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INTRODUCTION 

Oil shale industry produces hazardous substances to environment, such as spar-
ingly soluble metal sulphides. Calcium (Ca) and strontium (Sr) are elements col-
lectively known as alkaline-earth metals, which have similar chemical properties. 
These metals are also represented in various compounds – e.g., with sulphur, they 
form sulphides, CaS (calcium sulphide) and SrS (strontium sulphide), respec-
tively. These compounds are generated in several industrial processes, including 
metallurgy and energy production [1,2]. In addition to calcium compounds (e.g., 
CaCO3, CaO, Ca(OH)2, CaSO4, CaS), traces of Sr (up to 371 mg∙kg–1, including 
SrS) have been detected in the oil shale ash processed by the circulating fluidised-
bed (CFB) combustion technology in Estonia [3]. Moreover, part of this highly 
alkaline (pH ≥12) residue (mainly pulverised firing (PF) ash) containing sul-
phurous compounds (≤2.1%, in mass weight), is used as a fast-acting neutralizer 
of acidic soils and for the production of building materials. Also, the interaction 
of VKG’s (Viru Keemia Group, AS) semi-coke residue with water (as a result of 
complex chemical reactions) generates highly alkaline sulphur-rich leachate – a 
hazardous waste for the environment, which requires further processing or treat-
ment. Besides, part of sulphur from it is emitted into the atmosphere and a toxic 
gaseous hydrogen sulphide (H2Sg) is formed [3–14].  

Theoretical calculations for determining the exact concentration of formed 
sulphurous species (e.g., S2–, HS–, H2S) are still complicated, mainly due to a large 
discrepancy of the second acid dissociation constant of H2S (Ka2), ranging from 
10–12 to 10–19 mol·L–1 (at temperatures 20–30 °C) [15–20]. A possible explanation 
for the wide variation of Ka2 in the published values could lie in the measurement 
techniques involved (e.g., UV-Vis spectrophotometry, potentiometry (including 
ion-selective), Raman spectroscopy, etc.). Also, the accuracy of the methods used 
for determining the concentrations of these formed ions and molecules at equi-
librium state affects the calculations [7]. It has been suggested [18] that the use 
of Ka2 in calculating the concentrations of sulphur species in aqueous solutions 
and predicting the solubility of metal sulphides should be avoided because of the 
uncertainty of the available data in the relevant literature. Moreover, the formed 
HS– ions in ambient (sulphur-containing) aqueous solutions, which are also com-
monly open equilibrium systems, could be oxidized rapidly into sulphates (SO4

2–), 
sulphites (SO3

2–), thiosulphates (S2O3
2–), and polysulphides (Sn

2–) [21–24]. There-
fore, in order to avoid the oxidation of these compounds, all measurements should 
be carried out in the deoxygenated medium by using an inert gas headspace [7–9].  
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AIMS OF STUDY 

The aims of the current PhD thesis were to study the closed equilibrium systems 
of CaS–H2O and SrS–H2O at 25 °C and to upgrade our previously developed 
mathematical models for these closed equilibrium systems based on the proton 
transfer principles, which were also experimentally validated. These measured 
system’s pH values were checked in the range of 10.0–13.1. The objectives also 
included developing non-thermodynamic mathematical models for equilibrium 
systems containing species of sulphurous compounds. The measurements were 
taking into consideration all conjugated acid-base processes in order to calculate 
the pH values, concentrations of formed ions and molecules by using an iteration 
method [7–9,25]. 

Besides, the size dependence, the distribution and average concentrations of 
the formed particles (measured in the range of 10–1500 nm) on the amount of 
added salt in these systems were studied by using a nanoparticle tracking analysis 
(NTA). The latter enables to calculate the value of the equilibrium constant (Kc) 
or the solubility product (KSP) for nanoscale particles in different equilibrium 
systems and to describe them [25]. More specifically, the aims were: 
 
1) To develop structural schemes and mathematical models for the CaS–H2O 

and SrS–H2O closed equilibrium systems based on the proton-centric prin-
ciple (where H+ have the central role by reactions taking place in CaS or SrS 
aqueous solutions), and to validate them experimentally (Papers I–VI); 

2) To find out the size dependence and average concentrations of the formed 
particles (measured in the range of 10–1500 nm) on the amount of added salt 
in these equilibrium systems. NTA enables to calculate the value of the che-
mical equilibrium constant (Kc) or the solubility product (KSP) for nanoscale 
particles (Paper VI);  

3) To identify the main factors influencing the accuracy of used measurement 
method (e.g., potentiometry, NTA) for different sulphur species formed in 
the liquid phase in the CaS–H2O and SrS–H2O equilibrium systems (Papers 
I–VI).  
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1. LITERATURE OVERVIEW 

1.1  Origin, nature, production, usage,  
and solubility of CaS and SrS 

1.1.1  CaS and SrS production and usage 

Calcium sulphide (CaS) occurs in nature as a mineral oldhamite. Pure CaS is light 
yellow hygroscopic powder with the odour of H2S in moist air [1,2,25]. CaS is 
produced by heating stoichiometric amounts of CaSO4 and carbon (usually as 
charcoal or coke) under nitrogenous atmosphere at high temperatures (over 
850 °C). This process results in the formation of CaS(s) and carbon dioxide 
(CO2)(g) as shown in Eq. 1 [26–28]: 
 
 CaSO4(s) + 2C(s) → CaS(s) + 2CO2(g). (1) 
 
CaS is an industrially important chemical used in the production of sulphur by 
the Chance-Claus process, being produced in the treatment of waste liquor from 
paper mills, it is used as an insecticide and a germicide, as an additive to lubri-
cants and as a flotation agent in ore extraction. CaS is a compound present in 
luminous paints and varnishes with phosphor. It is also used as a depilatory in 
leather manufacturing [2]. Beside the technological synthesis of CaS, it is also 
generated in the retorting process of oil shale contained pyrite and other species 
of sulphur. More than 50% of the initial sulphur in Estonian oil shale is remained 
into the solid residue (called as semi-coke) during the retorting process [10–12].  

Crude strontium sulphide (SrS) may be obtained by ignition of pulverized 
strontium sulphate, which occurs in nature as a mineral celestine, with charcoal 
(also known as the black ash method) up to a temperature of about 1100–1300 ºC, 
expelling CO2 from insoluble strontium sulphate to form sparingly water-soluble 
strontium sulphide (Eq. 2) [2,29,30]: 
 
 SrSO4(S) + 2C(S) → SrS(S) + 2CO2(G). (2) 
 
SrS is used in luminous paints, for dehairing hides, also as a flame retardant in 
fireworks and for generating H2S [2]. 
 

1.1.2  The solubility of CaS and SrS in water 

Calcium and strontium are known as alkaline earth metals in the chemical 
periodic table (group IIA), thus their chemical properties (including solubility) 
are similar. Both CaS and SrS have a sodium chloride type of a cubic crystal wire, 
indicating that the bondages in these salts are highly ionic. They are generally 
slightly soluble in water, insoluble in alcohols and soluble in acids with decom-
position and emission of hydrogen sulphide [1]. Although, CaS and SrS are only 
slightly soluble in water, their reaction with water causes a significant increase in 
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the system’s pH (while a toxic H2S forms under anaerobic conditions) that could 
pose a serious environmental hazard even at small concentrations [1,2,24,25]. 
Low solubility of CaS and SrS is caused by the strong attraction forces between 
the ions in the crystal wire, from which they can be separated using the energy 
released by the solvation process [31]. Thus, the dissolution of solid particles in 
liquid is dependent on the dissociation and the size of solute molecules [27,32]. 

The accurate solubility of sparingly soluble salts (including CaS and SrS) is 
difficult to determine as it also depends on the measuring accuracy of used techni-
que. For the characterization of the behaviour of CaS and SrS in water, it is neces-
sary to know their solubility product (KSP), which value is calculated for less 
soluble metal salts according to Eq. 3 [1,7,8]:  
 
 KSP = [M2+](aq)×[S2–](aq),  (3) 
 
where [M2+](aq)– metal cation (e.g., [Ca2+](aq) or [Sr2+](aq)) and [S2–](aq) (sulphide 
ion concentration, mol·L–1).  
 
Besides, the KSP value is also used for estimating the dissolution rate and the pre-
sence of chemical equilibrium of less soluble metal sulphides (e.g. Ag2S, Hg2S). 
However, it is more difficult to accurately calculate KSP value for alkaline earth 
metal sulphides (e.g. CaS, SrS), because their reaction with water, as released S2– 
ions binds protons during dissolution, which originate from H2O. This process is 
rapid and it lasts until equilibrium state forms in the closed systems of CaS–H2O 
or SrS–H2O [1,27].  

