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Abstract  

In this present work, the transformation of the Moroccan phosphogypsum (PG) waste, considered 

as a potential source of sulfate, into potassium sulfate compound could help to reduce 

environmental impact and to create a new value chain for the phosphate industry. Generally, solid-

liquid equilibria are frequently applied in chemical industries. They are a valuable aid for 

visualizing the precipitation, separation, purification of a solid phase and pathways through which 

crystallization can proceed. The aim of this process is to produce potassium sulfate, a high-value 

fertilizer, from sulfate solutions obtained after dissolving Moroccan phosphogypsum in NaOH 

medium. The quaternary phase diagram Na+, K+ // Cl-, SO4
2- - H2O at 25°C was especially used to 

determine the operating conditions and the design of a crystallization process during the 

phosphogypsum conversion into potassium sulfate. The Jänecke representation of this system 

enables the determination of the optimal trajectory in the phase diagram for the double 

decomposition reaction. X-ray Fluorescent (XRF) and X-ray diffraction (XRD) techniques were 

conducted to identify the crystalline phases formed. The results of this study could be contributing 

to the development of a sustainable valorization of Moroccan phosphogypsum. Furthermore, the 

potassium sulfate represents a good alternative to potassium chloride for chloride-sensitive crops. 
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Graphical abstract 

 

 

Statement of novelty:  

- The transformation of the Moroccan phosphogypsum (PG) waste into K2SO4 was done; 

- The quaternary phase diagram Na+, K+//Cl-, SO4
2- - H2O at 25°C was used to determine the 

operating conditions of the phosphogypsum conversion to K2SO4; 

- The main advantage of this process compared to the conventional process is that it does not 

require the use of commercial Na2SO4 or synthetic gypsum but only the phosphogypsum 

waste. 

 

1. Introduction 

The mining industry of phosphate in Morocco plays a major role in the country's economy [1]. The 

wet process is mostly used for manufacturing phosphoric acid in the world [2, 3]. In this context, 

phosphogypsum (PG) is the primary waste by-product of the phosphate fertilizer [4]. 

Approximately, five tons of PG are generated for each ton of P2O5. Although PG, obtained by wet 

processing, is mostly composed of calcium sulfate dihydrate (gypsum; CaSO4
.2H2O), but it may 

also contain a number of impurities, such as small amounts of organic matters, quartz residual 

acids, fluoride, heavy metals, and radionuclides [5–9].   
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For authorities worldwide, phosphogypsum management, such as disposal and valorization, is an 

enormous challenge in phosphoric acid production [4, 10, 11]. In particular, the majority of 

Moroccan phosphogypsum is directly discharged into the sea without preliminary treatment as 

reported in [12–14]. Therefore, the treatment and application of PG have become an urgent problem 

to be solved  [4, 15, 16] 

Due to PG high content of calcium and sulfur and their availability in large quantities, Blum et al. 

and Chaalal et al. found that phosphogypsum is of paramount relevance for several industrial, 

technological, and scientific domains [17, 18]. Generally, the natural gypsum and PG had similar 

chemical composition and technical properties [19, 20]. Previous studies have also shown that 

phosphogypsum waste could serve as a substitute for natural gypsum in various industrial 

applications [21, 22]. Therefore, in the last years, different researches on phosphogypsum 

valorization routes were developed to solve this environmental problem [10, 23]. Thus, PG was 

converted by wet decomposition to various products, such as sulfate salts of sodium, potassium 

and ammonium [24–26], calcium carbonate, portlandite [28]. In addition, the thermal conversion 

of phosphogypsum into sulfur dioxide has been established by [29, 30]. However, the traditional 

methods, which include the use of expensive chemical reagents, are rarely applied in industrial 

applications [31]. 

Compared with the thermic method, Jiang et al. shows that the salt solution method has the 

advantages of lower energy consumption [32]. Therefore, it is considered a promising technology, 

which is why it is attracting great interest for valorization of phosphogypsum waste into useful 

products [33]. 

