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The purpose of this work lies in studying the composition, physical and chemical properties of the second
fraction of the humic acid (HA2) extracted from the typical black soil, depending on the intensity of the
soil tillage. Physical and chemical properties of HA2 have been studied by using ultraviolet (UV)
spectroscopy, infrared (IR) spectroscopy and electron spin resonance spectroscopy (ESR). It has been
demonstrated that increase of the tillage intensity of the typical black soil leads to decrease in the total
carbon content and the HA2 content due to displacement of balance between the conjugated processes of
humus synthesis and decay towards destruction. UV spectroscopy indicates intense absorption of humic
acids in the near UV region, that corresponds to the donor-acceptor mechanisms n-n* electrons of double
bonds. Maximum absorption has been observed for the HA2 isolated from the black soil tilled by
plowing. Moreover, the highest content of oxygen-containing functional groups and low quantity of
aliphatic structures has been observed in the same sample. It has been shown that the nature of
paramagnetic centers of the HA2 represented by chelate paramagnetic Fe’'-complex formed by
rearrangement m-electron system of double bonds, depending on the tillage intensity of the typical black
soil. It has been found that plowing of the typical black soil enhances the number of paramagnetic centers
in HA2.

KEYWORDS: organic soil matter, humic acid, soil tillage, supramolecular structure of the humic acid,
aromatic system, carboxyl groups, chelate complexes.

BIIVIMB IHTEHCUBHOCTI OBPOBITKY I'PYHTY HA CKJIAJ, ®I3UYHI TA XIMIYHI
BJACTHUBOCTI I[PY]"Oi (I)PAK]_IIi I'YMIHOBUX KHUCJIOT, EKCTPATOBAHHUX 3
YOPHO3EMY TUITIOBOT'O
M.A. Honipuuii', O.T. Hikos108, €.B. Ckpuiabuuk’

' Hayionansmuii Haykosuil yenmp «Incmumym rpynmosnascmea ma azpoximii imeni O. H. Coxonoecvkozoy,
eyn. Yaiikosckozo, 4, 61024, Xapxis, Yxpaina
2 Xapriscokuii nayionansruii ynisepcumem imeni B.H. Kapaszina, m. Cé0600u, 4, 61022, Xapxis, Vpaina

Mertoro mgaHoi poOoTh Oyino BHUBYEHHS CKIAAy, (I3MYHHX Ta XIMIYHHX BIIACTHBOCTEH OPyToi (pakiii
rymiHoBux kucnot (I'K2), BuaineHoi 3 THIIOBOT0O YOpHO3EMY, B 3aJICKHOCTI BiJl IHTEHCHBHOCTI 00pPOOITKY
rpyaTy. @i3muHi Ta XimiuHi BrnactmBocTi ['K2 BHBUeHO 3a momomoror ymbTpadioneroBoi (YD)
cnekTpockorii, iHppauepBoroi (IK) cmexTpockomii i CHEKTPOCKOMIl €IeKTPOHHOTO ITapaMarHiTHOTO
pesonancy (EIIP). Bymo mokaszano, mo 30UTbIICHHS iHTEHCHMBHOCTI OOpOOITKY HOpPHO3EMY THIIOBOTO
MPU3BOIANTE 10 3HIDKEHHS 3arajJbHOTO BMICTy Byriemioo i BMmicTy ['K2 depes 3cyB piBHOBarm Mix
CHOJIyYSeHUMH TNPOIECaMH CUHTE3Y Ta PO3Majy I'yMycy B HalpsMKy po3najay. Y ®-CrekTpocKoris BKazye
Ha IHTEHCUBHY a/ICOPOLI0 TYMIHOBUMH KHCJIOTaMH B OmmxHiId Y®-001acTi, 0 BiIIOBiIAE TOHOPHO-
aKICNTOPHAM MEXaHi3MaM 7-T* EJCKTPOHIB MOMABIMHMX 3B's3kiB. Y 3pasky ['K2, BumineHomy 3
YOPHO3EMY IICIIs OPaHKH, CIOCTEpIratocss MakCcUMallbHe TOTIMHaHHS B OmkHIA Y ®-o6macti. [lo Toro
kK, B TOMY X camomy 3pa3ky ['K2 crnocrepiraerbcsi HaiOLIBIIMK BMICT KMCHEBMICHUX (DYHKIIOHAJIBHUX
TPyN 3 HH3BKOIO KUIBKICTIO ani(aTHuHMX CTpyKTyp. Bymo mokasano, Imo mpupoaa MapaMarHiTHHX
nentpis ['K2 npejcTaBlieHa XeJaTHMMH NapaMarHiTHMMH Fe’'-KOMIUIEKCAaMH, IO yTBOPIOIOTHCS 3a
paxXyHOK IeperpyIyBaHHs T-eJICKTPOHHOI CHCTEMH IMOABIHHUX 3B'SI3KIB, SKE 3aJICKUTH BiJ iIHTEHCHBHOCTI
00pobiTKy dYOpHO3eMy THIIOBOTO. Byno BCTaHOBIIEHO, IIO OpaHKAa THIIOBOTO HYOPHO3EMY 301IbIIy€
KUTBKICTh MapaMaraitHux nentpis B ['K2.