Generally, the KSP for metal sulphides are determined from the experimental 
measurements using the values of the first and second acid dissociation constants 
(Ka1 and Ka2, respectively) of H2S. Due to large variation of Ka2 in the known values, 
some authors have indicated that its usage in theoretical calculations should be 
avoided. There has been suggested that more experimental data is needed for 
better estimation of the accurate value of Ka2. There are only few data about the 
aqueous solubility (or solubility product) of CaS and SrS found in literature, 
because these slightly soluble (they only partially dissociate into ions in water) 
hygroscopic salts are stable only in the dry, solid form [7,8,18,29]. Licht (1988) 
noted that significant amount of free S2– ions in these aqueous solutions of metal 
sulphides may only exist in concentrated highly alkaline environments, as shown 
in its hydrolysis equilibrium equation (Eq. 4) [29]: 
 
 [S2–](S)+H2O↔[HS–](aq)+[OH–](aq).  (4) 
 
This very simplified approach (Eq. 4) is not entirely correct, as it assumes a 
reaction between sulphide ion and water molecule. Actually, the decisive factor 
in the formation of chemical equilibrium is extremely rapid dissociation of water, 
where protons and hydroxide ions are released into CaS or SrS aqueous solution. 
Protons are then taken up and bonded to S2– ions released in the dissociation 
process of solid CaS or SrS salt, in the closed equilibrium systems of CaS–H2O 
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or SrS–H2O respectively. These processes are carried out according to a novel 
proton-centric concept (see Figures 1A and 1B) [8,9,29]. Besides, there has been 
indicated that the alkaline earth metal sulphides are very similar, in their relatively 
low solubilities, to those shown for their hydroxides. Only some heavier alkali 
metal salts (e. g., barium) have a substantially higher solubility. Nevertheless, 
limited and variable values of solubilities (or solubility products, KSP) of the most 
common alkaline earth metal (Mg, Ca, Sr, Ba) salts (sulphides and hydroxides) 
in pure water at room temperature and normal pressure are presented in Table 1 
[27–30].  
 
Table 1. Known values of solubilities (g·L–1) or calculated solubility products (KSP, 
mol·L–1) of the most common (Mg, Ca, Sr, Ba) alkaline earth metal sulphides (MS) and 
hydroxides (M(OH)2) at room temperature (20 °C a or 25 °C b) in pure water [27–31].  

Content 
(g·L–1) Mg Ca Sr Ba

MS KSP=2.0×10–18 
(mol·L–1)2 [29] 

1) 0.212a [28]  
2) 1.0b (or 
KSP=7.94×10–7 
(mol·L–1)2 [29])

10.0b (or 
KSP=3.98×10–4 

(mol·L–1)2 [29]) 

1) 80.0b [29] 
2) 89.4b [27] 

M(OH)2 1) 0.0069a [27] 
2) KSP=8.9×10–12 
(mol·L–1)3 b [31]  

1) 1.6 a [27] 
2) 1.0b [29] 
3) KSP=1.3×10–6 
(mol·L–1)3 b [31]

1) 17.4a [30]  
2) 10.0b [29] 
3) KSP=3.2×10–4 
(mol·L–1)3 b [31] 

1) 47.0b [28] 

2) 49.1b [27] 
3) KSP=5.0×10–3 
(mol·L–1)3 b [31] 

 
According to Table 1, possible explanation for a wide variation in measured so-
lubility values of these alkaline earth metal sulphides (MS) and hydroxides 
(M(OH)2) in literature are mainly due to their low activity coefficient (γ), ion 
radius (e.g., Ca–99 pm and Sr–113 pm, respectively) and the charge of ions, 
which influence the reaction rate of certain chemical compound (e.g., the quantity 
of released S2– ions) in aqueous solution. Besides, the measurement accuracy of 
used determination method (e.g., UV/Vis spectrophotometry, potentiometry, ion-
selective pH measurement, Raman spectroscopy) and a large variation of the Ka2 
(about seven orders of magnitude, ranging from 10–12 to 10–19 mol·L–1 at tempera-
tures 20–30 °C) in the published values are shown, which have been summarized 
by different researches as seen in Table 2 [17–20,29,32–42].  

There has been suggested [18,20] that the use of Ka2 in calculating the con-
centrations of sulphur species (e.g., S2–, HS–, H2S) in aqueous solutions and pre-
dicting solubility of metal sulphides should be avoided because of the uncertainty 
of the available data in the literature. Besides, formed HSˉ ions in ambient aque-
ous solutions (sulphur-containing open systems) tend to oxidize rapidly into sul-
phates (SO4

2–), sulphites (SO3
2–), thiosulphates (S2O3

2–) and polysulphides (Sn
2–). 

[18,20,21,23]. Thus, in order to avoid oxidation of CaS or SrS and hydrogen 
sulphide emissions into the atmosphere, all measurements must be carried out in 
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the deoxygenated medium by using an inert gas (e.g., argon or nitrogen) closed 
headspace [7–9,18]. 
 
Table 2. Known values of pKa2 (negative logarithm of the second acid dissociation 
constant of H2S, Ka2) with applied determination techniques given in the literature (at 
temperatures 20–30 °C) [17–20,33–43].  

pKa2 Method Reference(s) 
19 Mathematical extrapolation [33] 
17.6±0.3 Ion-selective pH-measurement [34] 
17.4 Sulphidation of sulphur [20] 
17.1±0.2 UV/VIS abs. spectrophotometry [35] 
17 Raman spectroscopy [36] 
16 Densometric analysis [19] 
15.3 Solubility [37] 
15.19 Vapor–liquid equilibrium [38] 
14.92 Solubility [39] 
13.86 Ion-selective pH-measurement [40] 
13.85  UV/VIS spectrophotometry [41] 
13.78 Potentiometry [42] 
12.85 Solubility [43] 
12 Potentiometry [17] 

 
Earlier studies also indicated that mainly HS– ions (≥99% of total sulphur species) 
were presented at measured ranges of pHs (between 9–11) in the closed equi-
librium systems of CaS–H2O or SrS–H2O, HS– will be formed after dissociation 
of these salts in deoxygenated water [7–9,44–47]. In cases like this, where ex-
perimental difficulties prevent reliable data being obtained, scientists commonly 
turn to indirect methods (e.g., extrapolation) in which the properties of the species 
of interest are predicted by determining the properties of their chemical homo-
logues [20]. 

According to [48], the aqueous solubility of less soluble compounds in equi-
librium with the solid phase is constant and it corresponds to the value of KSP when 
no chemical reaction takes place in the water phase. The solubility product of 
molar concentrations of the ions formed in the dissolution has an infinite number 
of possible values, depending on the conditions, such as the presence of a com-
mon ion and the temperature. Thus, chemical precipitation occurs when the con-
centration of ions in the aqueous phase exceeds the solubility of salt, which is 
commonly known as supersaturation. The latter is an important concept in order 
to predict the dissolution rate and precipitation of sparingly soluble salts (in-
cluding CaS and SrS) in water [8,48,49].  
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2. MATERIALS AND METHODS 

2.1  Derivation of the theoretical models of the closed 
equilibrium systems of CaS–H2O and SrS–H2O 

The theoretical models of CaS–H2O and SrS–H2O are based on the novel proton 
transfer conception, which is different from commonly used ones based on thermo-
dynamics [8,9,50–52]. In order to model these self-regulating complex systems, 
it must be taken to account that the chemical reactions in aqueous solutions will 
proceed relatively fast compared to other liquids. For example, the dissociation 
reaction of water into H+ and OH– ions is the fastest reaction rate known in the 
aqueous solutions with rate constant k = 1.4×1011 L·mol–1·s–1 [48]. The structural 
scheme of the closed equilibrium systems CaS–H2O and SrS–H2O is presented in 
Figures 1A and 1B. Besides, the formation of gaseous dihydrogen sulphide is not 
included in the proposed models [7–9]. 

According to Figures 1A and 1B, Ca2+ or Sr2+ (both will be further denoted as 
M2+ in equations) and S2– ions are released by the reversible dissolution of CaS or 
SrS, when a surplus amount of salt is added. At the next step of reaction, the S2– 
ions will accept a certain number of protons, which originate from the reversible 
dissociation reactions of water. 
 

 
Figures 1A and 1B. Structural scheme of distribution of ions and molecules in the closed 
equilibrium systems of CaS–H2O and SrS–H2O, where: Ka1 – the first acid dissociation 
constant of H2S; Ka2 – the second acid dissociation constant of H2S; KW – the ion-product 
constant of water; KSP,Ca(OH)2; KSP,Sr(OH)₂– the solubility product constants of Ca(OH)2 or 
Sr(OH)2 [7–9].  
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Previous studies have indicated that the measured [HSˉ] ions in the CaS or SrS 
aqueous solutions could be underestimated, because part of them might form 
highly soluble, but very unstable (they probably exist only near room temperature 
and at certain system’s pH values) metal hydrosulphide complexes (e.g., Ca(HS)2 
or Sr(HS)2) or ligands with dissociated Ca2+ or Sr2+ ions. They are formed in the 
presence of hydrogen sulphide in these equilibrium systems (after dissolution of 
corresponding salts in purified water) [7,20,21,24,53]. The KSP value of Ca(OH)2 
or Sr(OH)2 will be exceeded when surplus amount of CaS or SrS is added into 
the initial closed equilibrium systems of CaS–H2O or SrS–H2O, which contains 
six different species of ions and molecules in the water phase, namely M2+ (Ca2+ 
or Sr2+ cations), S2–, HS–, H2S, OH– and H+. Besides, the precipitates of above-
mentioned salts (e.g., CaS, SrS, Ca(OH)2 and Sr(OH)2) will also occur after addi-
tion of sodium hydroxide (NaOH) into these equilibrium systems, because it 
dissolves better and will rise quickly aqueous solution’s pH level as more hydro-
xide ions are formed in aqueous solution [9,52]. These formed ions and molecules 
are quantitatively distributed in CaS or SrS aqueous solutions in accordance with 
their equilibrium constants (including Ca(OH)2 or Sr(OH)2, which form at higher 
[CaS] or [SrS]). Their values are the following (Eqs. 5–11) [7–9,17,29,31,39,54]:  
 
