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Abstract

The paper presents a model of physico-chemical processes in aquatic ecosystems, utilizing mass
balance equations for multicomponent two-phase systems. This model aims to provide a
comprehensive understanding of the interactions and dynamics within aquatic environments. It
presents original mass balance equations within the residual concentration method to analyze
thermodynamic functions for various natural chemical equilibria, described by the developed
generalized equations. By incorporating mass balance equations, the study addresses the distribution
and transformation of various chemical species between natural waters and sediment phases. The
approach allows for the simulation of complex processes such as adsorption, desorption, and
chemical reactions in a detailed and systematic manner. The method demonstrates the ability to
handle simultaneous formation of multiple chemical species and derive specific thermodynamic
relationships. It provides a comprehensive analysis of thermodynamic conditions, estimating solid
phase quantities based on initial composition and pH values. Applied to several real systems, the
approach shows strong agreement with experimental findings, validating its robustness and
applicability. The developed model can be used to predict the behavior of pollutants, nutrients, and
other substances in aquatic ecosystems, offering valuable insights for environmental management and
conservation efforts.

Keywords: complexing agent, global thermodynamic functions, heterogeneous multicomponent
system, mass balance conditions, saturated solution

1. INTRODUCTION

Aguatic ecosystems are complex environments where numerous physico-chemical processes occur
simultaneously, influencing the distribution and fate of various chemical species. Understanding these
processes is crucial for effective environmental management and conservation. This study is focused
on modeling of these processes based on mass balance equations for multicomponent two-phase
systems, providing a detailed framework for analyzing the interactions and dynamics within aquatic
environments.

The model incorporates fundamental mass balance equations within the residual concentration (RC)
method for heterogeneous systems, specifically focusing on the two-phase systems “solid phase -
saturated multicomponent solution”, to account for the distribution and transformation of chemical
species between the water and sediment phases. By simulating complex natural processes such as
adsorption, desorption, and chemical reactions, the model offers a comprehensive understanding of the
behavior of pollutants, nutrients, and other substances in aquatic ecosystems. This approach not only
enhances our knowledge of these environments but also aids in predicting the impact of various
environmental changes and anthropogenic activities. The development and application of this model
are essential for advancing our ability to manage and protect aquatic ecosystems. By providing
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valuable insights into the physico-chemical processes that govern these systems, the study contributes
to more informed decision-making in environmental management and policy.

The study of heterogeneous systems using the RC method is often accompanied by variations in
parameters used to construct “property-composition” diagrams, such as electromotive force, light
adsorption, apparent volume of precipitates, electrical conductivity, refractive index, density, and pH
of solutions. Within the RC method, the concentrations of compounds in the solution volume must
also be known. For the study, one of two series of mixtures is prepared: a series of mixtures with a
constant concentration of the metal ion and variable concentration of the ligand, or a series with a
constant total concentration of the metal ion and the ligand. After the heterogeneous mixture reaches
equilibrium, the solid phase is separated from the liquid phase, the pH of the solution is measured, and
the residual concentrations of various ions are determined. Subsequently, the content of each ion in the
precipitate Am; is calculated as the difference between the amount of ion in the mixture m? and the
amount of ion in the solution m/ :

Am; =m{ —m],

or recalculating for the volume of the mixture (in terms of concentrations):
AC; =CP -],

where AC; is the amount of ion in the solid phase, expressed in mol/L.

This paper investigates thermodynamic functions for various chemical interactions in aqueous
ecosystems, described by the developed generalized equation, including metal ion hydrolysis, ligand
protonation, and complex formation, described by the introduced generalized reaction equation. The
research examines a variety of solid phases characterized by a general formula involving metal ions,
hydroxides, anions, and ligands. The solubility of these solid phases is determined by heterogeneous
equilibrium.

The derivation of the mass balance (MB) equation for the metal ion involves accounting for the
contributions from the solid phase, which represents the amount of precipitated metal ion per unit
volume of the solution. This is combined with the inputs from hydroxocomplexes, complexes with
inorganic and organic complexing agents, and others, typically under conditions where ligands are in
excess. The equation expresses the total (initial) concentration of the metal ion in the heterogeneous
mixture and its residual concentration in the aqueous solution.

