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k Rate constant for surface chemical reaction, min-1  

l Liquid 

m Molality of CaSO4, mol/kg 

n Reaction order for H2SO4 concentration 

R Gas constant, 8.314 J/(mol·K) 

R2 Correlation coefficient 

r0 Mean initial particle 

s Solid 

T Temperature, K 

t Reaction time, min 
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Ui Uncertainty of experimental value 

wi Weight of experimental value 

zi Charge of ion 

 

α Conversion ratio of scheelite (chapter 2.2.3) 

α1, α2 Electrolyte specific constants in Pitzer model 

β(0), β(1), β(2) 

 Pitzer parameter between cation and anion 

ΔG0 Gibbs energy change for the reaction 

ρ Density of scheelite ϕ Osmotic coefficient 

η Conversion ratio of CaWO4 or (Fe,Mn)WO4 

ν Stoichiometric coefficient of ion 

γ± Mean active coefficient 

° Standard state 

Superscript and subscript 

i, j Species  

M Cation 

X Anion 
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1.  Introduction 

Worldwide population and economic growth have generated an urgent and 
increased demand for many metal commodities previously not produced in 
large amounts. This is particularly true for certain raw materials whose supply 
is essential for everyday life, high-tech products and emerging innovations. The 
criticality of these raw materials has become an important issue in recent years, 
drawing worldwide attention from governments, industries and academics [1,2].  

Tungsten, as a strategic rare metal, is one of these critical raw materials. It 
has wide industrial applications in the metal-working, mining and stone-cutting 
tools, high-temperature technology, lighting, catalyst and pigment, petroleum, 
armaments and aerospace industries. All these applications are reliant on the 
remarkable physical and chemical properties of tungsten, such as, high melting 
point, low vapor pressure, high density, high tensile strength, low expansion 
coefficient, high wear resistance, and high thermal and electrical conductivity 
[3-9]. Some unique properties make tungsten impossible to replace in certain 
specialized industrial applications.  

Owing to the lack of viable substitutes, tungsten is considered a strategic and 
critical raw material all over the world. The European Union started to get 
concerns on raw materials several decades ago [10], and included tungsten in 
the critical raw materials lists of 2010, 2014 and 2017 [11-13]. The British 
Geological Survey classified tungsten as a very high risk chemical element or 
element group in its Risk list 2011, Risk list 2012 and Risk list 2015, with a 
supply risk index near to 10 [14-16]. The U.S. Geological Survey defined 
tungsten as one of the conflict minerals including tin, tantalum, tungsten, and 
gold, collectively known as “3TG minerals” [17]. All of these indicate the 
importance of tungsten, particularly in technologically-advanced economies.  

Tungsten does not occur in nature as a free metal; it occurs only in the form 
of chemical compounds with other elements. Although several tungsten-bearing 
minerals are known, their WO3 contents are rare or very rare, usually between 
0.1 and 1.0 percent tungsten trioxide (WO3) [18]. Only scheelite and wolframite 
groups are abundant enough to be considered ores, which respectively account 
for 70 wt% (CaWO4, 80.5 wt% WO3) and 30 wt% ((Fe,Mn)WO4, 76.3–76.6 wt% 
WO3) of the resources [6]. Based on the U.S. Geological Survey, the estimated 
world reserves of tungsten are mainly located in China (~60 wt%), Russia (~8 
wt%), United States (~4 wt%), Canada (~8 wt%), Bolivia (~2 wt%), and other 
countries (~18 wt%) which include Australia, Mongolia, Spain, United Kingdom, 
and Vietnam. The total world tungsten mine production has increased steadily 
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in recent years due to economic growth, especially in high tech and emerging 
innovations. China accounts for more than 80 wt% of tungsten mine production 
in the world, even though it has about 60 wt% of the world’s tungsten reserves 
[19].  

Ammonium paratungstate (APT, (NH4)10[H2W12O42]·4H2O), as the main 
intermediate product, is usually extracted from tungsten ores with metallurgical 
processes, intrinsically linking to the tungsten industry across all supply chain 
stages. With the deteriorating environment, the requirement for clean APT 
industrial production increases critically. Additionally, scheelite, sometimes 
mixed with wolframite, has become the chief raw material to extract tungsten, 
due to the progressive exhaustion of high-quality wolframite ore in the last 
several decades [3,4]. All of these factors make the tungsten extraction process 
complex and challenging. Producing APT in an environmentally friendly and 
sustainable manner has become of urgent importance to help create a 
sustainable and low-carbon economy for the future.  

1.1 Research background 

The tungsten extraction technology was developed more than 100 years ago, by 
R. Oxiland in 1847. In commercial industry production, there are two main 
approaches to decompose tungsten concentrates, namely, the acid method and 
the soda method [20].  

The decomposition of tungsten concentrates in hydrochloric acid (or nitric 
acid), is a conventional industrial process, in which most impurities are purified 
and separated from solid H2WO4 during decomposition; the resultant H2WO4 is 
then leached in aqueous ammonia to obtain an ammonium tungstate solution. 
From the thermodynamic point of view, the equilibrium constants for the 
reactions of tungsten compounds in acid solutions are respectively large [21], 
and the solubility of H2WO4 in acid solution is very small [22], indicating that 
the conversion of scheelite to tungstic acid can be almost complete 
thermodynamically. However, the conversion ratio is often not high, as the solid 
tungstic acid formed covers the surface of tungsten particles and blocks the 
further reaction of HCl with the tungsten particles, thus lowering the tungsten 
recovery. Many studies were carried out to improve this situation, including 
reducing the particle size [23], using a large excess of concentrated HCl [24], 
utilizing heated ball mill reactors [25], and adopting organic acids to dissolve 
tungstic acid [26]. These measures could eliminate the undesired effect of the 
H2WO4 layer, but they also had some deficiencies, such as increasing production 
costs and requiring expensive equipment with corrosion resistance. In addition, 
hydrochloric acid agent is highly volatile, resulting in a poor operating 
environment. 

In modern tungsten industry, soda and/or caustic soda are practically 
employed to decompose tungsten compounds in a digestion process producing 
soluble Na2WO4 and insoluble carbonates or hydroxides, in which both excess 
reagents (≥ 2.5 stoichiometric ratio of Na2O to WO3) and elevated temperature 
(> 150 °C) are required to achieve a high WO3 recovery [21]. Typical digestion 
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conditions are of 190–225 °C temperature, 1.2–2.6 MPa pressure, and 2.5–4.5 
stoichiometric ratio of Na2O to WO3 [27,28]; the ratio increases to as much as 5 
if the scheelite concentration is low [29]. The obtained sodium tungstate 
solution is converted to ammonium tungstate in the purification operation by 
solvent extraction or ion exchange, simultaneously generating sodium chloride 
or sodium sulfate solution and thus consuming massive amounts of soda or 
caustic soda [28]. Moreover, the surplus Na2CO3 is hard to recycle and harmful 
in the digestion [30]. Additionally, a vast volume of water is required in solvent 
extraction or ion exchange processes [27], resulting in the discharge of ~20 or 
100 tons [31] of high-salinity wastewater for per ton APT production, 
respectively, where the later value was even reported as ~126 tons for ion 
exchange processes [32, 33]. Furthermore, Leal-Ayala et al. [2] pointed out that 
4% of tungsten would be lost in APT production by these processes. Obviously, 
the caustic soda or soda process raises production costs, and in particular poses 
serious environmental pollution, suggesting the difficulty in achieving 
economical and cleaner production of APT [34, 35]. 

Treating tungsten concentrates with an appropriate acid may avoid the 
discharge of high-salinity wastewater, as well as the formation of a H2WO4 
product layer. Martins leached synthetic scheelite in hydrochloric acid [36] or 
nitric acid [37] with pH of 1.5–3.0 at a temperature range of about 30–100 °C 
to obtain soluble metatungstates. In the presence of phosphate or phosphoric 
acid as a chelating agent, hydrochloric acid [32, 38-40] or nitric acid [41] was 
used to decompose scheelite, forming a soluble phosphotungstic acid chelate 
compound (H3PW12O40). The chelating agent can also be hydrogen peroxide 
with formation of soluble peroxotungstic acid ([WO(O2)2(H2O)2]) [42]. 
However, the discharge of high-salinity wastewater of CaCl2 or Ca(NO3)2 could 
not be eliminated in these methods. Potashnikov et al. [43] and Kalpakli et al. 
[44] used oxalic acid to attack scheelite, forming soluble hydrogen aqua oxalate 
tungstate (H2[WO3(C2O4)H2O]) and solid CaC2O4, in which no high-salinity 
wastewater is generated; however, oxalic acid is relatively expensive. Another 
alternative approach is to use a mixture of sulfuric acid and phosphoric acid to 
treat scheelite concentrate, generating soluble H3PW12O40 and insoluble CaSO4 
[45]. Although this approach may effectively reduce high-salinity wastewater 
discharge, a certain amount of phosphorus is consumed; in addition, the 
subsequent separation of phosphorus and tungsten should be critically 
considered.  