KJIIOYOBI CJIOBA: opraHiuHa peyOBHHA IPYHTY, T'YMIHOBI KHCIIOTH, OOpOOITOK IDYHTY, CyNpaMOJIEKYJspHA
CTPYKTYypa FyMiHOBI/IX KHUCJIOT, apoOMaTU4YHa CUCTEMA, Kap6OKCI/IJ'II>Hi rpynu, XeJaTHI KOMIUIEKCH.

© Popirny M.A., Nikolov O.T., Skrylnik E.V., 2016



35
Effect of soil tillage intensity on the composition, physical and chemical properties...

BJIUAHUE UHTEHCUBHOCTU OBPABOTKHN ITOYBbI HA COAEP KAHUE, ®PU3NYECKHUE U
XUMHYECKHUE CBOMCTBA BTOPOM OPAKIINU I'YMHUHOBBIX KUCJIOT,
IKCTPATUPOBAHHBIX U3 YEPHO3EMA TUIIMYHOI'O
M.A. HonupHusiii', O.T. Hukonos’, E.B. CKpbLILHHK'

' Hayuonansmwiii nayunseiii yenmp «HMucmumym nousosedenus u acpoxumuu umenu A. H. Coxonosckozoy,
yn. Yaiikosckoeo, 4, 61024, Xapvros, Ykpauna
2Xapuvrosckuii nayuonanvhwiti yhusepcumem umenu B.H. Kapasuna, n1. Céo6oowi, 4, 61022, Xapvkos, Ykpauna

Lenpto manHO#H pabOTHI OBUIO W3YYEHHE COCTaBa, PU3MUSCKUX M XUMHUUECKUX CBOHCTB BTOPOU (ppakiim
rymuHOBBIX Kucnot (I'K2), BbIeneHHONW W3 THINWYHOTO YEPHO3EMA, B 3aBUCUMOCTH OT MHTEHCHBHOCTH
00pabotku mouBkl. Ou3nyeckne u xummaeckue croicta ['K2 m3ydanum ¢ moMomrsio yibTpadruoaeToBoi
(Y®) cnekrpockonnu, wuHPpakpacHo (MK) CHEeKTpOCKOMUM W CIEKTPOCKONHMH  DJIEKTPOHHOTO
napamarHuTHoro pesonanca (OIIP). Beuio moka3aHo, YTO yBEIMUYCHHE WHTCHCHUBHOCTH 00pabOTKH
YepHO3eMa THITMYHOTO MPUBOIUT K CHIDKCHHIO OOIIEro CojiepkaHus yrieponaa u coaepxkanus ['K2 vepes
CMEIlleHHE PABHOBECHS MEXIY COIPSDKEHHBIMM IIpOIlecCaMH CHHTE3a M pachaja rymyca B CTOPOHY
pacnana. Y®-CHEKTPOCKONHMS YKa3blBaeT HAa WHTCHCHUBHYIO aCOPOIMIO TYMHHOBBIMH KHCIOTaMH B
OommkHeld Y®-001acTH, YTO COOTBETCTBYET JOHOPHO-AKLENTOPHBIM MEXaHW3MaM T-T* 3JIEKTPOHOB
JIBOMHBIX cBsized. B oOpasue ['K2, BblmenieHHOM W3 uepHO3eMa IIOCie BCIAIIKH, HAOII0NANoCh
MaKCHMallbHOE TorJiomeHne B ommkHeil Y D-oomactu. K Tomy ke, B ToM xe obpasie I'K2 nabnromaetcs
HanOoIblIee COACP)KaHNWEe KHCIOPOACOACPKAMX (YHKIMOHAIBHBIX TPYIH C HHU3KHM KOJIHYECTBOM
anndaTHIeCKuX CTPYKTyp. BpuTo mokaszaHo, 9To mpupoja mapaMarHuTHeIX neHTpoB ['’K2 mpencraBnena
XeJaTHBIMH TIApaMarHUTHeIME Fe’'-koMruiekcamu, oGpasylOmMMHCS 3a CUET MeperpyHIHpOBKH T-
3JIEKTPOHHOH CHCTEMBI JIBOWHBIX CBS3€H, KOTOPOE 3aBUCHT OT WHTEHCHBHOCTH 0OpabOTKM depHO3eMa
TUINMYHOTO. bBBUIO yCTaHOBJIEHO, YTO BCHAIIKAa THIUYHOTO UYEPHO3EMAa YBEIMUYMBAET KOJIUYIECTBO
nmapaMarHuTHBIX IeHTpoB B I'K2.