From the stoichiometric composition of the solid phases, in this work specific thermodynamic
relationships are derived, involving the changes in concentration of the metal ion, anions, ligands, and
hydroxides. When the anion is precipitated, the mass balance equation also considers its potential
protonation and the formation of neutral and mixed complexes with the metal ion. This method
demonstrates the ability to account for the simultaneous formation of two insoluble species containing
two metal ions or anions.

Our innovative approach involves a thorough analysis of the thermodynamic conditions that govern
various processes by examining overarching thermodynamic characteristics [1-4]. Utilizing a complete
set of thermodynamic functions allows estimation of solid phase quantities based on initial
heterogeneous mixture composition and solution pH values. The proposed thermodynamic approach
can be extended to more complex systems that involve additional reactions and complex formations.

Applying the developed approach, several real systems have been investigated. By employing an
advanced thermodynamic model to simulate precipitation alongside key parameters, such as initial
concentrations in both the liquid and solid phases, the study achieves a strong agreement with
experimental findings for various real systems.

At the beginning, the thermodynamics of heterogeneous processes of precipitation-dissolution of
slightly soluble salts of different nature and arbitrary composition are examined under conditions
where various secondary reactions occur between the ions of the solid phase and the components of
the saturated aqueous solution. Secondary reactions include protonation of the ligand, hydrolysis of the
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metal ion, and formation of neutral complexes, protonated complexes, and hydroxocomplexes. To this
end, an original method is used to study complex chemical equilibria in the presence of solid phases.
First of all, the notion of a generalized reaction equation is introduced to account for all associated
secondary reactions. This equation represents the generalization of a set of usual chemical equations,
considering the simultaneous formation of several different soluble chemical species. The necessity to
examine an integral (general) process arises from the fact that the nature and concentration ratios of
the compounds (complex species) produced in the reactions depend on the ratio of the reactants (metal
ion and ligand), temperature, and other factors (thermodynamic parameters).

Based on the generalized mass balance equations for multicomponent two-phase systems,
thermodynamic functions can be calculated under real-world conditions. This thermodynamic analysis
of equilibrium conditions enables the examination of various chemical interactions in agueous
ecosystems, such as the hydrolysis of metal ions, protonation of ligands, and complex formation, from
a unified perspective. Special attention is given to the influence of pH on the variations of
thermodynamic functions, considering the significant role of hydrogen ions in many chemical
reactions in aqueous solutions. The approach outlined in this paper progresses from simple to complex
analyses, ultimately addressing even more intricate systems, providing a comprehensive framework
for understanding physico-chemical processes in aquatic ecosystems.

2. THEORETICAL PART
2.1. Generalized equation and the variation of the Gibbs energy for the general/integral process

From the variety of possible chemical transformations in solution involving the cation M and the anion
A of a slightly soluble salt with a simple composition MA) (where the symbol “S” denotes the solid
phase), the initial focus is on the hydrolysis of the cation and the protonation of the anion according to
scheme A:

MAg) =M + A4, KQ, AHQ, 1)
M + iH,0 = M(OH); + i, K?, AHP (2)
A +jH = HiA, K?, AH} (3)

Here, K¢, K and K represent the thermodynamic equilibrium constants and H¢, HY and H are the

standard enthalpy changes (here and henceforth, the charges of the species are omitted for
convenience):

KSO =ayay (4)
Kio _ AM(OH);AH (5)
am
ag.A
KO =
j = (6)

Subsequently, indices s, i, and j denote all quantities related to the species MA sy, M(OH); and H;A or
to the reactions (1)-(3). The variations of other thermodynamic functions, particularly AG and AS, are
calculated using well-known thermodynamic relations:

AGQ = —RTIn KQ = AH? — TAS? (7

AG? = —RTIn K2 = AH? — TAS? (8)
0 _ 0 _ 0 0

AGY = —=RTIn K? = AH) — TAS] 9)

The subscript “0” for the equilibrium constants (4)-(6) indicates that these constants are
thermodynamic. Concentration constants, correlated with the thermodynamic ones, will be used and
defined by the relations:
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KSO = KsYmYa (10)
Yivi
kY = Kot (11)
KO = k. Y 12
) J VAY{; ( )

where y denotes the activity coefficient of the respective species.