In order to design chemical processes, crystallization and separation operations, the concept of an 

equilibrium phase diagram is required [34, 35]. Thus, many articles, including phase diagram 

process, have been published concerning the salt extraction from mixtures of salt lakes, natural 

brines, seawater and wastewater [36, 37]. In this context, numerous proposals for industrial 

applications were investigated in order to produce the potassium nitrate from double salt, carnallite 

(KCl.MgCl.6H2O) by using the phase equilibria of the reciprocal system K+, Mg2+//Cl-, NO3
--H2O 

[38]. Xie et al. shows that solid-liquid phase equilibria can greatly improve the efficiency of 

manufacturing and application of liquid fertilizers [39].  Based on the solubility data and phase 

diagram of the quaternary system KH2PO4-H3PO4-CH2OHCH2OH-H2O, Yang et al proposed a 
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design of the crystallization process of KH2PO4 from the solution of ethylene glycol - KH2PO4 - 

H3PO4 [40]. Cheng at al. have employed the concept of a phase equilibria of the ternary system 

AlCl3-FeCl3-H2O(-HCl) at 25°C for studying the crystallization and separation of AlCl3·6H2O and 

FeCl3·6H2O [41]. In a previous work, Fezei et al., have performed the sylvite (KCl) transformation 

into arcanite (K2SO4) using epsomite (MgSO4
.7H2O), governed by the quaternary reciprocal 

system K+, Mg2+ // Cl-, SO4 2- - H2O, at 25°C isotherm [42]. In addition, Khlissa and M’nif have 

described precisely how to present the double decomposition reaction between pure salts KCl and 

Na2SO4 for producing potassium sulfate [43]. However, most of the literature studies refer to the 

use of pure Na2SO4 as a source of sulfate. In addition, to our knowledge, no research, guided by 

phase diagram process, has yet been developed, which including simultaneous valorization of PG 

waste as a starting material and a source of sulfate in producing K2SO4.  

In view of this, the purpose of the present study will be to examine the K2SO4 crystallization and 

separation path by means of phase diagram K+, Na+ // Cl-, SO4
2--H2O at 25 °C, using PG waste as 

a source of sulfate. Besides, this will provide additional information on the application of 

sustainable management and valorization of PG waste in order to substantially increase the 

production of potassium sulfate, which is more favorable for the fertilization of chloride sensitive 

crops. 

2. Materials and methodology 

2.1. Materials 

To carry out this study, the raw materials of phosphogypsum investigated in this work were 

collected from a fertilizer plant, that produces H3PO4 by means of a wet process, at Jorf Lasfar 

chemical complex (OCP group), located at 30 km south of El Jadida city, Morocco. The reagents 

sodium hydroxide NaOH, potassium chloride KCl and synthetic gypsum CaSO4·2H2O were 

provided by Merck, analytical grade chemicals. In this work, all solutions were prepared 

by dissolving appropriate powered compounds in deionized water. The solution 

temperatures were controlled by a thermostatic water bath polyester Fisher Bioblock Scientific, 

with the accuracy of ±0.1 °C. The mixture was sufficiently agitated by a magnetic stirrer at 300 

rpm. All reaction experiments have been carried out in a double layer jacketed glass reactor with 

an active volume of 500 mL. The reactor is equipped with auxiliary ports to monitor pH, electrical 

conductivity, temperature and the addition of water and reagents. Furthermore, the parameters pH 
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and electrical conductivity measurements were increasingly used for monitoring the 

evolution of crystallization processes. The pH measurements were determined by a digital pH-

meter model (pH209 HANNA instruments). The electrical conductivity was measured using a 

conductivity meter (Orion Star A112), characterized by a wide measuring range. 

2.2. Characterization and chemical composition 
The major elements contained in Moroccan PG sample were determined using X-ray fluorescence 

sequential spectrometer (XRF, Panalytical, AXIOS model) equipped with a Rh X-ray tube. 

On the other hand, the resulting conversion products obtained were analyzed by X-ray diffraction 

using a Bruker D8 ADVANCE TWIN instrument. An increment of 0.05° was applied to the 2θ 

angle in the range of 10 to 70°, with a copper Kα radiation (λ = 0.154 nm) at 45 kV and 35 mA. 

The phase identification was performed with the help of X'Pert HighScore Plus software according 

to the Powder Diffraction File database. 

