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[bookmark: _Hlk217152047]ABSTRACT

Achieving a high degree of gypsum conversion is crucial to reducing environmental impact and enhancing the efficiency of industrial processes. This article presents a comprehensive investigation of the liquid-phase conversion of gypsum, using a 50% aqueous ammonium carbonate solution and incorporating a recycled ammonium sulfate solution. The study aims to enhance the conversion process's technological efficiency while improving the filterability of the resulting calcium carbonate.
Experiments conducted at 50 °C showed that ammonium carbonate consumption at 100–110% of the stoichiometric requirement significantly affected process efficiency, with gypsum conversion reaching 95–97% under optimal conditions. The 95% confidence interval for gypsum conversion was 94.5% to 97.5%. The recycled ammonium sulfate solution, at concentrations ranging from 15% to 35%, was evaluated for its impact on gypsum conversion and calcium carbonate filterability. Notably, using a recycled ammonium sulfate solution resulted in larger, denser calcium carbonate crystals, thereby improving filterability. The filtration rate increased from 500–600 kg/m²·h to 700–1000 kg/m²·h, with a 95% confidence interval of 680–1020 kg/m²·h, demonstrating a clear improvement in process efficacy. This improvement, when scaled to an industrial level for a 10 m² filter press, could potentially translate into an annual throughput boost of approximately 40–50%, emphasizing the significant industrial value of the process advancement. These results demonstrate both scientific and practical value for optimizing the gypsum–ammonium carbonate conversion process and advancing industrial ammonium sulfate production technologies. Additionally, steps were taken to replicate the experiments under these conditions, strengthening the credibility and reproducibility of the results.
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1. Introduction