Furthermore, all these recent studies do not take into account the 
management of wastewater and circulation of reagents in the processing circuit. 
A technique for producing ammonium tungstate more cleanly and more 
efficiently is appealing for the sustainable development of the tungsten industry. 

1.2  Objectives and scope 

Sulfuric acid, with its low volatility and cost, is an appropriate candidate to 
decompose scheelite concentrate with formation of a solid H2WO4 and CaSO4 
mixture [46]. It was considered that a solid H2WO4 and CaSO4 layer would be 
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formed and would seriously hindered the reaction; furthermore, the two solid 
products cannot be separated [45]. However, this has never been verified. 
Therefore, in order to solve these problems and to explore a cleaner and more 
efficient method of producing APT together with the cycling the aqueous 
solutions and preventing the scale, the objectives of this thesis are: 
1. To investigate the conversion behaviors of tungsten minerals in H2SO4 

solutions in detail. 
2. To study the formation mechanism of the H2WO4 layer on unreacted 

tungsten concentrate in H2SO4 solutions. 
3. To separate tungsten and calcium from the converted products by choosing 

an appropriate leaching agent with the potential for easy recycling. 
4. To present the thermodynamic modelling of aqueous solutions in order to 

prevent the scaling and recycle the solutions.  
5. To propose a cleaner and sustainable technique for producing APT with 

circulating aqueous solutions while bypassing the conversion of Na2WO4 to 
(NH4)2WO4. 

1.3  Research approach and process 

For the purpose of producing APT sustainably and efficiently, experimental 
research and thermodynamic calculations were combined in this study. The 
flowsheet and scope of the study are depicted graphically in figure 1. 

 
Figure 1. The flowsheet of the research process in this dissertation.  

The conversions of scheelite and wolframite in H2SO4 solution were put forward 
by Forward and Vizsolyi [46]. However, no further research was carried out, and 
the detail of conversion is not clear at all. In addition, the possible formed 
product layer of H2WO4 and CaSO4 was never observed directly covering the 
unreacted tungsten mineral particles. As a result, the conversion of tungsten 
minerals in H2SO4 solutions has been studied systematically in this thesis to 
achieve the complete conversion. SEM and EDS analyses were employed to 
investigate the formation of the product layer in the conversion process. The 
kinetics of scheelite conversion in H2SO4 solutions was studied to determine the 
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control factor. 
Ammoniacal ammonium carbonate solution is an appropriate candidate for 

leaching the converted product, hopefully obtaining ammonium tungstate 
solutions and solid calcium carbonate. Ammoniacal ammonium carbonate 
solution is also readily recycled, due to its low decomposition temperature. 
Consequently, the leaching of converted production in ammoniacal ammonium 
carbonate solutions has been investigated in detail. XRD analysis was used to 
measure the phase transformation of leaching residues. The secondary reaction 
and its suppressing approach were studied systemically. The recovery of the 
leaching system was also tested. 

The NPL Pitzer model was selected to carry out the thermodynamic modelling 
of aqueous solutions with MTDATA 6.0 software. The previous published 
solubility data relating to calcium sulfate in aqueous solutions were first 
collected and critically reviewed. The Pitzer parameters were then fitted and 
assessed with adopted experimental data. The obtained model was last 
compared with the available experimental data and other Pitzer models to 
confirm the accuracy. 

1.4  New scientific contribution 

This thesis presents a cleaner and more sustainable technique for producing 
ammonium paratungstate, featuring sulfuric acid conversion-ammoniacal 
ammonium carbonate leaching, together with aqueous solutions and reagents 
recycling and scaling prevention. The research has been complicated by the 
formation of a product layer covering unreacted tungsten mineral particles in 
H2SO4 conversion, the difficulty of separating tungsten from converted 
production of H2WO4 and CaSO4 mixtures, the recycling of aqueous solutions 
and reagents, and the prevention of scaling; however, each of these issues has  
been solved and detailed in this thesis. The new scientific contributions can be 
summarized as: 

1. The conversions of scheelite and wolframite in H2SO4 solutions have been 
systematically investigated, and the complete conversions can be achieved 
under optimized conditions. 

2. The formation mechanism of the H2WO4 layer has been presented, 
controlled by H2SO4 concentration. 

3. The differences between scheelite and wolframite conversions in H2SO4 
solutions have been classified, mainly attributable to thermodynamics. 

4. The kinetics of scheelite conversion in dilute H2SO4 solutions has been 
studied in detail, agreeing quite well with the shrinking core model under 
chemical reaction control. 

5. Leaching WO3 from the converted product by ammoniacal ammonium 
carbonate solutions has been investigated in detail, together with the phase 
transformation of leaching residues. 

6. Approaches for suppressing the secondary reaction of CaSO4 with 
(NH4)2WO4 and leaching mechanism of converted production in ammoniacal 
(NH4)2CO3 solutions have been proposed.  
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7. Thermodynamic modelling of the CaSO4–H2O system has been carried out 
to prevent scaling and to recycle aqueous solutions, as well as the upcoming 
CaSO4–H2SO4–H2O system. 

8. The Pitzer parameters of the CaSO4–H2O system have been critically 
assessed to obtain the accurate model, as well as the CaSO4–H2SO4–H2O system 
in the coming journal paper. 

9. A cleaner and more efficient technique for producing ammonium 
paratungstate has been proposed. 

1.5  Practical applications 

Development of a cleaner technology is crucial to the sustainability of industrial 
production of ammonium paratungstate. In modern industrial production, 
there exists some disadvantages, such as large amounts of reagent consumption, 
difficult recycle of leaching reagent, huge discharge of high-salinity wastewater, 
and low recovery of WO3. Obviously, it hardly meets the increasingly stringent 
requirements of cleaner production for the future tungsten industry. This work 
presents a cleaner and more efficient technology of manufacturing ammonium 
paratungstate by the sulfuric acid conversion-ammoniacal ammonium 
carbonate leaching route.  

The conversions of scheelite and wolframite in H2SO4 solutions had not 
previously undergone systematic study, and the possible formation of a product 
layer covering the unreacted mineral particles had not been directly observed 
before. These have been investigated in detail in this work, together with the 
presenting conversion mechanism and the different behaviors of scheelite and 
wolframite conversions. The formation of the H2WO4 layer closely relates to the 
H2SO4 concentration; it develops from thick and loose to thin and dense with 
increasing H2SO4 concentration, whereas CaSO4 does not deposit in the layer. 
The completed conversion of tungsten minerals can be achieved by adding an 
oxidizing agent and controlling the H2WO4 layer formation with moderate 
H2SO4 concentration. These contribute to better understanding the conversion 
of tungsten minerals in H2SO4 solutions and also to the related studies in 
mineral, material and chemical engineering. 

The separation of H2WO4 and CaSO4 from the converted product was 
considered to be difficult and inefficient. The ammoniacal ammonium 
carbonate has been employed for leaching WO3 from converted product under 
moderate conditions with WO3 leaching yield of >99.5%, obtaining ammonium 
tungstate solution and CaCO3 solid. The phase transformation of CaSO4 to 
CaCO3 and the approach of suppressing the secondary reaction between CaSO4 
and (NH4)2WO4 were also studied. This solves the separation problem, extracts 
tungsten economically from the converted product, and presents the phase 
transformation of CaCO3 in ammoniacal (NH4)2CO3 solutions in detail. 

Scaling prevention and recycling of the aqueous solutions are crucial to 
cleaner and more efficient industrial production. The thermodynamic 
modelling of the CaSO4–H2O system, as well as the forthcoming CaSO4–H2SO4–
H2O system, has been carried out with the NPL Pitzer model by using MTDATA 
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software. The published solubility data of calcium sulfate in aqueous solutions 
have been collected and reviewed critically. The Pitzer parameters have been 
fitted and assessed to obtain an accurate parameterization. The model can 
successfully predict the solubilities and phase transformations of calcium 
sulfates in the CaSO4–H2O and the forthcoming CaSO4–H2SO4–H2O systems. 
This is of considerable practical and theoretical importance for evaluating 
scaling tendencies and for recycling aqueous solutions in science and 
engineering fields. 

This work presents a novel technique featuring circulation of the leaching 
reagents and bypassing the conversion of Na2WO4 to (NH4)2WO4, thus making 
it possible to produce ammonium paratungstate in a cleaner and more efficient 
manner. This has been verified by a pilot industrial test and will hopefully be 
adopted in the industrial production. Furthermore, the techniques and concepts 
presented in this thesis can be employed in the related industrial production, 
especially in molybdenum metallurgy. 

1.6  Structure of the thesis 

The thesis consists of this compendium, five scientific peer-reviewed journal 
papers (I–V) attached as appendices at the end of this thesis. There are also 
three scientific peer-reviewed journal papers [47–49] and one peer-reviewed 
conference paper [50] listed in the References relating to the research of this 
thesis. This compendium briefly introduces the research background, objectives 
and scope, scientific contribution and practical applications of the dissertation. 
The details of tungsten minerals conversion in H2SO4 solutions are presented in 
chapter 2 (publications I–III). The leaching of converted production in 
ammoniacal ammonium carbonate solutions is described in chapter 3 
(publication IV). The thermodynamic modelling of aqueous solutions is 
depicted in chapter 4 (publication V). Conclusions and outlooks of the 
dissertation are presented in chapter 5, followed by References. 
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2.  Conversion process 

The complete conversions of tungsten concentrates in H2SO4 solutions are 
fundamental to the novel technique of producing ammonium paratungstate 
cleanly and efficiently. The detailed conversion behaviors of scheelite and 
wolframite, the formation of the product layer and its control, and the kinetics 
of scheelite conversion are presented in this chapter.  

