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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The prolonged and excessive application of phosphate
fertilizers in the agricultural soils of the Bukhara region has led to the accumulation
of poorly soluble phosphate and metal-ion compounds, reducing soil fertility and
nutrient bioavailability — a problem that requires targeted chemical intervention
and mechanistic explanation. Objective. The aim of this study is to synthesize urea
nitrate molecular complexes and evaluate their influence on the solubility of soil
phosphate and metal-ion compounds, as well as on the activity of humic substances in
the soils of the Zhondor district, Bukhara region. Methods. Molecular complexes of
the general composition xCO(NH,), 'yHNO; (x=1, y=1-3), designated mononitrate
(MNM), dinitrate (DNM), and trinitrate (TNM), were synthesized and applied to
soil samples; the effects on element solubility were analyzed by ICP-AES, while
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structural changes in humic substances were characterized by EPR spectroscopy
at 9.44 GHz using DPPH as an external standard. Results and conclusions. 1CP-
AES analysis showed that at pH < 4.0, DNM and TNM caused retrogradation of
phosphorus compounds — mobile P,Os decreased by up to 65.8% relative to the
control — while MNM most effectively increased the solubility of Fe,O; (64-fold)
and MgO (73-fold). EPR spectroscopy identified two types of humic acid radicals:
active (g=2.0033, AH=0.51 mT) and passive (g=2.0021, AH=0.48 mT), with
TNM treatment raising total free radical concentration to 2.735x10" spin/mm?
and establishing a predominance of active humic forms (J;:J, = 2:1). To prevent
phosphate retrogradation while simultaneously enriching soil nitrogen, urea nitrate
compositions with y < 1 (pH > 4.0) are recommended; MNM solutions represent
the optimal variant for mobilizing heavy metal-ion compounds in agricultural soils
of the Bukhara region.

Keywords: urea nitrate, EPR spectroscopy, ICP-AES, soil properties, nutrient
availability, retrogradation, humic substances, paramagnetic centers, Bukhara
region
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AHHOTauusl.  Ozexminizi.  byxapa  OONBICBIHBIH  aybUIIIAPYaIIbLIBIK
TONBIpaKTapblHa Y3aK Kbulgap Ooibl ImamagaH Teic Medmepae (ocdarTsl
THIHAUTKBIIITAP €HT13y Hatap epuTiH Gocop koHE METa-MOH KOCBUTBICTAPbIHBIH
KMHAKTATyblHA, TOMBIPAK KYHAPJIBUIBIFBI MEH KOPEKTIK 3aTTapblH eCiMIiKTepre
KOJDKETIMJILTITIHIH TOMEHJICYi1HE 9KeIJIi — OYJI MOcesie MaKCATThl XMMHUSITBIK BIKITAI
MEH MEXaHHCTIK TYCIHIipyai Tanan ereni. Makcamopi. OCbl )KYMBICTBIH MaKCaThl
— MOYEBMHA HUTPATBHIHBIH MOJICKYIAJbIK KEHICHACPIH CUHTE3EY KOHE OJapIIbIH
Byxapa o6mp1ce1 XKoH10p aynanbl TONbIpaKTapbIHIAFEl POc]aTTh dKOHE METAIII-HOH
KOCBUIBICTAPBIHBIH €pITillTiriHe, COHNal-aK IyMyC 3aTTapbIHbIH O€JICeHIiIriHe
ocepin Oaramay. Opicrepi. Xammbr kypamel XCO(NH,), yHNO; (x=1, y=1-3)
6omatein MHM, JIHM >xone THM MonekynabIK KeleH epi CHHTE3/IeIIN TOIbIPaK
yJIrisiepine KONJaHbUIAbI; 2IeMeHTTepAiH epirimririne ocep ICP-AES apkpuisl, an
TYMYC 3aTTapbIHBIH KYPBUIBIMIBIK e3repictepi DI chlpTKbl cTaHOapT peTiHae
nainanansuia oTeipsin 9.44 [T xuinikreri 1P ciekTpockonusicbIMeH 3epTTE .
Hoamuocenep men xopwvimotnowvinap. 1CP-AES nepexrepi OoiibiHma pH < 4.0
ke3inzge JJHM men THM ¢ocdop KochbICTapbIHBIH PETPOTpaJalusChiH TYAbIPIbI
— kbUDKBIMaNBl P,Os OakputayMeH canbICThipraHaa 65.8%-Fa Jeiiin TeMeHnel,
an MHM Fe,0; (64 ece) men MgO (73 ece) epiriluTirid eH THIMJII apTTHIP/IbL.
OI1P cnekTpocKonusichl TYMUH KBIIIKBIIAPBIHBIH Oencenai (g=2.0033, AH=0.51
MT) sxone maccuBti (g=2.0021, AH=0.48 MT) exi Typni pajuKanblH aHBIKTabI.