Efficient resource use and environmental protection are central goals in modern fertilizer technology. Producing fertilizers from industrial waste, including high-quality monocalcium phosphate [1], calcium nitrate [2], purified phosphoric acid products [3], and encapsulated urea [4], offers a promising approach. Among these, ammonium sulfate remains one of the most widely used and important mineral fertilizers.
Ammonium sulfate is among the most widely used mineral fertilizers in agriculture and is an important source of both nitrogen and sulfur. In recent years, its market significance has increased considerably due to sulfur (S) deficiency in soils, the expansion of intensive farming practices, and the growing adoption of sustainable technologies for industrial waste recycling. According to market research data, the global ammonium sulfate market was valued at USD 3.36 billion in 2024 and is projected to reach USD 4.81 billion by 2030 [5]. This growth corresponds to an average annual growth rate (CAGR) of approximately 6.3% over the period 2025-2030.
Ammonium sulfate ((NH4)2SO4) contains 21% nitrogen, a primary fertilizer nutrient, and 24% sulfur in the fully water-soluble sulfate form. In recent years, sulfur has gained particular importance in agriculture as the fourth essential macronutrient. Research confirms that sulfur is indispensable for the synthesis of amino acids (me-thionine and cysteine), proteins, enzymes, coenzymes, vitamins (especially B-group vitamins), and chlorophyll. Consequently, sulfur deficiency in soils reduces plants' nitrogen-use efficiency and limits overall crop produc-tivity [6-8].
Another important agrochemical property of ammonium sulfate is its ability to mildly acidify the soil solution. This acidification increases the mobility and bioavailability of essential micronutrients, such as phosphorus, zinc, iron, and manganese, thereby significantly improving nutrient uptake in calcareous and alkaline soils. The ag-ronomic value of ammonium sulfate in weakly alkaline, moderately calcareous soils, which are widespread in Uzbekistan, Kazakhstan, and other Central Asian countries, is largely due to this property.
Contemporary agrochemical studies indicate that, despite its lower nitrogen content compared with urea, ammonium nitrate, or NPK fertilizers, ammonium sulfate is often more effective because of its sulfur content. High-protein crops such as hemp, soybean, potato, maize, rice, wheat, and various vegetable crops are partic-ularly sensitive to sulfur availability, and the application of ammonium sulfate has been reported to enhance protein accumulation, increase gluten content in grains, and improve plant physiological stability. Agronomic experiments in Europe, Asia, and the United States further confirm the high efficiency of ammonium sulfate for industrial, oilseed, vegetable, and cereal crops. For example, yield increases of 8–20% have been observed in maize and wheat due to nitrogen–sulfur synergistic interactions, while potato cultivation has shown improvements in starch accumulation and tuber marketability [9-10].
The primary industrial method for ammonium sulfate production is based on the neutralization reaction between sulfuric acid and ammonia. In industrial practice, ammonia recovered from coke oven gas generated during the coal coking process is commonly used as the raw material. At the same time, the recovery of ammonia, as well as pyridine and other nitrogenous bases from coke oven gas, is typically integrated into the ammonium sulfate production scheme. This approach enhances resource efficiency and significantly reduces waste generation [11]. A substantial proportion of ammonium sulfate production is also achieved through technological schemes that recycle and utilize spent sulfuric acid generated in organic synthesis plants [12-13]. Conversion-based methods for producing ammonium sulfate ((NH4)2SO4) from calcium sulfate (CaSO4) are likewise widely applied in industrial practice. The main advantage of these technologies is that they operate without the direct involvement of sulfuric acid (H2SO4), thereby improving chemical safety while enhancing economic efficiency.
Among the conversion methods currently used in practice, gas-phase and gas–liquid-phase processes hold a notable position [14-15]. However, scientific investigations and techno-economic analyses indicate that these methods are significantly less efficient than the conventional liquid-phase conversion route. This discrepancy is primarily attributed to several inherent limitations.
In gas and gas–liquid systems, the restricted interfacial reaction zone and incomplete reagent interaction prevent the attainment of the theoretical yield of ammonium sulfate, resulting in lower product output. Moreover, the physicochemical properties of the calcium carbonate (CaCO3) formed during the process, such as mor-phology, degree of crystallization, and purity, are adversely affected, complicating its subsequent industrial utilization. The poor filterability of calcium carbonate significantly reduces the productivity of the filtration stage, leading to increased energy consumption, prolonged processing time, and higher overall operating costs.
Consequently, although gas-phase and gas–liquid-phase conversion methods eliminate the need for sulfuric acid, they provide markedly inferior overall technological efficiency, economic viability, and product quality control compared with liquid-phase processes. As a result, their large-scale industrial implementation remains limited [16-17].
Many studies in the literature have investigated the theoretical and practical foundations of carbon–ammonia (ammonium carbonate–based) conversion processes applied to phosphogypsum, a large-tonnage industrial by-product generated during the production of wet-process phosphoric acid [6-8]. These studies have demon-strated that conducting the conversion process in the liquid phase is more economically favorable than gas-phase and gas–liquid-phase technologies, owing to its technological simplicity, lower energy consumption, and reduced complexity of process equipment [18].