Further, the following task is formulated: to calculate the variations of the thermodynamic functions of
the integral process (1)-(3) under conditions different from standard ones. To address this, the
objective is to describe the integral process (1)-(3) with a single equation. Under the conditions where
the metal ion is represented by a single hydroxocomplex M(OH);, and the anion exists in the form of a
single protonated species H;A, the equation of the integral heterogeneous process represents a simple
combination of equations (1)-(3):

In this case, the task is reduced to calculating the thermodynamic characteristics of the integral
reaction (13). The thermodynamic relationships of this process are governed by the principles of
classical thermodynamics. In particular, the variation of the thermodynamic functions of the integral
reaction (13) is expressed linearly through the thermodynamic characteristics of reactions (1)-(3).
Under real conditions, the metal ion and the anion are usually present in the saturated solution in the
form of several hydroxocomplexes M(OH); and protonated species H;A. Therefore, it is necessary to
generalize equation (13). For this purpose, to correctly account for the MB, it is assumed that the
hydroxocomplexes and protonated species are formed as a result of the reaction in proportion to their
partial molar fractions. These fractions are formulated as follows:

- _ [M(OH)i] _ _ [M(OH)i]

Ji Cm ZiZo[ M(0H);] (14)
o _HjAl _ _[HjA]

Jj Ca X olHjA] (15)

Thus, the mass balance for the metal ion and anion is automatically considered correct, as }.i%, f; =
Tand X7, f; = 1. Subsequently, the respective amount of hydrogen ions and water molecules is
added through a simple calculation. As a result, the generalized equation of the reactions takes the
form:

MAw) + (Zjo1jfy — 21 ifi)H + (Tl if)H,0 = XL f; M(OH); + Xj=o f; HiA (16)

The specificity of this equation lies in the fact that the stoichiometric coefficients are variable
quantities depending on the chemical composition of the system. For integer values of the partial
molar fractions f; and f;, equation (16) takes the form of the trivial equation (13). Describing the
equilibria in the “slightly soluble salt precipitate — agueous solution” heterogeneous system using the
generalized interaction equation has several advantages. Firstly, such an approach allows for the
explicit determination of both the contribution of certain chemical species to the equilibrium process
and the contribution of specific chemical equations that describe the complex chemical equilibrium. In
other words, it reveals the stoichiometric aspects of chemical interactions in the system. Secondly, the
thermodynamic analysis of the generalized equation (16) allows for the determination of any
thermodynamic functions of the system. For example, the authors [1-3] have proven that the following
thermodynamic expressions are valid for the generalized heterogeneous process (16):

AGs = —RTInKgaya, + RTINCYCY (17)
AHg = AHQ + Y72, f; AHD + X7 fiAH) (18)

In equation (17) by C,, and C4 are denoted the total (analytical) concentrations of the metal ion and the
anion in the mixture and
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4= 1+ 37, K;[H) (20)

From equation (18), it follows that among all thermodynamic functions, only the enthalpy change
shows a sum of the individual reactions (1)-(3), and the contributions of reactions (2) and (3) are
proportional to the partial molar fractions of the respective species M(OH); and H;A. Obviously,
under standard conditions, this finding holds true only for the Gibbs energy change and does not apply
to other functions. Therefore, the contribution of reactions (2) and (3) to the Gibbs energy variation of
process (1) is expressed through the concentration coefficients o«,, and o«,. In the specialized
literature, these concentration functions are well-known and referred to as secondary reaction
coefficients. It is noteworthy that these functions involve not thermodynamic constants, but rather
concentration coefficients.

Based on the sign and value of AGg, the conditions for precipitation and the completeness of solid
phase formation can be determined. If AGs > 0, then the equilibrium is shifted in the direction of
precipitate formation. Conversely, if AGs < 0, its dissolution occurs. The equality AGs = 0
characterizes the condition for the onset of precipitation (dissolution) of the slightly soluble salt.

Equation (17) can be viewed as the sum of three components:
AGg = AG(1) + AG(2) + AG(3),
where
AG(1) = —RTInK;
AG(2) = —RTInay + RTInCy,
AG(3) = —RTIlnay + RTInC,
Similarly, the generalized equation (16) can also be decomposed into three simpler equations:

MA(S) = M +A
M+ (Z iﬁ-) H,0 = Zfi M(OH); + (z ifi>H
i=1 i=0 i=1

n n
A+ ijj sz/‘jHjA
=1 =0

An analogous analysis for the previous system “slightly soluble salt - saturated aqueous solution” in
the presence of a ligand/chelating agent L, capable of forming complexes with the metal ion, shows
that the Gibbs energy variation of the integral process is calculated using the same equation (17) with
the difference that the calculation of the concentration function a,, becomes more complicated [4]. It
should be noted that equation (17) remains valid even in the presence of polynuclear
hydroxocomplexes; however, in this system, the coefficient a,, is determined by the expression:

oy =14 X 2 iKwm(om); [M]*=t[H] ™ (21)