 Ka1 = ൣH+൧×ሾHS–ሿሾH2S–ሿೢ ≅1.047×10–7 mol∙L–1 [17], (5) 
 
 Ka2 = ൣH+൧×ൣSమ–൧ሾHS–ሿೢ ≅1.202×10–15 mol∙L–1 [39], (6) 
 
 Kw = [H+]×[OHˉ]≅1.01×10–14 (mol∙L–1)2 [54], (7)  

 

 Kc,SrS= [Sr2+]×[HS–]
[SrS]

≅1.333×10–3 mol∙L
–1
 [7],  (8) 

 
 KSP,Sr(OH)2=[Sr2+]×[OH–]2=3.2×10–4 (mol∙L

–1
)3 [31], (9) 

 
 Kc,CaS= [Ca2+]×[HS–]

[CaS]
=1.682×10–3 mol∙L

–1
 [29], (10) 

 
 KSP,Ca(OH)2=[Ca2+]×[OH–]2=1.3×10–6 (mol∙L

–1
)3 [31]. (11) 

 
In order to calculate the closed equilibrium system’s pH, concentrations of for-
med ions and molecules, available values of Ka1 [17] and different previously 
published values of Ka2 [7–9,18] were used. Known values of the Ka2 in the 
literature were compared with the experimentally obtained results in the solid 
[CaS] or [SrS] (range of 0.125–83.552 mM). As a result, the closest correlation 
between the calculated (different pKa2 values were used from 12 to 15) and the 
measured values of parameters of the investigated systems (CaS–H2O or SrS–
H2O) was at Ka2=1.202∙10–15 mol∙L–1 given by Knox et. al (1906) [7–9,39]. Besides, 
for calculating the concentrations of unknown variables, the base-dissociation or 
ionization constants (Kb1 and Kb2) are expressed as follows (Eqs. 12–13) [7–9]: 
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, (12)

 
 

 
. (13)

 
 
In order to simplify these expressions for the closed equilibrium systems of  
CaS– H2O or SrS–H2O, the charge balance equation (Eq. 14) in the liquid phase 
is [7–9]: 
 
 2([M2+]Z)+ൣH+൧=2ൣS2–൧+ሾHS–ሿ+[OH–], (14) 
 

and the molar balance equation (Eq. 15) in order to calculate the mass of sulphur 
species in CaS or SrS aqueous solutions is [7–9]: 
 
 ([M2+]M)=[S2–]+[HS–]+[H2S]w. (15) 
 
The concentrations of unknown variables ([S2–], [H2S]w, [H+]) in charge (Eq. 14) 
and molar balance (Eq. 15) equations of sulphur species in investigated systems 
were eliminated by replacing their concentrations from the Eqs. 5–11 with known 
(experimentally measured) values of [HS–] and [OH–] as follows (Eqs. 16–18) 
[7–9]:  
 

 
, (16) 

 

 
, (17) 

 

 
. (18)

 
 
Besides, the concentration of hydrogen ions can be also found by using the mea-
sured pH value of investigated system ([H+]=10–pH). As a result of replacing the 
variables, these equilibrium systems are characterized by two equations with two 
unknown concentrations ([S2–] and [H2S]w). These quite complicated systems 
should be simplified by elimination of parameters, which are not substantial from 
the point of view of the accuracy at measured system´s pH ranges of 7–13 (e.g. 
[S2–]). The equilibrium distribution of sulphide forms and the corresponding 
value of ions’ concentration in the liquid phase should simultaneously satisfy the 
conditions of molar and charge balances in the closed systems of CaS–H2O or 
SrS–H2O. In order to calculate their values by an iterative method, the charge 
([HS–]Z) and molar ([HS–]M) balance equations were converted to the following 
forms (Eqs. 19–21) [7–9]:  
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, (19)

 
 

 

, (20)

 
 

 
. (21) 

 
 
Iterative methods are mainly based on the termination criterion, which allows to 
eliminate the unknown concentration of formed ions and molecules (when their 
corresponding values are relatively small) in order to simplify further mathe-
matical calculations in given equilibrium systems. After elimination of the vari-
ables that do not have a significant influence on the accuracy of the results, these 
equations (Eqs. 19,20) contain only one unknown ([OH–]). The latter will be 
derived from the corresponding pHs of the closed equilibrium systems of CaS–
H2O or SrS–H2O by using its different values of concentration or will be calcu-
lated according to the square root equation (Eq. 22) as follows [8,9]:  
 

 ሾOH–ሿ≅ ൣM2+൧ – Kb1
2

+ඨ൬ൣM2+൧ – Kb1
2

൰2
+2×ൣM2+൧×Kb1 . (22) 

 
After substitution of the numerical values into the equation, it is possible to 
calculate the [OH–] and further find the pHs and corresponding values of the ions 
(e.g., [S2–], [HS–]) and molecules ([H2S]w) in the closed equilibrium systems of 
CaS–H2O or SrS–H2O [8,9]. Thus, the solubility of these salts (CaS or SrS) and 
the rapid dissociation of water will determine the equilibrium of the system. 
Water acts as a proton donor (the value of KW must remain constant), because pro-
tons will be bound to sulphide (S2–) ions and after that reaction, bisulphide (HS–) 
ions will be formed in these equilibrium systems according to a novel proton-
centric concept [8,9,50–52,56].  
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2.2  Nanoparticles – their properties, application  
and importance by the dissolution of solid SrS or CaS 

2.2.1  Properties, importance and application  
of CaS and SrS nanoparticles 

Nanotechnology is a known field of research since last century. It mainly focuses 
on small particles called nanoparticles (NPs), which have size in the range of 1 to 
100 nm. They can be classified into different classes based on their properties, 
shapes or sizes (besides NPs, also for nanotubes, nanomembranes etc.). The dif-
ferent groups include fullerenes, metal NPs, ceramic NPs, and polymeric NPs. 
These NPs possess unique physical and chemical properties due to their high sur-
face area and nanoscale size. Their optical properties are reported to be dependent 
on the size, which imparts different colours due to absorption in the visible region. 
Their reactivity, toughness (the ability of a material to absorb energy and plasti-
cally deform without fracturing) and other properties are also dependent on their 
unique size, shape and structure.  

Due to these characteristics, they are suitable candidates for various commer-
cial and domestic applications, which include catalysis, imaging, medical and 
environmental ones [57]. For example, sulphide-based luminescent nanomaterials 
(including CaS and SrS) have attracted a lot of attention for a wide range of photo-, 
cathodo- and electroluminescent applications (e.g., flat panel displays based on 
thin film electroluminescence, field emission displays). This is mainly due to 
their ability (in contrast to oxide materials) to provide a broad band (over the entire 
visible region 380–760 nm) by appropriately choosing the composition of the 
sulphide host [58,59]. Besides, Wu et. al (2011) have found that the developed 
Fe–CaS NPs have a great potential in cancer treatment as a medical cure method 
[60]. Heavy metal NPs of lead, mercury and tin are reported to be so rigid and 
stable that their degradation is not easily achievable, which can lead to toxic 
effects, because of their small size and ability to penetrate the membranes of cells 
[57]. Thus, the dissolution rate of NPs in aqueous solutions of alkaline-earth metal 
salts is an important parameter by determining their safety as it strongly affects 
the uptake pathway, toxicity, and the extent of potential environmental impact 
[57,61–67]. 
 

2.2.2  Theoretical background of the dissolution mechanism  
of SrS or CaS particles (including NPs) 

Previous studies have shown that the abundance of NPs in the closed equilibrium 
systems (including CaS–H2O and SrS–H2O) results in a faster increase of the 
system’s pH values due to NPs larger specific surface area when solid CaS or SrS 
is added into MilliQ water [7–9,25,62].   

As described in paper IV, after dissolution of solid CaS or SrS, formed par-
ticles (including NPs) are surrounded by an aqueous medium as their solvation 
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(or hydration when the solvent is water) and dissociation into ions takes place in 
the liquid phase [8,9,25]. Additional energy by elevating system’s temperature is 
required to overcome the intermolecular interactions (e. g. van der Waals and 
electrostatic forces) that occur in a solute. The unequal charge distribution in polar 
liquids such as water, where the bonds between molecules in a liquid are con-
stantly breaking and reforming, makes them good solvents for ionic compounds, 
including sparingly soluble CaS and SrS. As a result of their hydration process in 
aqueous media, the oxygen atoms of the H2O molecules surround the cations 
(Ca2+ or Sr2+) and the hydrogen atoms (protons) react with the released anions 
(S2–) [25,62,68].  

Besides, the pH of CaS or SrS aqueous solutions is a key parameter in eva-
luating the interactions between formed ions and molecules in these equilibrium 
systems. In order to provide a larger electrostatic interaction with the water mole-
cules, they must be oppositely charged. Thus, the lower absorption in the acidic 
solutions is attributed to the protons competing with the metal ions for exchange 
sites [25,62,69]. 

Theoretical explanations about dissolution processes are so far mainly based 
on thermodynamics, which do not take to account the interaction between the 
particles of the solvent and the soluble matter, as well as the inter-particle inter-
actions occurring within the phases of each environment and their interface area. 
In the case of a smaller diameter of the solid-phase particles, the curvature of their 
surface is larger, and thus, the particles on the surface are weakly bound to the 
ones in the inner and side layers of the solid phase and can be more easily trans-
ferred from the solid to the liquid phase. By dissolution of salts and dissociation 
of water these processes are affected by ionic radius and many intermolecular 
forces, including the hydrogen bonding, the dipole-dipole interactions, and the 
Van der Waals forces. Chemical reactions occurring in the liquid phase will lead 
to a new equilibrium to be established in this phase, and thereby, will also change 
the existing balance on the boundary surface of the solid-liquid phase. Thus, the 
generally accepted concept is that neither the amount of excess solid nor the size 
of the particles present in the system will change the position of the equilibrium 
[25, 62, 68–70].  