At the same time, the production of ammonium sulfate from phosphogypsum is economically marginal compared with analogous technologies based on natural gypsum raw materials, with profitability levels ap-proaching or even falling below the break-even point under certain conditions. In particular, it has been estab-lished that ammonium sulfate production via carbon–ammonia conversion of phosphogypsum involves unit production costs for the finished product that are approximately 80% higher than those of conventional thermal processes employing sulfuric acid [19].
This situation is primarily attributed to the high impurity content in phosphogypsum, residual acidity, and the need for additional purification and technological pretreatment stages. As a result, although phosphogypsum conversion processes are environmentally promising and significant for resource recovery, their industrial im-plementation requires the development of new technological and engineering solutions to improve economic efficiency.
At present, technological approaches based on phosphogypsum conversion may be considered viable economic solutions. This trend is mainly explained by the expectation that annual phosphogypsum generation volumes will continue to increase [20].
Various block-modular technological schemes for the liquid-phase conversion of natural gypsum and phos-phogypsum have been described in the literature [11-13]. Among the most advanced examples are crystalline ammonium sulfate plants in the German cities of Onnay and Leuna, with annual production capacities of ap-proximately 300 and 470 thousand tonnes, respectively [11]. However, existing conversion schemes are char-acterized by high energy demand and low process intensity. In particular, producing 1 tonne of ammonium sulfate requires evaporating up to 2.5 tonnes of water and prolonged contact times in the converter, ranging from 4 to 10 hours.
The formation of ammonium sulfate in the liquid phase is accompanied by the simultaneous crystallization of calcium carbonate from a supersaturated solution. The liquid-phase conversion of natural gypsum and phos-phogypsum proceeds at a high rate, with the main stage of the process completed within 15-30 minutes under conditions of 100-130% stoichiometric consumption of ammonium carbonate, an ((NH4)2SO4) concentration of 20-45%, and a temperature range of 20–50 °C [18]. The optimal contact time is generally considered to be 20-30 minutes; however, increasing the ammonium carbonate consumption beyond 102% of the stoichiometric re-quirement and raising the ((NH4)2SO4) concentration above 35% decrease process efficiency.
Nevertheless, the identified optimal contact time is insufficient to form a calcium carbonate precipitate with satisfactory filterability. Under optimal conditions, a 30-minute contact time yields a conversion slurry with a filtration rate of only 500-600 kg/m2·h, which does not meet industrial requirements. To improve filterability, the residence time of the reaction mixture in the reactor is extended to 4-6 hours, and a cascade system of se-quentially connected reactors is employed instead of a single-reactor configuration. This approach enhances overall process performance and filtration efficiency [15-17].
The formation of sparingly soluble calcium carbonate (CaCO3) in an aqueous medium is characterized by the rapid development of a supersaturated state in the solution. This behavior is attributed to the low solubility of CaCO3 and the rapid generation of Ca2+ and CO32- ions resulting from the conversion reaction. The reaction rate strongly depends on the concentration of ammonium carbonate and on the degree of dispersion of natural gypsum or phosphogypsum particles in the suspension. Increasing the degree of dispersion increases the active surface area of the solid phase, thereby accelerating nucleation and crystal growth.
When the conversion process is carried out in a conventional stirred tank reactor equipped with a mechanical agitator, maintaining stable control of supersaturation in the solution becomes challenging. Although overall mixing may appear uniform, local concentration and temperature gradients arise within the reaction medium. As a consequence, the initial stages of crystallisation become excessively intensified, leading to the rapid formation of new solid-phase nuclei rather than the growth of existing crystals.
Under these conditions, a suspension of extremely fine, highly dispersed calcium carbonate crystals forms, characterized by poor filterability and a strong tendency to aggregate. Increasing the residence time of the re-action mass in the reactor does not produce significant crystal growth and does not improve overall process efficiency. As a result, filtration and washing operations become more complex, and the quality parameters of the final product fail to meet industrial requirements. Therefore, ideal plug-flow reactors or combined-flow reactors equipped with a circulation loop, which provide improved control over supersaturation, are considered more appropriate.
Under these conditions, the process may be regarded as chemically induced crystallization (reaction crystal-lization). The basis of this process is the ion-exchange-type decomposition (conversion) reaction of calcium sulfate with ammonium carbonate occurring in the liquid phase. This reaction generates the ions necessary for crystallization within the solution, leading to the formation of a solid phase. Accordingly, the conversion reaction and the crystallization of calcium carbonate are intrinsically interconnected and should be carried out simulta-neously within a single unit, a technological response crystallizer.
In this section, the possibilities for intensifying the reaction crystallization process of calcium carbonate, formed as a result of the conversion reaction between ammonium carbonate and calcium sulfate, are experi-mentally evaluated. To ensure stable control of supersaturation, an apparatus equipped with an external circula-tion loop is employed, in which the ratio between the circulating calcium carbonate suspension flow and the reactive solution flow, referred to as the circulation coefficient, is deliberately varied [19].