2.1 Experimental 

Considering the current situation of tungsten resources, scheelite concentrates, 
a mixed wolframite-scheelite concentrate, and synthetic scheelite were used in 
the experiments. All the reagents used were analytically pure, and deionized 
water was used. 

The conversion experiments were performed in a three-neck round-bottom 
flask, which was immersed in a thermostatic glycerol bath pot with an electronic 
temperature controller in order to guarantee minimal temperature fluctuation 
(±1 °C). The slurry was agitated by a single impeller coated by 
polytetrafluoroethylene.  

Phase analysis was performed on a Bruker X-ray diffractometer (D8-Advance, 
Bruker Corporation) with Cu-Kα monochromatic X-ray. SEM and EDS analyses 
were carried out by Scanning Electron Microscope (FEI, Quanta 650) and 
Energy Dispersive Spectrometer (Bruker, Quantax 200), respectively. The WO3 
contents in the filtrates and solids were determined using the thiocyanate 
method [51]. For convenience, the mass fractions of H2WO4, CaWO4 and 
(Fe,Mn)WO4 in the converted product were calculated semi-quantitatively by 
the Relative Intensity Ratio (RIR) method (<5% error) [52] based on XRD 
analysis. 

The experimental detail of conversion processes can be found in publications 
I-III, respectively. 

2.2 Results and discussion 

2.2.1 Scheelite concentrate 

The effects of H2SO4 concentration, temperature, time, stirring speed, and 
particle size on the conversion ratio of CaWO4 to H2WO4 were investigated, with 
the detail shown in publication I. It was found that H2SO4 concentration notably 
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influences the conversion of scheelite concentrate, as shown in figure 2, where 
the free H2SO4 concentration was determined by the difference of initial added 
H2SO4 amount and the stoichiometric consumption. 

Figure 2. Effects of initial and free H2SO4 concentrations on the conversion of scheelite (a) and 

on the WO3 content in filtrate (b). (70 °C, L/S 4 mL/g, 2 h, particle size –150 μm).

With increasing H2SO4 concentration, the conversion ratio firstly rises to 
approximately 100%, whereas unexpectedly, then it falls dramatically with 
further increasing H2SO4 concentration. A certain surplus level of sulfuric acid 
is required in the solution to complete the conversion of scheelite. The WO3 
content in the filtrate decreases with the increase in H2SO4 concentration, which 
can be attributed to the formation of soluble metatungstic acid at lower free acid 
concentrations [36, 37] and to the very low solubility of H2WO4 in acid solution 
[22]. Both the complete conversion of CaSO4 to H2WO4 and CaSO4·nH2O and 
the lowest WO3 content in the filtrate were achieved in the solutions at a free 
H2SO4 concentration of about 100 g/L. 

Figure 3 presents the EDS maps of the polished particulate samples obtained 
in solutions with initial H2SO4 concentrations of 150 g/L, 250 g/L and 450 g/L. 
No layer can be observed on the unreacted CaWO4 particles of converted 
products in the 150 g/L H2SO4 solutions, and the fine H2WO4 and CaSO4·nH2O 
particles scatter irregularly in the product. However, a layer is observed on the 
surface of CaWO4 particles with thick morphology in the 250 g/L H2SO4 
solutions and thin morphology in the 450 g/L solutions, while the CaSO4·nH2O 
particles grow up into rod-like shapes and dispersedly distribute outside the 
layer. The layer is confirmed as principally H2WO4 by EDS element analysis.  
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Figure 3. EDS map analyses for the converted products obtained with different H2SO4 

concentration (70 °C, L/S 4 mL/g, 1 h). (a) 150 g/L H2SO4, η(CaWO4) = 82%; (b) 250 g/L H2SO4, 

η(CaWO4) = 96%; (c) 450 g/L H2SO4, η(CaWO4) = 67%. 

The morphology of the H2WO4 layer was further investigated as shown figure 4. 
The H2WO4 layer formed in 250 g/L H2SO4 solutions is crystallized with a thick 
and loose morphology, and the complete conversion can still be achieved in 2 h 
(figure 2 a). In contrast, the layer is thin and dense in solutions of 450 g/L H2SO4 
concentration, hindering the reactants from diffusing to the surface of the 
unreacted CaWO4 particles. This can clearly explain the decreased conversion 
ratio of CaWO4 in solutions with higher H2SO4 concentrations. 
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Figure 4. SEM images of the converted product in different concentrations of H2SO4 solutions. 

(a) 250 g/L H2SO4, 70 °C, L/S 4 mL/g, 1 h; (b) 450 g/L H2SO4, 70 °C, L/S 4 mL/g, 1 h. 

As summarized, the formation and morphology of the H2WO4 layer on the 
surface of unreacted CaWO4 particles depend on the H2SO4 concentration, and 
its mechanism is explained by a liquid-solid heterogeneous reaction as follows: 
1. A liquid diffusion layer forms on the surface of the CaWO4 particle, resulting 
in the concentration gradients of reactants and resultants; 
2. Isopolytungstate ions are first generated [36] by H2SO4 attacking the CaWO4 
particle, together with producing slightly soluble calcium sulfate, due to very 
low H2SO4 concentrations in the near vicinity of the CaWO4 particle; 
3. The isopolytungstate ions move outward across the diffusion layer, in which 
the insoluble H2WO4 (Ksp = 10-5.98) [53] forms and deposits by isopolytungstate 
ions reacting with H+. Similarly, the slightly soluble calcium sulfate (Ksp = 10-

4.38) [54] also diffuses outward and precipitates until accumulating a certain 
concentration.  

In a moderate H2SO4 solution, H2WO4 does not deposit in the diffusion layer, 
but possibly does so in the bulk solution, due to a smaller H+ concentration 
gradient. While H2WO4 is deposited by reacting with isopolytungstate ions in a 
solution of high H2SO4 concentration. Thus, the solid H2WO4 precipitates in the 
bulk solution of 150 g/L H2SO4, resulting in no product layer formed on 
unreacted CaWO4 particles. A product layer of H2WO4 forms in 250 g/L and 450 
g/L H2SO4 solutions, and becomes dense with increasing H2SO4 concentration. 
Additionally, CaSO4·nH2O always nucleates and grows in the bulk solution 
rather than in the product layer, due to its relatively high solubility. 

In order to further verify the above mechanism and the retardation of the 
H2WO4 layer, conversion experiments were conducted by reducing scheelite 
concentrate particle size before converting and by grinding while converting, 
respectively. For the experiment of reducing the particle size, scheelite 
concentrate was ground by vibrating mill to particle size d(90) of 21.7 μm, and 
the conversion was performed in 600 g/L H2SO4 solution at 90 °C for 2 h, 
resulting in the complete CaWO4 conversion. In the experiment of grinding 
while converting, the original scheelite concentrate with particle size d(90) of 
71.2 μm was converted in a planetary mill with zirconia ball-to-concentrate 
weight ratio of 2 in 400 g/L H2SO4 solution at 55–65 °C for 1 h, with the 
conversion ratio reaching to almost 100%. These results agree well with the 
proposed formation mechanism of the H2WO4 layer, and propose the solution 
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to eliminating the retardation of the H2WO4 layer for the conversion of scheelite 
in strong H2SO4 solutions.  

2.2.2 Scheelite-wolframite concentrate 

In order to classify the wolframite conversion and compare it with scheelite, a 
mixed wolframite-scheelite concentrate was adopted in the experiments. The 
effects of stirring speed, H2SO4 concentration, temperature, duration and 
grounding time on the conversion of tungsten concentrate were examined, and 
the results are shown in figure 5.

Figure 5. Effects of experimental conditions on conversion ratios of scheelite and wolframite. (a) 

Stirring speed (90 °C, 3 mL/g, 450 g/L H2SO4, –150 μm); (b) H2SO4 concentration (3 mL/g, 5 h, 

300 rpm, –150 μm); (c) Temperature (450 g/L H2SO4, 3 mL/g, 5 h, 300 rpm, –150 μm); (d) Duration 

(90 °C, 3 mL/g, 450 g/L H2SO4, 300 rpm, –150 μm); (e) Particle size (90 °C, 3 mL/g, 450 g/L 

H2SO4, 300 rpm, 5 h).
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The stirring speed has almost no effect on the conversion of either CaWO4 or 
(Fe,Mn)WO4, especially with stirring speeds over 300 rpm. Increasing the 
H2SO4 concentration remarkably favors the conversions of CaWO4 and 
(Fe,Mn)WO4. CaWO4 converts completely in solutions of H2SO4 above 450 g/L, 
while the maximum conversion of (Fe,Mn)WO4 is only about 63%. The 
conversion of wolframite rises apparently with the increased temperature, with 
the maximum conversion ratio of 78.8% at 100 °C. By prolonging the reaction 
time, the conversion ratio of wolframite slowly increases and reaches about 68% 
in 9 h. The conversion ratio of wolframite rises with reduced particle size, 
especially with the elimination of coarse particles (>20 μm).  