 
 

2.3  Used materials and methods for analysing the 
samples from deoxygenated CaS or SrS aqueous solutions 

2.3.1  Experimental materials and procedures for  
the determination of CaS or SrS salt solubility and pH 

The solubility of CaS or SrS salt was determined potentiometrically by using a 
pH-meter, after which the ratios of the measured and theoretical concentrations 
of dissolved ions and molecules (Ca2+ or Sr2+, OH–, H+, HS–, H2S, and S2–) were 
compared in the CaS–H2O or SrS–H2O equilibrium systems. For experimental 
measurements, only analytical grade reagents (with purity of 99.9%, provided by 
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Alfa Aesar, Germany) were used and the determinations of ions from CaS or SrS 
aqueous solutions were performed after reaching to the equilibrium state, which 
could be seen by the stabilization of the measured system’s pH value. Each de-
termination was made in at least three replicates in order to achieve a sufficient 
confidence level. 

Solid CaS or SrS were weighed with analytical balance (Scaltec SBC 31, Ger-
many; measuring accuracy of ±0.001 g) just before their addition into the MilliQ 
water (1000 mL), which was also purged with argon (99.999% Ar) or nitrogen 
(99.9% N2) for about half an hour before salt addition in order to remove oxygen 
(O2) and carbon dioxide (CO2). The latter is needed to avoid the oxidation of 
sulphide (mainly HS–) ions and the precipitation of calcium or strontium carbo-
nate. The efficiency of oxygen removal was controlled by the measurements of 
dissolved oxygen (DO) in water (oxygen-meter Marvet Junior MJ2000, Elke 
Sensor, Estonia).  

The experiments were carried out at normal pressure (101325 Pa) in air-tightly 
closed glass bottles (with the volume of 1200 mL), which were filled with purged 
(argon or nitrogen) MilliQ water and inserted into a thermostated water bath 
(Hecht-Assistent Magnetmix 2070 or Assistent 3180, Germany) with a magnetic 
stirrer (Stuart Scientific magnetic stirrer SM5) in order to keep a constant tem-
perature of 25±0.2 °C and a stirring speed of about 150–200 revolutions per minute 
(rpm) during measurements. 

The pH’s of the prepared CaS or SrS aqueous solutions were measured potentio-
metrically in at least three replicates by using the pH-meter (Jenway 3520, UK), 
which was connected to a special pH-electrode (Jenway model No. 924-076, stan-
dard error of ±0.003) intended for highly alkaline solutions. The latter was cali-
brated before each measurement at pH values of 7.00, 10.00, and 13.00 in buffer 
solutions with a standard error of ±0.002. The pH electrode was inserted tightly 
into the cover of the reaction cell, which was connected with a computer and a 
program for measurement (Dataway version 1.1; Jenway, UK), registering the 
corresponding pH values of CaS or SrS aqueous solutions. Statistical significance 
(p-value) of measured results was calculated by MS Excel 2003 program [7–9, 25].  

The total amount of sulphur-containing species (the sum of dissolved H2S, 
HS– and S2–) was determined iodometrically, where the excess of added iodine was 
titrated back with sodium thiosulphate [71,72]. Typically, a sample of 5–20 mL 
was collected for analysis and acidified below pH=10 with 0.1 M HCl. For com-
parison with titration, the concentration of bisulphide was measured by UV-Vis 
spectrophotometry, where the received calibration curve was linear within the 
studied range ([HS–]=1–9 mg·L–1) [7–9,25,73–76]. A scanning UV-Vis spectro-
photometer (Perkin Elmer, Lambda 35, UK) with a 10-mm quartz cell was used 
for absorbance measurements of the [HS–] ions in the CaS or SrS aqueous solu-
tions against MilliQ water as a blank. The characteristic peak of bisulphide (HS–) 
ion appears clearly on the UV spectra (at 231 nm), and the intensity of the UV 
band is related to its concentration in measured sample [74,76].  

The [HS–] ions in the sample were determined by the calibration curve, pre-
pared through preliminary measurements by using sodium bisulphide (99.9%, 
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Alfa Aesar, Germany). The time for the analysis after the dissolution process was 
considered to be critical because of a possible oxidation of samples which could 
get in contact with air [29,75,77,78]. To avoid this, all analyses were carried out 
immediately after reaching the equilibrium state in the CaS or SrS aqueous solu-
tions and the collected samples were kept in closed cuvettes under inert gas (argon) 
[7–9,25]. The concentration of calcium or strontium ions (only these alkaline-earth 
metal ions were present in measured aqueous CaS or SrS solutions) was deter-
mined by direct titration with ethylene-diamine tetraacetate (EDTA) [7–9,71]. 

 

2.3.2  Determination of hydrosulphide bonding rate  
from SrS aqueous solution in a closed test system 

A closed SrS–H2O test system (without oxygen access) was used to determine 
the average bonding rate of gaseous hydrosulphide (H2S)g by an alkaline (NaOH) 
solution. Air-tight closed glass bottles with a volume of 1.0 litre were used for 
measurements. In this system, 50 mL of 0.5 M NaOH solution (pH∼13.7) was 
used for capturing hydrosulphide from the gas phase of the reaction cell. 

For the preparation of 4.18 –16.71 mM SrS aqueous solutions (volume of 
200 mL), deoxygenated MilliQ ultrapure water was used to avoid the oxidation of 
sulphide ions during the experiments. In the closed test system, oxygen was re-
moved with argon (Ar) gas from the gas phase of the reaction cell. All the experi-
ments were carried out at a constant temperature (25±1 °C) and at a normal pres-
sure. A magnetic stirrer (Hecht-Assistent Magnetmix 2070, Germany) was used 
(at a constant stirring speed of 400 rpm) for mixing the prepared SrS solutions. 
The experiments in the closed reaction cell (Figure 2) lasted for 68–238 h [7].  

 

 
Figure 2. Closed test system with the SrS aqueous solution. 
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At the end of the experiments, the glass bottles were opened and the samples were 
collected for analysis, which were made immediately. The concentration of the 
dissolved sulphide ions was determined in 0.5 M NaOH solution by iodometric 
titration and the [Sr2+] ions by titration with EDTA. Besides, the pH of these SrS 
aqueous solutions were also measured (Jenway 3510, UK) and obtained results 
were registered with a program for measurement (Dataway version 1.1; Jenway, 
UK) (Papers I–VI) [7–9, 50–52]. 
 
 

2.4  The detection and characterization of NPs  
in CaS or SrS aqueous solutions by using Nanoparticle 

Tracking Analysis (NTA) 

NTA is the most common technique used for detection and for describing the 
nanoscale particles in different solutions. It provides direct and real-time visuali-
zation, sizing, and counting of particulate materials in size between 10–2000 nm 
in liquid suspension using only a metallized optical element illuminated by laser 
beam, a conventional optical microscope fitted with an inexpensive camera and 
dedicated analytical software. This technique works on a particle-by-particle 
basis, relating the degree of movement under Brownian motion to the sphere equi-
valent hydrodynamic diameter particle size, allowing high resolution particle size 
distributions and counting to be obtained within few minutes. The instrument 
generally records a video of the moving particles at a given frame rate, which 
allows for the determination of the location of all the particles in the observation 
area for each recorded frame. This allows the software to construct dynamic model 
for the observed particles, including their movement tracks and number of steps, 
which will take them to cover the distance. The computer program analyses each 
frame of the video determining the location of the observed particles by using a 
modified Stokes–Einstein equation (Eq. 22) to calculate the hydrodynamic dia-
meters of each individual one, as follows [79–85]: 
 
  (x,y)2= 2kBT

3rhπη
     [83], (22) 

 
where kB is the Boltzmann constant and (x,y)2 is the mean squared speed of a 
particle at a temperature T (in Kelvin degrees), in a medium of viscosity (η), with 
a hydrodynamic radius of rh.  
 
