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Apstract: A soils restoration important condition in different regions of the world
is a soil solution correct management. Soil solution chemical equilibrium
determines dynamics of its material composition, migration and accumulation of
salts. In the soil solution are formed electrically neutral ion pairs CaCO3°% CaSO.°,
MgCO5°, MgS0.°, and charged ion pairs CaHCOs*, MgHCOs', NaCOs~, NaSOy,
CaOH*, MgOH".

A method was proposed of real ion forms in the soil solution quantitative
assessment taking into account the ions association. Depending on the
concentration and composition of soil solution, in Kastanozem of the Southern
Russia in the south-east part of Rostov region are presented the ionic pairs: 15—
45% Ca**; 16—-49% Mg?**; 0.6-8.4% Na*; 2.2-17.6% HCOs™ 16-51% SO4*~ and up to
88% CO5”".
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The thermodynamics has been studied of Pb forms in soil solution of Chernozem
in the standard conditions and after phosphogypsum application to a 20—40 cm
soil layer at the doses of 0, 10, 20, and 40 t ha™. A soluble Pb?** form content in a
water extract was calculated by the mathematical chemical-thermodynamic
model of ion pairs association in soil solution using the algorithm and computer
programs ION-2 and ION-3. A heavy metal (HMs) ions association in the soil
solution coefficient kos was proposed for calculation of HMs equilibrium
concentration. The model showed that the calculated Pb?* association coefficient
is up to 25.0, and a Pb* ion is presented in the soil solution mostly in a PbOH*
and Pb(OH).° form.

A chemical soil engineering device for the intra-soil mechanical processing and
intra-soil application of amendments and other substances was developed. Intra-
soil milling provides a close contact between the soil fine particles and the fine
particles of ameliorative substance into a treated soil layer ensuring the HMs
passivation, high ameliorative effect, soil fertility and environmental safety.

Keywords: Soil Solution, Chemical Equilibrium, lon Association, Mathematical
Modelling, Programs ION-2, ION-3, Chemical Soil Engineering, Intra-
soil Amendments and Pollutants Application Device

7.1. Introducton

The soils face considerable vulnerability due to combined effects of climate
change and human activities threatening regional ecological security and societal
development (Duanyang Xu et al. 2024; Musasa et al. 2024). Improvement,
conservation and management of a natural capital are important to achieve
sustainable development goals (Brander et al. 2024; Kalinitchenko et al. 2024;
Mao and Jiao 2024; Seidl et al. 2024), including a soil, humans and planet health
(Kopittke et al. 2024). A soils restoration important condition in different regions
of the world is a soil solution correct management (Smith et al. 2021).

Soil solution is most mobile, volatile and active part of the soil. The destruction
and synthesis of organic substances, secondary minerals and organomineral
compounds occur in the soil solution (Amakor et al. 2013; Hunenberger and Relf,
2011; Minkin and Endovitskii 1978; Opfergelt et al. 2014; Visconti and de Paz
2012; Garcia-Araez et al. 2010).

Chemical equilibrium in the soil solution determines dynamics of material
composition, migration and accumulation of salts in the soil, landscape and
water, including a supercritical water (Kar and Berenjian 2013; Mari et al. 2014;
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Plugatyr et al. 2011; Chialvo et al. 1995). This balance plays an important role in
the genesis and evolution of soil. An important reason causing the soil solution
composition and high probability of its excess saturation with CaCO3 are
association of ions, formation of ionic complexes (Maiti and Rogers 2011; Lui et
al. 2011; Luo et al. 2013; Minkin and Endovitskii 1978; Adams 1971; Debye and E.
Hiickel 1923; Davies 1962; Bjerrum 1958).

The electrically neutral ion pairs CaCOs% CaS04°, MgCO0s°, MgS04° and charged
ion pairs CaHCOs", MgHCOs*, NaCOs~, NaSO,~, CaOH*, MgOH* are formed in the
soil solution. An interaction between associated ions is not as strong as in
molecules but diverse (Hunenberger et al. 2011; Stoyanov et al. 2011; Raiteri et
al. 2012; Dave and Dikshit 2011; Zhang et al. 2012; Mandzhieva et al. 2014;
Tertre et al. 2012; Wright 2007; Davie 1962; Adams 1971; Nicholson and Quirke
2003). A soil carbonate system is not a completely open system. It is under an
influence of the biological process, soil — atmosphere gas exchange, partial
pressure and seasonal CO; cycles.

A heavy metals (HMs) increasing content in the ecosphere requires improved
methods to recycle the containing HMs wastes as soil amendment. This will
reduce their uncontrolled transfer, passivate into the soil, decrease a HMs
excessive influence on the carbon stock, and trophic chains providing HMs
correct use as plant nutrition microelements (Adriano 2001; Kalinitchenko 2016;
Kalinitchenko et al. 2024; Minkina et al. 2012a; 2014; Sparks 2003; Xiong et al.
2014). This is the way to improve the living systems algorithms (Tsvetkov 2016),
which will help to ease and overcome a biosphere and technology conflict
(Glazko and Glazko 2015) and provide the soil health (Semenov and Sokolov
2016; Kopittke et al. 2024).

Pb is a soil pollutant of a first hazard class, especially in its dissolved form. A Pb
total content in Russian soils is not too high, no more than 20 mg kg-1 soil DW.
All over the world, a Pb soil content is approximately the same, and much
variable. According to the different regulations, a Pb concentration limit depends
on the soil and landscape use. The limit value is from 10 to 2000 mg kg™ and
higher (Land contamination 2015; McGrath and Loveland 1992; McGahren et al.
2024). HMs are dangerous for landscape and soil in a result of a water mass-
transfer over the earth’s surface, through the soil, and in the vadose zone
(Sposito 2013; Motuzova et al. 2014; Lisetskii et al. 2016, 2018). There are new
data on a HMs selective chemical extraction from soil and lithosphere (Favas et
al. 2011) causing further developments of the HMs passivation methods. The
study of biological, geochemical and other natural barriers for a HMs spread is of
a great importance. This will provide a possibility to apply properly the natural
HMs spread barriers and form the artificial barriers.
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It has been shown that the liming increases a soil pH and reduces a HMs content
in plants significantly. In calcareous soils, a Pb2+ ion is weakly transferred to
plants, even at a high soil total content (Alloway 1995).

This is a good practice to reduce the soil HM transfer to plants (Land
contamination 2015; McGrath and Loveland 1992) and improve the soil
remineralization (Tskhovrebov 2012) and compost composition (Belyuchenko and
Antonenko 2015). A Pb input into plant depends on a soil carbonates content and
a pH value. It is linked to a Pb?* free ions thermodynamic activity and a Pb?* ion
bound into associates with other ions degree. It was shown for the soil solution of
alkaline calcareous solonetzic soil that a Pb?* ion active concentration (activity)
molar fraction does not exceed 0.13%, a Pb?* ion activity in the water extract is
only 0.24% (Endovitsky et al. 2009a, 2014; Kalinitchenko et al. 2020, 2021,
Okolelova et al. 2022).

Phosphogypsum is a byproduct of the water acid phosphorus fertilizer
technology. Its amount is of 150-280 t year-1. Phosphogypsum contains more
than 60 chemical elements including Pb (Goswami and Nand, 2015; Pérez-Ldpez
et al. 2016; McGahren et al. 2024), and is one of ecosphere leading pollutants. A
phosphogypsum utilization common practice is open stack. It causes different
direct and delayed adverse pollution effects and is hazardous in terms of a
further ingress of pollutants’ content in the landscape, soil and water. The
phosphogypsum stacks are the source of pollutants aeolian transfer and
unfavorably affect vast adjacent areas abruptly deteriorating the area’s image,
habitation and recreation.