The complete conversion of wolframite can be achieved in a 450g/L H2SO4 
solution at 90 °C reacting for 24 h with tungsten concentrate ground 5 min. All 
these indicate that the conversion of wolframite in H2SO4 solutions is much 
more difficult than scheelite, requiring concentrated sulfuric acid (≥450 g/L), 
high temperature (≥90 °C), long reaction time (~24 h), and small particle size 
(<20 μm). 

Figure 6 shows a SEM image and its EDS results of solid converted product 
for the mixed wolframite-scheelite concentrate in a 450 g/L H2SO4 solution. A 
product layer forms, coating the unreacted tungsten particle. The surface layer 
is principally made up of solid H2WO4, with slightly mingling sulfates. 

 

Figure 6. A SEM image of the partially solid converted product and its EDS results (90 °C, 5 h, 3 

mL/g, 450 g/L H2SO4, 300 rpm, –150 μm). 

Figure 7 presents the SEM images of converted products obtained in solutions 
of different H2SO4 concentrations. Similar to the scheelite conversion in 
publication I, the product layer on the unreacted mineral particle develops from 
nebulous in 150 g/L H2SO4, crystallized in 300 g/L H2SO4, thick and loose in 
450 g/L H2SO4, to ultimately thin and dense in 750 g/L H2SO4. It clearly 
explains the decreased conversion rates of the wolframite with high H2SO4 
concentrations (>400 g/L) as shown in figure 5 b, for that the formed dense 
layer slows down the reactants diffusing to the surface of the unreacted 
wolframite grains as well as the reaction products migrating off. 
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Figure 7. SEM images of the solid converted products with different H2SO4 concentrations (90 °C, 

5 h, 3 mL/g, 300 rpm, –150 μm, H2SO4 concentration: (a) 150 g/L, (b) 300 g/L, (c) 450 g/L, and 

(d) 750 g/L). 

In order to eliminate the retardation of H2WO4 layer, the experiments with 
reduced particle size of concentrate particles and grinding while converting 
were carried out. However, the wolframite conversion ratios only reach ~92% 
and ~93%, respectively, for the reducing particle size d(90) to 13.3 μm and 
grinding while converting experiments. The incomplete conversion means that 
the product layer is not the decisive factor, although it has a negative influence 
on the conversion. Additionally, the wolframite conversion behavior depending 
on H2SO4 concentration differs from that of scheelite in publication I. These 
imply a different conversion mechanism of wolframite in H2SO4 solutions.  

H2SO4 (aq) + CaWO4 (s)  CaSO4 (s) + H2WO4 (s)                         (1) 

H2SO4 (aq) + FeWO4 (s)  FeSO4 (aq) + H2WO4 (s)                     (2) 

H2SO4 (aq) + MnWO4 (s)  MnSO4 (aq) + H2WO4 (s)                    (3) 

According to reactions (1)–(3), the thermodynamics for tungsten mineral 
conversions in H2SO4 were calculated by HSC 9.0 [55] with critically assessed 
thermodynamic data. The detail was presented in reference [50]. As shown in 
figure 8, raising temperature favors the conversion of CaWO4 
thermodynamically, while the standard Gibbs free energy changes of FeWO4 
and MnSO4 conversions increase slightly with the increased temperature but 
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maintain a relatively big negative value. The preferential conversion order is 
CaWO4 > MnWO4 > FeWO4 at >25 °C in thermodynamics. This can be verified 
by the experimental results of the complete conversion of scheelite. The 
conversion ratio of wolframite is only about 62% with the Fe/Mn mass ratio 
increasing from 2.585 in the mixed concentrate to 3.041 in the converted 
product obtained in 450 g/L H2SO4 at 90 °C for 5 h. This is one reason for the 
difficulty of wolframite conversion. 

Figure 8. Standard Gibbs energy changes of conversion reactions (1)–(3) vs. temperature. 

Furthermore, the concentrations of Fe2+ and Mn2+ in the solution will increase 
during the conversion, while the Ca2+ concentration is very low due to the 
formation of slightly soluble CaSO4 (Ksp = 10-4.38) [56]. Therefore, the 
accumulation of Fe2+ and Mn2+ in the solution will block the conversion of 
wolframite based on Le Chatelier's principle. The influence was confirmed by 
two-stage conversion (substituting fresh H2SO4 solution for part of the 
conversion solution), oxidization of Fe2+ in the solution by adding HNO3, and 
increasing Fe2+ concentration with adding FeSO4. The results show that 
reducing Fe2+ concentration using the former two methods can realize the 
complete conversion of wolframite under optimized conditions, whereas the 
conversion ratio remarkably decreases with increasing Fe2+ concentration. 

In summary, the product layer, although it has a negative influence, is not the 
decisive factor for wolframite conversion in H2SO4 solutions. The conversion is 
mainly dominated by thermodynamics, especially the accumulations of Fe2+ and 
Mn2+ in the solution, which can be solved by adding an oxidizing agent or two-
stage conversion. 



Conversion process 

16 
 

2.2.3 Kinetics of scheelite conversion 

Considering scheelite as the current chief raw material for tungsten extraction, 
the kinetics of scheelite conversion in H2SO4 solutions was carried out to further 
understand the conversion process. Figure 9 shows the influences of 
experimental conditions on the scheelite conversion in moderate H2SO4 (0.5–
1.5 mol/L) solutions. 

Figure 9. Effect of the experimental conditions on the scheelite conversion in sulfuric acid. (a) 

Stirring speed (70 °C, 1.0 mol/L H2SO4, particle size −74/+58 μm); (b) Temperature (1.0 mol/L 

H2SO4, 450 rpm, particle size −74/+58 μm); (c) H2SO4 concentration (70 °C, 450 rpm, particle 

size −74/+58 μm); (d) Particle size (70 °C, 1.0 mol/L H2SO4, 450 rpm).

The stirring speed has almost no effect on the conversion rate at ≥ 450 rpm, 
indicating that the diffusion in the bulk solution has no remarkable influence on 
the scheelite conversion. The scheelite conversion is significantly sensitive to 
temperature. The conversion ratio increases from only ~10% at 50 °C to almost 
100 % at 100 °C after 80 min. The scheelite conversion increases with increasing 
H2SO4 concentration up to 1.25 mol/L, whereas the conversion rate decreases 
rapidly after 10 min in 1.5 mol/L H2SO4 solution due to the possible formation 
of a H2WO4 layer. Reducing the particle size of scheelite can be expected to 
accelerate the conversion rate of scheelite in H2SO4 solutions, with the 
conversion ratio reaching 90.9% in 120 min for particles of −58/+45 μm but 
only about 54.8% for those of −100/+74 μm. 

Figure 10 displays the EDS maps of incompletely converted particles obtained 
in 1.0 mol/L and 1.5 mol/L H2SO4 solutions. The H2WO4 layer is either not 
observed or is discontinued on the surface of unreacted particles in 1.0 mol/L 
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H2SO4 solution. However, the layer is obvious and thick in a solution of 1.5 
mol/L H2SO4, which explains the decreased conversion rate in figure 9 c. 
Moreover, the nonporous particles in figure 10 become smaller from the original 
size of −74/+58 μm to < 40 μm. Therefore, the conversion process in 0.5–1.25 
mol/L is more likely controlled by the chemical surface reaction with the 
shrinking sphere model [57-59] as expressed in equation (4). The internal 
diffusion control in equation (5) was also taken into account just to confirm the 
quality of the selected model.  

  
Figure 10. EDS map analyses of the incompletely converted products (70 °C, 60 min, 450 rpm, 

particle size −74/+58 μm). (a) 1.0 mol/L H2SO4, (b) 1.5 mol/L H2SO4. 

Surface chemical reaction control: 

1 (1 α)1/3 = K·t                                                        (4) 

Internal diffusion control: 

1 2(1 α 3(1 α)2/3 K·t   or 1 2/3·α (1 α)2/3 K·t            (5) 

where α represents the conversion ratio of scheelite, K is the overall reaction 
rate constant (min-1), and t is the reaction time (min). 

Based on the experimental data of figure 9 b–d, the relationships between 
conversion ratio (α) of scheelite and reaction time (t) in ≤ 1.25 mol/L H2SO4 
solutions are illustrated in figure 11 according to equation (4). The obtained rate 
constants K with the correlation coefficient (R2) values from figure 11 were listed 
in Table I. These results obviously indicate that the kinetic data fit very well with 
the shrinking sphere model under surface reaction chemical control. 
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Figure 11. Plots of 1−(1−α)1/3 versus time for the experimental data from Figure 9 b–d based on 

equation (4). (a) Effect of temperature; (b) Effect of sulfuric acid concentration; (c) Effect of particle 

size. 

Table I. Apparent rate constant K under different conditions based on equation (4). 

