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“Soil without gases is not soil, soil chemistry cannot be known —
even in its general features — by studying only the solid

and liquid components of the soil”

V.I. Vernadsky [1]

Abstract. The important role of gases in the planetary energy-mass exchange of the lithosphere with
the atmosphere is determined, and attention is focused on the multifaceted mechanisms of gas exchange,
especially under non-isothermal soil conditions. The conceptual principles of involving gases in ensuring
the thermodynamic availability of plant nutrition, which emphasize the role of gases in a heterogeneous
soil system, which is characterized by the presence of trapped air bubbles, are based on experimental
data. Trapped soil air bubbles in the soil environment play the role of a distributed energy source when
interacting with the thermodynamic parameters of the environment — temperature, atmospheric pressure
and soil moisture content. The reaction of the soil capillary potential to a daily dynamics of external
thermodynamic parameters has the nature of a self-oscillating process with a significant amplitude of the
thermodynamic availability of the pore solution for plants.

This turns the trapped air bubbles into centers of thermodynamic disequilibrium (CTD), acid centers
of a certain strength (AC) and ecotone centers of soil biota. Thermodynamic accessibility is determined
by the dynamics of soil heterogeneity, i.e. its energy saturation with surface types of energy, as well as
by increasing matter mobility and intertransitions of different categories of soil absorption capacity. The
functional parameters of the soil are determined by the gas composition of the soil atmosphere, where a
special role belongs to carbon dioxide (CO,), as the main factor in maintaining soil homeostasis. Emphasis
is placed on the fact that under natural conditions of soil functioning, the composition of the smallest
bubbles is enriched with oxygen and nitrogen, and most importantly, the size of these bubbles becomes
close to nanoradii, which gives them abnormal properties.

Using the example of nanotechnologies with various gases, the possibility of targeted control of soil
processes to increase the productivity and quality of plant products and ameliorative improvement of soils
has been proven. The conclusion about the extremely high potential of integrating nanobubble technologies
into ameliorative agriculture when using modern drip irrigation technologies has been made.

Keywords: thermodynamic soil system, soil processes, soil gases, trapped air, nanobubbles, soil
energetics, thermodynamic accessibility

Relevance of the research. The Earth’s
epigeosphere  is  characterized by the
transformation of huge flows of energy and matter,
where a special role belongs to the pedosphere, as
the lithospheric shell bordering the atmosphere,
which actually regulates planetary energy and
mass exchange with the environment and space.
The patterns of pedosphere development are
perhaps the most complex among all the Earth’s
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geospheres. After all, all four phases interact and
interpenetrate in it: solid matter — gases — moisture
and living matter. Moreover, the role of living
matter in the transformation of energy and mass
exchange flows of the epigeosphere is constantly
growing. V.I. Vernadsky drew attention to the
biogenic structure of the modern atmosphere [2],
which is changing its composition quite rapidly.
And now significant anthropogenic emissions
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of greenhouse gases cause a greenhouse effect,
which leads to global climate change towards
warming and aridization [3].

Analysis of previous research and
publications. The most significant evolutionary
changes in properties occur in the pedosphere, as
a regulator of the interaction of the lithosphere
with the atmosphere, in which the decisive role
belongs to atmospheric and soil gases. However,
the role of these gases in the evolution of the
pedosphere properties has not been fully studied
yet. In recent years, the mechanism of emissions
of greenhouse gases such as carbon dioxide
(CO,), nitrous oxide (N,O), methane (CH,),
carbon monoxide (CO), hydrogen (H,) and other
minor atmospheric gases have been intensively
studied [4]. However, the role of each gas in soil
functioning and in living organisms lives has
not been fully studied yet due to the extreme
complexity of the heterogeneous soil system and
the multifaceted functional purpose of gases.