2. METHODS AND MATERIALS

[bookmark: _Hlk220505472]Laboratory-scale studies on the conversion of calcium sulfate (phosphogypsum) were conducted in a glass reactor equipped with a mechanical stirrer. The reactor was installed in a water-thermostated system that maintained the preset temperature throughout the experiments. Before being used in the conversion process, the phosphogypsum raw material underwent a sequence of physicochemical purification steps to reduce residual free acidity, soluble salts, and inorganic and technogenic impurities.
Before experimentation, gypsum samples were dried in a drying oven at 100 °C until a constant mass was achieved, then mechanically ground and fractionated. Ammonium carbonate was introduced into the reaction medium as an aqueous (NH4)2CO3 solution of predetermined concentration. The conversion process was carried out using ammonium carbonate solutions at concentrations of 30-50 wt%.
A specified amount of finely ground gypsum and recycled solution was charged into the reactor. The reactor was then placed in the thermostat, and agitation was initiated. A 50% ammonium carbonate solution was preheated in the same thermostat to the target temperature before addition. The experiments were performed in batch mode, and the method of introducing the reactive solution was designed to approximate the mixing conditions of an external circulation system. The total amount of the reactive solution was divided into equal portions and introduced stepwise into the reaction medium over the course of the process. This approach reduced supersaturation, promoted slow, stable crystal growth, and facilitated the formation of larger, readily filterable calcium carbonate particles.
Upon completion of the process, the resulting suspension was separated by vacuum filtration. After filtration, the quantitative composition of each component in both the liquid and solid phases was determined using standard analytical methods: Nitrogen (N) - by the Kjeldahl method, through quantitative evaluation of ammonia nitrogen in ammonium sulfate; Calcium oxide (CaO) - by the complexometric titration method (EDTA titration); Sulfur trioxide (SO3) - by the gravimetric method, based on the precipitation of barium sulfate (BaSO4); Carbon dioxide (CO2) - by the gasometric method, and its value was compared with the calculated amount of calcium carbonate (CaCO3) [20-23].
Based on the obtained data, the degree of calcium sulfate decomposition (conversion), the concentration of ammonium sulfate in the filtrate, and the chemical purity of the precipitated chalk (calcium carbonate) formed during the reaction were calculated [24-26]. These calculations enabled a comprehensive assessment of conversion efficiency and the quality characteristics of the resulting products.

3. RESULTS AND DISCUSSION

In the experiments, gypsum was converted in the liquid phase using a 50% aqueous ammonium carbonate solution. To ensure more complete interaction between ammonium carbonate and gypsum, the reagent was supplied at 100-110% of the stoichiometric requirement. The process was carried out at 50 °C in the presence of a recycled ammonium sulfate solution at 15–35%.
To prevent excessive supersaturation during calcium carbonate formation, the reactive solution was introduced into the crystallization zone in a stepwise manner. By extending the feeding time of the reactive solution, the ratio of solution flow to circulating suspension flow (circulation coefficient) was effectively controlled. As a result, the formation of coarse, well-filterable calcium carbonate crystals was promoted instead of fine, highly dispersed particles.
Under these conditions, both the degree of gypsum conversion and the filterability of the calcium carbonate suspension formed in the ammonium sulfate solution were evaluated. The results demonstrate the feasibility of effective control and optimization of the liquid-phase conversion process, thereby confirming its potential to improve process efficiency and product quality (Tables 1, 2, 3).

Table 1. Effect of the recycled ammonium sulfate solution on the degree of gypsum conversion
	Recycled (NH₄)₂SO₄ solution concentration, %
	Stoichiometric ratio of (NH₄)₂CO₃, % (relative to 100%)
	Ammonium carbonate addition time, min

	
	
	5
	10
	15
	20
	25
	30

	
	