It is important to note that in this scenario, determining the equilibrium concentration of the metal ion
[M] requires solving the mass balance equation:

Cy = Zi=02j=1 i[Mi(OH)j] = [M] oty (22)

In general, for the precipitate of a salt with composition M,A4, s, analogous reasoning leads to the
expression [5-7]:

AGs = —RTInKg obyocd+ RTIn(CP(C9)* (23)
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The thermodynamic approach to describing chemical equilibria in the system “precipitate of a slightly
soluble salt - aqueous solution”, described in this paper and developed in [8], allows for the
introduction and calculation of the dependence of any thermodynamic functions of the system on
experimental conditions (pH, total concentrations of reactants, etc.). This approach can be generalized
in the case of the formation in solution of species with arbitrary compositions M;(OH),H4L; or
M;(OH),HgA;. However, the formation of polynuclear complex compounds leads to some
peculiarities in the system behaviour [9-11].

In the “slightly soluble hydroxide — solution” system, the generalized interaction equation has the
form:

MOH)ms)y = XiZo fuomM(OH); + (n —m)OH (24)
Here, m represents the Bjerrum function:

_ . S iK[H]
M = Y1 uony =350 T (25)

For the generalized process (24) the following thermodynamic expression is obtained:
AGg = —RTInKg <+ RTInCy[H]™ (26)

The thermodynamic functions of the formation-dissolution reactions of the oxide precipitate with
composition M, 0.,s) are described by similar expressions, except that the equilibrium constant K
refers to the reaction:

1 2

;MnOm(s)+TmH=M+%H20, K (27)
The Gibbs energy variation of this reaction, taking into account the secondary reactions of the metal
ion, is:

AGs = —RTInKs o+ RTlnw]Cz—";,’w (28)

where «,, is determined by the above expressions, (19) or (21).

Thus, within the generalized interaction equations, describing the chemical equilibrium in the “solid
phase — aqueous solution” system, taking into account the contribution of various secondary reactions,
offers several advantages. Firstly, total/global thermodynamic functions can be introduced, thereby
determining both the feasibility and optimal conditions of the precipitation - dissolution process.
Secondly, the generalized interaction equations explicitly account for the contribution of all species
present in the system to the equilibrium state.

2.2. Fundamental mass balance equations within the residual concentration method for
multicomponent two-phase systems

Within the framework of the RC method [12] and the above deduced generalized equation of integral
heterogeneous processes, the key MB equation is written as follows:

CL'O = CiT + ACl (29)

Here, C? and C/ denote the initial and residual concentrations of the ion “i “in the solution,
respectively, and AC; represents its amount in the precipitate per Liter of solution. The MB equations
for the generalized process (24) have the following form:

Co = Cl + ACy (30)

COy = Chy + ACoy = —Cf (31)

Additionally, within the CR method, the following relations are valid:
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m=520 8 =—CY  Chu=-Cf (32)
M

Taking these relations into account, after transformation, equation (31) takes the form:
CH = —mACy + C} (33)

The residual concentrations of the ions Cj; and C}; represent the total concentrations in the solution of
all species containing ions of the given type:

Cyr = M1+ X1 [M(OH);] = [M](1 + X2, K [H]™Y) = [M] o<y (34)
Cl = [H] — [OH] = $i=, i[M(OH)] = [H] — [OH] — ¥, iK;[H]™ (35)

In writing the above relations, the equations of the law of mass action [1,5,8] have been used. The
degree of complexation is denoted by «,,, equations (19) or (21). The equilibrium concentration of the
metal ion [M] is determined from the solubility product and is equal to

[M] = Ks[H]™ (36)

2.3. Dependence of the precipitation degree of slightly soluble compounds on a series of concentration
variables in multicomponent ecosystems

For the quantitative estimation of the precipitation process of compounds from aqueous solutions,
various characteristics are used, with solubility S being the most frequently employed [13-15]. Solving
this type of problem is associated with certain difficulties because, under real conditions, the ions of
the precipitate participate in conjugated reactions with both the dissociation products of the solvent
(water) and other substances present in the natural waters (as impurities). This leads to a reduction in
the fraction of the metal precipitated in the form of slightly soluble compounds. Additionally, in many
technological schemes and analytical procedures, a preliminary estimation of the fraction or part of the
metal ion precipitated as slightly soluble compounds is necessary, depending on a series of
concentration parameters (initial concentration ratios of the components, solution pH, etc.).