It should be mentioned the imperfection of
modern methods for studying the gas regime
of soils [5]. And the current state of studying
this problem is primarily due to the extreme
complexity and multifaceted ways of moving
gases in a heterogeneous four-phase environment
of a highly organized soil system, which is also
complicated by the cyclic non-isothermality
of soil regimes. The most complete analysis of
such mechanisms of cyclic migration of matter
is considered in the theory of drying of various
materials [6], where the mechanisms of moisture
thermal diffusion, relative thermal diffusion of
gases in a non-isothermal pore space, thermal
sliding of gases, in the presence of a temperature
gradient and many other specific mechanisms
migration of substances in a heterogeneous
environment are considered.

In particular, it has been proven [6] that due
to the relative thermal diffusion of gases in soil
pore space in the presence of a temperature
gradient, water vapor with a molecular weight
of My,, =18 and carbon dioxide My, = 44,
compared to the average molecular weight of
atmospheric air M,,,, = 29, can move in opposite
directions. Probably, one of such mechanisms
is the enrichment of the soil atmosphere with
CO, during non-isothermal evaporation of
moisture from the soil. In mathematical models
of gas migration, those prevail where the driving
force of movement is the diffusion mechanism,
i.e. movement along concentration gradients.
However, such models are unsuitable for a
heterogeneous soil environment.

Using the example of the thermal movement
of moisture in the vapor state, it has been
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experimentally proven that the established actual
flow of vaporous moisture in the soil, moving
after the heat flow that occurs in the pore space
of the soil due to the thermal sliding of gases
[7], exceeds diffusion in intensity and can be
provided only by the convective flow of soil air.
Therefore, in the non-isothermal regime of the
soil environment, the convective mechanism of
gas movement in the pore space prevails.

The movement of water vapor under the
influence of a temperature gradient generates
circulatory (dissipative) structures where the
capillary flow of moisture compensates for
vaporous losses in certain areas of evaporation,
which, in turn, causes a compensatory flow of
liquid and convective transport of dissolved
substances and change in their concentration in
the zone of predominant moisture evaporation
[7]. Such circulatory movements of moisture
and gases in different phase states are typical for
soil, which generally indicates the inconsistency
of diffusion models of gas movement in soils
and emphasizes the extreme complexity of mass
transfer in the soil environment and its insufficient
study.

The purpose of the publication is to form
the conceptual principles of involving gases in
ensuring the thermodynamic availability of plant
nutrition from the soil and the transformation
(dissipation) of energy in soil processes through
the significant dynamics of heterogeneity, i.e. the
variability of the surface area of the liquid-gas
interface, as well as to substantiate the possibility
of controlling the intensity of these processes
by changing the gas composition of the soil
atmosphere.

Materials and methods of research. The
methodology of soil research, where soil is
a non-equilibrium thermodynamic system,
provides for the use of mainly thermodynamic
hydrophysical field and laboratory research
methods that are integrative for determining the
parameters of the current thermodynamic state
of a heterogeneous system of unsaturated soil.
When using these methods [10], it was possible
to differentiate the pore space of the soil by
its fundamental property — hysteresis, i.e. the
ambiguity of the relationship between capillary
potential and soil moisture content.

Using the created “Method for determining the
structure of soil pore space (dispersed media)” [8],
it was possible to divide the total heterogeneity,
i.e. the surface area of the liquid-gas interface,
into extraheterogeneity (external), or the interface
surface area when capillary moisture contacts
with soil atmosphere, and intraheterogeneity
(internal) — the contact area of the solution
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with the inner surface of trapped air bubbles. It
is intraheterogeneity that turned out to be the
most dynamic state parameter that ensures the
dynamics of surface energy in unsaturated soil,
i.e. its energy buffering: the storage of surface
energy at the surface of the liquid-gas interface
when air is trapped and its slow release as this
area decreases due to the opening of the bubbles
of intraheterogeneity. This phenomenon of
hysteresis is used by soil biota and plants in their
own production process to minimize their own
energy consumption. The dynamic model of soil
functioning and development in interaction with
the environment [9], formulated using a systems
approach, became the methodological basis for
studying the role of gases in soils.