Previous studies have shown that this technique is very accurate for sizing both 
monodisperse and polydisperse samples, because it has a substantially better peak 
resolution compared to other similar methods. Besides, NTA allows the measure-
ment of large amounts of particles, compared to transmission electron microscopy 
(TEM), and it has been applied to a wide range of materials including metals, metal 
oxides and polymers [62,79,83–87].  
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In order to count and measure the particles sizes in aqueous media, their detec-
tion and tracking analysis was carried out by applying standard measurements of 
a NanoSight LM10 Viewing Unit (Malvern Instruments Ltd., United Kingdom). 
Measurements were made at a controlled temperature of 25 °C by using a cuvette, 
where prepared samples of known concentrations of deoxygenated CaS and SrS 
aqueous solutions were carefully injected in order to avoid the formation of 
nanobubbles, which may affect the obtained results. For each measurement, pre-
pared samples were injected 5 times with three repetitions in order to receive 
results with a sufficient confidence level [25,79]. 
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3. RESULTS AND DISCUSSION 

3.1  The results of theoretical calculations and 
experimental measurements of CaS–H2O or SrS–H2O  

closed equilibrium systems 

Experimental study was conducted with the purpose of controlling the validity of 
the developed theoretical models of CaS–H2O and SrS–H2O. The results of the 
experimental measurements of these closed equilibrium systems indicated that 
the concentration values of formed ions (e.g., [Ca2+], [Sr2+], [OH–], [H+], [HS–]) 
in measured CaS and SrS aqueous solutions were close to the theoretically calcu-
lated ones, as seen in Tables 3, 4A and 4B. The calculations of the final closed 
equilibrium system’s concentrations of formed ions and molecules ([Ca2+] or 
[Sr2+], [S2–], [H2S]w), and the corresponding systems’ pHs were performed on the 
basis of the calculated concentrations of [HS–] and [OH–] or [H+] ions at 
equilibrium state. Furthermore, the quantity of protons bound by S2– ions and the 
quantity released from the dissociation of water ([H+

H2O]) were also taken into 
consideration [7–9,50–52]. In order to calculate the closed equilibrium systems’ 
pHs, concentrations of formed ions and molecules, different previously published 
values [7,18] of Ka2 were compared with the experimentally obtained results in 
the range of [CaS] 0.335–1.823 mM and [SrS] 0.125–83.552 mM, respectively 
[7–9]. As a result, the closest correlation between the calculated and the measured 
values of parameters of the investigated closed equilibrium system CaS–H2O or 
SrS–H2O systems was at Ka2=1.202∙10–15 mol∙L–1 (Figure 3) and the results are 
shown in Tables 3, 4A and 4B [7–9,39]. 
 

 
Figure 3. Correlation between measured and theoretically calculated (Ka2=1.202∙ 
10–15 mol∙L–1) pH values of the SrS–H2O closed equilibrium system at concentration of 
[Sr2+] ions from 0.125 to 41.776 mM [9]. 
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Table 3. Amounts of added CaS into 1 L of purified water and measured concentrations 
of [Ca2+], [OH–] and [Stotal] [8].  

[CaS]S,  
mM (SD ±) 

[Ca2+],  
mM (SD ±)

[OH–],  
mM (SD ±)

[Stotal],  
mM (SD ±) pH (SD ±) 

0.335 (±0.020) nd 0.398 (±0.019) 0.325 (±0.06) 10.60 (±0.02) 
0.554 (±0.049) nd 0.679 (±0.049) 0.546 (±0.02) 10.83 (±0.03) 
0.832 (±0.010) 0.825 (±0.010) 0.918 (±0.021) 0.783 (±0.07) 10.96 (±0.01) 
1.123 (±0.010) 1.112 (±0.003) 1.358 (±0.097) 1.100 (±0.02) 11.13 (±0.03) 
1.375 (±0.004) 1.378 (±0.020) 1.479 (±0.106) 1.360 (±0.02) 11.17 (±0.03) 
1.386 (±0.094) 1.384 (±0.010) 1.486 (±0.143) 1.372 (±0.05) 11.17 (±0.04) 
1.516 (±0.020) 1.490 (±0.008) 1.679 (±0.079) 1.487 (±0.05) 11.22 (±0.02) 
1.650 (±0.013) 1.652 (±0.010) 1.778 (±0.012) 1.587 (±0.10) 11.25 (±0.01) 
1.733 (±0.006) 1.719 (±0.006) 1.820 (±0.047) 1.696 (±0.05) 11.26 (±0.01) 
1.774 (±0.010) 1.744 (±0.060) 1.950 (±0.097) 1.740 (±0.05) 11.29 (±0.02) 
1.823 (±0.010) 1.795 (±0.006) 2.061 (±0.068) 1.760 (±0.05) 11.31 (±0.01) 

nd – not determined 
 
 
Table 4A. Calculated concentration of formed ions, molecules and pH in the equilibrium 
system of SrS–H2O (0.125–83.552 mM), where Ka1=1.047∙10–7 mol·L–1 [17]; Ka2=1.202∙ 
10–15 mol·L–1 [31] and KW=1.01∙10–14 (mol·L–1)2 at 25 ºC [7,9]. 

[SrS]S 
mg·L–1 

[Sr2+] 
mM 

[S2–] mM,  
% 

[HS–] mM, 
% [H2S]w mM

[OH–] 
mM 

pH 
(calc.) 

15 
 
50 
 
100 
 
150 
 
200 
 
250 
 
300 
 
500 
 
1000 
 
2000 
 
3000 

0.125 
 
0.418 
 
0.836 
 
1.253 
 
1.671 
 
2.089 
 
2.507 
 
4.178 
 
8.355 
 
16.711 
 
25.066 

4.0×10–6 
(0.003%) 
4.1×10–5 
(0.010%) 
1.62×10–4 
(0.019%) 
3.64×10–4 
(0.029%) 
6.48×10–4 
(0.039%) 

1.012×10–3 
(0.048%) 

1.457×10–3 
(0.058%) 

4.043×10–3 
(0.097%) 
0.01614 

(0.193%) 
0.06431 

(0.385%) 
0.1441

0.1249 
(99.920%) 

0.4179 
(99.967%) 

0.8357 
(99.969%) 

1.2525 
(99.963%) 

1.6703 
(99.955%) 

2.0879 
(99.947%) 

2.5054 
(99.938%) 

4.1739 
(99.901%) 

8.3388 
(99.806%) 
16.6466 

(99.6146%) 
24.9218

9.68×10–5 
(0.077%) 
9.70×10–5 
(0.023%) 
9.70×10–5 
(0.012%) 
9.70×10–5 
(0.0077%) 
9.70×10–5 
(0.0058%) 
9.70×10–5 
(0.0046%) 
9.70×10–5 
(0.0039%) 
9.70×10–5 
(0.0023%) 
9.70×10–5 
(0.0012%) 
9.70×10–5 

(5.8×10–4%) 
9.70×10–4

0.123 
 

0.418 
 

0.836 
 

1.253 
 

1.670 
 

2.089 
 

2.506 
 

4.174 
 

8.339 
 

16.647 
 

24.922 

10.09 
 

10.62 
 

10.92 
 

11.09 
 

11.22 
 

11.32 
 

11.39 
 

11.62 
 

11.92 
 

12.21 
 

12.39 
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[SrS]S 
mg·L–1 

[Sr2+] 
mM 

[S2–] mM,  
% 

[HS–] mM, 
% [H2S]w mM

[OH–] 
mM 

pH 
(calc.) 

 
4000 
 
5000 
 
6500 
 
8500 
 
10000 

 
33.421 
 
41.776 
 
54.309 
 
71.019 
 
83.552 

(0.575%) 
0.2553 

(0.764%) 
0.3974 

(0.951%) 
0.5686 

(1.047%) 
1.0141 

(1.428%) 
1.4279 

(1.709%)

(99.425%) 
33.1656 

(99.236%) 
41.3786 

(99.049%) 
53.7394 

(98.951%) 
70.0048 

(98.572%) 
82.1241 

(98.291%)

(3.87×10–3%) 
9.70×10–4 

(2.90×10–3%) 
9.70×10–4 

(2.32×10–3%) 
9.70×10–4 

(1.79×10–3%) 
9.70×10–4 

(1.37×10–3%) 
9.70×10–4 

(1.16×10–3%)

 
33.166 

 
41.379 

 
53.739 

 
70.005 

 
82.124 

 
12.52 

 
12.61 

 
12.73 

 
12.85 

 
12.92 

 
 
Table 4B. Experimentally measured values of pHs, concentrations of ions ([Sr2+], [OH–]) 
and all sulphur forms (Stotal, including [HS–]) in 0.125–88.064 mM [SrS] aqueous solu-
tions [7,9]. 

[SrS]S (mM) 
(SD ±) 

pH  
(SD ±) 

[OH–] (mM) 
(SD ±)

[Sr2+] (mM) 
(SD ±) 

[Stotal] (mM) 
(SD ±) 

[HS–] (mM)b  

(SD ±) 
0.125±0.01 10.00±0.02 0.100 0.117±0.04 0.122±0.05 0.107±0.06 
0.418±0.01 10.64±0.02 0.437 0.345±0.06 0.411±0.04 0.374±0.03 
0.836±0.01 10.97±0.02 0.933 0.659±0.06 0.821±0.05 0.782±0.03 
1.253±0.01 11.16±0.02 1.445 0.975±0.08 1.232±0.06 1.229±0.04 
1.671±0.01 11.18±0.02 1.514 1.356±0.08 1.647±0.05 1.643±0.03 
2.089±0.01 11.28±0.02 1.905 1.625±0.08 2.054±0.10 1.892±0.06 
2.507±0.01 11.42±0.02 2.630 2.014±0.10 2.429±0.15 2.106±0.06 
4.178±0.02 11.60±0.02 3.981 3.286±0.12 3.472±0.27 3.368±0.18 
8.355±0.02 12.05±0.02 11.220 6.512±0.14 7.991±0.35 7.356±0.30 

16.711±0.03 12.36±0.02 22.909 12.56±0.16 16.54±0.65 14.54±0.48 
25.066±0.03 12.55±0.02 35.481 18.25±0.20 24.83±0.76 24.02±0.66 
33.421±0.03 12.67±0.02 46.774 24.82±0.26 32.03±0.98 26.86±0.84 
41.776±0.04 12.78±0.02 60.256 31.78±0.38 38.67±1.25 35.11±0.98 
54.309±0.04 12.92±0.02 83.176 40.49±0.44 49.58±1.46 43.88±1.20 
71.019±0.05 13.04±0.02 109.648 52.32±0.48 63.56±2.08 54.34±1.92 
83.552±0.06 13.11±0.02 128.825 59.04±0.56 73.72±2.54 61.22±2.18 
88.064±0.06 13.12±0.02 131.826 59.38±0.64 NA NA 

a Measured iodometrically 
b Measured spectrophotometrically 
NA – not applicable 
 

Table 4A. Continuation
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The results of the measurements showed (Tables 3, 4A and 4B) that the final pH’s 
of the closed equilibrium systems of CaS–H2O or SrS–H2O depended on the 
amount of added CaS or SrS salt into purified (MilliQ) water. Besides, the experi-
mental results corresponded to the theoretical model, as the calculated concent-
rations of formed ions, molecules and pH in CaS–H2O or SrS–H2O equilibrium 
systems (at [CaS] 0.335–1.823 mM or at [SrS] 0.125–83.552 mM) were close 
to the measured values, especially at lower amounts of added CaS ([CaS]  
≤ 1.733 mM) or SrS ([SrS]≤1.671 mM) salt (these solutions pH’s were below 
11.5). Thus, the experimental data indicated that the first equilibrium state was 
detected at the CaS–H2O or SrS–H2O closed equilibrium system’s pH values 
about 11.18±0.02, which also corresponds to saturation state of these aqueous 
solutions (e.g. [CaS]= 1.733±0.01 mM or [SrS]=1.671±0.01 mM) [7,8].  