In the Russian Federation, the phosphogypsum is produced from the Kovdor
deposit apatite. Its environmental quality is much higher than that of
phosphogypsum from the Morocco, Florida and many other ores (Lapin and
Lyagushkin 2014; Soil Liquid Phase Composition 2001). The Kovdor apatite
radioactivity and HMs content are smallest over the world deposits and the
fertilizer and phosphogypsum produced from this ore are safe for the soil
(Gazquez et al. 2014). A phosphogypsum utilization is fulfilled in solonetz soils
(Sukovatov 2009). However, the phosphogypsum utilization is possible in the
chernozem too, despite a widely held opinion that the chernozem is the soil
which has no morphological and physicochemical signs for the chemical
reclamation. A HMs accumulation in the soil after application of phosphogypsum
was noted by some authors (Tayibi et al. 2009), but no significant changes were
observed compared to natural HMs contents (Mays and Mortvedt 1984; Nayak
et al. 2011; Minkin et al. 1992; Endovitsky et al. 2009a). A degree of HMs
passivation into the soil is linked to ion activity according ion association in soil
solution (Endovitsky et al. 2014, 2017).
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The aim of this review was to characterize quantitatively the soil solution
thermodynamics in an example of Kastanozem and apply this knowledge in
characterizing the dynamics of Pb2+ in a Chernozem Calcic soil solution before
and after the phosphogypsum application and reveal the possibility and rate of
the phosphogypsum environmentally safe recycling.

7.2. Materials and Methods
7.2.1. Study area

The study area was the South-West of Russian Federation, Rostov Region and
Krasnodar Territory (Kuban). The parent rocks are Carbonate and Carbonate-
sulfate loess-like loam and clay. The climate of Rostov Region is arid with annual
precipitation of 300-350 mm. The climate of Krasnodar Territory is semiarid with
annual precipitation of 450-500 mm. The studied area is situated in the
southwest of the Russian Federation.

7.2.2. Objects of research

The objects of research were the dry steppe Kastanozem (Rostov Region) and
steppe Chernozem (Krasnodar Territory). The parent rocks are Carbonate and
Carbonate—sulfate loess-like loam and clay. The climate is continental semiarid.

7.2.3. Sampling and analysis of soil

The Kastanozem is moderate thick, medium solonized. Properties: 2.6% of
humus, 47.7% of physical clay, 29.5% of clay, 0.15% of CaCOs (up to 3—-10% at a
depth of 0.8-1.5 m), pH=7.8, the exchangeable cations: Ca®* — 182 mmol/kg, Mg*
— 65 mmol/kg, Na*— 34 mmol/kg.

The Chernozem is Calcic non-saline slightly frozen chernozem calcareous ordinary
of the southern European facies of the northern geographical zone of the
Krasnodar Territory. The Chernozem is thick, humus 4.2%, the particles size <10
um content is of 49.3%, the clay content (the particles size <1.0 um) is of 31.3%,
CaCOs; 0.14% (up to 3—6% at the depth of 1.3—-1.6 m), pH = 7.6, exchangeable
cations: Ca?* — 342 mmol kg!, Mg?* — 27 mmol kg%, Na*— 6 mmol kg2.
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7.2.4. Soil analysis
7.2.4.1. Kastanozem

The Solonetz is a Kastanozem soil complex biologically unproductive component.
The Solonetz soil cross-section 37 has been laid in an automorphic landscape.
The soil was sampled from a cross-section wall down to a depth of 1 m, and
deeper by the soil auger with a drill cup of diameter 5 cm. In the soil samples
preparation procedure, the soil was crushed and sifted, sieve openings of 2 mm,
then mixed with quartz sand in a 1:2 ratio (Mandzhieva et al. 2014; Zhang et al.
2012; Tertre et al. 2012; Soil Sampling and Methods of Analysis 2008). The
mixture was charged into a glass tube with inner diameter of 3.4 cm and length
of 100 cm. At a bottom of a tube was an outlet for the solution draining off. A
direct allocation of soil solution from the soil column with ethyl alcohol was
applied (Mandzhieva et al. 2014; Zhang et al. 2012; Tertre et al. 2012; Soil
Sampling and Methods of Analysis, 2008). The extraction volume of emitted soil
solution from single soil column was 20-60 ml.

The soil solution and soil water extracts properties were determined by the
standard analytic methods as follows (Kar and Berenjian 2013; Mari et al. 2014;
Opfergelt et al. 2014; Minkin and Endovitskii 1978; Visconti and de Paz 2012;
Minkina et al. 2012b; Shtiza and Swennen 2011; Amakor et al. 2013; Garcia-
Araez et al. 2010; Soil Sampling and Methods of Analysis 2008). Soil moisture
was determined by a thermostat method at 105°C. The soil dry residual was
determined by thermostat 105°C method. A pH was measured in thermostat
(20+0.2°C) by pH-meter with a glass electrode. The carbonate and bicarbonate
ions were titrated directly by 0.01 M hydrochloric acid detecting titration,
endpoint on color change of indicators phenolphthalein and methyl orange. A
chloride ion was determined by an argentometric method with potassium
chromate. The Ca?* and Mg?* total content was determined with a
complexometric titration. The Ca?* content was detected complexometrically in
another aliquot. The Mg?* content was calculated from the difference between
the two determinations described here above. The sulfate was analyzed by a
BaSO, sedimentation method. Na® was analyzed by the flame photometric
detection method.

7.2.4.2. Chernozem
In Krasnodar Territory, the soil was sampled from the 0—20 and 20—40 cm layers.

The soil layer was appointed in a view of the highest need for reclamation of
illuvial soil horizon. This methodological approach avoids a waste aeolian
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distribution after its utilization in the upper soil layer and excludes an
anthropogenic HM excess in this soil layer.

In a soil samples preparation procedure, the soil was crushed and sift through a 2
mm sieve. After sifting, the soil was mechanically mixed with water in ratio 1:5 for
5 min to provide a soluble salts water extraction. The water extraction was made
on a paper filter. The extracted solution volume of 20-60 ml was analyzed by the
standard methods presented above.

A Pb total soil content was determined by the X-ray fluorescence method on the
X-ray fluorescent scanning spectrometer “SPECTROSCAN MAKC-GV”. This
method is listed by producer and included into a register of methods approved
for the state and industrial environmental monitoring in the Russian Federation
(PND F 16.1.42-04). The XRF measurements analytical quality was controlled
according the reference standard soil sample “Chernozem” no. 29107.
Duplicates and reagent blanks were also used as a part of the quality control.

A water soluble Pb concentration in soil solution was determined by atomic
absorption spectrophotometry (AAS). An X-ray fluorescent method and AAS
methods allowed deviation in the soil HMs determination is less than 10-15%.

The phosphogypsum contains many other HMs — Be, B, Al, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sb, Cs, Ba, Tl, Th, U — which can cause the
additional peculiarities in the waste recycling.

7.2.5. Model experiment

Phosphogypsum used in the Chernozem amendment experiment in the
Krasnodar Territory is a byproduct of phosphorus fertilizer industry — the sulfuric
acid technology of Kovdor apatite raw material at the Belorechensk chemical
plant. The Pb?" total content in phosphogypsum is 55.98 mg kg™ soil DW. The
Pb2* water-soluble form contents are 10.48 mg kg™ soil DW.

At the Belorechensk chemical plant, a typical end-of-pipe waste utilization water
version technology is used. The production stages are as follows: a mechanical
removal of phosphogypsum after a P,Os extraction, a phosphogypsum acid
residue neutralization with a lime milk, a pulp transportation to open sludge
collectors. These collectors are a source of the surface runoff, soil and ground
water environmentally dangerous pollution.

The phosphogypsum was applied to the soil in the doses of 0 (control), 10, 20,
and 40 t ha™. The experiment was performed in triplicate. The phosphogypsum
application doses were substantiated from the thermodynamic point of view.
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The main salt components thermodynamic state in the soil system before and
after addition of the neutralized to pH 5.0-5.3 phosphogypsum to the soil was
studied in the model experiment and mathematical model.