2.3.  Methodology 
It is observed that the PG, composed primarily of gypsum (CaSO4·2H2O), is an ideal sulfate source. 

However, it is slightly soluble in water. Fresh and untreated phosphogypsum has a low pH, about 

2-3, due to the presence of traces of unwashed phosphoric (in main portion), sulfuric and 

fluorosilicic acids, and is thus considered to be highly corrosive. In order to remove acid traces, 

soluble impurities and organic matter contained in the supernatant, the PG sample was washed 

respecting the flow chart of the water-washing studied in our previous work as represented in Fig. 

1 [25]. The washing procedure was conducted in a beaker glass using the ratio of PG to deionized 

water of 10:20 (weight: volume). The heterogeneous mixture was kept on a magnetic stirrer for 20 

min at 25°C. The periodic washing was continued until stable values were reached for pH and 

electrical conductivity (EC). 

The obtained washed PG is then dried in an oven maintained at T = 40 °C for six hours until a 

constant weight was obtained. The resulting PG, when cooled, is grounded, then homogenized, and 

finally stored in plastic bags.  In the present study, the products prepared from pure gypsum were 

taken as reference material for comparison with the compounds obtained from Moroccan 

phosphogypsum waste. 
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Fig. 1- PG samples washing procedure. 

 

Generally, phosphogypsum management and pollution cause serious environmental impacts. In 

this concern, the study of phosphogypsum valorization is of the most importance for 

industrial developments as well as fertilizer industry. The present study is directed toward a three-

stage process for converting PG to K2SO4. Fig. 2 highlights all the steps followed during the 

experimental procedure. In this concern, Moroccan phosphogypsum can be used as reactant to 

produce Na2SO4 and then K2SO4. Specifically, Na2SO4 is first produced from the conversion of 

phosphogypsum waste, according to the following reaction: 

CaSO4
.2H2O + 2NaOH   Na2SO4 + Ca(OH)2 + 2H2O 

Then, the recovered Na2SO4 reacts with potassium chloride KCl to produce glaserite: 

2Na2SO4 + 3KCl    NaK3(SO4)2  + 3NaCl 

The intermediate chemical glaserite is dissolved in KCl and then transformed into pure K2SO4: 

NaK3(SO4)2 + KCl    2K2SO4  + NaCl 

The global reaction leading to the formation of potassium sulfate is: 

CaSO4
.2H2O + 2NaOH + 2KCl  K2SO4 + 2NaCl + Ca(OH)2 + 2H2O 
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Fig.2- Simplified schematic diagram of the continuous and simultaneous Moroccan phosphogypsum 

conversion to Na2SO4, and K2SO4 production. 

 

2.4. Solid-liquid phase equilibria and crystallization 
As a general rule, phase diagram could be a valuable aid for visualizing the pathways through 

which crystallization can proceed [44, 45]. Knowing that "A reciprocal salt pair is formed by 

dissolving two salts that do not have common ions in a solvent. Through a metathesis reaction, a 

total of four simple salts may precipitate from this solution which is a mixture of ions in solution” 

[46]. 

In the present case, for example, sodium sulfate produced from PG reacts with potassium chloride 

may manufacture sodium chloride and potassium sulfate. This chemical reaction is known as 

double decomposition (metathesis):  

Na2SO4 + 2KCl → K2SO4 + 2NaCl 

In this case, the actual system includes four salts: ((Na2SO4, K2SO4, KCl, NaCl) and water), 

constitutes a reciprocal salt pair system. Accordingly, the final process may be described 

essentially by means of the reciprocal system K+, Na+ // Cl-, SO4
2- - H2O.  A review of the research 

literature shows that the experimental data for this reciprocal system at 25°C are available. 
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Additionally, there exists a considerable body of literature, which has largely investigated the 

isothermal phase diagram of this reciprocal system at 25 °C [47, 48]. 

2.5. Preliminary evaluation of available data for the quaternary reciprocal system K+, 
Na+ // Cl-, SO42- - H2O at 25 °C 

Fig. 3 represents the Jänecke diagram of the reciprocal K+, Na+ // Cl-, SO4
2--H2O system, exploited 

in this study to optimize the design of salt crystallization. In general, Jänecke diagrams are often 

used as visual tool, which can be employed to visualize processes in the evaporation, extraction, 

and crystallization technologies [49]. 