According to experimental results, the solubility of CaS (calculated at 
system’s state of equilibrium) was 125.0 mg·L–1 (1.733 mM) and for SrS it was 
200 mg·L–1 (1.671 mM) in these closed equilibrium systems (the corresponding 
system’s pH values at 25 ºC were about 11.22±0.04). Therefore, the solubility of 
CaS at equilibrium state or equilibrium constant (Kc) was evaluated to be 
2.912·10–6 (mol·L–1)2, and for SrS, Kc,SrS=2.143·10–6 (mol·L–1)2. Recent studies 
have shown that the calculated values of KSP for CaS–H2O or SrS–H2O equi-
librium systems are still inaccurate, because direct determination of S2– ions is 
technically difficult due to their rapid reaction with protons, which causes signi-
ficant increase in pH values of these systems, as indicated in Figure 4 [7,8,25, 
50–52].   

 

 
Figure 4. The obtained pH profiles and their time dependence (Time/s) during dissolution 
of solid CaS in water at 25 ℃ [8].  
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As seen in Tables 3, 4A and 4B, the main species of sulphur in the CaS and SrS 
aqueous solutions (in the measured pH range of 10.0–13.1) was bisulphide (HS–), 
which content was about 81–99% of total amount of dissolved sulphurous com-
pounds (Stotal). In addition, the measured values of [Ca2+], [Sr2+] (determined by 
direct titration with EDTA titration) and [OH–] ions (potentiometrically with 
Jenway 3520 pH-meter) showed increase in their values at higher [CaS] or [SrS] 
in aqueous solutions. Besides, the pH increased further even after visual appea-
rance of solid phase due to supersaturation (this occurs with a solution when the 
concentration of a solute exceeds the concentration specified by the value of 
solubility at equilibrium) in CaS–H2O (Figure 5) or SrS–H2O (Figures 6A and 
6B) closed equilibrium systems. The latter can be explained by the formation of 
(H2S)w in these closed equilibrium systems, which increases the solubility of CaS 
or SrS salt in aqueous solutions as described in earlier studies [7–9,20,24].  
 

 
Figure 5. Relationship between concentrations of measured and theoretically calculated 
[Ca2+] and [OH–] at [CaS] from 0.832 to 2.424 mM [8]. 
 
Comparison of the measured [Ca2+] or [Sr2+] and [OH–] (Tables 3, 4A and 4B) 
showed that the concentration of calcium or strontium ions were lower than [OH–] 
at larger amount of added CaS or SrS salt into MilliQ water. For example, the 
ratio of the practically measured [Ca2+] to [OH–] had the mean value of 0.906 
(±0.044) for 0.335–1.823 mM [CaS] aqueous solutions, but at [CaS]≥1.733 mM, 
this ratio was smaller due to supersaturation, as shown in Figure 5 (relationships 
between [Ca2+] and [OH–]).  
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Figure 6. Calculated and measured (EDTA titration) values of [Sr2+] ions in SrS aqueous 
solutions in the range of added [SrS] 15–10000 mg·L–1 (0.125–83.552 mM) [7,9]. 
 

 
Figure 7. Measured pH values of SrS aqueous solutions (in the solid [SrS] range of 
0.125–88.064 mM), where the vertical dashed line refers to the solubility point, which 
correspond to the values of KSP, Sr(OH)2 [7,9,31]. 
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Figure 8. Correlation between the experimentally measured [HS–] (spectrophotometri-
cally) and [OH–] (potentiometrically, calculated on the basis of determined pH values) 
ions in logarithmic scale in SrS aqueous solutions at the [SrS] range of 15–10540 mg·L–1 
(0.125–83.552 mM) [7,9]. 
 
The measured values of [Stotal] and the [Ca2+] or [Sr2+] were rather similar at lower 
amount of added CaS or SrS salt ([CaS]≤ 1.733 mM) or SrS ([SrS]≤1.671 mM), 
when supersaturation (the presence of solid phase) conditions were not present in 
CaS–H2O or SrS–H2O closed equilibrium systems (Tables 3, 4A and 4B). More-
over, the concentration of these ions in the CaS or SrS aqueous solutions were 
almost equal to the calculated values at [CaS]≤1.386 mM or [SrS]≤1.67 mM as 
the added CaS or SrS salt was dissociated completely (Figures 5 and 6). Besides, 
measured amounts of total sulphide species [Stotal] in these systems (mainly in a 
form of HS–), as well as [Sr2+], decreased along with the increase in [CaS] or 
[SrS].  

Additionally, the measured ratio of [Stotal]/[OH–] in the supersaturated CaS or 
SrS aqueous solutions was significantly lower (p-value <0.05) compared with 
[CaS]≤1.733 mM or [SrS]≤1.671 mM (Tables 3, 4A and 4B). According to 
Figures 5, 7 and 8, the obtained results of measurements indicated that [OH–] 
exceeded [HS–] in CaS–H2O or SrS–H2O closed equilibrium systems when super-
saturation visually appeared at higher salt concentration ([CaS]≥1.733 mM or 
[SrS]≥1.671 mM). As seen in Figures 7 and 8, determined [OH–] ions in the latter 
system remained almost unchanged at pH ≤13.1 because the solubility product 
(KSP) value for Sr(OH)2 was exceeded at [SrS]≥83.552 mM (≥10000 mg·L–1) and 
precipitation (in the form of strontium octahydrate, Sr(OH)2·8H2O) occurred 
[7,9]. Thus, the difference in their concentrations in CaS or SrS aqueous solutions 
is connected with the autoprotolysis of water, where a surplus number of protons (∆[H+]H2O), will be bound by sulphide ions after the dissociation of corresponding 
salt. Therefore, the latter should also be taken to account in developing the given 
theoretical models for the CaS–H2O or SrS–H2O closed equilibrium systems [7–9].  
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Previous studies carried out by Tamm et. al (2016) also showed that the CaS–
H2O equilibrium system’s pH depended on the amount of the solid phase (e.g., 
oil shale ash) added [13]. Thus, the greater was the amount of initial oil-shale ash 
(it also contains CaS and SrS), the higher was the concentration of sulphide 
species in the liquid phase [13,77,78]. In the closed equilibrium systems of CaS–
H2O or SrS–H2O, the experimental results corresponded to the theoretical model, 
which supported the validity of the developed novel proton transfer model linking 
different acid–base equilibria. The same approach can be applied to complex 
systems involving more acid–base equilibria (e.g., the equilibrium of calcium 
carbonate with ammonia nitrogen or phosphoric acid). In comparison with the 
equilibrium system of H2O–(CO2)W–CaCO3, the liquid phase (water) was only in 
contact with solid phase and the volume of the gas phase was negligible [7–9, 
50–52].  
 
 

3.2  Results of the NTA measurements of dissolved SrS  
or CaS particles in deoxygenated aqueous solutions  

Previous studies have indicated that by experimental measurements it is still an 
issue to estimate visually the precise moment, when the precipitate forms (or 
supersaturation occurs) in the CaS or SrS aqueous solutions, which consist of 
very small (0.001–1 μm of size) colloidal particles [7–9,25,62]. The latter tend to 
form larger particles (≥450 nm of size) as a result of their coagulation and will 
then become visible in colloidal systems (also known as Tyndall effect) [65,68]. 
Thus, the validity of particle size distributions for a sample depended on the 
accurate sizing of particles as well as on precise concentration measurements. As 
seen in Figure 9 at lower salt concentration ([CaS] or [SrS]≤0.1 mM) dissolved 
ions (or molecules) and their pairs were first formed after dissolution of CaS or 
SrS salt in aqueous media. As the smallest nanoparticles (detected by the Nano-
Sight LM10 viewing unit) were in size of 10 nm or above (the lower detection 
limit of NTA instrument), they firstly appeared in the observed equilibrium sys-
tems at [CaS] or [SrS] less than about 0.1 mM. Besides, also disordered 
aggregates and crystals appeared in prepared samples (filtrated through 0.45 μm 
membrane filters) taken from the closed equilibrium systems of CaS–H2O or SrS–
H2O when larger amounts of CaS or SrS salt were added (mainly due to the co-
agulation of nanoparticles), and as a result, the supersaturation (precipitation of 
dissolved CaS or SrS salt in the form of calcium or strontium octahydrate) 
occurred (Figure 9) [9, 25, 62, 86, 87].  
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Figure 9. The comprehensive size of formed particles in the closed equilibrium systems 
of CaS–H2O or SrS–H2O depending on the added amount of salt ([CaS (s)] or [SrS (s)]) into 
an aqueous media [25,88].  
 