An adequate synthesis of the model ion thermodynamic state in soil solution is
based on the analytical quantity of main ions. In our calculations, the data on
water extract were used. A free and associated ion molar fraction is a universal
characteristic of the macro-ions and microelement thermodynamic state in soil
solution.

A thermodynamic origin of the carbonate calcium equilibrium (CCE) is important
in a chemical equilibrium of soil solution. CCE depends on, and, in its turn,
influences a chemical composition, the pH, Eh and buffering properties of the
soil liquid phase. The dissolution, migration and precipitation of carbonates in
the soil profile and landscape, ion exchange processes at the interface of solid
and liquid phases depend on the CCE. Relying on the CCE is crucial for a true
modeling of HMs state and transfer in the soil (Anisimov et al. 2015; Endovitsky
et al. 20093, 2017).

The carbonate system of water solution is the main system altered by an ion
association and a wide diversity of influencing processes. These are the biological
process, soil-atmosphere gas exchange and CO; partial pressure and seasonal cycle.

7.3. Results

7.3.1. Kastanozem soil solution thermodynamic model

In a given paper, we have formulated a methodological basis of the main ions
state in soil solution calculation taking into account the ideas of ions association
in soil solution and its quantitative assessment.

An analytical composition of solution rather adequately characterizes a chemical
system at a low concentration of main ions in diluted solution. In a real solution,
a measure of real salts and separate ions participation in soil chemical reactions
is their activity. The analytical composition of the studied Kastanozem soil
solution is presented in Table 7.1.
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A real state of main ions in soil solution was determined taking into account the
ions association and its influence on the physical and chemical properties of
solution.

The concentration of free and associated ion forms was calculated according to
the analytical ion concentration. The following methods were used: an iteration
to solve the system of algebraic equations of the material balance of ions; a
linear interpolation to calculate an equilibrium constant tabular form value.

The basis of calculations is the ionic pairs method (Adams 1971; Davies 1962;
Endovoitsky et al. 2009b, 2017; Minkin and Endovitskii 1978; Minkina et al. 2016;
Visconti and de Paz 2012; Opfergelt et al. 2014; Kalinichenko et al. 2020, 2024;
Kar and Berenjian 2013; Mandzhieva et al. 2014). The ionic pairs method
accounts the law of initial concentration preservation and the law of equilibrium
system operating masses. The Egs. (1)—(6) of a main ions material balance are as
follows:

5Ca® = [Ca®] + [CaCOs] + [CaHCO5"] + [CaSO.”]; (1)
SMg?* = [Mg?*] + [MgCO03°] + [MgHCOs*] + [MgS0.°]; (2)
SNa* = [Na*] + [NaCOs7] + [NaSO47]; (3)
5CO3%" = [CO3%7] + [CaCO3°] + [MgCO3°] + [NaCOs7]; (4)
¥ HCO3™ = [HCO57] + [CaHCOs*] + [MgHCO5*]; (5)
$504% = [SO42] + [CaSO4°%] + [MgS0.°] + [NaSO47; (6)

wherein [Ca%], [Mg**], and other is an equilibrium concentration of the ion free
form, [CaC0s%], [MgCO0s°], and other is an equilibrium concentration of the ion
associated form (ion pair).

The next equations group are the ionic pair dissociation concentration constants
according the operating masses law. Eqgs. (7)—(9) are grouped by cations:

[ eor] | _[ca][Heos].

cacos ™ [caco?] canco, [ catcos | (7)
Keaso =[Ca2+][sc?i:|"
© [ caso] ]
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(Mg Jleor] o _[me” [[Heor |
MgCO, — [Mgcog] 7 “MgHCO; ~ [MgHCOQ] ’ (8)
_[me” [sor |
Mgso, — [Mgsoi] ’
NarJleor ] o _[Ne'][sol] o)
w [Naco,| T ™™ [Naso,|

An equilibrium concentration of ionic pairs in Egs. (1)—(6) were replaced with
their values according to the relevant dissociation constants (7)—(9). The
transformed ion material balance equations system is as follows, Egs. (10)—(15):

serfor (el Bl [,

K K

Keaco,  Keanco,  Keaso,

B ey B

> Na'=[Na’ ][1+[C:;] [EOJJ (12)

> co=[cor ](14,[(‘;"";] [I'(\:':;] E:ZJJ (13)
2 2

> co;=[Hco, JLH[ZCE Eiij} (14)
2 2

> s0; = [so2 ]{14-[(:-:50;' [::io] E:‘ZO]J (15)

Dissociation concentration constants in Egs. (10)—(15) were recalculated
according to the Davies equation for constants in Eq. (16) (Davies 1962):

0 2 Vi (16)
=pK" —A -0,1
pK=pK AZ (1+\ﬂ I

wherein K — is an ionic pair concentration dissociation constant; K° — is a
corresponding thermodynamic constant; A — is Debye-Huckel constant 0,5042 at

217



lli¢ P, Przulj N (editors) Environmental Protection and Remediation

20°C; Az — is the algebraic sum of squares of a particle’s charge in the
dissociation constant Equation; | —is anionic strength of solution.

Thermodynamic dissociation constants values were as follows:

Koo, =320 PRy, =126, PR, =231

Caco; ~
ng/IgCO3 =3.4; pch\)/lcho3 =1.16; pKﬁ,,gsoa =2.36;
pK®  =1.27; pKzasoa =0.72.

NaCO,

The solution formal ionic strength was calculated using the analytical ion
concentration data via Eq. (17):

1=0.5[4(Ca”" )}+4(Mg*)+(Na")+4(C0O3 )+(HCO; )+ (17)
+4(S0%")+(CI")], mol I

The pK value rather adequately follows from the Eq. (16). At the ionic force of
0.1 mol I}, an error is less than 3%, and at 0.5 mol I — less than 8%.

The ion free form equilibrium concentrations were used as unknown values Xc,,
Xmg, and other. The ion forms total value was used as the analytical
concentration. The system was obtained of six equations with the six unknowns.

To find a free ion equilibrium concentration, the iteration procedure was used.
An ion pair equilibrium concentration was determined via the Egs. (7)—(9) for
dissociation constants.

Taking into account an equilibrium concentration of all ion forms, the solution
effective ionic force was calculated in Eq. (18):

=0.5{4[ ca” |+4[ Mg* J+[Na' |+4[ cO} J+[HcoO; |+4[ 50} J+ (18)
+[ caHco; J+[ MgHCO; [+[ Naco, J+[Naso, J+[cl" )}, mol
Thereafter, the concentration dissociation constants were calculated (16),

constituting a new system of the material balance equations. On a new set of
equation system ingredients (10)—(15), the next iteration approach was solved.

Upon the soil solution ion forms calculation iterative procedure, the ion free
form quantity was determined.

lon association coefficient y. was proposed as a ratio of ion free form to its
analytical content, Eq. (19):

Ve=Cass/Can, (19)
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wherein C,;s — ion content in soil solution calculated taking into account its
association with other ions, C,, — analytical concentration of an ion.

Software products ION-2 and ION-3 developed by the authors (Endovoitsky et
al. 2009b; Minkina et al. 2016) were used to perform calculations (Afzal and
Yasin 2002; Kalinichenko et al. 2019; 2020, 2021; Okolelova et al. 2022;
Mandzhieva et al. 2014; Minkin and Endovitskii 1978; Visconti and de Paz 2012).