Apparent rate constant K (min–1) Correlation coefficient (R2)

Temperature (°C)

60 0.00228 0.9963

70 0.00382 0.9978

80 0.00519 0.9936

90 0.00724 0.9912

100 0.01107 0.9718

H2SO4 concentration (mol/L)

0.5 0.00155 0.9983

0.75 0.00219 0.9977

1.0 0.00382 0.9978

1.25 0.00449 0.9949

Particle size (μm)

−100/+74 0.00205 0.9947

−74/+58 0.00382 0.9979

−58/+45 0.00489 0.9911

 
In equation 4, the overall reaction rate constant K can be expressed as follows 
[41,60]: 

K = k·Cn

r0·ρ
with k = A0·exp( E

RT
)                                           (6)
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where k is the rate constant for the surface chemical reaction (min-1), C is the 
concentration of the reactant (H2SO4, mol/L), n is the reaction order with 
respect to H2SO4 concentration, r0 is the mean initial particle equivalent radius 
of the scheelite particle (μm), ρ is the density of the scheelite (19.3 g/cm3 at 
20 °C) [4], A0 is the frequency factor (min–1), E is the activation energy (J/mol), 
R is the universal gas constant (8.314 J·K-1·mol-1), and T is the reaction 
temperature (K). 

Based on equation (6), the activation energy for the conversion reaction was 
determined as E=39.26 kJ/mol based on the line of the Arrhenius plot of lnK vs. 
1/T. The order of reaction depending on sulfuric acid concentration (0.5–1.25 
mol/L) could also be derived as n=1.226 from the slope of the logarithmic 
relationship between the overall rate constant K and H2SO4 concentration. 
Additionally, the plot of K versus 1/r0 results in a favorable zero-intercept linear 
relationship, further confirming that the conversion of scheelite in H2SO4 
solution is controlled by chemical surface reaction. The detail for these plots can 
be seen in publication III and its supplementary material. 

According to the above results, the kinetic rate equation for the conversion 
process can be expressed as: 

1 (1 α)1/3  A0
ρ

·CH2SO4
1.226 ·r0 1∙e

39260
RT ·t           (7)

Figure 12 gives the overall fit between 1− (1−α)1/3 and CH2SO4
1.226 ·r0 1∙e

39260
RT t for the 

experimental data adopted in this work, with a correlation coefficient of R2 > 
0.99. The value of A0/ρ was determined as 222546.6 from the slope. Therefore, 
the following kinetic expression obtained can be used to reliably describe the 
conversion of scheelite in ≤ 1.25 mol/L H2SO4 solutions. 

1 (1 α)1/3  222546.6·CH2SO4
1.226 ·r0 1∙e

39260
RT ·t                 (8)
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Figure 12. Plot of the parameters calculated for the adopted kinetic rate equation. 

2.3 Summary 

(1) The formation of a H2WO4 layer on unreacted CaWO4 particles closely relates 
to H2SO4 concentration. The H2WO4 layer forms and develops to thin and dense 
with increasing H2SO4 concentrations which hinders the scheelite conversion. 
CaSO4·nH2O nucleates and grows in the bulk solution rather than in the product 
layer. The formation of a H2WO4 layer is interpreted by the proposed 
mechanism of isopolytungstate ions diffusion-tungstic acid deposition in the 
diffusion layer. Scheelite converts sufficiently in excess of 100 g/L H2SO4 
solution at 70 °C for 2 h with particle size of –150 μm. 

(2) The conversion of wolframite in H2SO4 solutions requires much more 
rigorous conditions than that of scheelite. The product H2WO4 layer will retard 
the conversion, but is not a decisive factor. The difficulty of wolframite 
conversion in H2SO4 solutions is mainly dominated by thermodynamics, 
especially the accumulation of Fe2+ and/or Mn2+ in the solution. The complete 
conversion of wolframite can be achieved by adding an oxidizing agent or two-
stage conversion under optimized conditions. 

(3) The scheelite conversion in 0.5–1.25 mol/L H2SO4 concentration agrees 
with the shrinking core model under chemical surface reaction control. The 
apparent activation energy E = 39.26 kJ/mol and the reaction order n = 1.226 
for H2SO4 concentrations are determined, respectively. The kinetic expression 

is confirmed as 1 (1 α)1/3  222546.6·CH2SO4
1.226 ·r0 1∙e

39260
RT ·t .       
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3.  Leaching process 

In addition to the complete conversion of tungsten concentrates, the separation 
of tungsten and calcium from the converted product of the H2WO4 and CaSO4 
mixture is another crucial process to produce ammonium paratungstate 
efficiently and cleanly. In this chapter, leaching the converted product in 
ammoniacal ammonium carbonate solutions is systemically studied to explain 
the WO3 leaching, phase transformation of calcium compounds and leaching 
system recovery.  

3.1  Experimental 

All the reagents used in this work were of analytically pure grades. Synthetic 
scheelite with fine particle size was decomposed in solution with a free H2SO4 
concentration of ~1.0 mol/L at 90 °C for 2 h to obtain complete converted 
product confirmed by XRD analysis and used as the raw material in leaching 
experiments.  

The leaching experiments were carried out in equipment similar to that used 
in the conversion experiments. The leaching yield of WO3 (defined in equation 
(5) Publication IV) in ammoniacal (NH4)2CO3 solution was calculated according 
to the WO3 content of leaching residue measured by the thiocyanate method. 
Phase identification of the solid was performed with Cu-Kα monochromatic X-
rays by a Bruker X-ray diffractometer (D8-Advance, Bruker Corporation). 

For all the details for the experiment, see Publication IV. 

3.2  Results and discussions 

3.2.1 Leaching experiments 

When leaching the converted product in ammoniacal (NH4)2CO3 solutions, the 
reactions (9) and (10) most likely occur. Therefore, the influences of stirring 
speed, NH3·H2O concentration, (NH4)2CO3 concentration, temperature and 
duration on the WO3 leaching yield were studied in detail, as well as 
transformation of calcium sulfate to calcium carbonate, with results 
demonstrated in figure 13 and 14, respectively. 

H2WO4 (s) + 2NH4OH (aq) = (NH4)2WO4 (aq) + 2H2O (aq)               (9) 
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CaSO4 (s) + (NH4)2CO3 (aq) = CaCO3 (s) + (NH4)2SO4 (aq)              (10) 

Figure 13. Influences of leaching conditions on WO3 leaching yield. (a) stirring speed (2 mol/L 

NH3·H2O, 2 mol/L (NH4)2CO3, 30 °C); (b) NH3·H2O concentration (NH4)2CO3 solution (350 rpm, 2

mol/L (NH4)2CO3, 30 °C, 90 min); (c) (NH4)2CO3 concentration in ammoniacal (NH4)2CO3 solution 

(350 rpm, 30 °C, 90 min); (d) temperature (350 rpm, 2 mol/L (NH4)2CO3, 90 min); (e) reaction time 

in ammoniacal (NH4)2CO3 solution (350 rpm, 2 mol/L (NH4)2CO3, 30 °C).

The stirring speed has a slight effect on the WO3 leaching yield at stirring speeds 
of 250–350 rpm, but decreases with time at 450 rpm, possibly caused by slurry 
adhering to the flask walls or circulating along with the stirrer. The WO3 
leaching yield increases remarkably with increasing NH3·H2O concentration, 
and reaches 99.9 % in ≥ 2 mol/L NH3·H2O solutions, agreeing with the reported 
tendency of WO3 or APT dissolving in ammonia [61-63]. High (NH4)2CO3 
concentration favors the WO3 leaching, because higher CO32- concentration in 
the solution promotes the transformation of CaSO4 to CaCO3 according to 
equation (10), either by increasing NH3·H2O concentration to restrain the 
hydrolysis of CO32- (CO32- + H2O  HCO3- + OH-) or by raising the (NH4)2CO3 
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concentration. The WO3 leaching yield is almost stable at ≤ 30 °C, but reduces 
at ≥ 30 °C, especially in 2 mol/L NH3·H2O solutions. This can be explained by 
the low boiling point (~36 °C) of NH3·H2O resulting in the decrease of tungsten 
dissolution in aqua ammonia at high temperatures as stated by Van Put et al. 
in 1991 [62]. H2WO4 dissolves in ammoniacal (NH4)2CO3 solutions 
instantaneously, with a WO3 leaching yield of about 99% within only 15 
min.However, the obtained leaching yield slightly decreases with time in 2 
mol/L NH3·H2O solutions, implying the occurrence of secondary reaction. 