However, previous studies indicated that the NTA instruments used for particles 
concentration measurements still have been shown low precision, due to variation 
in their number detected between video replicate measurements of the same 
sample. According to the relevant literature data, the measurement accuracy of 
the NTA instrument is generally within 5% of the expected particle size once 
correct hardware and software settings have been applied [25,82,83]. For low 
particle counts, it has been suggested that increasing video replicates (e.g., from 
5 to 15 times) could lead to more precise concentration measurements. As seen in 
captured photo taken by using NTA instrument (Figure 10), it allowed the distinc-
tion of two or more light scattering centres for very large aggregates (>1 μm), 
which suggested that they were formed by the assembly of smaller ones. How-
ever, the brightness of such large particles interferes with the optimization of the 
instrument settings, it makes smaller aggregates more difficult to detect in aqueous 
media [25,62,83,86–90]. 
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Figure 10. Captured image of the formed SrS particles (surrounded by a series of dif-
fraction rings) in MilliQ water in the NTA video frame.  
 
According to the obtained results from the CaS–H2O or SrS–H2O closed equi-
librium systems, the first detectable particles in the analysed samples were mea-
sured by NTA instrument containing 0.097±0.01 mM of CaS(s) (pH=9.94±0.02) 
(Fig. 11) and 0.092±0.01 mM of SrS(s) (pH=9.97±0.02) (Fig. 12) or above these 
amounts of added CaS or SrS salt. This was about 18 times lower concentration 
than our previously determined system’s equilibrium constant (Kc) or solubility 
values at [SrS]=1.671 mM and [CaS]=1.733 mM (pH=11.22±0.04) for given 
systems by using potentiometry. Its corresponding values, where nanoparticles 
(≤10 nm) were firstly detected by NTA, were calculated to be Kc,CaS=9.409·10–9 
(mol·L–1)2, and Kc, SrS=8.464·10–9 (mol·L–1)2, respectively. Up to these amounts 
of added salt (CaS or SrS) in the closed equilibrium systems of CaS–H2O and 
SrS–H2O, all particles were dissolved in aqueous media due to the better 
solubility of smaller particles in the nanoscale region. Thus, no particles were 
detected by the NTA method below the concentrations stated above. In addition, 
the occurrence of NPs was related to increase in the concentration of Sr2+ and 
Ca2+ ions and the increase in the pH values of these equilibrium systems when an 
additional amount of salt (CaS or SrS) was dissolved [7–9,25,62]. 

 As shown in Figures 11 and 12, the size distribution and the average con-
centration of formed particles in the closed equilibrium systems of CaS–H2O and 
SrS–H2O increased upon adding more CaS or SrS salt into deoxygenated MilliQ 
water (mainly due to the coagulation of smaller particles into larger ones). As a 
result, the overall concentration ratio of the formed particles to the amount of the 
added CaS or SrS salt decreased in these closed equilibrium systems [25,62]. 
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Figure 11. Size distribution (nm) and the average concentration of particles (ACP) from 
the NTA measurements in the closed equilibrium system of CaS–H2O at 25±0.2 °C (red 
error bars indicate the standard error of ACP in this system): A) at [CaS]=0.097±0.01 mM 
(pH=9.94±0.02), ACP is 1.35±0.57·106 per mL; B) at [CaS]=1.388±0.01 mM (pH= 
11.17±0.02), ACP is 9.07±3.96·107 per mL.  
 
 

 
Figure 12. Size distribution (nm) and the ACP from the NTA measurements in the closed 
equilibrium system of SrS–H2O at 25±0.2 °C: A) at [SrS]=0.092±0.01 mM (pH= 9.97± 
0.02), ACP is 5.41±4.38·106 per mL; B) at [SrS]=1.671±0.01 mM (pH=11.18±0.02), ACP 
is 1.74±0.61·107 per mL.  
 
The former studies with calcium hydroxide indicated that its nanoparticles were 
detected in samples starting from 0.5 g·L–1 (pH≥12.3) of added salt or when the 
Ca(OH)2 aqueous solution’s pH was increased approximately to the same value 
by the addition of NaOH, which pushed back salt dissolution, into this closed 
equilibrium system, as the value of KSP,Ca(OH)2 was exceeded [62]. Thus, this 
principle allows to calculate the KSP or Kc value for nanoscale particles in different 
equilibrium systems by using a novel NTA method [25,62,79,83–85].  
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3.3  Results of (H2S)g bonding rate by NaOH solution  
in the closed equilibrium system of SrS–H2O 

The results of experimental measurements in a closed test system of SrS–H2O 
indicated that the gaseous hydrogen sulphide average bonding rate by 0.5M of 
NaOH solution was 0.827 µg·h–1·cm–2. As shown in Table 5, (H2S)g emission 
from initially prepared 4.18–16.71 mM of the SrS aqueous solution and its 
fixation by alkaline solution (determined by iodometric titration) also depended 
on added amount of salt, duration of the experiment and the size of the gas-liquid 
interface [7].  

Ebrahimi et al. (2003) have found that the reaction between H2S and NaOH 
solution at higher concentrations is instantaneous and it takes place at the gas-
liquid interface [91]. Thus, at a higher salt concentration it takes a longer time to 
establish chemical equilibrium between dissolved sulphide and (H2S)g ions in the 
CaS or SrS aqueous solutions. As the latter could additionally increase the 
solubility of CaS or SrS salt in the CaS–H2O or SrS–H2O closed equilibrium 
systems, it must be considered by making calculations of these systems’ para-
meters (e.g., aqueous solubility, pH). Besides, HS–

(aq) will be the predominant 
sulphide species in most, if not all (since the problem of oxidation was understood 
in earlier studies), aqueous alkaline solutions [91,92]. 
 
Table 5. Experimentally measured pH, dissolved [Sr2+] in SrS aqueous solution and 
bonded (H2S)g in the form of sulphide sulphur by alkaline (0.5 M NaOH) solution. 

SrS (H2S) 

pH 

Duration of 
the experi-
ment (h)

[Sr2+] (mM) 
(dissoluted)

[S2–]total (mg∙L–
1) in 0.5 M 

NaOH solution

(H2S)g bonding 
rate into 0.5 M 
NaOH solution 
(μg∙h–1∙cm–2) g∙L–1 mM 

0.5  4.18 11.42  141 3.11(±0.10) 72.3(±3.9) 0.774 
0.75  6.27 11.61  118 4.12(±0.05) 62.5(±7.8) 0.796 
1 8.36 11.81  68 5.44(±0.04) 41.2(±3.9) 0.913 
1.25  10.44 11.98  71 7.76(±0.12) 31.8(±7.8) 0.679 
1.5  12.53 11.85  164 8.08(±0.04) 92.1(±7.8) 0.846 
1.75  14.62 12.15  68 10.12(±0.04) 41.8(±7.8) 0.917 
2  16.71 12.16  238 11.15(±0.02) 135.5(±7.8) 0.861 
    Average = 0.827 

 
The chemical oxidation of hydrogen sulphide proceeds through a chain reaction 
mechanism. In the first step, it is transformed in the presence of oxygen to ele-
mental sulphur [93]. Finally, after multiple intermediate oxidation reactions, the 
polysulphide anions (e.g., S2O3

2–) will be formed (they are stable at pH=~7–12) 
[93,94]. At lower pH values the latter reacts with hydrogen sulphide, and as a 
result, the elemental sulphur forms again in aqueous media [93–95].  
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4. CONCLUSIONS 

The aims of the current PhD thesis were to investigate the dissolution process of 
CaS or SrS in ultrapure MilliQ water and to determine these closed equilibrium 
system’s (CaS–H2O or SrS–H2O) essential parameters (e.g., pH and the KSP). In 
addition, also to upgrade our previously developed mathematical models for the 
CaS–H2O or SrS–H2O closed equilibrium systems based on the proton transfer 
principle, which were also experimentally validated.  

The goals were achieved for given closed equilibrium systems by using experi-
mentally measured concentrations of the formed ions (Sr2+, OH–, HS–, H2S, S2–) 
and describing their interactions in a structural scheme. These equilibrium system’s 
pH values and the concentrations of sulphide species were determined potentio-
metrically, spectrophotometrically and by iodometric titration. The solubility of 
CaS was evaluated to be 1.733 mM and its value for SrS was 1.671 mM (pH= 
11.22±0.04) at 25 ºC and by normal pressure. In addition, the average bonding rate 
of (H2S)g by 0.5 M NaOH in a closed oxygen-free test system was experimentally 
measured and the obtained transformation speed value was 0.827 µg·h–1·cm–2 

(Papers I, II, V). 
Besides, the size dependence and average concentrations of the formed par-

ticles (measured in the range of 10–1500 nm) on the amount of added CaS or SrS 
salt in these closed equilibrium systems were studied by using a NTA. According 
to NTA measurements, the first detectable particles in the analysed samples were 
measured by NTA instrument containing 0.097±0.01 mM of CaS(s) (pH=9.94± 
0.02) and 0.092±0.01 mM of SrS(s) (pH=9.97±0.02) or above these amounts of 
added CaS or SrS salt. The latter was about 18 times lower than previously deter-
mined values at equilibrium state, when saturation visually occurred (particle size 
≥450 nm) (Paper VI).  