KJIIOYEBBIE CJIOBA: opraHu4eckoe BEHmIECTBO TOYBBI, TYMHHOBBIC KHCIIOTBI, 0O0OpabOTKa IIOYBEHI,
CyIIpaMOJICKyJIdpHasl CTPYKTYpa T'YMHUHOBBIX KHUCJIOT, apoMaTH4CCKass CUCTEMA, Kap6OKCI/IJ'H)HI>IC Tpynribl, XEJIaTHLIC
KOMIIJICKCHI.

The humic acids (HA) are a major component of the soil organic matter (humus
substances) playing multifunctional role due to variable composition of the HA structure that
results in a wide range of biotic and abiotic factors [1]. Physicochemical properties of the HA
reflect the structural features of the HA. In the HA structure, the central structure (core) and
peripheral parts are identified, each part has a variable composition depending on the type of
soil and external environment. The variable composition of the HA depends on extracting
methods from the soil (or another source of natural organic matter) and future purification,
modification. The central structure (core) is formed by aromatic rings with various functional
groups (the most important are carboxyl, phenol hydroxide, ketone, amide ones) and the
peripheral parts by aliphatic polypeptide chains [2, 3]. Due to functional groups reactivity of
HA is determined. Such structural features determine the chemical, physical and biological
properties of the HA, specifying their redox activity, etc. [3]. The HA actively interact with
different mineral components of the soil making complexes with mono-, di- and trivalent
metals, thereby transforming the elements inaccessible to plants into the available state. In a
certain range of pH, the humic organometallic complexes acquire high mobility and can be
absorbed by the plant root hairs [2, 4]. It has been found that increasing complexation with the
two- and trivalent metals (Ca>", Mg™", Fe’*, AI’") is associated with increase of proportion of
the oxygen-containing functional groups and decrease of the nitrogen-containing groups [5].
Iron ions can displace hydrogen in the carboxyl groups of the HA and form complexes such
as chelates [1, 2, 4].

Current comprehension of the structural and functional features of the HA is based on the
notions of self-organization of supramolecular complexes from smaller molecular associates
of the HA. The main aspect of humic supramolecular structure is its stabilization by weak
intermolecular interactions, such as hydrophobic, van der Waals, and hydrogen bonds, the
formation of complex macrostructures providing for multifunctional properties of the soil
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humic substances [6, 7, 8]. The HA are formed due to conjugated biosynthetic processes
(decomposition and synthesis in bioorganic soils matter), mainly of the products of
biodegradation of plant organisms, accumulating and stabilizing the HA, protecting the soil
organic matter from total mineralization (destruction of organic soil matter to carbon dioxide
and water) [6].

Biodegradation of plants crop residues and their subsequent participation in synthesis of
the HA occurs by enzymatic activity of the soil microbial community, without which
processes of humic acids formation and formation of the fertile humus layer of soil [1] are not
possible. Soil fertility is determined by the content of humus, which, in its turn, is stipulated
by the quantitative and qualitative features of the HA. The black soils, forming agronomically
valuable soil structure, are the richest in organic soil matter content [1, 2, 8].

It is known that the intensive use of black soils of Ukraine gives rise to a significant
deterioration of their fertility [8]. One of the most important diagnostic signs of the soil
degradation is decrease of content of the soil organic matter, and its main component - humus
substances [9]. Reduction of the amount of the soil organic matter and deterioration of its
quality characteristics may be subject to a lack of constant compensation of organic
compounds, and result in change of the ratio between mineralization of the soil organic matter
and formation of the stabilized soil humic substances [9, 10]. An informational indicator of
the agrogenic load on the soil quality is features of the HA fractions [10, 11].