7.3.2. Pb?* thermodynamics in Chernozem methodology

Belorechensk chemical plant by-product — phosphogypsum — recycling has been
fulfilled to a layer 20-40 cm of Chernozem in the doses from 10 to 40 t ha™
according to Patent USSR Ne1704070 (Minkin et al. 1992). Phosphogypsum
recycling is closely linked to a thermodynamic chemical equilibrium of ions in the
soil solution. In the soil solution are formed associate and complex HMs ions.
The model ION-3 has been applied to reveal a Pb® ion thermodynamic state in
the Chernozem of Krasnodar Territory. With the free anion and ion pair
equilibrium concentrations [CO3%7], [HCOs7], [SO4*], [CIT] and [OHT], a Pb*
soluble form content in water extract was calculated from the mass balance Eq.
(20) (Endovitsky et al. 2009b; Minkina et al. 2016):

oo [pt] 10 [cot ], £co§]2 [Heo] [soi] [ar] [ow], [oH ]’ 00)

Kpbso,, KPbC\ KPbOH KPb(OH)z

PbCO; Pb(CO; ), Kprco3

The Eq. 20 is written out of the main equation system (10)—(15) frame because
the Pb soil content and Pb concentration in soil solution is much less compared
to the macro-ions content. Consequently, the Pb contribution to the formal and
effective soil solution ionic force value is insignificant. The less number of
equations in the system provides the better possibilities for a successful
iteration. The Eq (21) gave a possibility to calculate the mobile fraction of free
and associated Pb?* forms in the studied water extracts from individual soils. This
allows a higher level approximation of the HMs behavior in the soil in the local
pedogenesis conditions.

A set of associates was selected considering for only the inorganic part of soil
solution composition determined from the data on the water soil extracts. The
PbCOs° PbCOs®, Pb(COs),> and PbHCOs* associate thermodynamic stability
constants were chosen according to Sposito (1989) pK°(PbCOs)=6.49,
pK%(Pb(C0O3)2)=9.30, pK°(PbHCO3)=3.22, pK°(PbS04)=2.62, pK°(PbCl)=1.62,
pK°(PbOH)=7.52, pK°(Pb(OH),)=10.54.
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The unstable associates were not considered because their influence on the ion
association process and thus on the calculation result is insignificant.

The selected associates set considers only a soil solution inorganic part. In soil
solution, the soil organic matter forms the protonic complexes with the salt
cations, but these complexes play a significant role only at a high soil organic
matter content and under the special conditions. For soil considered in this
paper, the organic matter and salt cations complexes are insignificant compared
to phenomena in a soil solution mineral part. Should the presence of organic
complexes in soil solution be considered in Eq. (20), a calculated concentration
of the Pb?* associates and complexes would become higher, and therefore the
environmentally safe dose of phosphogypsum can be higher too. It is an
additional reasonable guarantee of a proposed model reliability margin.

In the soil, a potentially hazardous HM can be considered as a microelement,
and its thermodynamic state in the soil solution and water extract can be
characterized using an association coefficient of microelement kaspve) (Endovitsky
et al. 2009a, 2017; Minkina et al. 2016). Association coefficient indicates a
degree of the potentially hazardous HM binding into associates and complexes
with the main ions of soil solution. A quantity of microelement is less than
macro-elements, thus there is no need to include the equation for microelement
into the equation system for macro-elements.

Given the kasme), @ HM model final version in Eq. (20) can be written as follows:
CME=(1+kasME)[CME]' (21)
where Cive) is the microelement total concentration in the solution, and [Ciwg)] is

the free microelement ion equilibrium concentration.

The Pb* association coefficient was calculated according to the Eq. (21) by
transformation of the Eq. (20) to the Eq. (22) as follows:

aspbz[cog‘] . [coz |’ [Heo,] [soi ] [ar] [ow], [oH ]’ -

KPbOH KPb(OH)Z

PbCO, KPb(co3 )2 PbHCO, PbSO, PbCl

The term “coefficient of association k" is a development of electrolyte and
surface waters thermodynamic concepts on the in vitro and in situ experiments
data basis. In the Eq. (22), the kasive) is @ constant for a given soil solution. It
depends on the equilibrium concentrations of major ions, pH value, and trace
element concentration instability constant of associates and complexes with the
major anions. It does not depend on the trace element total concentration. This
is because the macro-ions prematurely determine the value of ionic strength of
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soil solution, and the trace element relatively low concentration has no effect on
the ionic strength value.

Using the ion association coefficients, a free and bound microelement (HM) ion
molar fraction can be calculated via Egs. 23 as follows:

Viree = 1/(1 + Kaswie)-100, %,
Vbound = 100 — Vree. (23)

The data on the macro-ions and Pb in water extraction content were used for
calculation according the Eq. (22).

A calculation of a Pb equilibrium concentration in water extract from the
Chernozems was made for the phosphogypsum doses of 0 (control), 10, 20, and
40 t/ha using Eq. (20) in a chemical equivalent form on the basis of Pb water
soluble forms content (Table 1), considering the soil density and soil to water
ratio. As the Eq. (20) left part, a Pb?* total concentration in water extract in the
initial soil and after the phosphogypsum application was used. As the Eqg. (20)
right part, the equilibrium concentrations of macro-ions from Eq. (10)—(15), and
thermodynamic stability constants of the Pb associates were used, which are
given here above after the Eq. (20) essence discussion.

A main ion forms in the soil solution of Chernozem calculation (Table 7.2) shows
that the cations are bound into associates to a significantly lower degree than in
the Kastanozem calcareous solonetz soil (Batukaev et al. 2014). In the
Chernozem, the molar fractions of calcium and magnesium associates are
similar: 2.0-6.1% (Ca**) and 1.4-6.6% (Mg?') against 13.1-19.2% and 15.7-
23.5%, respectively, in the Kastanozem calcareous solonetz soil.

The Chernozem aqueous extract is of a calcium hydro-chemical composition Ca >
Mg > Na, and remains the same before and after the phosphogypsum
application (Table 1). A soil solution composition of original soil is calcium
chloride. After an addition of phosphogypsum, a soil solution composition
becomes calcium sulfate. Based on an aqueous extract, it can be concluded that
a composition of soil solution after application of phosphogypsum has become
of sulfate class. After a neutralized phosphogypsum application to the soil, a
water extract pH decreases by 0.23-0.26 units as a phosphogypsum application
dose increase.

The soil solution thermodynamic properties depend on a main ions association.
In a result of the ion association, the ion free forms concentration and solution
ionic strength (u) significantly decreased. An activity coefficient of the single-
charged (y’) and double-charged (y”) ions increases. As a result, a stability
constant of associates and complexes in the soil solution also changes. An anions

221



lli¢ P, Przulj N (editors) Environmental Protection and Remediation

association degree in Chernozem is significantly higher than the association
degree of cations. In particular, an associated carbonate ion molar fraction is
27.7-57.7% (in Kastanozem solonetz 31.0-38.6%), and that of associated sulfate
ion is 6.3-12.9% (in Kastanozem solonetz 5.6-7.9%). Thus, the Chernozem and
Kastanozem solonetz are similar in terms of carbonate and sulfate associates.

Table 7.2. Pb total and water-soluble forms content in soil, mg kg™
Tab. 7.2. YKynaH cadpicaj u cadprcaj eodopacmeopsrousux hopmu Pby
semsmuwimy, mg kg™

Pb water-soluble to

P | P -solubl
Experiment option b tota b water-soluble total weight fraction
content form content
contents, %
Control (no 20.0 0.8960 4.48
phosphogypsum)
After phosphogypsum 20.2127 0.9356 4.63
application of 10 t ha
After phosphogypsum
20.4254 . 2 .
application of 20 t ha™ 0.425 0.975 477
After phosphogypsum 20.8509 1.0544 5.06

application of 40 t ha™?