As seen from the experimental results, the solubility of CaS or SrS in MilliQ 
water at constant temperature also depended on pH and the concentration of the 
formed ions in these closed equilibrium systems, because smaller ones have better 
solubility. Thus, this principle allows to calculate the KSP value for nanoscale par-
ticles in different closed equilibrium systems by using NTA method, which is 
suitable for samples taken both from monodisperse and polydisperse systems, as 
it has a substantially better peak resolution compared to other similar techniques 
intended for their characterization in liquid suspensions (Papers I, II, V, VI). 
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5. SUMMARY IN ENGLISH 

The amount of generated hazardous wastes (over 90% of their total volume origi-
nates from oil-shale industry) in Estonia is largest in the world per capita. More 
than 80% of the oil shale is used as a solid fuel in power plants, but the remaining 
20% is used for the production of shale-oil, heat and cement [96,97]. Besides, it 
has negative impact to the quality of environment and human health. For 
example, the interaction of semi-coke residue with water (as a result of complex 
chemical reactions) generates highly alkaline sulphur-rich leachate, a hazardous 
waste for the environment, which requires further processing or treatment. Be-
sides, part of sulphur from it is emitted into the atmosphere when an ecologically 
toxic gaseous hydrogen sulphide (H2Sg) forms in anaerobic conditions [3–14].  

The aim of this doctoral thesis was to investigate the dissolution process of 
CaS or SrS in MilliQ water and to determine the important parameters (e.g., pH, 
water solubility or KSP value, ion content) of these closed equilibrium systems 
(CaS–H2O or SrS–H2O) using the measured ions formed in these systems (Sr2+, 
OH–, HS–, H2S, S2–) concentrations and describing them as a structural scheme. 
In addition, the aim was to update the mathematical models previously developed 
by our working group for the study of these equilibrium systems. The pH values 
of these closed equilibrium systems and the concentrations of different forms of 
sulphide sulphur were determined potentiometrically, spectrophotometrically and 
by iodometric titration [7–9,25]. 

Besides, the size, distribution and average concentration of formed particles 
(measured in the range of 10–1500 nm) in aqueous CaS or SrS solutions at equi-
librium state, which depended on the amount of added salt in these systems were 
investigated by using the NTA, which enables to calculate the value of the equi-
librium constant (Kc) or the solubility product (KSP) for nanoscale particles in 
different equilibrium systems [25]. The objectives also included developing non-
thermodynamic mathematical models for equilibrium systems containing species 
of sulphurous compounds, which are taking into consideration all conjugated 
acid-base processes in order to calculate the pH values, concentrations of formed 
ions and molecules by using an iteration method [7–9,25]. 

Based on the experimental results, the solubility of CaS or SrS in MilliQ water 
at constant temperature also depended on the pH of these closed equilibrium 
systems and the concentration of formed ions, smaller particles being more soluble. 
Therefore, based on this principle, it is possible to calculate more precisely the 
corresponding KSP value for nano-sized particles present in different closed 
equilibrium systems using the NTA method, which is suitable for samples taken 
from mono- and polydisperse systems, as its resolution is significantly better 
compared to other similar methods for their characterization and analysis [25]. 

In summary, the present thesis suggests that further investigations are needed 
for describing CaS and SrS solubilization in water in order to describe better their 
dissolution mechanism and to develop our novel proton-centric model for similar 
closed equilibrium systems, which can be used both to assess the effects of human 
activities on natural water bodies and to model industrial processes (e.g., waste-
water treatment) more efficiently. 
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7. SUMMARY IN ESTONIAN 

Tasakaaluliste suletud süsteemide CaS-H2O või SrS-H2O 
modelleerimine ja eksperimentaalne mõõtmine 

Eestis tekkivate ohtlike jäätmete kogus (üle 90% sellest hulgast pärineb põlev-
kivitööstusest) on ühe elaniku kohta arvestatuna maailma riikidest suurim. Üle 
80% põlevkivist kasutatakse soojuselektrijaamades tahke kütusena, kuid üle-
jäänud osast toodetakse põlevkiviõli, soojust ja tsementi [96,97]. Lisaks avaldab 
see märkimisväärselt negatiivset mõju keskkonna kvaliteedile ja ka inimeste 
tervisele. Näiteks poolkoksijäägi koosmõjul veega (keeruliste keemiliste reakt-
sioonide tulemusena) tekib väga aluseline väävlirikas nõrgvesi, keskkonnaohtlik 
jääde, mis vajab enne loodusesse laskmist edasist käitlemist. Pealegi paiskub osa 
sellest pärinevast väävlist atmosfääri, kui tekib anaeroobsetes tingimustes öko-
toksiline gaasiline divesiniksulfiid (H2Sg) [3–14]. 

Käesoleva doktoritöö eesmärk oli uurida CaS või SrS lahustumisprotsessi 
ülipuhtas MilliQ vees ja määrata nende suletud tasakaaluliste süsteemide (CaS–
H2O või SrS–H2O) olulised parameetrid (nt pH, vesilahustuvus või KSP väärtus, 
ioonide sisaldus), kasutades selleks antud süsteemides mõõdetud moodustunud 
ioonide (Sr2+, OH–, HS–, H2S, S2–) kontsentratsioone ning kirjeldades neid kokku-
võtliku struktuurskeemina. Lisaks oli eesmärgiks uuendada meie töörühma poolt 
varasemalt välja töötatud matemaatilisi mudeleid antud tasakaaluliste süsteemide 
uurimiseks, mis põhinesid prootonite ülekandmise põhimõtetel, mida ka eksperi-
mentaalselt tõestati. Nende suletud tasakaaluliste süsteemide pH-väärtused ja 
erinevate sulfiidse väävli esinemisvormide kontsentratsioonid määrati potentsio-
meetriliselt, spektrofotomeetriliselt ja jodomeetrilise tiitrimisega. Eksperimen-
taalsete tulemuste põhjal arvutati CaS vesilahustuvuseks suletud süsteemi tasa-
kaaluolekus (25 ºC konstantsel temperatuuril ja normaalrõhul) 125 mg·L–1 
(1.733 mM) ning SrS puhul oli vastavaks väärtuseks 200 mg·L–1 (1.671 mM) 
(pH=11.22±0.04), millele vastavaks lahustuvuse või tasakaalukonstandi (KC) 
väärtusteks antud tasakaaluliste süsteemide puhul saadi arvutuslikult: KC,CaS= 
2.912·10–6 (mol·L–1)2; KC,SrS=2.143·10–6 (mol·L–1)2 [7,8]. Samuti mõõdeti eks-
perimentaalselt gaasilise vesiniksulfiidi ((H2S)g) keskmist sidumiskiirust 0,5 M 
naatriumhüdroksiidi vesilahusega SrS–H2O suletud hapnikuvabas testimis-
süsteemis ja saadi selle keskmiseks sidumiskiiruse väärtuseks 0,827 µg·h–1·cm–2 
(Papers I, II, V).  

 Lisaks uuriti nanoosakeste jälgimise- ja analüüsisüsteemi (NTA) abil CaS või 
SrS vesilahuses moodustunud osakeste suurust ja keskmist sisaldust (määramis-
vahemikus 10–1500 nm) sõltuvalt antud suletud tasakaalulistesse süsteemidesse 
lisatud soola kogusest. Vastavalt NTA instrumendi poolt mõõdetud tulemustele 
tuvastati analüüsitud proovides esimesed nanoosakesed CaS vesilahuses kont-
sentratsioonil alates 0,097±0,01 mM (pH=9,94±0,02) ja SrS vesilahuses vastavalt 
0,092±0,01 mM (pH=9,97±0,02), mis oli umbes 18 korda madalam võrreldes 
visuaalselt nähtavate (≥450 nm) osakeste küllastuskontsentratsiooniga antud 
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suletud süsteemide tasakaaluolekus, mille põhjal oli varasemates uurimustes 
arvutatud KSP väärtused. Lähtudes katsetulemustest, sõltus CaS või SrS lahus-
tuvus MilliQ vees konstantsel temperatuuril ka nende suletud tasakaaluliste süs-
teemide pH-st ja moodustunud ioonide kontsentratsioonist, väiksemad osakesed 
lahustuvad paremini. Seega on võimalik antud printsiibist lähtudes arvutada eri-
nevates suletud tasakaalulistes süsteemides esinevate nanomõõtmetega osakeste 
jaoks vastav KSP väärtus kasutades selleks nanoosakeste loendamise meetodit, 
mis sobib nii mono- kui ka polüdisperssetest süsteemidest võetud proovide jaoks, 
kuna selle lahutusvõime on oluliselt parem võrreldes teiste sarnaste meetoditega 
nende iseloomustamiseks ja analüüsimiseks [25]. 

Kokkuvõtteks on vaja teha täiendavaid uuringuid CaS ja SrS lahustumis-
mehhanismi kirjeldamiseks vees lähtudes uuest prootonikesksest mudelist sarnaste 
suletud tasakaalu süsteemide jaoks, mida saab kasutada nii inimtegevusest tule-
nevate mõjude hindamiseks looduslikele veekogudele kui ka tööstuslike protses-
side (s.h. reoveepuhastuse) modelleerimiseks. 
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