According to the modern concepts, based on the results of the long-term field
experiments with application of different agricultural technologies, the transformation of soil
organic matter following the agronomic activity is observed predominantly in the labile
fraction of the humic soil acids (the first fraction of the HA1) [12, 13]. Experiments on
different soils have revealed a close correlation between the productivity of agricultural
ecological systems and contents of labile fraction of the HA1 [10, 13]. Deviation from the
optimal soil ecosystem (for example, from the virgin soil) is subject to increases of the
process of the organic matter mineralization and impaired fertility, causing lower yields [11,
12]. Pursuant to some authors, for assessment of soil fertility it is important to consider not
only the labile fraction of the HAI, but also a more stable and biochemically mature
component of humus — the second fraction of the HA2 [10, 13]. Despite a vast amount of
information on changes in the content of fractions of humic acid under the influence of the
agricultural use of soil, the attention of researchers is attracted by mechanisms of responses at
the molecular level of the HA. In our opinion, to establish responses at different levels to
anthropogenic load it is necessary to study physical and chemical properties of the isolated
HA fractions. Among the physical and chemical research methods UV/IR/ESR spectroscopy
provides valuable information about the molecular structure of the HA. The main advantage
of the above methods is to carry out an analysis without any prior sample preparation and the
HA modifications bringing about to irreversible structural changes of the native nature of
macromolecules.

The purpose of this work has been to study the content and physicochemical properties of
the second fraction of the unmodified HA2 extracted from the typical black soil depending on
intensity of the tillage technologies.

MATERIALS AND METHODS

Selection and laboratory-analytical analysis of soil samples
The samples of soil have been collected in the experimental field of the
V.V. Dokuchayev Kharkiv National Agrarian University, the Department of Agriculture. The
aim of experiments has been to determine the effect of intensity of the tillage technologies on
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soil organic matter characteristics of the typical black soil (chernozem). The field experiment
was started in 2006. The variants of the tillage investigated in the field experiment are as
follows: 1) 40 year non-tilled typical black soil - virgin soil (control); 2) soil intensively tilled
(traditional plowing depth of 20-22 c¢m); 3) minimally tilled soil (disks at the depth of 10-12
cm); 4) Non-tilled soil (provided by direct seeding into the non-tilled soil). Soil samples have
been collected from the surface soil layer of 0-10 cm. The total carbon content in the soil has
been determined by Tyurin [14], total nitrogen — by Kjeldahl method [14]. Mineralization
(rate of biodegradation of the soil organic matter) has been calculated by the ratio of the total
soil carbon content to the content of total nitrogen (C/N); increase of the parameter indicates a
decrease in the degree of mineralization of the soil organic matter. The content of
agronomically valuable fractions of HA in the soil has been determined by the method of
humus fractionation [15].

Extraction of second fraction of the HA from the soil samples

Collected soil samples have been dried to the air-dry condition, crop residues have been
removed and then the soil samples have been sieved through a sieve with 1 mm pore
diameter. Extraction of HA2 fraction has been carried out by the method of Orlov [16]. The
prepared soil samples have been subjected to decalcification by sulfuric acid, cleaned from
calcium, and then washed with distilled water. Humic acid has been then dissolved in 0.1 N
NaOH. After sedimentation for 24 hours, the centrifugation (3000 rpm, 10 min) for separation
of clay minerals has been performed. Precipitation of humic acids has been carried out with
10% HCI, adjusting the solution to pH 1. Then the HA fractions have been washed with
distilled water. The obtained gel of the HA has been crystallized in the water bath and dried in
the oven at 80 C° (2 hours) to the air-dry state. A black crystalline powder — preparation of the
second fraction of the HA of typical black soil has been the result.

Physicochemical methods of analysis of the second fraction of the HA

The Fourier Infrared Spectroscopy (FT-IR) of the second fraction of humic acids has
been performed by the Agilent Technologies Cary Spectrometer 630 supplied with Diffuse
Reflectance and Fourier Transformation in the standard measurement area of 1000-4000 cm’’
(in a potassium bromide compressed tablet). Interpretation of the spectra has been performed
on the characteristic absorption spectra of humic substances [1, 11, 16].

The electron spectra in the UV absorption of humic acids of the second fraction have
been measured on the spectrometer Stellarnet BLACK-Comet in the range of 90 nm — 445
nm. To perform spectroscopic analysis, the HA have been dissolved in 0.1 N NaOH [16].