A Ca®* and Mg*" associates molar fraction in the soil solution of Chernozem
increased to 21.8-20.6% (Ca®*') and 18.5-22.4% (Mg*) with increasing
phosphogypsum dose. A carbonate associates fraction increased to 64.7-78.2%,
and this of sulfate associates increased to 22.5-29.2%. Despite the main ions
concentration in the water extract is not too high, it is enough to influence the
soil solution thermodynamics and to alter the ionic strength of soil solution (u)
causing the main ions association. For example, the K(PbCOs) values at the
different phosphogypsum doses were: 0 t ha™* 4,7292-1077, 10 t ha™' 6,7929-1077,
20t ha™7,5404-107,40t ha™t 8,7857-107 (Table 7.3).
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The free anion and ion pair equilibrium concentrations [CO3%7], [HCOs7], [SO4%],
[CI] and [OH], the Pb?* soluble form content in water extract calculated from
the mass balance Eq. (21) (Endovitsky et al. 2009b; Minkina et al. 2016) data are
presented below in Egs. (24)—(27).

Water extract before phosphogypsum application:

8.648-105=[Pb?*](1+107[CO52]/4.7292+10%°[CO;21%/7.3247+10*[HCO57]/7.2848
+10%[S0427]/3.5060+102[CI"]/2.9001+108[OH]/3.6509+10 [OH"]?/3.8332), (24)

After the application of 10 t/ha phosphogypsum:

9.034-107°=[Pb?*](1+107[C0O3%7]/6.7929+10*°[CO5%7]?/10.5211+10*[HCO57]/8.7308
+10%[S04271/5.0359+10%[CI"]/3.4758+108[0OH"]/4.3755+10[OH"]?/5.0293), (25)

After the application of 20 t/ha phosphogypsum:

9.420-10°=[Pb**](1+107[CO5*7]/7.5404+10'°[CO5*]*/11.678+10°*[HCO;7]/9.1986
+103[S0,4*"]/5.5900+10°[CI"]/3.6620+10%[OH"]/4.6100+10**[OH"]?/5.4387), (26)

After the application of 40 t/ha phosphogypsum:
10.192-107°=[Pb**](1+107[CO5*']/8.7857+10'°[CO5*]*/13.6074
+10%[HCO57]/9.9291+103[S0.>]/6.5132+102[CI"]/
/3.9529+108[OH"]/4.9761+10*[OH"]?/6.1003). (27)

A free ion form concentration decreases compared to an ideal low concentrated
water solution. Thus, the calculated activity coefficients of singly-charged (y’)
and double-charged (y”) ions are less than 1.0. The calculated stability constants
of associates and complexes in the soil solution have changed in its turn
compared to their thermodynamic values. In an initial carbonate-free slightly
alkaline chernozem soil solution a quantity of cations bounded into associated
forms is not high compared to saline soil, and the Ca?* and Mg?* associates
calculated molar fractions are less than 10%.

An associates molar fraction in the soil solution increases proportionally to a
phosphogypsum dose value up to 25% for Ca®* and 20% for Mg**. An associated
anion fraction content increases in the same way for carbonate up to 65%, and
for sulfate up to 25%.

After application of phosphogypsum to the soil, a Pb?* total and water-soluble
forms content increased according to a dose with a maximum value at a dose of
40t ha™. An average Pb* increase was from 4.2% to 4.9%.
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The calculated Pb**association coefficient is up to 25.0. A bounded Pb? ion major part
is in a PbOH* and Pb(OH),° hydroxo complexes form. A Pb? ion equilibrium
concentration and molar fraction in soil solution calculation showed a high degree Pb?*
binding into associates and hydroxo complexes in the original soils. Because of the ion
association and under the effect of soil solution ionic strength, a Pb? ion activity in the
initial solution was lower than its equilibrium concentration by 17.7% in Chernozem.

A carbonate associates PbCOs° and Pb(COs),* and hydrocarbonate associate
PbHCOs" quantity is lower than a hydroxo complexes content by 10-15 times. A
Pb?* jon activity in the initial soil solution is lower than its equilibrium
concentration by 18.0%. At a phosphogypsum dose 40 t ha™, a Pb?* ion association
coefficient decreases approximately by 2.0 times comparing to the initial soil, and
a Pb* free ion activity increases by 60.0%. The hydroxide-complexes molar
fraction decreases for 4.0%, carbonate associates molar fraction decrease for
5.0%, and sulfate associates molar fraction increase for 4.5%. The model shows a
dangerous increase of Pb?* ion activity in the soil solution after a phosphogypsum
apply up to 90.0% and more of its total concentration. Nevertheless, an added
with phosphogypsum produced from high environment class low contaminated
Kovdor apatite ore Pb?* soil content is much less compared to a strictest in the
world Russian limit and is of no hazard for the soil ecosystem.

7.4. Discussion
7.4.1. lon association thermodynamic model

lon association in the Kastanosem soil solution was calculated in a procedure
specified in equations (7—18) using the data of the Table 7.1.

Association coefficient ye was calculated according to ion species as a ratio of
calculated amount of ion in a free form to its analytical content in the Table 7.3
via Eq. (19). The calculation results are presented in the Table 7.4.

lon association varies. The variability observed in individual soils and layers. Increas-
ing soil solution salinity amplifies the association of ions (Batukaev et al. 2014).

A real equilibrium concentration of various ion forms in soil solution was calcu-
lated. Depending on the soil solution concentration and composition, in a form
of ionic pairs are: 15-45% of Ca%*; 16-49% of Mg?*; 0.6-8.4% of Na*; 2.2-17.6%
of HCOs~, 16-51% of SO42~. The CO3% ion is most associated. Its share in a car-
bonate associated ion form makes up to 88%.
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The ion association process regularities can help to explain an observed excess of
ion concentration in the soil solution in comparison to its ion thermodynamic
solubility product.

Following the fulfilled soil solution thermodynamics theoretical generalizations,
it is possible to claim that accounting ions association and activity and calculated
soil solution saturation degree with chemicals provides a new understanding of
chemical compounds migration and accumulation in the soils and landscapes,
especially concerning the CaCO; forms.

In recent years, the modern nonthermodynamic techniques are used for an ion
pairs association in nanotubes modeling (Izgorodina 2011; Izgorodina et al. 2014;
Luo et al. 2013; Zhang 2012; Nicholson and Quirke 2003). An ion pair association
in supercritical water (Sushkova et al. 2013; Chialvo et al. 1995) and in other
conditions (Saito 2013) are of a scientific interest. The computer models of ion
pairs formation in electrolyte, ion pairs as a simulation of hybrid excitations in
solution (Raiteri et al. 2012; Maiti and Rogers 2011; Lui et al. 2011; Farnum et al.
2011; Plugatyr et al. 2011; Kielpinski 2013) are developed. The imporved
methods of direct ion pair study are on an agenda (Westerlund et al. 2011;
Besser-Rogac et al. 2011; Wang et al. 2014; Shatti et al. 2011). Of a great
importance are the possibilities of carbon nanotubes as a factor of the soil
minerals and soil solution interaction, cation exchange on montmorillonite,
nutrition, soil colloids stability, biodiversity concern, and soil monitoring research
(Brande et al. 2024; Duanyang Xu et al. 2024; Kalinitchenko et al. 2024; Kopittke
et al. 2024; Minkina et al. 2012a; Musasa et al. 2024; Tertre et al. 2011; Zhang et
al. 2012; Wiatrak 2014; Jiang et al. 2012; Saito 2013; Seidl et al. 2024; Smith et
al. 2021; Sushkova et al. 2013).

Carbonate calcium equilibrium study is of a high importance providing a new
glance on an ions association in water solution phenomenon and a modeling of
heavy metals state and transfer in the soil (Kalinichenko 2012; Kalinichenko et al.
2019, 2020, 2024; Mandzhieva et al. 2014). The obtained data and models
confirm the basic tenets of the ions association in solution theory and justify the
thermodynamic model of the soil macro-processes. These are the soil solution
transfer, solid soil phase saturation, metamofization and accumulation of salts in
the soil (Minkin and Endovitskii 1978; Visconti and de Paz 2012; Adams 1971;
Debye and Hiickel 1923; Davies 1962; Bjerrum,1958).