Research results and their discussion.
Modern ideas about the gas regime of soils are
imperfect. In particular, it is believed that the
main mechanism of gas exchange is carried out
by the processes of “soil respiration”, where the
processes of soil biota metabolism prevail. It
has been already mentioned that there are other
purely physical mechanisms of movement and
selection of gases of the soil atmosphere [6, 7].
The dominance of purely agronomic views on
“soil respiration” does not aim to consider the
mechanisms of gas transformation and their role
in the functional parameters of soil processes. And
only considering the soil as a non-equilibrium
thermodynamic system in interaction with the
environment highlighted the extraordinary role
of the gas component in the life of the soil and
ensuring its productive function (fertility).

It has been experimentally established [10,
11] the emergence of subordinate (internal)
energy-consuming processes of redistribution
of matter with its phase transitions occurring in
the soil, which transforms the soil environment
into a microgradient structure with pulsating
movements of energy and mass exchange in the
environmentofmacropores with trapped air. These
translational movements of a certain intensity
(energy consumption) determine the level of soil
homeostasis, which ensures the reproduction of
the structural organization and basic properties
of the soil environment [10], and it is the soil
air bubbles, separated from the atmosphere by
liquid membranes in the expansions of the pore
space play the role of an energy source in the

soil, responding to the variable cyclic external
thermodynamic parameters — temperature,
atmospheric pressure and moisture content.

For a better understanding of the dynamics
of the trapped air content, a physical model of
the soil pore space was created in the form of a
corrugated equivalent capillary, which considers
in detail the conditions for the existence of
trapped air in the extensions of the soil pore
space [11]. In particular, the condition for the
equilibrium of a trapped air bubble is the equality
of the curvature radii of the liquid membrane
both from the outside, when it contacts with
the atmosphere, and inside, which limits the
inner surface of the trapped air »,=r,,. Such an
equilibrium is possible in the range of pore sizes
where ne r,;, <7, <7,.. where where r,, and
... are the typical pore sizes determined by the
sphere of the most inscribed radius in the pore
body and r,,, is the radius of the sphere inscribed
in the necks of this pore. ,

The ratio of these typical pore sizes n = ;"i
is an important characteristic that is determined
in the laboratory diagnostics system by the
amplitude of the capillary hysteresis loop [6, 11].
The threshold size of structural macroporosity is
determined by the value n > 2 and the excess gas
pressure that can be created in a bubble of trapped
air P,

Haon

e = Do . .
=0,15-"*—== depends on this ratio.

That is, the greater this difference, the higher the
excess pressure can be created in the bubble. That
is why the largest structural soil macropores are
very important in agronomy. In turn, under the
action of excess pressure, the diffusion of gases
that make up this bubble begins through liquid
membranes to the soil atmosphere according
to their solubility in the pore solution. Table 1
shows the comparative solubility of some gases.

Among the atmospheric gases, the solubility
of oxygen (O,) is 24,4 times lower compared
to carbon dioxide (CO,), and nitrogen is 46,6
times lower. Therefore, in bubbles of trapped air,
when the excess preasure (P,,..,,) occurs, the gas
composition is enriched in oxygen and nitrogen,
according to their solubility in the pore solution.

The content of CO, in the soil atmosphere
is increased, compared to the open atmosphere,
approximately by 3 %, although in anaerobic

1. Solubility of some gases in water when T=25 °C, mol L' atm ![12]

Ammonia Sulfur dioxide | Carbon dioxide Methane Oxygen Nitrogen
(NH,) (80, (CO,) (CH,) (G, (N>)
57,0 1,25 0,0308 0,00129 0,00126 0,000661
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conditions of some soils it can increase by 20 %
or more. The main thing is that carbon dioxide
dissociates in the pore solution forming carbonic
acid H,CO;. Due to this, the bubbles of trapped
air become acid centers of carbonic acid, forming
a radial acidity gradient of the pore solution in
the unsaturated soil and disrupting the carbonate
equilibrium of the soil cement. It should be
noted that carbon dioxide, in addition to the
environmentally negative effect of its emission
for the atmosphere, plays an extremely important
role in soil functioning binding carbon and
calcium in it, as well as ensuring the dynamics of
thermodynamic availability of nutrients for plants
from all categories of soil absorption capacity.