Figure 14. Effects of leaching conditions on phase transformation of leaching residue. A-calcium 

sulfate; B-hydrated hydroxyl calcium carbonate; C-vaterite; D-calcite; E-scheelite. (a) stirring 

speed (2 mol/L NH3·H2O, 2 mol/L (NH4)2CO3, 30 °C); (b) NH3·H2O concentration (350 rpm, 2

mol/L (NH4)2CO3, 30 °C, 90 min); (c) (NH4)2CO3 concentration (350 rpm, 3 mol/L NH3·H2O, 30 °C, 

90 min); (d) temperature (350 rpm, 3 mol/L NH3·H2O, 2 mol/L (NH4)2CO3, 90 min); (e) reaction 

time (350 rpm, 3 mol/L NH3·H2O, 2 mol/L (NH4)2CO3, 30 °C).
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Conceivably, the transformation of calcium sulfate to calcium carbonate also 
affects the leaching process (figure 14). The suspected hydrated hydroxyl 
calcium carbonate [Ca6(CO2.65)2(OH0.657)7(H2O)2] forms easily at a stirring speed 
of 450 rpm, rather than calcium carbonate forming at 250 rpm, which explains 
the decrease of WO3 leaching yield at 450 rpm. With increasing NH3·H2O 
concentration, the phase in leaching residue develops from hydrated hydroxyl 
calcium carbonate, vaterite (Ksp, 10-7.91, metastable μ-CaCO3) [64] to calcite (Ksp, 
10-8.47) [56]. This phenomenon is very similar to the process of amorphous 
calcium carbonate crystallization to vaterite, and then slowly transforms to 
calcite [65]. Increasing (NH4)2CO3 concentration eliminates the existence of 
CaWO4 in the leaching residue, especially in ≥ 1.5 mol/L (NH4)2CO3 solutions 
(about excess 0.64 mol/L). There exists some calcium sulfate in the leaching 
residue at 24 °C, but the main phases are of vaterite and calcite at high 
temperatures. The transformation of calcium sulfate to calcium carbonate is 
completed in 90 min. 

Combined with the detailed results in publication IV, scheelite forms readily 
in solutions with low concentrations of NH3·H2O (≤ 2 mol/L) and (NH4)2CO3 
(<2 mol/L). The formations of stable vaterite and calcite facilitate the WO3 
recovery, rather than uncompleted conversion of calcium sulfate and 
metastable hydrated hydroxyl calcium carbonate. Therefore, the optimal 
leaching conditions are in 2 mol/L (NH4)2CO3 and 3 mol/L NH3·H2O solutions 
at 30 °C for 90 min with a stirring speed of 350 rpm, yielding the WO3 leaching 
ratio of over 99.5%. 

3.2.2 Secondary reactions and leaching mechanism 

Considering the fact that WO3 is almost completely leached in 15 min, while 
complete transformation of CaSO4 requires more than 90 min, the secondary 
reaction will occur between tungstate ions and calcium compounds in the 
leaching process, most likely as equation (11).  

CaSO4 (s) + (NH4)2WO4 (aq) = CaWO4 (s) + (NH4)2SO4 (aq)               (11) 

Table II. The results of the verification experiments with different (NH4)2CO3 concentrations. 

Calcium-bearing compounds (NH4)2CO3 concentration (mol/L) WO3 in the solid residue (%)

Synthetic CaSO4·nH2O

0 77.85

0.25 73.28

0.5 58.28

1.0 8.47

1.5 2.79

Synthetic CaCO3

0 15.62

0.25 0

0.5 0

1.0 0

30 °C, 350 rpm, 60 min, L/S 25, 0.6 mol/L WO3, 3 mol/L free NH3·H2O.

The verification experiments were designed at 30 °C by adding synthetic 
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calcium sulfate and calcium carbonate crystals into ammonium tungstate 
solution with different (NH4)2CO3 concentrations, as presented in Table II and 
figure 15. A strong secondary reaction occurs between tungstate ions and 
calcium sulfate, forming scheelite. Increasing (NH4)2CO3 concentration 
suppresses the secondary reaction between tungstate ions and calcium sulfate 
by facilitating the transition of calcium sulfate to carbonate, resulting in a lower 
WO3 content of solid residue. Additionally, the secondary reaction between 
tungstate ions and calcium carbonate only takes place without ammonium 
carbonate in the solution. Therefore, the secondary reaction in the leaching 
process mainly occurs between tungstate ions and calcium sulfate. 

Figure 15. XRD patterns of the solid residues obtained in verification experiments (30 °C, 350 

rpm, 60 min, L/S 25, 0.6 mol/L WO3, 3 mol/L free NH3·H2O). A-calcium sulfate; C-vaterite; D-

calcite; E-scheelite. F-Aragonite. (a) adding synthetic calcium sulfate; (b) adding synthetic calcium 

carbonate.

According to the above results, the leaching mechanism of converted product in 
ammoniacal (NH4)2CO3 solutions can be summarized as follows: 
1. Solid H2WO4 quickly reacts with NH3·H2O, generating soluble (NH4)2WO4; 
2. More stable CaCO3 is slowly formed by reactions of CaSO4 with (NH4)2CO3, 
accompanied by the production of soluble (NH4)2SO4; 
3. Secondary reactions occur by CaSO4 reacting with (NH4)2WO4, resulting in 
the precipitation of CaWO4 and lowering the leaching yield. 

Due to the very close Ksp values of CaCO3 (10-7.91~-8.47) and CaWO4 (10-8.06) [56, 
64], a certain excess (NH4)2CO3 present in the leaching solution can favor the 
transformation of CaSO4 to CaCO3, and thus suppress the secondary reaction 
from lowering the WO3 leaching yield.  

3.2.3 Recovery test of leaching reagents 

As usual, the purified tungsten-containing solutions will be evaporated at a high 
temperature to obtain ammonium paratungstate crystal [20]. The obtained NH3 
and CO2 gases in the evaporating process can be simultaneously absorbed 
efficiently in water at room temperature under atmospheric pressure [66-68]. 
The residual WO3 in the mother liquid will be precipitated in the form of H2WO4 
by adding sulfuric acid to recycle back into the leaching process, finally 
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remaining as (NH4)2SO4 in the solution. In order to avoid the discharge of high-
salinity wastewater, a preliminary test was examined to recover consumed 
(NH4)2CO3 by adding leaching residue (main CaCO3) into (NH4)2SO4 solution 
based on equation (12). 

CaCO3(s) + (NH4)2SO4(aq) = CaSO4(s) + 2NH3(g) + H2O(l) + CO2(g)        (12) 

The XRD pattern in figure 16 shows CaSO4·2H2O as the main phase in the 
solid residue, in spite of a slight fraction of the CaWO4 phase originally existing. 
Meanwhile, a large volume of gases was released when the temperature reached 
~70 °C, which can be recycled. Thus, the leaching system of ammoniacal 
(NH4)2CO3 solution can be effectively recovered in the processing circuit. 

 
Figure 16. XRD pattern of the solid residue after recovering the consumed ammonium carbonate. 

3.3 Summary 

(1) The tungsten can be efficiently extracted from converted product by leaching 
in ammoniacal (NH4)2CO3 solutions. The optimal leaching conditions are in 2 
mol/L (NH4)2CO3 and 3 mol/L NH3·H2O solutions with a stirring speed of 350 
rpm at 30 °C leaching for 90 min, with WO3 leaching yield of ~99.5 % and CaCO3 
remaining in the leaching residue. 

(2) Forming more stable phases of calcium carbonate, vaterite and calcite, 
facilitates the leaching WO3 from the converted product. The secondary reaction 
occurs mainly between CaSO4 with (NH4)2WO4 by producing a scheelite 
precipitate, resulting in a low WO3 recovery. It can be suppressed by excess 
(NH4)2CO3 in the leaching solution, which also favors the transition of calcium 
sulfate to calcium carbonate.  
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(3) Consumed ammonium carbonate can be recovered by treating the 
leaching residue with (NH4)2SO4 solution at above 70 °C. Thus, the leaching 
system will be rebuilt hopefully with the capture of NH3 and CO2 gases.   
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4. Solution thermodynamic modelling

Scaling prevention and aqueous solution recycling are persistent challenges for 
efficient and cleaner production in industrial practices. Therefore, 
understanding the thermodynamic properties of related aqueous solutions is of 
great theoretical significance and practical importance, especially for the novel 
technology presented in this thesis. The thermodynamic modelling of CaSO4 in 
aqueous solutions was carried out by the NPL Pitzer model with MTDATA 
software, and is presented in this chapter. 

4.1  Thermodynamic theory 

4.1.1 Pitzer interaction model 

The Pitzer model, one of the most widely-used activity coefficient models, is 
extensively used for modeling thermodynamic properties of aqueous electrolyte 
systems. This model was first proposed by Pitzer and his collaborators [69-71], 
and was developed by combining the expressions of Debye-Hückel electrostatic 
theory for long-range interactions and short-range ion-specific interactions 
with a virial type expansion. Harvie and Weare [72] and Harvie et al. [73] further 
included asymmetrical electrostatic mixing terms to improve the adoption of 
multicomponent systems. The mathematical expression and internal 
parameters of the model are clarified in equations 13–18. 

                              (13)

   (14)

        (15)

                     (16)

             (17)
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                                                     (18)

where is a Debye-Hückel parameter, ν is the sum of the stoichiometric 
coefficients of the cation (νM) and the anion (νX ), z is charge, b is an electrolyte-
independent constant (b=1.2), and the parameter values α1 and α2 used for 2-2 
electrolyte of the Pitzer model were 1.4 and 12 in this work. Electrolyte-specific 

parameters to be assessed are , , and  where  is used 

only for 2-2 or higher electrolytes. 