There is an information on the soil moisture sensor systems drawbacks (El
Marazky et al. 2011). This corresponds to a problem of a true soil solution
content determination and shows the importance of modelling. Thus, there is a
perspective of a different approachs to the study of the soil productive
reciprocity (Visconti and de Paz 2012). Computer programs ION-2 and ION-3
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are available for different soil and environment conditions to overcome a
methodological drawback of soil direct sensing and speed up the process of ion
association calculation (Minkin and Endovitskii 1978; Endovitsky et al. 2009b;
Garcia-Araez et al. 2010; Minkina et al. 2016).

Using an idea of ions association in the soil solution in rather accurately outlined
solution ionic strength range and ionic composition framework, there is an
opportunity to obtain a new glance on the processes in soil solution, soil and
landscape (Afzal and Yasin 2002; Visconti and de Paz 2012; Okolelova et al.
2022). This helps to consider quantitatively the options of equilibria models for
the soil in vivo, undisturbed by procedures of physical modeling.

Obtained results show a calcium carbonate behavior in soil solution taking into
account ion association and not accounting this phenomenon fundamental
difference. The ions association reveals that a thermodynamic precondition of
CaCOs sedimentation in saline soil occurs at a much higher concentration of ions
Ca?* and COs* in the soil solution than it has been considered previously.
Therefore, an earlier underestimated probability of carbonates high mobility in
the soil and landscape is significant.

The completed research has significance not only from the point of view of
theoretical foundation or accuracy of calculation procedures compliance to
phenomenon details.

The modelling of soil solution system proposed is not high instrumentally based,
but nevertherless has more scientific and practical prospect than even uptodate
direct methods of soil solution research because the soil solution probing leads
to new state of soil solution after its extraction from the soil. So this system is
not complitely corresponds to the real soil — soil slution system.

The short cut of research is operation under the individual soil solutions from the
layers of soil section. But soil continuum consist of many vertical sections —
vertical one dimention profiles. The layers of section and individual sections are
interacting. The key problem of future research is not only to discribe the state
of soil solution carbonate calcium system in individual part of soil volume at
some time but to use this result for explaining of metamorphisation of soil
solution in time and through the soil continuum in conditions of water salt mass
transfer. It will permeats the proper prediction of soil evolution, better and
stable soil management.

Another key problem is to model not only soil solution macrosystem but to take
into account its disperse origin because the state of water in soil is not a water
continuum crossed by solid soil phase but the system of individual insulated
form one another micro water basins on the internal surface of soil continuum.
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It will permit to get new understanding of water-salt pransfer, geochemical
bariers and ecological functions of soil. The research fulfilled are useable to
improve the soils in a standard regional rain agriculture, irrigational agriculture,
plant nutrition, agriculture management.

7.4.2. Pb?* thermodynamics in Chernozem

The CaCOs deposition or dissolution is caused by a Ca?*, HCOs™ and COs?" receipt
or removal from the solution. This is why a carbonate equilibrium varies and
shifts. A shift is combined with the soil solution ionic composition peculiarities.
The processes mentioned determine the various carbonate form type migration
and accumulation throughout the soil profile, lateral salt transfer and soil
material sink to the vadose zone.

Along with the main ions, the soils contain different microelements, including
HMs, which are potentially hazardous for human health, and a mobility of HMs is
important. For the studied soil, a Pb?* total background content (Clark) is 20 mg
kg™ soil DW. A Pb?* total content in the soil under agriculture varies from 0.1 to
20 mg kg™*. According available data, a higher Pb?* total content degree has been
taken to calculations fulfilled on a proposed algorithm and program basis (Table
7.2). The results of calculation show that Pb?* readily reacts with the main ions of
soil solutions (COs*", SO4*, OH"). The hardly soluble carbonates, sulfates, and
hydroxides are forming even at the comparatively low ionic strength of water
extract from the not saline soil.

The total and water-soluble forms content of Pb?* in the original soil have been
taken into the calculations in an accord to reported data on the Chernozem
properties in different geographical locations corresponding to the reported
variation ranges limit. The calculations performed on this basis are both
representational and environmentally valid for the phosphogypsum application
doses from 10 to 40 t ha™.

lon association in the soil solution of Chernozem reduces Pb?* activity compared
to its analytical water soluble form content. From an environmental point of
view, there is a good reason to apply phosphogypsum containing Pb?* to the soil.
Reduced Pb?* chemical activity is a cause of its reduced bioavailability. However,
an alarming reason is that at a high phosphogypsum dose a Pb?* ion association
coefficient decreases, and its free ion activity increases. A danger of a Pb%
comparatively high mobility is to be concerned as a motive of a phosphogypsum
dose applied to soil limitation. It is important to mention — the studied soil has a
low initial Pb contamination, and phosphogypsum produced from high quality
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Kovdor ore contains a relatively low quantity of Pb. Consequently, the concern
on the phosphogypsum dose limit in this case is only theoretical. The Pb water
soluble form content, moreover — the content of free Pb?*, according our data is
many times less than the US EPA hazard standard (Rules and Regulations 2001;
McGahren et al. 2024).

However, if the soil and/or phosphogypsum contamination with Pb is high, a Pb?*
higher activity in soil after phosphogypsum applying concern becomes real. It is a
reason to re-evaluate the encouraging reports about high doses of
phosphogypsum as fully secure for the environment (Mays and Mortvedt 1984;
Sukovatov 2009).

Water extract data are considered as less representative compared to direct soil
solution extraction data because the water extraction distorted the soil solution
composition. However, in a case of dry soil the water extract is the only method
to study a dry soil salt content because the soil solution extraction is impossible.

An insignificant soil pH decrease abruptly increases a lead carbonates and
hydroxides solubility. At a pH 6.5, the Pb?* hydroxide solubility in pure water
solutions is about 100 pg I"X. Considering the effects of a Pb? state in the soil
solution, including the hydrolysis, complexation with organic matter, adsorption
of suspended soil particles, and other processes, it can be stated that a Pb?
compounds solubility in situ can be higher than that identified in the proposed
models. Consequently, the model can be further specified in order to improve its
approximating capacity. For this purpose, we took into account a Pb?* solubility
dependence on a soil pH value and neutralized phosphogypsum pH (5.0-5.3) to
assess a considered model approximation ability. A comparatively high Pb*
water-soluble form weight fraction 4.48% of its total content in the Chernozem
was taken into account in calculations.

One more scientific position for discussion is the soil salinity. The higher is the
soil salinity, the more in the soil solution is a comparative quantity of associated
ions of different kind (Endovitsky et al. 2017). In the high salinity soil, a probable
Pb2* forms dynamics in the soil solution is in contrast to the not saline soil. A
phosphogypsum approximate dose for the saline soil can be higher than that for
the low salinity soil. This approach can be extended to the low saline soil at the
low moisture. In this case, the soil solution ionic forth is comparable to the saline
soil, consequently, the phosphogypsum approximate dose can be higher too.

A generalization of the soil solution properties has some special reservations. In
particular, a solution extracted from the soil by a direct displacement or any
other pressure method does not completely correspond a soil liquid phase
composition. An extracted solution loses its specific interactions with an original

231



lli¢ P, Przulj N (editors) Environmental Protection and Remediation

soil system during an extraction procedure, hence, bears only a partial
information about the properties of a native soil solution. As far as both methods
— the water extract and direct soil solution extract — have their internal special
disadvantages, it is more correct to take into account a difference between
water extract and direct soil solution displacement data not only in an analytical
procedure framework, but also in the modelling. An appropriate from the point
of view of an easy execution and in a focus of a further apply in modeling is
believed a method of soil paste. Therefore, a combined analytical-computational
soil liquid phase model, not completely empirical and mostly based on a solution
equilibrium chemical thermodynamic concept fundamentals, is able to solve the
soil science problems in a water — soil solid phase interaction field, which have
no direct experimental solution.