Soil energetics. Capturing soil air into the
structure of the soil matrix and the including
gases together with moisture into the components
of the thermodynamic system of soil functioning
as a working medium is of extremely importance
in the conversion (dissipation) of the external
solar energy flow, which generally determines
soil energetics and its dynamics. An integral
parameter of soil energy saturation is the
thermodynamic moisture potential [9, 11].
The dynamics of soil capillary potential under
the influence of the dynamics of variability
of external thermodynamic parameters was
experimentally  investigated:  temperature,
atmospheric pressure and moisture content. In
particular, a thermal pulse in the real range of
daily temperature variability of an isolated soil
sample at constant moisture content (6 = const)
causes a self-oscillating process of changing the
capillary potential of the soil sampl. Initially,
synchronously with heating, the capillary
potential increases (decreases in absolute value),
and with the onset of cooling it rapidly decreases
to a minimum, and begins to slowly increase to
the initial values [10]. Deviations of the capillary
potential values in both directions from the initial
values reach 20—40 kPa, and the total amplitude
reaches 30—60 kPa, which is a fairly significant
fluctuation in the thermodynamic availability of
plant nutrition in the daily cycle.

The behavior of gases in the physical model
of the pore space in the form of a corrugated
equivalent capillary allow us to understand the
processes of emerging the self-oscillating mode
of the dynamics of the capillary potential [11].
With the onset of heating, the volume of trapped
air in the soil expands, squeezing moisture out of
the pore body. Having the effect of moistening
this process leads to the closure of larger pores
with liquid membranes and an increase in the
values of the capillary potential. This is also
facilitated by a decrease in the surface tension
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of the solution with increasing temperature. At
the same time, the equilibrium conditions of the
trapped air are disrupted in the smallest pores and
it is compressed, increasing the intensity of the
dissolution of gases in these bubbles, or small
bubbles may be carried away by the convective
flow of the pore solution to larger pores.

The increase in the capillary potential stops
when these two opposite processes become equal
in intensity. With the beginning of cooling, the
minimum values of the current capillary potential
are observed in the soil taking into account the
dissolution of gases in the smallest pores, with
the subsequent process of gas release from the
pore solution. In this case, capillary meniscus
forces cause tensile forces in the soil and slow
restoration of the initial values of the capillary
potential in the soil sample.

The saturation of the smallest bubbles of
the trapped air with the least soluble oxygen
(O,), nitrogen (N,) and their dissolution in the
pore solution under excess pressure leads to the
question — whether plants absorb them from the
pore solution in the environment of the smallest
pores? Perhaps this is one of the mechanisms of
absorption of atmospheric nitrogen (N,), which
requires targeted further research. In particular,
when having the values P =—60 kPa, the radius
of the bubbles is »=2,5-107, or 2500 nm, and
when they are compressed, their size decreases
by an order of magnitude. In this case, it is
important that the smallest bubbles with a size
of 1-10°+1- 10’9, 1.e. micro- and nano-radii,
acquire anomalous properties.

The study of nanobubbles is a new aspect of
science in the area of nanotechnology. In 1950,
the Einstein-Plesset theory was proposed to
predict the lifetime of bubbles, and in 1959, the
American physicist Richard Feynman presented
this concept, which demonstrated great potential
for application in medicine, cosmetics, chemical
technology, polymers, treatment and health care,
and many other areas [13]. However, the rapid
development of nanobubble technology began
only in the third millennium. Nanobubbles with
a size of 1-10°+1-10" M can occur naturally,
in particular, the mechanism of nanobubbles in
water on a hydrophobic surface is described [14].

There are plenty of such hydrophobic surfaces
insoils, they are mainly films of organic substances
on mineral particles. However, for industrial use,
nanobubble generators have been invented that
use different principles — cavitation, electrolysis,
nanoporous membranes, ultrasound, and others.
The importance of nanobubbles is based on their
anomalous properties that distinguish them from
other bubbles: they are electrochemically active,
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non-floating and non-toxic, stable and can remain
in the aquatic environment for a rather long time,
acquire a zeta potential, due to which they have
the properties of colloids to involve ions into
a double electric layer, and such involvement
occurs on both surfaces of the bubble, which
ensures the delivery of necessary elements to any
organ in organisms.