The composition of a solution, obtained from a mixture of different salts (KCl, NaCl, Na2SO4, 
K2SO4) and water, can be adequately expressed in terms of Jänecke coordinates as follows: J(Na ) = n P 100       ;      J(K ) = nP 100     ;     J(Cl ) = nP 100     J(SO4 ) = n P 200    ;     J(H2O) = n P 100 

Where ni is the mole number of ion i (i = Na+, K+, Cl-, SO4
2-) or of H2O. 

P is the mole number of all cations (Na+, K+) or anions (Cl-, SO4
2-), taking into account their charge 

state [50, 51]: P = n(Na+) + n(K+) = n(Cl-) + 2n(SO42-) 
 

The equilibrium solid phases of the principal invariant equilibria listed by Liu et al. are reproduced 

in Table 1 [47]. As shown in Fig. 3, the points A, B, C, and D represent the saturated solutions of 

pure salts K2SO4, Na2SO4, NaCl and KCl respectively, dissolved in the water.  This reciprocal 

quaternary system involves six invariant ternary points. The results show that both the two ternary 

systems K2SO4−Na2SO4−H2O and Na2SO4−NaCl−H2O contain two invariant points (E, F), and (G, 

H) respectively. In addition, the two ternary systems NaCl−KCl−H2O and K2SO4−KCl−H2O, 

all have one invariant point, I and K respectively. It can clearly be seen that this system consists of 

six crystallization fields of different compounds corresponding to K2SO4, KCl, Na2SO4, 

Na2SO4
.10H2O, NaCl, and NaK3(SO4)2 (glaserite). It is found that the crystallization area of the 

double salt NaK3(SO4)2 (glaserite) is the largest in comparison with those of other salts. These 
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crystallization areas are separated from each other by nine univariant curves (cotectics) which 

intersect in four invariant points, L, N, P and Q of four phase equilibrium (liquid + three solids). 

In this context, one of the most important of this phase diagram is the fact that glaserite is stable 

and is an incongruently soluble salt at 25°C. This means that, whenever pure glaserite is dissolved 

in a limited amount of water such that the resulting solution is still saturated with glaserite, this 

solution is supersaturated with another compound, namely, arcanite K2SO4.  In reality, when 

glaserite crystal NaK3(SO4)2 is added to water at 25°C, for example, we can obtain saturated 

solutions with respect to NaK3(SO4)2 and K2SO4, or to K2SO4 only. It can be seen that in the course 

of NaK3(SO4)2 dissolution no solution is formed which is saturated with the only solid phase 

NaK3(SO4)2. Therefore, on the one hand, the glaserite salt cannot be prepared by crystallization 

from a solution having the same composition as the salt itself, and on the other hand, the glaserite 

salt cannot be obtained in a pure state by washing. Thus, an incongruently glaserite is necessarily 

prepared by crystallization from a solution having a composition different from that of the glaserite 

crystal NaK3(SO4)2. 

In the current study, the great importance of this quaternary reciprocal system K+, Na+ // Cl-, SO4
2- 

H2O lies in its ability to produce a selective crystallization and recovery of K2SO4. 

 
Fig. 3: Jänecke projection of the reciprocal quaternary system Na+, K+ // Cl–, SO4

2--H2O at 25°C 
(Fig. inspired and adapted from reference [52]). 
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Table 1. Composition of invariant points in the quaternary system Na+, K+ // Cl- , SO4
2- -H2O at 25°C 

according to Liu et al. [47] 

Composition of liquid phase 
(mol/kg H2O) 

Jänecke coordinates 
mol/100 mol dry-salt 

Equilibrium 
solid phasesa 

Na+ K+ Cl- SO4
2- J(2K+) J(SO4

2-) J(H2O)  

6.2618 0.7948 3.2333 1.9117 11.26 54.18 786.60 Mir+Th+Gla 

6.4958 1.0562 6.0293 0.7613 13.99 20.16 735.00 Th+Hal+Gla 

5.3466 2.2209 7.1152 0.2261 29.35 5.98 733,50 Hal+Syl+Gla 

1.9846 3.8445 5.5179 0.1556 65.95 5.34 952.25 Arc+Gla+Syl 
a Abbreviations: Mir, Na2SO4·10H2O; Th, Na2SO4; Gla, Na2SO4·3K2SO4; Hal, NaCl; Syl, KCl; Arc, K2SO4 