The studied system is diluted because the soil is not saline and a water-soil ratio
of 5:1 was used for water extract procedure. We used this kind model system on
purpose because this approach shows the fact that even at a high degree of
dilution a Pb passivation in soil is noticeable, an ion association origin is
manifested, and a biogeochemical barrier for HMs is high enough. At a higher
soil solution ionic force, an ion association and ion complexes formation rate,
especially taking into account the microelements and HMs, rapidly increases. It is
important for a proper understanding of mixing the soil with a substance applied
to soil and a soil water regime as the drivers of soil pollution. Dispersing the soil
as well as dispersing the substance applied to the soil allow increased volume
and internal interface of a mixed system, improve a HMs passivation in a 20-40
cm soil layer and a soil capacity to accept and environmentally safely process
and transform a waste material (Kalinichenko 2015). This will help stabilize the
climate owing an improved plant development (Kalinitchenko et al. 2024). An
agronomy effect is most prolonged if a soil amendment is applied to a deeper
30-50 cm soil layer (Klymenko 2015).

A high soil moisture is a cause of dangerously high rate HMs delivery to the plant
tissue (Kwasniewska 2014). The soil deep layer mechanical processing improves
soil aggregation (Shein et al. 2016, 2017) and provides higher rate soil hydraulic
conductivity (Shein et al. 2015). In a result, the soil water content is relative de-
creased ensuring a possibility to reduce a HMs mobility and therefore their bioa-
vailability reduces in its turn (Anisimov et al. 2015; Kalinitchenko et al. 2020). At
the same HMs total content and rather low high soil moisture, a biogeochemical
barrier “soil-plant” is reliable, and a HMs quantity in plants is low (Minkina et al.
2012a). A HMs passivation into the soil can be radically increased in a framework
of a new world water strategy (Kalinitchenko and Rykhlik 2019; Kalinitchenko et
al. 2023), which provides a relatively low soil moisture content enhancing the ion
association biogeochemical role (Batukaev et al. 2016) and reducing the HMs
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solubility, mobility and bioavailability. The processes disclosed are important for
a proper understanding of the matter dynamics in the ecosphere — the lateral
transfer of substances from soil to vadose zone, landscapes and watersheds. A
developed ion association approach as a driver of migration, metamorphism and
accumulation of salts has a broad perspective to use not only at a level of the soil
profile. The environmentally safe waste recycling becomes possible.

7.4.3. Substances transfer in soil and landscape given the association of
ions in soil solution

HMs ions association and complexation reduce HMs activity and mobility in the
soil, and their bioavailability to plants becomes low. The soil solution
composition dynamics is related to the soil moisture. Not only continuous mass
transfer fluxes, but also the origin and function of solution in discreet micro-
basins in a rather dry soil continuum is to be revealed. This driving force of a Pb
and other HMs transfer in the soil and landscape is to be taken into account
because a soil solution concentration into discreet soil micro-basins is rather low
compared to the soil in general. lon association in a discreet soil micro-basin
determines high level HMs mobility preconditions at a next soil humidification
stage (Batukaev et al. 2016; Kalinitchenko et al. 2020). This process needs for
additional future developments to reduce the influence of pollutant on plants.

Phosphogypsum recycling in the 20-40 cm soil layer allows: a pollutant utilizing,
a soil fertility improving, a landscape environmental stability ensuring. Pb*
added to the soil in a form of phosphogypsum produced from high environment
class low contaminated Kovdor apatite ore in doses up to 40 t ha™ is of no
hazard to the soil and environment. Doses higher than 40 t ha™ can be
environmentally sound being applied to Chernosem located on a plain
watershed. In other cases, phosphogypsum doses should be applied considering
the soil and recycling material properties, soil processing technology, watershed
form and local hydrological regime.

Along with the salt’s dynamics laws in individual soil profile layers, a lateral
transfer of substances in landscapes and watersheds is important. The
developed approach is closely related to these objects due to the fact that, given
the ions association in soil solution, an assessment of a substance mobility
likelihood in landscape and watershed is significantly higher than that was
previously thought.

Soil solution composition dynamics is related to a soil and aeration zone
moisture. According to the simulations fulfilled above, a mass transfer in the soil
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and vadose zone is noticeable at a low soil moisture content. Thus, a substance
transfer in a dispersed system should be considered not only as an unbroken
mass transfer flux, but also taking into account a soil solution micro-basins
formation (Batukaev et al. 2016; Kalinitchenko et al. 2020). As the soil humidity
reduces, an actual water and dissolved substances transfer zone becomes
fragmented.

Soil solution flux discontinuity driving forces are a different water
thermodynamic potential in individual capillaries and on internal soil interfaces,
and a water surface curvature variation. At a subsequent soil wetting, a transfer
agent does not pass to a dissolution stage, but quickly enters into a geochemical
transfer process with a first portion of additional water. Micro-basin formation,
on the one hand, is useful as a source of plant nutrients, but, on the other hand,
it is dangerous in terms of useful substances easy loss from the soil and vice
versa — an undesirable substances receipt.

Most soils in the world are under the influence of anthropogenic evolution —
agriculture and environmental impact. A new danger in relation to the soil and
aeration zone calcium-carbonate system is a high rate mass transfer as a result
of a carbonate-calcium balance in soil solution and aeration zone distortion. This
determines a need for the new findings in a soil and aeration zone management
focused on a mobility of matter reducing, especially for the technological tools
that will overcome a dangerous extracting of useful substances from the soil, as
well as the receipt and accumulation of unfavorable substances. This is
important for the agriculture and irrigation.

7.4.4. Heuristic soil mechanical processing and amendment application
methodology

Heuristic synthesis of a new device for soil mechanical processing and
simultaneous application of soil amendment and waste was focused on a higher
level chemical soil engineering (Meshalkin et al. 2021). By the term “heuristic
synthesis” we mean a nonstandard and new knowledge based approach to a
technological development. We presumed that a soil processing system is not to
be imitative but transcendental to some extent providing a new quality of
technology compared to a natural or anthropogenic approach known at the
moment.

The new soil mechanical processing methods and equipment are needed for soil
structure loosening and soil macroaggregates and microaggregates mixing with
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applied material to enrich and stabilize biogeochemical turnover (Biinemann et
al. 2018; Mishchenko et al. 2009; Neuman 2017; Rgder et al. 2019; Totsche et al.
2018). For this, a creation of multilevel heterogeneous soil architecture synthesis
(Kharitonova et al. 2018; Lin 2012) and preferable long-term conditions for
polymicrobial biofilms, humic substances and soil organic matter synthesis and
function is important. (Bunkin et al. 2020; Kamjunke et al. 2019; Nardi et al.
2022; Swidsinski 2019; Sarker et al. 2018; Swidsinski and Loening-Baucke 2020;
Swidsinski et al. 2020; Yadav et al. 2023).

Conditions to techno-soil heuristic synthesis were: a 0—25 c¢cm upper horizon
remains intact after the soil mechanical processing; a 25-50 cm horizon is
crushed in soil mechanical processing to a particle size of 1-3 mm (up to 40% of
the soil mass); the processed soil mass is well mixed; the water and
phosphogupsum and other waste mixture (the pulp form is acceptable) is
supplied to a 25-50 cm soil horizon and is mixed with the soil mass during the
mechanical processing. A soil layer depth corresponds to a depth of different
plants rhizosphere.

A soil processing depth selection is based on the soil properties. For heuristic
synthesis, the BGT* methodology of soil processing devices synthesis, laboratory
research, soil processing equipment tests in soil channel, and long-term field
intra-soil processing trials and experiments, and own patents were
used. (Kalinichenko 2010; Kalinichenko et al. 2012; Kalinichenko et al. 2013;
Kalinitchenko 2016; Kalinitchenko et al. 2021).