Nanobubbles can be formed from various
gases — oxygen, nitrogen, carbon dioxide,
hydrogen, ozone and others, which have
different effects on the purposefully controlled
system. Among the multifaceted applications of
nanobubble technologies, one should focus on
their use in the agrosphere. There is already a
lot of data on the positive impact of nanobubbles
on yield, quality of grown products, water
retention and other soil properties, in particular
their structuring, mobilization of hard-to-reach
biogens due to an increase in the number and
selection of microbiota in the rhizosphere of plant
roots, as well as other aspects of crop production
[15—-18]. The main element of the technology
for using nanobubbles, mainly of oxygen (O,)
composition, was the technology of introducing
nanobubbles into irrigation water supplied to
plants by means of drip irrigation.

However, among the existing published
data, the use of nanotechnologies in crop
production has certain shortcomings, and most
importantly, there is the lack of systematic
application of nanobubble technologies. They
show insufficient professionalism, experiments
are conducted mainly in closed soil, and there
is no interpretation of the effect of nanobubbles
on the soil from the standpoint of soil science,
agrophysics and land reclamation. In particular,
it is observed an increase in soil moisture and
water-holding soil capacity, but the impact of
using nanotechnologies on the capillary soil
properties is not yet considered, which may be
of great importance for hydrotechnical land
reclamation. Moreover, the impact of various
gases on soils, which may become an element of

land reclamation technologies in the future, is not
considered either.

The study of using nanotechnologies in land
reclamation agriculture is planned in the scientific
program of the Institute of Water Problems and
Land Reclamation in the next five-year period of
2026-2030.

Conclusions. The functioning of the soil as a
thermodynamic system highlighted the extremely
important role of the gas phase in the soil life, the
transformation of energy and matter in it, which,
ultimately, ensures its productivity.

An important role in these processes
belongs to the bubbles of soil air trapped in the
expansions of pores, as a form (mechanism)
of involving gases into the heterogeneous soil
environment. These bubbles become a source
of thermodynamic disequilibrium (source of
energy), acid centers and centers of ecotones of
soil biota in the soil, which transform the soil into
a microgradient dissipative structure with cyclic
pulsating radial movements of energy and mass
exchange with phase transitions of matter. Due
to these processes, soil homeostasis is maintained
and the reproduction of the basic properties and
its structural organization is ensured.

Among the gases of the soil atmosphere,
carbon dioxide (CO,) plays an important role in
soil functioning, so its content can be equated to
one of the fertility parameters.

The technical capabilities of introducing gases
with irrigation water by means of drip irrigation,
including in the form of nanobubbles, will allow
for more targeted control of soil regimes and their
reclamation effect on the soil.

It is time to integrate nanobubble technologies
into the practice of reclamation agriculture due
to their extraordinary prospects in increasing
the productivity and quality of plant products,
improving the microbiological state of the soil and,
perhaps most importantly, their environmental
friendliness. The use of nanobubbles of various
gas compositions will significantly expand the
possibilities of reclamation technologies.
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«[pyHT, B3aTHI G€3 ra3iB, He € IPYHTOM, XiMisl IDYHTIB He MOKe OyTH Mi3HaHa —
HAaBITb Y CBOIX 3araJIbHUX pHcax — BUBYCHHIM TUTBKH

TBEPANX 1 PIAKMX CKIIQJOBUX YaCTHH IPYHTY»

B.1. Bepnancbkuii [1]