3. Results and discussion 
3.1. PG sample analysis 

Prior to the start of the conversion process, the X-ray fluorescence (XRF) technique was used to 

determine the elemental composition of the raw and washed PG samples used in this work. The 

results obtained, for their major elements, are listed in table 2 with the data recently reported by 

Silva et al.  [53] for purposes of comparison. It appears that the contents of both PG are very similar 

to each other. As shown in Table 2, Calcium (25 wt %), sulfur (16 wt %) and oxygen (35 wt %) 

are both the main element of raw and washed PG samples, accompanied by lower amount of 

impurities (Al, Bi, Fe, K, Mg, Na, Nd, P, Si, Sr, Ti, Y).  According to these results, the water-

washing pre-treatment does not significantly modify their original characteristics, in terms of its 

majority composition. The reduction of P is only about 29 %, this is due to a soluble fraction of P 

present in the crystalline lattice of PG.  

On the other hand, the sum of calcium, sulfur, oxygen contents, and loss on ignition (LOI) of total 

weight of the raw and washed PG are 97.49 % and 97.26 %, respectively. Furthermore, 

our experimental values are similar to those recently given by other authors such as Cai et al. [54] 

and Liu et al.[55]. Generally, the composition and the purity of phosphogypsum depend greatly on 

the quality, the origin (sedimentary or igneous), the chemical treatment of the phosphate rock and  

the type of digestion process used for the production of phosphoric acid (dihydrate/hemihydrate 

process) [56, 57].    
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Table 2: Composition (weight %) of major species in raw and washed PG 

LOI: loss on ignition at 600 °C , ND: not detected 

  

In addition, phosphogypsum (PG) and synthetic gypsum (SG) samples were analyzed by using X-

ray diffraction to determine their crystalline composition. The corresponding XRD patterns are 

shown in Fig. 4. The diffractograms obtained were compared with each other and with the 

database. We found that PG is predominantly composed of calcium sulfate dihydrate CaSO4
.2H2O 

(PDF N°: 96-810-0584) and a low trace of quartz SiO2, (PDF N°: 01-081-0065).  

The presence of SiO2 as seen in the XRF analysis, is also in accordance with this finding and further 

confirms the XRD results. The PG composition is in good agreement with those published 

by Rentería-Villalobos [58]. Indeed, no reflections related to the calcium sulfate hemihydrate 

(bassanite) were observed in the X-ray diffraction patterns in this work. This can be explained by 

the fact that the wet process is the most used method for the production of phosphoric acid in 

Morocco, which usually generates calcium sulfate dihydrate CaSO4
.2H2O. The main reaction for 

the dihydrate process is as follows: 

Ca5F(PO4)3 + 5H2SO4 + 10H2O → 3H3PO4 + 5CaSO4
.2H2O + HF 

 

Element 
(wt%) Bi Ca F Fe K Mg Na Nd 

Raw PG 
(this work) 0.01±0.01 25±2 1.12±0.06 0.01±0.01 0.01±0.01 0.02±0.02 0.11±0.02 0.02±0.02 

Washed PG 
(this work) ND 26±2 1.2±0.06 0.01±0.01 ND 0.01±0.01 0.02±0.01 ND 

Raw PG 
[53] - 22.4±0.8 0.9±0.2 0.15±0.03 0.08±0.03 0.11±0.02 0.10±0.02 - 

Range - 14-38 0.02-4 0.005-0.61 0.0002-0.5 0.01-0.8 0.004-0.5 - 

Element 
(wt%) O P S Si Sr Ti Y LOI 

Raw PG 
(this work) 35±2 0.35±0.07 16±1  0.3±0.05 0.1±0.1 0.02±0.02 0.02±0.02 21.49 

Washed PG 
(this work) 35±2 0.25±0.05 16,2±0,8  0.3±0.05 0.1±0.1 0.02±0.02 0.02±0.02 21.06 

Raw PG 
[53] - 0.43±0.06 18.6±0.9 2,9±0,4 0.07±0,02 0.10±0.03 - 22 

[58]  

Range - 0.01–5 12--53 0.2-15 0,001–0,1 0.01-0.4 - - 
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Fig. 4- XRD patterns of PG (a) and SG (b) samples. 