Analysis of the electron spin resonance (ESR) characteristics has been performed using
spectrometer JES-ME-3x, which operates in the three-centimeter wavelength range (X-band)
with a frequency modulation of 100 kHz. The weight of samples of humic acids for ESR
spectroscopy is 100 mg, as placed in a quartz ampoule produced by JEOL Company. The
sample of polycrystalline of diphenylpicrylhydrazyl (DPPH) has been used as a standard for
assessment of the g-factors and intensities of the ESR spectra; the average value of the g-
factor has equaled to 2.0036 + 0.0003. The samples in quartz ampoules have been placed in
the antinode of the microwave magnetic field of the resonator of the ESR spectrometer. ESR
has been performed at room temperature 12 hours after sample preparation. Concentration of
paramagnetic centers in the HA2 samples has been determined by comparing the relative
intensities of the signals (Tesla) with the value by the equation S=(AH)’I, where AH is the
width, and 7 is the amplitude of the line. The statistical error in assessment of the
concentration of paramagnetic centers by ESR method is 10-20 %.
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RESULTS AND DISCUSSION

Content of the fractions of humic acids and biological activity of the black soil

The total carbon content in the soil sample from virgin soil has been 3.1% (Table 1). It
has been found that the total carbon content of the typical black soil has been significantly
reduced with the intensive tillage (plowing) to 2.8%. The minimum tillage (disking) has
reduced it to 2.9% and zero tillage (direct seeding) to 2.8% (Table 1). Therefore, the minimal
tillage results in conservation of organic soil matter.

It has been shown that the intensive tillage results in an increase in the content of HA1
(18.8%) in the soil, at the same time the direct seeding results in reduction of the movable
HAT (7.0%) (Table 1). The minimal tillage (disking) results in the HA1 content (16.1%) that
is close to the value of HA1 after plowing (18.8%). It has been found that minimization of
processing (disking and direct seedling) results in accumulation of the HA2 on the level close
to its content in the virgin typical black soil (39.8%). Plowing causes a significant reduction
in the HA2 (22.7%)).

Table 1
Total carbon content (%) in the first fraction of humic acids (HA1) and the second fraction of
humic acids (HA2) in the typical black soil depending on the soil tillage intensity

Variants of tillage technology
Values Virgin soil Intensive tillage | Minimal tillage No tillage
(Control) (Plowing) (Disking) (Direct seeding)
Chotal, %0 3.1+0.5 2.8+0.4 2.9+0.5 2.8+0.4
HAL, % 12.4£2.0 18.8+£3.2 16.1£5.3 7.0+1.6
HA2, % 39.8+6.2 22.7+£5.4 33.9+5.9 39.9+6.3

The biological parameters of the typical black soil of the experimental field show that the
tillage of the typical black soil causes changes in the diversity of the soil microbial
populations (Table 2), [18].

Table 2

Indexes of biodegradation (C/N) assessed in our work, and biochemical activity of organic
soil matter of the typical black soil [18]

Values Plowing Disking Direct seeding
C/N 10.5 11.9 11.7
- —
Blogemc[‘lig]ers“y’ & 31.6+1.6 26.30+1.2 98.0+4.0
Invertase (mg/100 g 290.0+5.0 305.0+5.0 435.0+6.5
of soil) [18]
Polyphenoloxidase
(mg/100 g of soil) 4250+80 4317+75 4342475
[18]

The total index of biogenic diversity shows that the typical black soil, after direct sowing,
is less susceptible to changes in the microbial community [18]. In our work, the rate of
biodegradation of humus in the typical black soil by microbial populations has been estimated
(Table 2, C/N index). It has been found that the minimal tillage reduces the intensity of decay
of soil organic matter in the typical black soil. The intensive tillage, on the contrary, increases
it, thereby shifting the conjugated processes of synthesis and decay of humus towards
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destruction (Table 2). The indicators of biochemical activity of the typical black soil depend
on the intensity of tillage in the experimental field (Table 2), [18]. It is known that content of
the soil humic acids correlates with the activity of enzyme invertase that hydrolyzes
carbohydrates, peptides and aliphatic structures, and with the polyphenoloxidase activity, that
is involved directly in the oxidative polycondensation of the aromatic system of the humic
acids [1]. It has been shown that the activity of invertase and polyphenoloxidase is reduced
with the intensification of the typical black soil tillage (Table 2), [18]. We have used
physicochemical methods to investigate processes of formation and change of the HA2 of the
typical black soil, depending on the tillage intensity.