4.1.2 Thermodynamic functions 

Calcium sulfate is one of the most common inorganic salts with a high scaling 
potential, and has three solid phases in equilibrium with the aqueous solutions, 
named anhydrite (AH: CaSO4), hemihydrate (HH: CaSO4·0.5H2O) and 
dihydrate, i.e., gypsum (DH: CaSO4·2H2O). The solubility products (Ksp) of the 
solid phases for calcium sulfates are expressed according to the following 
equations 19–24: 

CaSO4·2H2O(s) = Ca2+(aq) + SO42-(aq) + 2H2O(l)                       (19) 

CaSO4·0.5H2O(s) = Ca2+(aq) + SO42-(aq) + 0.5H2O(l)                    (20) 

CaSO4(s) = Ca2+(aq) + SO42-(aq)                                      (21) 

KDH =
O H2

= γ±
2·m2·aH2O(l)

2                       (22)

KHH =
O 0.5H2

= γ±
2·m2·aH2O(l)

0.5                              (23) 

KAH =
O

= γ±
2·m2                                       (24) 

where concentration unit m is the molality of CaSO4 (mol/kg of water), used 
throughout the thermodynamic modelling.  

The temperature dependency of Gibbs energy change of forming the solid 
phase according to equations 19–21 is expressed in the following form: 

ln (25)

The general temperature dependency of the parameters available in MTDATA® 
for the Pitzer equation (p) is 

ln
                                                         (26)
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4.1.3 Parameter optimization 

MTDATA version 6.0 was used for parameter fitting in this work, including the 
Pitzer equation with Harvie et al. [73] modification and the NPL Pitzer model 
[74]. It solves thermodynamic equilibrium by using the Gibbs energy 
minimization technique, and includes several pure substance databases and a 
number of excess Gibbs energy models for different kinds of solutions. The 
objective function (OF) used in MTDATA is 

                                             (27)

where wi is the weight of the experimental value, Ci is the calculated value, Ei is 
the experimental value and Ui is the uncertainty.  

The effectiveness of the assessment for each experimental data point was 
estimated by absolute percentage error, defined as 

                                                  (28)

4.2  Thermodynamic data 

Large numbers of solubility measurements have been carried out for gypsum, 
hemihydrate and anhydrite since the middle of the 19th century, especially in 
water. The solubility data in the CaSO4–H2O system, listed in table III, are 
collected and reviewed critically.  

The unit of solubility data was converted to molality, mol/kg-H2O. The values 
of 136.14 g/mol and 18.015 g/mol were adopted for the molar masses of CaSO4 
and H2O, respectively, in the data conversion to obtain an accurate model.  
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Table III. Solubility data of calcium sulfate in water from the literature.  

Temperature, °C Pointsa Reported 

experimental 

error

Solid 

phase

Reference

0–110 11b (12) - DH D’Ans et al., 1954 [75]

30–100 0 (9) 6% DH Farrah et al., 2007 [76]

5–35 7 (7) 2% DH Sun et al., 2015 [77]

25–90 4 (4) 0.1–2% DH Wang et al., 2013 [78]

25–70 4 (4) 0.5% DH Tian et al., 2012 [79]

25–90 4 (4) 5% DH Azimi and Papangelakis, 2010 [80]

10–80 5 (5) 1.62% DH Li and Demopoulos, 2005 [81]

25–64.5 14 (14) 5% DH Innorta et al., 1980 [82]

0.5–110 11c (12) 4% DH Marshall and Slusher, 1966 [83]

28–90 7 (7) - DH Ostroff and Metler, 1966 [84]

25–115 12 (12) 0.38% DH Power and Fabuss, 1964 [85]; 1966 [86]

25–50 3d (4) 0.5% DH Bock, 1961 [87]

25–85 3e (4) 1% DH Block and Waters, 1968 [88]

25–100 7 (7) 5% DH Hill, 1938 [89];1934 [90]

100–200 10f (21) - AH D’Ans et al., 1954 [75]

25–90 4 (4) 0.1–2% AH Wang et al., 2013 [78]

39.5–64.5 2g (14) 5% AH Innorta et al., 1980 [82]

25–85 6 (6) 3.05% AH Power and Fabuss, 1964 [85]; 1966 [86]

25–50 4 (4) 0.5% AH Bock, 1961 [87]

100–325 1h (9) 4% AH Marshall et al., 1966 [91]; 1964 [92]

141–408 0 (22) 3% AH Booth and Bidwell, 1950 [93]

20–100 9 (9) 5% AH Hill, 1934 [90]; 1937 [94]

100–220 2i (13) - AH Partridge and White, 1929 [95]

100–207 0 (10) - AH Hall et al., 1926 [96]

100–200 19j (21) - HH D’Ans et al., 1954 [75]

5–110 9 (9) - HH Sborgi and Bianchi, 1940 [99]

45–105 4 (4) 2.3% HH Power and Fabuss, 1964 [85]

100–125 4 (4) - HH Marshall et al., 1966 [91]; 1964 [92]

100–200 11 (11) - HH Partridge and White, 1929 [95]

0.9–96.5 14 (14) - HH Seidell, 1940 [97]

25–95 4 (4) - HH Zdanovskii et al., 1968 [98]

a) Total number of data points in parentheses, b) except 0 °C, c) except 0.5 °C, d) except 30 °C, e) except 

25 °C, f) 0 to 90 °C included, 100 to 200 °C excluded, g) 39.5 and 45 °C only, h) 150 °C only, i) 110 and 

120 °C only, j) 190 and 200 °C excluded.

4.3 Thermodynamic modelling 

Due to the small values of calcium sulfate solubility in water and sulfuric acid 
solutions, the difference in Gibbs energy change was selected to obtain the 
parameters of the Pitzer model, instead of comparing the calculated and 
measured molality. According to equation 25,  and
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are obtained by limiting . The uncertainty value 
was set to 100 J/mol for stable phases, while 500 J/mol was used for metastable 
phases.  

All weights for accepted experimental data were set to 1, except for duplicates, 
for which a of 0.5 was used. Several sets for temperature dependency of Pitzer 
parameters were tested. If all tested set failed to model an experimental data 
within given uncertainty, its weight was changed to zero. However, if any of the 
tested sets was able to model it properly, its weight was changed to 1. 

It is found that only three first parameters AG-CG are sufficient to 
describe . The details of the parameter assessing processes can be found 
in publication V for the CaSO4–H2O system.  

The precision of the assessment for adopted experimental data is estimated 
by standard deviations, also known as root-mean-square-error, defined as 

                                                     (29)

where i covers all experimental points(N) with nonzero weights in the 
experimental set. 

Instead of standard deviation, the mean absolute percentage error (MAPE), 
also known as the absolute average relative deviation (AARD %), is used when 
the focus is on relative deviation:

                                               (30)

The optimized parameters of the Pitzer model and Gibbs energy changes of 
forming calcium sulfates are presented in table IV for the CaSO4–H2O system. 
The solubilities of calcium sulfate hydrates in water were simulated in the 
temperature ranges of 0–120 °C, 0–300 °C, and 0–200 °C for gypsum, 
anhydrite and hemihydrate, respectively, using the optimized parameters 
(figures 17–19). The standard deviations (SD) values for fitted data are 0.00045 
mol/kg for gypsum, 0.00063 mol/kg for anhydrite and 0.0053 mol/kg for 
hemihydrate. The absolute average relative deviations (AARD) are 2.2%, 2.5% 
and 7.3%, respectively. As shown in figures 17–19, the solubility curves 
calculated by parameters from Wang et al. [78] and Raju and Atkinson [100] 
models were also included for comparison. 
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Table IV. Parameters for Ca2+–SO42- ion interactions of Pitzer model and Gibbs energy changes 

(J/mol) for forming the equilibrium solid phases. 

 A B C F 

Ca2+-SO4
2-     

β(0) 0 0 0 0 

β(1) –3.20249 0 0 1149.4 

β(2) 32.0227 –0.27033 0 0 

C  0 0 0 0 

Solid Phase     

CaSO4·2H2O –61798.1 1334.43 –213.355 0 

CaSO4 –83184.2 2045.85 –325.2 0 

CaSO4·0.5H2O –62232.5 1622.98 –261.855 0 

 
The calculated solubility values for gypsum are consistent with most 
experimental solubility data (figure 17). Most of the differences between 
calculated and experimental data for gypsum are less than 0.001 mol/kg-H2O, 
with absolute percentage errors within 5%. However, there are still some points 
showing a slight scatter, such as the data points at 0 °C of D’Ans et al. [75], 0.5 °C 
of Marshall and Slusher [83], 25 °C of Block and Warters [88], and 30 °C of 
Bock [86]. Similarly, the excluded data from Farrah et al. [76] are scattered and 
lower than others. 

 

Figure 17. Solubility of gypsum in water in the temperature range of 0–120 °C.  

The assessment of difference in Gibbs energy changes for forming anhydrite 
shows a strong scatter at >100 °C. Only the experimental points at high 
temperatures, 110 °C and 120 °C by Partridge and White [95] and 150 °C by 
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Marshall et al. [91,92], were adopted in the assessment. The calculated 
solubilities of anhydrite performs excellently in the temperature range of 0–
300 °C (figure 18). The differences between calculated and experimental data 
for anhydrite were less than 0.0005 mol/kg-H2O, with absolute percentage 
errors within 5% for the adopted data. The extrapolating capacity is also 
excellent at temperatures above 200 °C. 