 

3.2. Process of preparing potassium sulfate guided by phase diagram 

In this process, Moroccan phosphogypsum can be used as starting reactant to produce Na2SO4 and 

then K2SO4. Specifically, Na2SO4 is first produced from the conversion of phosphogypsum waste.  

Then, the recovered Na2SO4 reacts with potassium chloride KCl to produce glaserite NaK3(SO4)2. 

Finaly, the intermediate chemical glaserite is dissolved in KCl solution and transformed into 

K2SO4. 

Therefore, the global reaction leading to the formation of potassium sulfate from phosphogypsum 

can be represented through the following equation:  

CaSO4
.2H2O + 2NaOH + 2KCl  K2SO4 + 2NaCl + Ca(OH)2 + 2H2O 

In general, all of these reaction processes are taking place at a constant temperature (25°C). Below 

we outline the three steps process for converting successful the Moroccan PG to potassium sulfate: 

A- The first stage was dedicated to the production of sodium sulfate. It consists in the dissolution 

of an accurately weighed quantity of Moroccan phosphogypsum in sodium hydroxide aqueous 

solution to produce a starting source of sulfate Na2SO4. The corresponding reaction can 

be expressed as follows: 

CaSO4
.2H2O + 2NaOH   Na2SO4 + Ca(OH)2 + 2H2O  
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In order to select the most suitable molar ratio of the reagents PG/NaOH, a large number of 

mixtures were tested during the dissolution process. At this stage, the whitish solid phase 

portlandite Ca(OH)2 can be separated by filtration. Overall, calcium hydroxide could be a 

potentially useful resource for mineral CO2 sequestration to generate carbonate calcium [59, 60]. 

CaCO3 is highly recommended to be used in cement industries [61, 62]. 

Afterward, the desired sodium sulfate, which was eluted in the filtrate, was finally recovered from 

the supernatant solution by evaporation in an oven at 80°C. 

B- The second stage includes preparation of glaserite NaK3(SO4)2: 

In general, the Jänecke representation is much more suitable and commonly used in the 

crystallization processes [47, 63]. For this purpose, the reciprocal system Na+, K+ // Cl-, SO4
2- - 

H2O was replotted in Janecke projection at 25°C from data previously published by Nicolaisen et 

al.  [64] and Liu et al. [47]. Fig.5 shows the 3D isothermal quaternary phase diagram and its 2D 

Jänecke projection with additional labels to better describe the process for potassium sulfate 

production. 

The predicted crystallization path during the conversion process is based mainly on the position of 

the Jänecke coordinates of the initial studied mixture on the phase diagram for the reciprocal Na+, 

K+ // Cl–, SO4
2--H2O system. The composition of the starting mixtures was determined graphically. 

Fig. 5 showed that the initial studied mixtures (points M0 and M1) lie on the stability field of 

glaserite NaK3(SO4)2 and arcanite (K2SO4) respectively. 
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Fig. 5- Representation 3D and Jänecke projection 2D of the quaternary phase diagram of the 

reciprocal Na+, K+ // Cl–, SO4
2--H2O system at 25°C (Fig. inspired and adapted from reference [52]). 
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Indeed, a mixture having a typical composition of J(Na+) = J(SO4
2-) = 58.12% nominal “M0” (Fig. 

5) was prepared by mixing appropriate quantities of KCl with the Na2SO4, previously produced in 

the first step. For this special situation, the composition of the resulting mixture will lie on a straight 

line joining the corners of the two salts KCl and Na2SO4 of the base (mixture M0 in Fig. 5). The 

components KCl and Na2SO4 were pre-calculated, weighed and charged in the reactor. In order to 

obtain glaserite NaK3(SO4)2 and a saturated aqueous solution “S0”, a suitable amount of deionized 

water was continuously added to this mixture until the J°
H2O point is reached (Fig. 5). Afterward, 

the resulting mixture was stirred at 25 °C for 24 h to achieve the chemical reaction: 

2Na2SO4 + 3KCl    NaK3(SO4)2  + 3NaCl 

Finally, the glaserite crystals (NaK3(SO4)2) formed were filtered out and dried at 60 °C. 