UV spectroscopy of the second fraction of humic acid (HA2), depending on intensity
of the typical black soil tillage
Fig. 1 shows results of the analysis of UV spectroscopy of the HA2 isolated from the
typical black soil under different tillage intensities. The HA2 of the typical black soil absorb
in the near UV range (275 nm — 350 nm). After the intense plowing, the intense absorption at
bands 280 nm, 310 nm, 340 nm is observed.

Control
4.0 - TradTill
i e MinTill
354 - NoTill
3,0 4
2,54
= 4
=y 2,0+
=
g 4
e 1,5
{ -
1,0 o
0,5+
0,04
-0.5 T T T T T T T T
50 100 150 200 250 300 350 400 450

Wave number, nm

Fig. 1. UV absorption spectra of HA2, depending on the tillage intensity of the typical black soil: Control —
virgin soil; No Till — direct seeding; Min Till — disking; Trad Till — plowing.

It is known that intense absorption and appearance of the "shoulders" at the spectra of the
HA (in the area of 270 nm — 300 nm) are caused by quinones and chromophore functional
groups (oxygen and nitrogen-containing) — polyconjugated bonds of aromatic system of HA2,
having m-n* electronic transitions. The intense absorption band (at 310 and 340 nm) of the
HA?2 isolated from the typical black soil after plowing corresponds to the donor-acceptor
mechanisms as caused by m-n* electronic transitions in the ring system of the conjugated
bonds, in chelate complexes with transition metals.

FT-IR spectroscopy of the second fraction of humic acids (HA2)

In the FT-IR spectra of the humic acids similar characteristic absorption bands that show
similar structural elements and functional groups co-existing in these macromolecules are
identified (Fig 2).

The hydroxyl group (-OH), hydrogen bonds (H-bonds) absorb in range of 3600 cm™ —
3400 cm™; doublet of aliphatic structural components (-CH,, -CH3) — at 2900 cm™ and
2800 cm™'; oxygenated aromatic carboxyl group of (-COOH) and ketone (C=0) at 1710 cm’,
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1715 cm™ and given by quinon —OH group; aromatic double bond system with C=C — at
1625 cm™, and an absorption band corresponding oxygen-containing groups substituted with
metal ions — at 1333 cm™'. The appearance of 3137 cm™ band is based on the interaction of the
OH-group with metals (for example Fe*" or AI’") forming the various complex compounds.
This wave number is also associated with presence of the H-bonds, stabilizing individual
macromolecular structure of the HA2 dependending on the dimensional configuration of such
structures [4].

““‘h.'j
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Fig. 2. FT-IR spectrum of HA?2 isolated from the typical black soil under intensive tillage (plowing).

Analysis of the structural elements in the HA2 isolated from virgin soil indicates a high
content of aliphatic and aromatic structures. Intense absorption of the carboxyl group is
shown in aromatic system of the HA2 as extracted from the black soil after plowing. The
intense band 1333 cm™ corresponds to formation of metal complex, which is caused by a
complete replacement of the carboxyl group and a greater degree of ionization of the oxygen-
containing functional groups. The HA2 fractions isolated from the disked black soil are
characterized by a greater degree of aliphatic groups and a lower degree of oxygen-containing
groups in the aromatic system. The HA2 fractions isolated from the typical black soil under
zero tillage technology are characterized by a lower diversity in the structural and functional
elements.

ESR spectroscopy

Results of examining the HA2 through ESR are shown in Fig. 3. The resulting ESR
spectra have the g-factor of 2.0036 close to the g-factor of DPPH, and the broad line between
the wide range of absorption curves (inflection points of the absorption curve are distanced
from antinods approximately at 0.1 Tesla). Components of the fine and hyperfine structure are
not available in the obtained spectra. In the area of the g-factor of DPPH 2.0036 there is a
slight narrow "shoulder", corresponding to the signal of semiquinone radicals of the HA2 as a
result of imposition of the broad line of signal that has been shown in some studies by ESR
spectroscopy of humic acid [2, 11, 17, 19]. Availability of the narrow signal indicates to the
HAZ2 aromatic structure being formed due to oxidative condensation of quinones (lignin of the
plant tissue residue) by semiquinone radicals. Formation of the aromatic structures is
catalyzed by the enzyme polyphenoloxidase.
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Form of lines of all the ESR spectra is independent from the tillage technology. The said
spectra differ only by intensity, and accordingly to the number of paramagnetic centers (Fig.
4). We have found that plowing causes a significant increase in paramagnetic signal of the
HA2, due to increase in the number of paramagnetic centers (paramagnetic chelate
complexes) (Fig. 4).