Figure 19 draws the assessed solubility curve of hemihydrate at 0–200 °C 
together with all the collected experimental data, presenting outstanding 
agreement with each other. All the experimental data, except the data points at 
190 °C and 200 °C by D’Ans et al. [75], were included in the assessment. The 
difference between the calculated and experimental solubility data is a little 
larger at low temperatures, but the absolute percentage errors were still less 
than 10%, due to the large solubility values. Most of the absolute percentage 
errors were within 5%, showing good modelling capability for the present 
parameter set.  

 
Figure 18. Solubility of anhydrite in water in the temperature range of 0–300 °C.  
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Figure 19. Solubility of hemihydrate in water in the temperature range of 0–200 °C. 

In figures 17–18, Wang et al. [78] provides an excellent model, close to our 
results. However, the extrapolated solubilities for anhydrite at low temperatures 
of 0–125 °C are a little larger than the experimental data and our model’s 
predicting values. Raju and Atkinson [100] present an insufficient model. The 
solubilities of gypsum predicted by Raju and Atkinson are smaller than 
experimental data, Wang et al. and this work, while the solubilities of anhydrite 
at 0–100 °C are much larger. Additionally, neither Wang et al. [78] nor Raju 
and Atkinson [100] assessed the solubilities of hemihydrate. 

The estimated transition temperature of gypsum to anhydrite is 42.8 °C, from 
the calculated solubility curves of this work in figure 20. This agrees with the 
reported results of 42 ± 2 °C by most researchers [75, 94, 100-112]. The 
transition temperature of gypsum to hemihydrate has drawn less attention, and 
is determined to be 101.4 °C in this study, in accordance with Krumgalz [113] of 
100.7 °C. Therefore, the stable temperature range is 0–42.8 °C for gypsum and 
above 42.8 °C for anhydrite, while hemihydrate is a metastable phase in the 
whole temperature range.  
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Figure 20. Solubility curves of calcium sulfate hydrates in water calculated in this and the previous 

works. 

The comparison of Pitzer modelling between this work and previous studies is 
summarized in Table V. Our model uses the least Pitzer parameters, and gives 
an excellent agreement for gypsum of 0–120 °C, anhydrite of 0–300 °C, and 
also hemihydrate of 0–200 °C. All these verify that the assessment of this work 
is simple and accurate. 

Table V. Comparison of the Pitzer models between this work and previous studies. 

Reference Number of 

terms in Pitzer 

parameters 

Parameter 

temperature range  

Transition temperature 

DH-AH DH-HH 

This work 4 0–200 °C 42.8 °C 101.4 °C 

Wang et al., 2013 [78] 6 25–90 °C 44.7 °C* - 

Raju and Atkinson, 1990 [100] 9 0–200 °C 59.9 °C - 

*Value calculated by MTDATA with Wang et al. parameters, value of about 42 oC reported by Wang et al. 

2013. 

The activity coefficient at 25 °C and the osmotic coefficient on the ice curve, 
which are not used in our assessment, are also chosen to compare with the 
reported data in order to verify the quality of the model. The predicted data of 
activity coefficient and osmotic coefficient agree very well with the reported 
experimental values, with mean absolute percentage errors (MAPE) of 2.2% and 
1.5 %, respectively.  

In order to further prevent the scaling and recycle the aqueous solution in the 
conversion process, the thermodynamic modelling of CaSO4–H2SO4–H2O 
system was also studied in the forthcoming journal paper [49] with the process 
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similar to that of the CaSO4–H2O system. At least one more paper will be 
produced to critically assess the Pitzer parameters for calcium sulfate in 
aqueous solutions, aiming at the development of simple and accurate 
thermodynamic modelling.  

4.3 Summary 

(1) The experimental solubility data of calcium sulfates in pure water previously 
published were reviewed and selected critically. The Pitzer activity coefficient 
approach was adopted to model the CaSO4–H2O system by using assessed 
experimental data with MTDATA software. Instead of solubility difference, 
Gibbs energy difference was used as the dependent variable in the assessment, 
due to the small solubility values of calcium sulfate. 

(2) Nine different parameter sets with varying temperature dependencies 
were tested for the CaSO4–H2O system from 0 °C to 200 °C. Only Pitzer 
parameters β(1) and β(2) with four terms depending on temperature are sufficient 
to describe the CaSO4–H2O system.  

(3) The model is in good agreement with experimental data up to 120 °C, 
200 °C, and 300 °C for gypsum, hemihydrate and anhydrite, respectively, with 
absolute average relative deviations of 2.2%, 2.5% and 7.3%. The transformation 
temperatures of CaSO4·2H2O to CaSO4 and CaSO4·0.5H2O are determined as 
42.8 °C and 101.4 °C, agreeing with most previous research. The stable 
temperature range is 0–42.8 °C for gypsum and above 42.8 °C for anhydrite, 
while hemihydrate is a metastable phase in the whole temperature range.  

(4) The model of this work was also compared with other previous Pitzer 
models by Wang et al. [78] and Raju and Atkinson [100], showing a simple and 
accurate model. The model was verified successfully using independent activity 
coefficient and osmotic coefficients data, predicting the activity coefficient at 
25 °C with mean absolute percentage error (MAPE) of 2.15% and activity of 
water on the ice curve better than 3∙10-6.  
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5. Conclusions and Outlook 

This thesis presents a novel method of producing ammonium paratungstate by 
treating tungsten concentrates with the sulfuric acid conversion-ammoniacal 
ammonium carbonate leaching route.  

It first solves the problem of complete conversion of tungsten concentrates in 
H2SO4 solutions efficiently and economically, which was considered difficult 
due to the formation of a product layer resulting in a notably low conversion 
yield. The complete conversion of tungsten concentrates can be achieved by 
controlling H2SO4 concentration and adding an oxidizing agent. The formation 
of an H2WO4 layer on unreacted tungsten particles closely relates to H2SO4 
concentration. While no visible H2WO4 layer can be observed in solutions of 
relatively low H2SO4 concentration, the layer forms and develops thin and dense 
with increasing H2SO4 concentration, which hinders the conversion. 
CaSO4·nH2O nucleates and grows in the bulk solution rather than in the product 
layer in the conversion of scheelite. Aside from the formed H2WO4 layer, the 
difficulty of wolframite conversion in H2SO4 solutions is mainly dominated by 
thermodynamics, especially the accumulation of Fe2+ and/or Mn2+ in the 
solution. The conversion kinetics of scheelite in 0.5–1.25 mol/L H2SO4 solutions 
agrees very well with the shrinking core model under chemical surface reaction 
control.  

Another difficulty is the hard separation of tungsten and calcium from the 
converted production. It can be achieved by leaching converted products in 
ammoniacal (NH4)2CO3 to directly obtain ammonium tungstate solutions, with 
WO3 leaching yield of >99 % at 30 °C. The leaching system can be recovered by 
absorption NH3 and CO2 gases in the following process. The transformation of 
calcium sulfates to carbonates influences the WO3 leaching yield. A secondary 
reaction between calcium sulfate and tungstate ions may occur with formation 
of a CaWO4 precipitate, which can be suppressed by an excess (NH4)2CO3 in 
solutions through forming more stable vaterite and calcite. 

Additionally, thermodynamic modelling of aqueous solutions was carried out 
to facilitate the solutions cycle and scaling prevention. The critically revaluated 
solubility data in the CaSO4–H2O system were simulated with the NPL Pitzer 
model using MTDATA software, as well as the forthcoming CaSO4–H2SO4–H2O 
system. Different Pitzer parameter sets were assessed to obtain a simple and 
accurate parameterization. With the optimized Pitzer parameters, the model is 
in good agreement with experimental data up to 120 °C, 200 °C and 300 °C, 
respectively, for gypsum, hemihydrate and anhydrite in the CaSO4–H2O system. 
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The transitions of gypsum to anhydrite and hemihydrate are determined as 
42.8 °C and 101.4 °C, respectively. In water, gypsum is stable at 0–42.8 °C and 
anhydrite is stable above 42.8 °C, while hemihydrate is always a metastable 
phase. 

This work makes it possible to produce ammonium paratungstate cleanly and 
economically, featuring circulation of the leaching reagents and avoidance of 
the conversion of Na2WO4 to (NH4)2WO4. Moreover, a pilot industrial test has 
been carried out to verify this method, with a WO3 leaching yield of 98.78% and 
qualified APT product obtained. Also, nine Chinese patents have been applied 
for, including four already awarded. All these indicate that this technology will 
hopefully be adopted in industrial practices. 

As a novel technology, many technical and theoretical issues will require 
clarification before successful industrial application, e.g., the impurity behavior 
in conversion and leaching processes and its influence on product quality; the 
thermodynamic properties of leaching solutions, CaCO3–CO2–H2O and its 
related systems; and the adoption of complex tungsten concentrates and second 
resources. These will continue in my later research for the sustainability of 
tungsten and other metallurgy processes. 
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