	Degree of conversion, %

	15
	100
	72.34
	84.30
	89.50
	92.72
	94.33
	95.41

	25
	
	71.09
	82.59
	87.63
	91.30
	92.54
	93.67

	35
	
	69.54
	80.05
	86.28
	89.93
	91.49
	92.97

	15
	105
	73.56
	85.18
	90.54
	93.55
	95.23
	96.39

	25
	
	72.23
	83.90
	88.91
	92.42
	93.90
	95.13

	35
	
	70.92
	81.62
	87.96
	91.17
	92.75
	93.56

	15
	110
	74.81
	85.97
	91.28
	94.41
	95.97
	97.18

	25
	
	73.14
	84.75
	89.74
	93.56
	94.58
	95.89

	35
	
	71.64
	82.48
	88.69
	92.38
	93.66
	94.19



The experiments demonstrate that the liquid-phase conversion of gypsum with ammonium carbonate is a complex, multivariate, and interrelated kinetic–thermochemical process. Analysis of the results identified the concentration of the recycled ((NH4)2SO4) solution, the stoichiometric ratio of (NH4)2CO3, and the reaction time as the key parameters governing process efficiency.
The conversion reported in Table 1 increases with time across all operating regimes, indicating a kinetically active initial stage. In particular, the sharp rise in conversion during the first 10–15 minutes can be attributed to high ionic concentrations and intense mass transfer. Conversely, the decline in the conversion rate after 20–30 minutes suggests a transition to a diffusion-controlled stage limited by the formation of a product layer.
The results in Table 2 show a continuous accumulation of ((NH4)2SO4) in the filtrate during the conversion process. The steady increase in the mass fraction of ammonium sulfate in the filtrate with reaction time reflects the progressive formation and retention of the product in the liquid phase.


Table 2. Mass fraction of ammonium sulfate in the filtrate obtained from gypsum conversion with a 50% aqueous ammonium carbonate solution in the presence of a recycled ammonium sulfate solution

	Recycled (NH₄)₂SO₄ solution concentration, %
	Stoichiometric ratio of (NH₄)₂CO₃, % (relative to 100%)
	Ammonium carbonate addition time, min

	
	
	5
	10
	15
	20
	25
	30

	
	
	Ammonium sulfate concentration in the filtrate, %

	15
	100
	19.66
	26.17
	31.54
	33.29
	34.87
	37.81

	25
	
	24.30
	30.58
	35.48
	37.90
	39.54
	41.79

	35
	
	29.48
	34.75
	39.78.
	40.45
	42.20
	43.26

	15
	105
	20.09
	26.67
	31.94
	33.72
	35.28
	38.14

	25
	
	24.73
	30.85
	35.91
	38.29
	39.96
	42.30

	35
	
	29.98
	35.10
	40.21
	40.76
	42.51
	43.62

	15
	110
	20.51
	26.91
	32.43
	34.05
	35.63
	38.69

	25
	
	25.18
	31.40
	36.20
	38.71
	40.31
	42.88

	35
	
	30.48
	35.54
	40.74.
	41.18
	42.93
	43.98



Table 3. Filtration rate of the sulfocarbonate suspension obtained by reprocessing gypsum with a 50% aqueous solution of ammonium carbonate in the presence of a circulating ammonium sulfate solution.

	Ammonium carbonate addition time, min
	Recycled (NH₄)₂SO₄ solution concentration, %
	Stoichiometric ratio of (NH₄)₂CO₃, %

	
	
	100
	105
	110

	
	
	Filtration rate
kg/m2*h
	Filtration rate
kg/m2*h
	Filtration rate
kg/m2*h

	
	
	Filtrate (NH4)2SO4
	Dried residue
CaCO3
	Filtrate (NH4)2SO4
	Dried residue
CaCO3
	Filtrate (NH4)2SO4
	Dried residue
CaCO3