C- The third stage: the glaserite (NaK3(SO4)2) has always been considered as an ideal intermediate 

compound in potassium sulfate synthesis, since it reacts with KCl to regenerate K2SO4: 

NaK3(SO4)2 + KCl   2K2SO4  + NaCl 

In the actual step, the intermediate chemical glaserite was weighed and mixed with a predetermined 

quantity of KCl in such a way that the composition of the resulting mixture corresponds to point M1 

(Fig. 5). 

 The obtained mixture lies on a straight line joining the two salts KCl and NaK3(SO4)2.  In the same 

manner, the water quantity is adjusted to J1
H2O by adding appropriate volumes of water to the salt 

mixture such that only K2SO4 salt remained in equilibrium with the saturated aqueous solution “S1” 

(Fig. 5). 

During this treatment, the obtained mixture was introduced into the jacketed glass reactor. Then 

the content is sufficiently agitated at 25°C for 24 h to get an adequate salt dissolution, which 

contributes to a better conversion of KCl and NaK3(SO4)2 into desired product K2SO4.  

At this point, a large quantity of a white crystalline solid precipitate from the solution as arcanite 

(K2SO4). Thereafter, the final product, potassium sulfate salt, is recovered from the solution 

through a simple filtration and oven dried at constant temperature of 60 °C. 

Table 3, in turn, shows the initial chemical composition of the mixtures (M0, M1) and the mass of 

the different salts and water used in each step. Indeed, both of the composition of the 

starting mixtures and the amount of water to be added, can be determined graphically directly from 

the quaternary Na+, K+, //Cl–, SO4
2- - H2O system as shown in Fig. 5. 



16 
 

However, the salt masses were calculated based on phase diagram data through the following 

equations: m0Na2SO4= P0 .  J(Na+)200 MNa2SO4   m0KCl= P0 .  J(K+)100 MKCl m0H2O= P0 .  J(H2O)100 MH2O 

m1KCl=[ P1 .  J(K+)100  - 3 P1 .  J(SO42-)400 ]MKCl 
m1Glas= P1 .  J(SO42-)400 MGlas 

P0= 100 . (100 / MH2O ) J0(H2O)         ;           P1= 100 . (100 / MH2O ) J1(H2O)   
Here, mij and Mj represent, respectively, the mass and the molecular weight of salt or water. 

 
 

Table 3: The amount (g) of the starting salts used to perform the process. 

Mixture 
   M0 

J(Na+)=58.12 ; J(SO4
2-)=58.12 

   M1 
J(Na+)=15.06 ; J(SO4

2-)=58.12 

Saturated solution 
S0 

J(Na+)=86.01 ; J(SO4
2-)=20.16 

J(H2O)=735 

S1 
J(Na+)=34.04 ; J(SO4

2-)=5.34  
J(H2O)=952,25 

                      Mass of reagents (g) 

 PG NaOH H2O Na2SO4 KCl NaK3(SO4)2 
First stage 100 46.50 1000 0 0 0 
Second stage 0 0 100 56.44 42.67 0 
Third stage 0 0 100 0 41.86 65.59 

 
3.3. The characterization of the products  

The XRD pattern of the thenardite (Na2SO4) prepared in the first step through the phosphogypsum 

route is shown in Fig. 6. Na2SO4 is identified as dominant phase from the X-ray diffraction profile. 

The pattern shows the presence of the principal peaks of the desired phase Na2SO4 according to 
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the reference databases (JCPDS N° 96-101-1185). In addition to the Na2SO4 peaks, there are some 

very weak reflection peaks located at 2θ = 26°, 34° and 43° that can be assigned to the presence of 

trace impurities of burkeite phase (Na6(SO4)2CO3) according to JCPDS N° 96-901-6182. Such an 

impurity corresponds to the contamination of the prepared salt Na2SO4 with the atmospheric CO2. 

These results are highly consistent with those of other studies [24, 28]. In addition, no 

peaks corresponding to starting materials (PG) were detected in in the XRD pattern shown in Fig. 