Anomauia. Busnaueno easciugy ponv 2aszig y NAAHEMAPHOMY eHepeoMAacooOMIiHi nimocgepu 3 ammo-
cheporo, akyenmosana yeaza na 6a2amoepaHHUX MEXAHizMax 2a3000MiHy, 0COONUBO 3a Hei30MepMIYHUX
ymos tpyumy. Konyemmyanvmui 3acadu yuacmi eazig y 3aOe3neuenHi mepmMoOuHAMiuHOi 00CHynHOCMI
JHCUBTIEHHS POCTUH OA3YIOMbCA HA eKCHEPUMEHMANbHUX OaHuxX, 0e aKyeHmo8ana ponb 2asie y 2emepo-
2eHHill cucmemi Ipynmie, 0N AKUX XApaKmepHa HAAGHICMb OY160AUIOK 3amucHymozo nogimps. Aooice
OYILOAUIKY 3aMUCHYO20 IPYHMOB020 NOGIMPS Y IPYHMOBOMY Cepedosuui 8idicpaioms poib po3noodiie-
HO20 Odicepena enepeii npu 63aemo0ii 3 MepMOOUHAMIYHUMUY NAPAMEMPAMU O0BKILIAL — MeMNepanyporo,
ammocghepHum muckom ma onocoemicmom Ipyumy. Peaxyia xaninapnozo nomenyiany rpynmy ma nepe-
8aICHO 00008V OUHAMIKY 306HIUUHIX MEPMOOUHAMIYHUX NAPAMEMPI6 MAE XApaKkmep asmoKOIUBAIbHOO
npoyecy i3 3HaUHOW AMNAIMYOOr) MEPMOOUHAMIUHOT OOCIYNHOCMI 0I5l POCIUH NOPOB8020 po3uuHy. Lle
nepemeopioc OynbOAWKYU 3aMUCHYIO20 NOBIMPSL Yy YeHmpu mepmoouHamiunoi nepiernosasicrnocmi (L{TH),
xucromui yeumpu nesnoi cuiu (KLJ) ma yenmpu exomonis ipynmosoi oiomu. Tepmoounamiuna oocmyn-
HICMb 8UBHAYAEMbCS OUHAMIKOIO 2emepOo2eHHOCHI IPYHIY, MOOMO U020 eHepeOHACUYEeHOCI NoGepXHe-
BUMU BUOAMU EHeP2Il, A MAKONC NIOBUUEHHAM MOOITLHOCT PEHOSUHU | 83AEMONEPEX00i8 PI3HUX Kame-
2opiti 6oupnoi 30amnocmi ipyHmie. CYHKYionansHi napamempu IpyHmy GU3HAUAE 2a308Ull CKIA0 TIPYHMOBOI
ammocgepu, de ocobausa ponv Hanexcums diokcudy gyaneyio (CO,), AK 20106H020 YUHHUKA NIOMPUMAHHSA
2omeocmasy Ipynmy. Akyenmosana yeaza Ha Momy, Wo 8 NPUPOOHUX YMOBAX (DYHKYIOHYEAHHS TPYHINY
8i00ysacmovcsl 30azavents CKiady HauopiOHiwux O6yI1bOAUWOK HA KUCEeHb | HIMpO2eH, d HaleolosHiule,
PO3MIp yux OYILOAUIOK HAOIUINCAEMbCS 00 HAHOPAOIYCis, WO HAOAE iX aHOMANbHUX enacmugocmell. Ha
NPUKAAOL HAHOMEXHONI02IU 3 PISHUMU 2A3aMU 008E0CHA MONCTUBICIb uiﬂecnpﬂmoeanoeo VAPAGIIHHA IPYH-
MOBUMU NPOYeCamu 3 Memoro nidguwyeHHs NPOOYKMUBHOCI I AKOCMI pOCJluHHOl npodymﬂl ma meniopa-
MUBHO20 NOKPAUSEHHS] rpyHmz@ 3po6ﬂenuu BUCHOBOK NPO HAO3BUYALIHO BUCOKUL NOMEHYIA mmeepyeaHHﬂ
HaHO6YIbOAUIKOBUX MEXHONO2IU Y MeniopamusHe 3emMaepoocmeo 3 6UKOPUCHIAHHAM CYYACHUX MEXHON02ill
KPAnauHHO20 3POULeHHS.

Knrwowuoei cnosa: mepmoounamiuna cucmema Ipynmy, TPYHMOSI npoyecu, TPYHMOSI 2d3u, 3amuchynie
nosimps, HaHOOYTLOAWIKY, eHEPeemUKA IPYHNY, MEPMOOUHAMIYHA OOCHIYNHICTb
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