Fe (IIT)
o)
/ OH
| I I | I I I l
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

H (T)
Fig. 3. ESR spectrum of HA2 from virgin soil. H(T) is measured in Tesla.

The concentration of PC, a. u.

Virgin soil Plowing Disking Direct seeding

Fig. 4. Concentration of paramagnetic centers (PC) in arbitrary units in HA2 depending on the tillage
intensity of the typical black soil.

Dynamics of the content of total carbon in the HA fractions of the typical black soil
(Table 1) point out to a formation of mobile humic compounds (increase of content the HA1
in humus) and reduction of total carbon at intensification of tillage of the typical black soil,
that is caused by a more intense biodegradation of the soil organic matter. The rate of decay
process of organic matter by enzymes depends on the overall ratio of carbon to nitrogen (C/N)
[20]. The maximum rate of the biodegradation of the humus typical black soil is observed
after plowing (Table 2, C/N ratio). Thus, plowing causes displacement of the coupled
processes of synthesis and decomposition of humus to the decay as associated with the change
of microbial community (Table 2, index of diversity), which gives rise to a change in the
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enzymatic activity of important enzymes like polyphenoloxidase and invertase performing the
formation of humic acids (Table 2).

Less intensive tillage of typical black soil (disking) has caused a lower mineralization and
some increase in total carbon accumulation of the HA2 and some smaller quantity of the HA1
as compared to plowing (Table 1). Importantly, a low content of the HA1 and a high content
of the HA2 at direct seedling (Table 1) point out to a formation of more inert humic acids that
reduce the overall mobility of the humic system and results in formation of structures of the
soil available to plants.

The virgin typical black soil, which is a natural ecological system, is characterized by a
more balanced state, caused by the shift of equilibrium between the synthesis and decay of
humus in soil, to the accumulation of humus (total carbon). Minimizing of tillage (disking and
direct seeding) causes a decrease of humus decay. At direct seeding an accumulation of inert
humus is observed. At disking, its quality indicators are more favorable for development of
plants. It is known that tillage induces changes of physical properties of the soil (contents of
the air and moisture) and leads to a redistribution in population of microorganisms by
mechanical tillage of the black soil [21]. Plowing leads to the improved aeration and causes
activation of aerobic microorganisms that mineralize the soil organic matter, that activate the
HA formation processes, as indicated by an increase of the HA1 after plowing and disking.

It has been found that intensification of tillage of the typical black soil induces strong
absorption of aromatic structures of the HA2 in the UV region (Fig. 1), caused by electronic
n-m* transitions. It is known that the n-n* electronic transition is associated with the transition
between the main and excited states of humic acids molecules, featuring the energy transition
[22]. As a result, the unpaired electrons are moved throughout the system of double bonds.
Hyperchromic effect in the HA2 after plowing is caused by a more active mobility of the =n-
electron system, which is due to the donor-acceptor interactions between the HA structure and
coordinated paramagnetic transition metals [22]. According to the results of FTIR
spectroscopy, appearance of a clear signal in the 1330 cm™ and absence at 1720-1710 cm™
(Fig. 2) bear evidence of the formation of complexes of carboxylic acid/ketone groups with
metals. The OH groups in the HA2 react with metal ions Fe’" and AI’" (Fig. 2). The
absorption ratio of the structural elements in the HA?2 testifies to a decrease in the proportion
of aliphatic structures with the tillage intensification, due to the increased mineralization
process, brining about to an increase in the content of carboxyl and ketone groups. The
content of aliphatic structures and oxygen-containing groups of the aromatic system increases
after disking. A smaller variety of structural elements is detected in the HA2 of typical black
soil after the non-tillage technology, due to the formation of inert humus substances. Subject
to the fact that the general shape of the ESR spectrum's line is not affected by the soil
treatment intensity, and differs only by the spectrum intensity (Fig. 3), we can conclude that
paramagnetic centers of the same structure (one type of paramagnetic centers) in the HA2
tested samples are formed. For example such a structure can be represented by paramagnetic
centers formed by complexes with paramagnetic metals of intermediate group. It may be
(Fe’"), since it is known that at room temperature the ESR signal of Fe*" is not detected [23].

