peak is observed at this stage. Instead, continuous mass loss is seen across a wide interval from 200 °C to 400 °C. This situation reflects not only the release of residual water but also the decomposition of various impurities (e.g., ammonium salts, organic substances). The non-conventional and defective structure of PG significantly slows down the process kinetics.
In both samples, high-temperature phase transitions are observed around ~700 °C, characterized by a low-intensity endothermic effect that occurs without a change in mass, attributed to the structural transition of β-CaSO₄ to α-CaSO₄ (anhydrite II → anhydrite I). However, in PG, this effect may often be obscured due to the decomposition of impurities or the formation of liquid phases.
Comparative analysis indicates that the key differences in the thermal properties of phosphogypsum are related to its lower degree of crystallinity, widespread impurities, and the resulting defective lattice. These factors lead to: a decrease in activation energy, the broadening of thermal stages, and a loss of their distinctness. The clear and reproducible "model" behavior of natural gypsum, characterized by well-defined endothermic peaks, confirms its advantage as a high-quality and predictable raw material. In contrast, the complex and diffuse thermogram of PG demonstrates that its processing (e.g., during calcination) requires a wider and more carefully controlled temperature range. This analysis provides important insight into the thermochemical properties of industrial waste materials compared to their pure mineral counterparts.
Synchronous thermal analysis (TG-DTA) of calcium carbonate (CaCO₃) samples obtained from the conversion reaction of natural gypsum (NG) and phosphogypsum (PG) using (NH₄)₂CO₃ revealed that, although they share essentially the same carbonate phase, significant structural and kinetic differences exist depending on their origin. The analyses were conducted using a Shimadzu DTG-60 instrument under an Ar atmosphere (80 ml/min) and at a heating rate of 10 °C/min (Figs. 3 and 4).
Both samples exhibited high thermal stability in the 25-600 °C range. The TG curves showed only a gradual mass loss of up to -1-2% within this interval, primarily associated with the removal of adsorbed moisture. The DTA curves recorded no significant endothermic or exothermic effects. This confirms the high degree of completion of the conversion process and the formation of predominantly stable calcium carbonate.
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Fig. 3. TG-DTA curves of phosphomel based on natural gypsum.

[image: ]
Figure 4. TG–DTA curves of phosphomel based on phosphogypsum.

The primary thermochemical event—the decomposition of calcium carbonate into calcium oxide (CaO) and carbon dioxide (CO₂) (CaCO₃ → CaO + CO₂↑)—occurred at high temperatures for both samples but differed sharply in terms of temperature and peak shape.
For the CaCO₃ derived from NG, the decarbonation process took place within an approximate range of 730–780 °C, characterized by a distinct and relatively narrow endothermic peak centered around ~750 °C. This higher temperature indicates a high degree of crystallinity, a well-developed crystal structure, and a low number of defects in the material, which requires additional energy to decompose the more stable carbonate lattice.
For CaCO₃ based on PG ("Phosphomel"): The main endothermic peak was observed at a significantly lower temperature—approximately 715 °C. Additionally, the peak shape may be relatively broader. This decrease is explained by the nanoscale size, high degree of dispersion, and large surface area of the carbonate derived from PG. Furthermore, residual ions in PG (phosphate, fluoride, sodium) create additional defects that weaken the crystal lattice or act as low-temperature fluxes, which accelerates decomposition and leads to its initiation at a lower temperature.
According to the TG data, the mass loss in the main stage is close to the theoretical value (~44%) in both cases, indicating the completeness of the conversion. However, the kinetic parameters differ sharply.
A comparative analysis shows that CaCO₃ obtained from pure NG is a high-quality, well-crystallized standard product with traditional high-temperature decomposition characteristics. In contrast, CaCO₃ derived from PG waste, although having structural shortcomings due to impurities, possesses excellent practical advantages due to its lower decomposition temperature. This characteristic makes it a promising raw material for calcination processes (e.g., CaO production or CO₂ capture cycles) that can significantly reduce energy consumption.
TG-DTA analyses clearly confirm the efficient implementation of the conversion process of natural gypsum and phosphogypsum with ammonium carbonate. The complete disappearance of the low- and medium-temperature dehydration stages characteristic of gypsum (dihydrate–hemihydrate–anhydrite) in the post-conversion products indicates the full or near-complete transformation of the calcium sulfate phase into calcium carbonate. This serves as a crucial thermal indicator of the reaction's completion.
Furthermore, the appearance in the conversion products of strong endothermic peaks specific only to the high-temperature decomposition of CaCO₃, accompanied by CO₂ release, confirms the formation of the carbonate phase as the primary component. The relatively lower decomposition temperature of the phosphomel derived from phosphogypsum indicates the formation of finely dispersed and highly reactive calcium carbonate during the conversion process.
Overall, the TG-DTA results scientifically substantiate that the conversion process carried out using ammonium carbonate not only proceeded correctly from a chemical standpoint but also yielded thermally stable calcium carbonate products that are promising for industrial application.
4. CONCLUSION
[bookmark: _Hlk180402183]The results of TG-DTA analyses demonstrate a significant difference in the thermal behavior of natural gypsum, phosphogypsum, and the calcium carbonate products obtained from their conversion with ammonium carbonate. The dehydration process in natural gypsum and phosphogypsum proceeds in two stages associated with dihydrate–hemihydrate–anhydrite phase transitions, with impurities specific to the industrial origin of phosphogypsum complicating the kinetics of this process. The conversion products exhibit high thermal stability at low and medium temperatures, confirming the effective formation of the carbonate phase.
At high temperatures, the decomposition of calcium carbonate manifests as an endothermic process accompanied by CO₂ release. CaCO₃ derived from natural gypsum is characterized by a relatively higher decomposition temperature, while phosphomel based on phosphogypsum is distinguished by a lower decomposition temperature and higher reactivity. Overall, it has been scientifically substantiated that processing phosphogypsum using ammonium carbonate is an effective technological solution for converting an environmentally hazardous industrial waste into high value-added, energetically favorable products—ammonium sulfate and calcium carbonate.
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