4. These results suggested that the conversion reaction of PG to Na2SO4 had occurred successfully.  
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Fig. 6- XRD pattern of Na2SO4 prepared from PG (a) compared with the JCPDS of Burkeite (b) and 

JCPDS of Na2SO4 (c) 
 

The intermediate solid phase obtained during the second step was also characterized by XRD (Fig. 

7). As could be expected from this pattern, the intermediate product is mainly consisted of Glaserite 

(JCPDS Card No. 96-900-7640) (Fig. 7c). Furthermore, X-ray diffraction pattern (Fig. 7b) of the 

Glaserite sample prepared from commercial Na2SO4 (used as reference for a comparison) is found 

to be almost identical to that of Glaserite prepared from Na2SO4, which has been produced from 

phosphogypsum waste (Fig. 7a). 
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Fig. 7- XRD patterns of Glaserite  (NaK3(SO4)2) synthetized from: (a) Na2SO4 (prepared from PG) 

and (b) commercial Na2SO4 - (c) Glaserite (NaK3(SO4)2) JCPDS file.  

The final solid obtained at the end of the process was then washed with a saturated solution of 

potassium sulfate, followed by oven drying at 60°C. Fig. 8 shows the corresponding XRD patterns 

of the final products synthesized using different Na2SO4 sources, such as from (a) commercial 

Na2SO4 and from (b) Na2SO4 prepared through PG conversion. The XRD patterns reveal that all 

diffraction peaks are consistent with the standard pattern for typical arcanite K2SO4 (JCPD N° 96-

120-0013). It can be seen that the comparison of the XRD patterns of the two differently prepared 

samples show much better in terms of peak positions as presented in Fig. 8, indicating the same 

K2SO4 structure. 

In addition, it should be noted that no peaks due to the presence of crystalline impurities in the 

form of double salts such as goergeyite (K2SO4.5CaSO4
.H2O) and / or syngenite (K2Ca(SO4)2

.H2O) 
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were observed in the XRD patterns (Fig. 8).  According to Abu-Eishah et al. [65], Ennaciri et al. 

[66] and Aagli et al. [67], these secondary phases are generally formed by side reaction during the 

conversion of phosphogypsum to K2SO4 in the presence of KCl or K2CO3.  
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Fig. 8- XRD patterns of the arcanite K2SO4 prepared from Na2SO4 (prepared from PG) (a), 

commercial Na2SO4 (b) compared with the K2SO4 JCPDS file (c). 
 

Finally, the obtained results are important, especially since previous studies have already 

consistently shown that most impurities such heavy metals and natural radionuclides are transferred 

from phosphogypsum to portlandite Ca(OH)2 (stage 1) [24, 28, 68]. Thus, this process would be 

able to produce K2SO4 free of impurities. 
 

4. Conclusion  
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In this study, we successfully developed a facile method for continuous and simultaneous 

conversion of Moroccan phosphogypsum waste to solid Na2SO4, and K2SO4 by using the 

quaternary reciprocal system Na+, K+ // Cl-, SO4
2-- H2O. 

In this process, Moroccan phosphogypsum was used as starting reactant for sulfate source. 

Specifically, Na2SO4 was first produced from the conversion of phosphogypsum waste.  Then, the 

recovered Na2SO4 reacts with potassium chloride KCl to produce glaserite NaK3(SO4)2. Finaly, the 

intermediate chemical glaserite is dissolved in KCl solution and transformed into K2SO4 solid.  

A benefit of this approach is that the phase diagram provides a guide for optimal conditions of salt 

crystallization. It was used to promote and facilitate the production of the desired compound 

K2SO4. The composition of the starting mixtures, the salt masses and the amount of water to be 

added were calculated based on phase diagram data. The main advantage of this process compared 

to the conventional process is that it does not require the use of commercial Na2SO4 or synthetic 

gypsum (SG). In parallel, a comparative study between the conversion process of the SG and PG 

shows that the final produced compounds are identical to K2SO4. Analysis of the results findings 

revealed that PG waste could be used as a substituent of SG in many industrial applications.  

On the other hand, detailed studies are necessary to fully understand the behaviour and distribution 

of heavy metals and natural radionuclides initially present in the Moroccan phosphogypsum and in 

the final chemical products synthesized during the conversion process. These will be the topics of 

our future research. 
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