The broad line in ESR spectrum of humic acids with g-factor of 2.0023 is associated with
the paramagnetic centers, which are represented by complexes with paramagnetic metals. It is
known that paramagnetic Fe** refers to groups with the electron configuration of the ions that
are in the S-state (spin moment of 6 (5/2) for Fe’" and Mn”") [23, 24]. In the above ions, the
orbital angular momentum is zero, so the main levels in the crystal lattice should not be split,
but the paramagnetic activity is shown. S-state ions in the complexes have the g-factor close
to the value of unpaired electron (2.0023) that is found in the spectra [23]. Thus, a broad ESR
line of the HA2 with the g-factor of the free unpaired electron clearly corresponds to the "non-
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free" unpaired electron in chelate complex with the ion Fe’". Aromatic systems of humic
acids are represented by different cyclic structures with the oxygen-containing functional
groups, the spatial configuration forming various complexes due chelate (and macrocyclic)
effects. Complexity of the organization of supramolecular structure increases the stability and
multifunctional properties of paramagnetic complexes and of the entire supramolecular
structure [24].

We have proposed a generalized structure scheme of the chelate supramolecular complex
of the HA2 (Fig. 5) subject to the data obtained by the UV, FTIR, and ESR spectroscopy.
Configuration of the supramolecular structure is also stabilized by the hydrogen bonds (like a
dative bond), and the latter may be united in cooperative paramagnetic clusters in the HA2
[27-29].

Fig. 5. Scheme of the fragment of supramolecular structure of HA2 from the black soil tillage by plowing,
including the cooperative cyclic interaction with Fe*" ions also stabilized by H-bond.

The ESR spectra of the HA2 isolated from the black soil after plowing tillage have the
highest intensity of signal (Fig. 4), due to a high content of paramagnetic centers represented
by paramagnetic chelate complexes with Fe’". In the aromatic system Fe’* chelate, the
complexes are formed owing to oxygen-containing groups due to the electrostatic
interactions. In the macroscopic approach, such complexes can be regarded as a cluster
structures with cyclic delocalized cooperative interactions because the electron-donor-
acceptor interactions with the formation of Fe’" complexes [24, 25-27] are observed in the
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HA2. Such complexes are paramagnetic due to overlap of the electron clouds of the
paramagnetic ion and ligands of m-aromatics system and the unpaired electron can move
throughout the system of double bonds of the complex [26-28].

The demonstrated intense mineralization after plowing of the typical black soil is
accompanied by a more active formation of the so-called "immature" humic formation of
associates of low molecular weight complex structure in the soil [5, 21]. This process is
connected with emergence of paramagnetic complexes with Fe’” in the HA2. Presumably,
subject to changes of external conditions (for example, redox potential), the supramolecular
complexes can dissociate into low molecular weight compounds [29, 30], especially in the
root zone of plants (rhizosphere) due to the plant exudation [6, 21]. It is known that in
rhizosphere, the biofermentation activity varies, which fact consequently impacts the
metabolic redox processes and pH, causing a change of the valence of the metals of the
intermediate group, in this case, of ions of Fe’™ into Fe’", with the intensification of
mechanical processing the soil, thereby affecting the physicochemical properties of the soil
[1,2,19,20].

CONCLUSIONS

It has been found that the methods of tillage of the typical black soil affect the
redistribution and content of agronomically valuable fractions of the HA1 and the HA2 in the
soil. Such effect is connected with the change of microbial and enzymatic activity in the soil
microbial community. It is shown that an increase in the tillage intensity causes a reduction in
the overall carbon content in the typical black soil and a decrease of the HA2 content through
a shift of equilibrium between the humus synthesis and decay in the direction of humus
degradation (mineralization). It is found that direct seeding results in low content of the HA1
and high content of the HA2 in the soil, testifying to formation of inerter humus in the soil,
and affecting fertility of the soil.

It is shown that the intense absorption of the HA2 in the near-UV region is due to the
active electron mobility in the n-n* electronic system of double bonds of the aromatic system,
caused by formation of the complexes with metals of the intermediate group. The HA2 that
are isolated from the black soil after plowing are characterized by the most intense absorption
in the UV area. It is shown that direct seeding gives rise to a lower diversity in the structural
and functional elements of the HA2. It is found that the soil disking increases the content of
aliphatic elements in the HA2 by reducing the mineralization process. It is proved that the
highest content of the metal-oxygen-containing groups in the HA2 of the typical black soil is
observed after intensive tillage. It is demonstrated that the broad line of the ESR spectrum of
the HA2 corresponds to a paramagnetic chelate complexes with Fe**. It has been revealed that
plowing provides an intramolecular rearrangement in aromatic system of the HA2, as
evidenced by the increase in number of the paramagnetic Fe’" complexes.
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