As a characteristic of the fraction of the precipitated metal ion, the degree of precipitation can be used:

_ ch-cky
= &

@37)

Here, €Y and C}; denote the total concentration of the metal ion in the mixture and its residual
concentration in the solution. The following set of reactions will be examined in the system “solid
phase M, Ay s) - saturated agueous solution”:

MpAnsy =mM +nd,  Kg = [M]™[A]" (38)
iM + jH,0 = M;(OH); + jH, K;;[M;(OH);[H])//[M]' (39)
A+kH =HeA, By = [HeAl/([H]*[A]) (40)

In equations (38)-(40), alongside the reaction equations, the respective expressions of the law of mass
action are included. For the hydrolysis of the metal ion and the protonation of the anion, the
coefficients o« are used:

Chy . i— —i

°<M=ﬁ= 1+ X iKuycomy,; [M]' H]™ (41)
CT

XY= ﬁ =1+ Yk=1 B[H]* (42)

Between the total concentration of the metal ion CJ} and its residual concentration CJ; in the solution,
there exists the reciprocal relationship (29). Noting by P the amount of precipitated salt per unit
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volume of solution, with the stoichiometry of the precipitate considered, the mass balance conditions
can be rewritten as follows:

Ch=mP+Cl;, C)=nP+C} (43)
The solution of the system of equations (37) and (43) with respect to y yields
'
y =" (44)
M
From equations (43) and (44) it results:
c3-c
y=2(459), or=co-Zycy (45)
Finally, by combining equations (37) and (45), the following is obtained:
m n
Kgomd = (e —ye) (e -2veh) (46)
where K£°™® is the conditional solubility product, defined as:
K§oM = (CI™ (G = Ks ocfjoch (47)

Equation (46) constitutes an implicit equation of the function y in terms of the total concentrations of
ions in the mixture C3 and € and the pH of the medium. Taking into account relation (45), the final
equation can be transformed with respect to y:

1/m
_ (k)

c(ca)™
By solving the system of equations (45) and (46), the formula for calculating the function y = f(pH)

for fixed values of C{) and C? is obtained. For example, for m=1, n =2 and CJ = 2 CJ, the following
mathematical relation is obtained:

y=1 (48)

Kg o<y <4
3 _3y243y+— 2 A -
AN T3
In the case of the stoichiometric ratio of the total concentrations of the precipitate components in the
mixture, i.e., nCy = mC) (condition A), equation (48) takes the form:

1

1 Kcondmn m+n
y=1—@(sw ) (49)

Thus, when condition A is satisfied, the degree of precipitation of the metal ion is calculated using a
single equation (49). It should be noted that equations (48) and (49) are applicable only under
conditions where thermodynamically the transformation of the salt precipitate My, A, s) into slightly
soluble hydroxide M(OH)ns) is impossible, which typically occurs in alkaline environments with
high concentrations of the metal ion in solution.

Above, the relationships for calculating thermodynamic functions for the precipitation-dissolution
processes of slightly soluble salts were derived. Here, the reciprocal relationship between experimental
data obtained through the residual concentration method, solubility, and total thermodynamic
functions will be analyzed for the system “slightly soluble salt - saturated aqueous solution”. The
obtained relationships allow for estimating the concentrations of all system components based on the
amount of precipitated salt, given a complete set of standard thermodynamic data, and for calculating
total thermodynamic functions from experimental data.