A chemical soil engineering device (Figures 7.1 and 7.2) is mounted on a frame 1.
The device is longitudinally symmetric and comprises the two vertical rotational
chisels 2. A rotational chisel 2 comprises a ring cutter 6 with outer cutting teeth
mounted on a disk 5. The ring cutter 6 via internal gear meshes a pinion 7
rotating a shaft 4 with milling cutters 3. The disk 5 is equipped with a channel 8
for feeding the pulp to a channel 10 in a ramp 9. The ramp 9 has forward-
oriented fingers 11 for soil loosening and channels 12 for pulp distribution into
the soil (Kalinichenko 2010).
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Fig. 7.1. Device for intra-soil milling and simultaneous intra-soil application of

substances, side view. 1 — frame; 2 — vertical rotational chisel; 3 — milling
cutters; 4 — shaft; 5 — disk; 6 — ring cutter; 7 — pinion; 8 — channel; 9 —
ramp; 10 — channel; 11 — soil loosening finger; and 12 — channel

Cn. 7.1. Ypehaj 3a Mrbesere yHymap msa U ucmospemeHy npumjeHy cyrncmaHyu

y 3emsbuwimy, 604HU nozneo. 1 — okeup; 2 — 8epmMuUKanHo pomupajyhe
0aujemo; 3 — MAUHCKe HoXuye, 4 — 0ocosuHa,; 5 — Ouck; 6 — npcmeHacma
Hoxcuya; 7 —3yn4yaHukK; 8 — KaHan; 9 — pamna; 10 —kaHana; 11 — npcm 3a
pasbujarse 3eMmmuwma u 12 — kaHan
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Fig. 7.2. Device for intra-soil milling and simultaneous intra-soil application of
substances, front view; designations, see Figure 7.1.

Cn. 7.2. ¥Ypehaj 3a Mrvesere yHymap msaa u ucmospemeHy npumjeHy cyncmaHyu
y 3eMsbuwimy, npedru roeneo; o3Hake, sudjemu Ca. 7.1.

During operation, the device is immersed into a 20—45 (or 30-70 cm) target soil
layer. The ring cutter 6 cuts a slit in the soil while a device forward movement
reducing a passive traction resistance for rotational chisels 2. The milling cutters
3 provide a soil fine-aggregate structure. A pulp is fed through channels 9, 11,
and 12 into the milling zone and is mixed with the soil aggregates. The device
provides a new chemical soil engineering technology ensuring a high life quality
standard (Duanyang et al. 2024; Hentati et al. 2015; Kalinitchenko et al. 2020,
2023, 2024; Mao and Jiao 2024; USEPA 2020).
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7.5. Conclusion

lons association in the soil solution determines a soil solution chemical
equilibrium and a pattern of salt migration and accumulation in the soil and
vadose zone.

This is important for the salted soils modern evolution understanding and soil
management in the Kastanozem and Chernozem standard regional rainfed
agriculture, irrigation, plant nutrition management and the soil pollution with
HMs control.

A Pb?* ion equilibrium concentration and molar fraction in Chernozem soil
solution calculation showed a Pb?* high degree binding into the associates and
hydroxo complexes revealing a possibility of a HMs contained in phosphogypsum
recycling in the soil intra-soil passivation.

Intra-soil milling provides an amendment, waste and nutrition substances subsoil dis-
persed application ensuring a high level contact of substances with illuvial soil layer
and high ameliorative effect, HMs passivation, soil fertility and environmental safety.
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Acoumjaumja joHa y pacTBOpY 3eM/bULLTA KO0 Y3POK
mobunHoctn u goctynHoctu Pb 3a 6usbke

Banepwj M. KannHuueHko, Banepuj M. MewankmH, Muxann I'. bapuwwes,
Ceprej B. l'yakos, Majkn P. OsepkKew, TatjaHa M. MUHKUHa, Buwhy .
Paynyt, Carnapa C. MaHuunjesa, CBetnaHa H. Cywkosa, Amutpuj A.
MakapeHkos, JleHap P. BaanynumH

CaxeTtaK

Ynpassreare pacmeopom 3emsbulima je 8amcaH ycao8 3a obHosy 3emMsbuwima y
pa3auYUMUM pe2UOHUMA ceujemad. XeMUjCKa pasHoOmMeX(a pacmaeopa 3emspuwima
o00pehyje OUHaMUKY He20802 MamepujaaHo2 cacmasa, Muepayujy u akymynayujy
conu. Y pacmeopy 3emsouwima opmupajy ce enekmpuyHo HeympasaHU jOHCKU
naposu CaC03z°% CaS0,°% MgCOs° MgS0.° Kao u HaenekmMpucaHu joHCKU naposu
CaHCOs*, MgHCOs*, NaCOs~, NaSO,~, CaOH*, MgOH". lMpednoxceH je memod 3a
K8aGHMUMAaMUu8Hy fpouyjeHy CmeapHUX jOHCKUX (hopMu y pacmeopy 3emspuima
ysumajyhu y o63up acoyujayujy joHa. Y 3asucHocmu 00 KOHueHmpauuje u
cacmasa pacmeopa 3emseuuwima, y KacmaHosemy jyxcHe Pycuje, y jy2oucmovyHom
dujeny Pocmoscke obnacmu, npedcmasseeHu ¢y joHcKu naposu: 15-45% Ca?*;
16-49% Mg?*; 0,6-8,4% Na*; 2,2—17,6% HCOs3~; 16—-51% SO, u o 88% COs*".

UcnumusaHa je mepmoduHamuka Pb ¢popmu y pacmeopy 3eMseuima YepHo3ema
Yy CMaHOAPOHUM YC08UMA U HOKOH npumjeHe ¢gpocghoaunca y cnoj 3emmouuima 20—
40 cm y dozama 00 0, 10, 20 u 40 t ha™". Cadpxaj pacmeopsrbuse opme Pb?* y
800eHOM eKCmpaKmy u3payyHam je nomohy mMamemamu4ykoz2 XemujCKo-mepmo-
OuHamMu4ykoe modena acoyujayuje jOHCKUX naposa y pacmeopy 3emsouuimad,
Kopucmehu anzopumam u Komnjymepcke ripozpame ION-2 u ION-3. lpednoxeH
je KoeguyujeHm acouyujayuje joHa mewkux memana (HMs) y pacmeopy
3emsmuwima, kqs, 30 U3pavyHasarbe pasHomexcHe KoHyeHmpayuje HMs. Moden je
MoKasao 0a je uspayyHamu KoeguyujeHm acoyujayuje Pb?* do 25,0, u da je Pb**
JOH y pacmeopy 3emsbuima y2naeHom npucymad y popmama PbOH* u Pb(OH),°.

PasgujeH je ypehaj 30 XeMUjCKO UHMeHepcmeo 3eMsrbuuima 3a MEeXAHUYKY
06pady yHymap 3emMsouwima u npumjeHy usmjeHe u opyaux cyncmaHyu yHymap
3eMmuwma. MsmjeHe yHymap 3emsouwima obesbjehyje 6aAUCKU KOHMAKmM
usmely CumHux Yecmuuya 3emsbuwima U CUMHUX Yecmuuya MeauopamusHe
CyncmaHye y mpemupaHom cAojy 3emsbuwima, ocueypasajyhu nacusayujy
MOKCUYHUX Memasna, 8UCOK MeauopamusHu egpekam, nao0HoCm 3emspuwima u
eKOsI0WKY cu2ypHocm.
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KroyuHe pujequ: pacTBOp 3eM/bULLITA, XEMMjCKA PaBHOTEKA, jOHCKA acoumjauunja,

MaTeMaTMyKo moaenoBare, nporpamm ION—2, ION-3, xemnjcko
WHXXEeHepCTBO 3eM/bULLITA, Ypehaj 3a M3mjeHe yHyTap
3eM/bULLTA N NPUMjEHY APYrMX CYNCTaHLUM
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