	5
	15
	2384
	714
	2309
	673
	2257
	641

	
	25
	2052
	632
	1922
	590
	1864
	557

	
	35
	1821
	520
	1764
	483
	1701
	452

	10
	15
	2250
	748
	2185
	702
	2132
	674

	
	25
	1918
	664
	1867
	628
	1810
	586

	
	35
	1704
	570
	1654
	547
	1598
	512

	15
	15
	2137
	791
	2073
	739
	2019
	704

	
	25
	1791
	694
	1723
	658
	1640
	620

	
	35
	1586
	628
	1512
	585
	1453
	549

	20
	15
	2056
	856
	1935
	813
	1848
	774

	
	25
	1678
	762
	1601
	734
	1564
	691

	
	35
	1513
	672
	1450
	648
	1387
	611

	25
	15
	1941
	964
	1853
	923
	1809
	885

	
	25
	1622
	853
	1571
	815
	1528
	780

	
	35
	1438
	734
	1352
	698
	1284
	671

	30
	15
	1824
	1058
	1769
	1023
	1712
	994

	
	25
	1543
	940
	1477
	911
	1432
	875

	
	35
	1367
	869
	1280
	840
	1229
	814









A comparative analysis of Tables 1 and 2 shows that the concentration of ((NH4)2SO4) in the recycled solution has a dual effect on the process. On the one hand, increasing the recycled solution concentration from 15% to 35% substantially raises the mass fraction of ((NH4)2SO4) in the filtrate. On the other hand, the same change partially reduces the degree of conversion. Thus, the recycled solution concentration is a key technological regulator that determines the balance between conversion efficiency and filtrate quality.
Increasing the stoichiometric ratio of (NH4)2CO3 from 100% to 110% produced a positive effect in both tables, enhancing the degree of conversion as well as the ammonium sulfate content in the filtrate. However, this effect is limited in magnitude compared with that of the recycled solution concentration and can therefore be regarded as a secondary factor that shifts the equilibrium toward product formation.
Overall, the results from Tables 1 and 2 provide strong scientific evidence that optimization of the gypsum ammonium carbonate conversion process critically depends on achieving an appropriate balance among reaction time, recycled solution concentration, and stoichiometric conditions.
The primary objective of employing a recycled ammonium sulfate solution in the process was to improve the filtration behaviour of calcium carbonate. In previous experiments, the separation rate of calcium carbonate was relatively low, with filtration rates typically around 500-600 kg/m2·h. This behaviour was attributed to the formation of a dense, fine-grained solid precipitate with poor permeability.
In the present experiments, the use of an ammonium sulfate solution markedly improved the filterability of calcium carbonate. As shown in Table 3, under certain operating conditions, the filtration rate of calcium carbonate reached 700-1000 kg/m2·h and even higher. These results indicate that calcium carbonate particles formed in an ammonium sulfate medium are larger and exhibit stronger interparticle cohesion than those obtained in earlier experiments.
As the conversion proceeds, the amount of calcium carbonate increases, and its particles tend to aggregate, forming a more coherent and mechanically stable filter cake. This structure allows liquid to pass through more readily, thereby stabilizing the mechanical separation process. Consequently, the filtration rate of the solid product increases, and the separation of calcium carbonate becomes significantly more efficient.
The presence of ammonium sulfate in the reaction medium alters the system's physicochemical properties by reducing excessive repulsive forces between particles. This facilitates closer particle interactions and promotes the formation of larger aggregates. As a result, the solid precipitate becomes less compact and more permeable to liquid than that formed in the absence of ammonium sulfate.
At the same time, prolonged reaction times increase the overall viscosity of the suspension, slightly slowing the filtrate flow. However, this effect is offset by the improved efficiency of calcium carbonate separation. Thus, although the liquid phase passes through the filter more slowly, the solid product is separated more reliably and stably.

4. CONCLUSION 

The studies demonstrate that controlling the composition of the reaction medium plays a decisive role in the liquid-phase conversion of gypsum with ammonium carbonate. In particular, the use of a recycled ammonium sulfate solution not only stabilizes the conversion process but also significantly improves the technologically important filtration properties of the resulting calcium carbonate.
In an ammonium sulfate medium, calcium carbonate crystallization proceeds in a stable manner, yielding a solid product with a coarser structure that is more suitable for mechanical separation. As a result, the productivity of the filtration stage increases markedly, and the calcium carbonate separation rate reaches values several times higher than those obtained under previous technological conditions. This outcome indicates the effective elimination of a key limitation of the filtration process, namely the formation of dense, low-permeability precipitates.
Thus, the approach using a recycled ammonium sulfate solution enables further intensification of the gypsum ammonium carbonate conversion technology, simplifies the filtration stage, and enhances overall process efficiency. The results provide a solid scientific basis for the industrial-scale implementation of this technological solution.
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