The process of formation - dissolution of the slightly soluble salt of composition M, Ay ), where M™
is the metal ion and A™ is the anion of the salt), according to equation (38), will be examined. Along
with the process (38), in a wide range of variation of the pH of the solution, secondary reactions of the
salt components (39) and (40) with the dissociation products of the solvent (water) are possible. Based
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on the RC method, provided that the ion quantity is determined based on the total and residual
concentrations, the mass balance equations for the system (38)-(40) take the form (30) and (50):

CQ = Cf +ACy = Cf + = ACy (50)

Under the conditions of reactions (39) and (40), the residual concentrations are defined by equations
(41) and (42). At the same time, the expression (23) for the Gibbs energy variation of the integral
process (38) - (40) was deduced above. From equations (38), (41) and (42) the equality can be
obtained:

InK ocjoci= ([M] o))" ([A] xg)"™ = (C)™(C™
Then equation (23) can be rewritten as follows:

AGg = —mRTln% —nRTIn C—}‘} : (51)
Cm Ca
or, taking into account (30) and (50)
0 _ 0_
AGg = —mRTln(CMC+M) —nRTIn (CAC# (52)
M A

From equations (23) and (52) the following relationship for the equilibrium constant can be obtained

cr\" cr\"
ks=\%,) \&,
M A

The coincidence of the AG; values, determined from experimental data according to equation (52) with
the values, calculated using equation (23), serves as proof of the correctness of the selected
equilibrium model. If these values differ, it can be summarized regarding the incomplete record of all
possible equilibria (39) and (40). Thus, the expressions obtained show that the experimental data of the
RC method can be expressed by the thermodynamic functions of the integral process (38) - (40).

The derived expressions also allow establishing a principled possibility of determining the total
thermodynamic characteristics from the experimental data, obtained by means of the RC method. At
the same time, in the presence of a complete set of thermodynamic functions of all possible reactions
(38) - (40) it is possible to estimate the amount of precipitate depending on the initial concentrations of
the ion concentrations in the mixture and the pH of the solution.

From the above, it becomes obvious that the obtained relationships have both theoretical and practical
importance in the research of systems that contain solid phases. The obtained results once again
confirm the necessity and importance of the experimental determination of the standard
thermodynamic characteristics of precipitation, hydrolysis and complexation reactions in solutions
[13-17]. The calculation of functions (17), (23), (51) and (52) for a series of real systems according to
the equations derived in this work proved their veracity [2,5,8,10].

3. CONCLUSIONS

This study presents a robust framework that effectively integrates unique mass balance equations for
soluble and insoluble species in heterogeneous natural aqueous ecosystems, specifically focusing on
two-phase systems comprising a solid phase as a mineral and a saturated multicomponent aqueous
ecosystem. By introducing fundamental mass balance equations within the residual concentration
method, the research successfully investigates the thermodynamic functions of various chemical
interactions in aqueous ecosystems, including metal ion hydrolysis, ligand protonation, and complex
formation as described by a generalized reaction equation.

The innovative approach allows for the estimation of solid phase quantities based on the initial
composition of the mixture and the solution pH, and it can be extended to more complex systems
involving additional reactions. The advanced thermodynamic model demonstrates strong agreement
with existing experimental findings, validating its applicability to real-world aquatic systems.
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The relationships derived in this study have broad applications, including optimizing conditions for
transforming one solid phase (mineral) into another, synthesizing chemical substances through
precipitation methods, enhancing coprecipitation techniques, and improving fractional precipitation
from homogeneous solutions. This framework provides valuable insights and tools for addressing a
variety of challenges in the management and conservation of aquatic ecosystems.

ACKNOWLEDGEMENT

A part of the work (IP and OS) has been carried out within the Institutional Research Program of the
State University of Moldova for the period 2024-2027, subprogram “Advanced Research in
Computational and Environmental Chemistry, Identification of Technological Treatment Processes,
Formation of Water Quality and Quantity”, code 010603.

REFERENCES

1. Povar I, Spinu, O, Lupascu, T, Duca, Gh 2020, ,,Thermodynamic Stability of Natural Aqueous
Systems”, In: Handbook of Research on Emerging Developments and Environmental Impacts of
Ecological Chemistry, IGI Global, pp. 76-108. https://doi.org/ 10.4018/978-1-7998-1241-8.ch004

2. Povar, I, Spinu, O 2016, ,,Correlation between global thermodynamic functions and experimental
data in multicomponent heterogeneous systems”, Canadian Journal of Chemistry, vol. 94(2), pp.
113-1109. https://doi.org/10.1139/cjc-2015-0411.

3. Povar, 1, Spinu, O 2014, , Thermodynamics of complex chemical equilibria in heterogeneous
multicomponent systems”, Chisinau: Printing House of the Academy of Sciences of Moldova,
2014, 452 p. (In Romanian)

4. Povar, |, Spinu, O, Pintilie, B 2021, ,,pH-metric method determining the solubility and solubility
products of slightly soluble salts of arbitrary composition”, Romanian Journal of Ecology &
Environmental Chemistry, vol 3(2), pp. 61-70. https://doi.org/10.21698/rjeec.2021.208

5. Povar, |, Rusu, V 2012, ,,Aluminium heterogeneous speciation in natural waters”, Canadian
Journal of Chemistry, vol. 90(4), pp. 326-332. https://doi.org/10.1139/v2012-003

6. Povar, | 2000, ,Potentiometric determination of solubility products and equilibrium ion
concentrations for poorly soluble salts”, Russian Journal of General Chemistry, vol. 70, pp. 501 -
507.

7. Povar, I, Spinu, O 2014, , Thermodynamic analysis of heterogeneous equilibria in natural
waters”, Journal Wetlands biodiversity, vol. 4, pp. 17-21.

8. Povar, I, Spinu, O, Mucci, A 2022, ,,pH-Metric Determination of the Equilibrium Constants in
Aqgueous Heterogeneous Systems”, In: Handbook of Research on Water Sciences and Society. IGI
Global, pp. 222-255. https://doi.org/10.4018/978-1-7998-7356-3.ch010

9. Povar, I, Spinu, O, Pintilie, B 2018, ,Expressions for enthalpies of concurrently polynuclear
complex formation reactions in two-phase aqueous systems”, Journal of Solution Chemistry, vol.
47(11), pp. 1725-1739. https://doi.org/10.1007/s10953-018-0802-4

10. Povar, 1, Zinicovscaia, |, Spinu, O, Pintilie, B 2019, ,,Thermodynamic Stability Areas of
Polyvanadates of Alkaline Earth Metals”, Journal of Chemistry, Article ID 7091781, 6 pages.
https://doi.org/10.1155/2019/7091781

11. Povar, |, Spinu, O, Pintilie, B 2020, ,,Graphical and computational methods for determining the
stability constants of mono- and polynuclear complexes with a common intersection point of the
family of formation curves”, Romanian Journal of Ecology & Environmental Chemistry, vol. 2(2),
pp. 70-77. https://doi.org/10.21698/rjeec.2020.210

12. Beresnev, E N 1992, Method of residual concentrations. Moscow: Nauka, 110 p. (In Russian)

Page 10


http://www.scientific-publications.net/
https://doi.org/10.1139/cjc-2015-0411
https://doi.org/10.21698/rjeec.2021.208
https://doi.org/10.1139/v2012-003
https://doi.org/10.1007/s10953-018-0802-4
https://doi.org/10.1155/2019/7091781

Ecology & Safety Journal of International Scientific Publications
ISSN 1314-7234, Volume 18, 2024 wwwe.scientific-publications.net

13.

14.

15.

16.

17.

Schikarski, T, Avila, M, Trzenschiok, H, Guldenpfennig, A & Peukert, W 2022, ,,Quantitative
modeling of precipitation processes”, Chemical Engineering Journal, vol. 444, 136195.
https://doi.org/10.1016/j.cej.2022.136195

Bhuiyan, M, Mavinic, D S & Beckie, R D 2007, ,,A solubility and thermodynamic study of
struvite”, Environmental technology, vol. 28(9), pp. 1015-1026.
https://doi.org/10.1080/09593332808618857

Baltpurvins, K A, Burns, R C, Lawrance, G A & STUART, A D 1996, ,,Use of the solubility
domain approach for the modeling of the hydroxide precipitation of heavy metals from
wastewater”, Environmental  science &  technology, wvol. 30(5), pp. 1493-1499.
https://doi.org/10.1021/es950421u

Schott, J, Pokrovsky, O S & Oelkers, E H 2009, ,The link between mineral
dissolution/precipitation kinetics and solution chemistry”, Reviews in mineralogy and
geochemistry, vol. 70(1), pp. 207-258. https://doi.org/10.2138/rmg.2009.70.6

Stefansson, A 2007, ,,Iron (lI1) hydrolysis and solubility at 25°C”, Environmental science &
technology, vol. 41(17), pp. 6117-6123. https://doi.org/10.1021/es070174h

Page 11


http://www.scientific-publications.net/
https://doi.org/10.1016/j.cej.2022.136195
https://doi.org/10.1080/09593332808618857
https://doi.org/10.1021/es950421u
https://doi.org/10.2138/rmg.2009.70.6
https://doi.org/10.1021/es070174h