THM enyieyi epKin paavKangapIbIH Kajbl KOHIEHTPAaMACHIH 2.735%10" crun/
MM® AediH apTTHIpBIN, OenceHi Tymyc GopmanapblHbH yeremairia (J;:J, = 2:1)
KaJpnTacTeipasl. Docartapiply peTporpajanuschiH OONabIpMail TONBIPAKTHI
azortneH OaiibiTy ymin y < 1 (pH > 4.0) GonaTblH MOYeBHHA-HUTpAT KeIIeHepiH
Kongany ycwiHbutans;; MHM epitinninepi Byxapa o0ibIchl aybuliapyabuIbIK
TOIBIPAKTAPBIHAAFBl Ayblp METAJUI-MOH KOCBUIBICTAPBIH JKbUDKBIMANIBI (OopMara
ayBICTBIPY YLIIH OHTAMIIBI OOJIBIN TaObIIa IbL.

Ty#in ce3gep: moueBuHa Hutparsel, OIIP cnekrpockonusicel, ICP-AES,
TOTBIPaK KaCUETTEPi, KOPEKTIK 3aTTap/blH KOJKETIMALIIr, peTporpaialus, ryMyc
3aTTapbl, IapaMarHUTTiK OpTajbIKTap, byxapa aiiMarb
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AHHOTaUUs. Axmyanrvrocms. MHOTOJIETHEE M30BITOYHOE BHECEHUE (HOCHATHBIX
yaoOpeHU B CEIbCKOXO3SIMCTBEHHBIE MOYBBI ByXapckoro permona mpHBENO K
HAKOIUICHHIO TPYAHOPACTBOPUMBIX COeAMHEHHH (ocopa U MOHOB METAIIIOB,
CHIDKAIOLIMX TIJIOJOPOAME TIOYBBI U JOCTYNHOCTh MHUTAaTENIbHBIX BEIECTB.
Hannast mpobGiema TpeOyeT LeJIeHANpaBICHHOTO XMMHUYECKOTO BO3IACHUCTBHS U
MEXaHHCTHUYECKOTO OOBSCHEHUSI MPOLECCOB TpaHC(HOPMALUK MHHEPAJIbHBIX
U TYMYCOBBIX KOMIIOHEHTOB IIO4YBBl. [[ens. CHHTE3UpOBaTh MOJEKYISApHBIE
KOMIUIEKCHl HUTpaTa MOYEBHHBI M OLCHUTh MX BJIHMSHHE Ha PAacCTBOPUMOCTH
(docdaTHBIX COeIMHEHNH U COEIMHEHNH HOHOB METAJIJIOB, & TAK)KE HA aKTUBHOCTD
IYMYCOBBIX BemecTB nouB JKonmopckoro paiiona Byxapckoit obnactu. Memoosi.
Monexynsapubsie komrmiekcbl obmero cocrtaBa XCO(NH,),'yHNO; (x = 1, y =
1-3), Bkitouass MoHOHUTpaT MoueBuHb (MHM), munutpar moueBuns! (IHM) u
TpuHUTpaT MoueBuHBI (THM), ObuUIM CHHTE3MpPOBaHBI M HAaHECEHBI Ha OOpa3Ibl
MOYBBL. BiMsHNE KOMIJIEKCOB Ha PacTBOPUMOCTH JIEMEHTOB M3ydalll METOJ0OM
ICP-AES, a crpykTypHble H3MEHEHHUS TyMYCOBBIX BEILECTB HCCIENI0BAIN
metonoMm DIIP-cnekrpockonnu Ha yactote 9,44 I'Tn ¢ ucnons3zoBanuem JOIIT
B Ka4eCTBE BHEIIHETO cTaHiapTa. Pesyriomamul u 6v1600ul. [1o nanueim ICP-AES,
npu pH < 4,0 IHM u THM BbI3bIBanM peTporpaganuio coennHeHuil gocdopa:
nonBmwkHOCTh P,Os cHikanmacek 10 65,8% 1o cpaBHEHHIO ¢ KOHTPOJIEM, TOTAA Kak
MHM Haubonee 3¢ppeKTUBHO yBeNUUMBaI pacTBOpUMOCTh Fe,O; - B 64 pasza u
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MgO - B 73 pasa. DIIP-cnekTpockomnus BeISIBIIIA 1Ba THIIA PAUKAIOB TYMHUHOBBIX
kucnot: aktuBHBIA (g = 2,0033, AH = 0,51 mT) u nmaccusnsrii (g = 2,0021, AH
= 0,48 MT). [Ipu sTom 0Opaborka THM moBsImana cyMMapHYO KOHIIEHTPAITHIO
CBOOOIHBIX paguKaioB 10 2,735 x 10 cnuu/MM® ¢ npeobiiaJjaHieM aKTHBHBIX
rymycoBbix (opm (Ji» = 2:1). ns npexorBpaiienus perporpagauuu dpocdarton
pY OAHOBPEMEHHOM OOOTAILICHUH IOYBBI a30TOM PEKOMEHAYETCS! NMPUMEHEHHE
HUTPAT-MOYEBHHHBIX KoMIUIekcoB ¢ y < 1 mpu pH > 4,0. PactBopsr MHM
SBISIFOTCS. ONTHUMAJIBHBIM BapHaHTOM Uil MOOMJIM3ALMU TSDKEJIBIX COCAMHEHMN
HMOHOB METAJUUIOB B CEJIbCKOXO35IMCTBEHHBIX MMOYBaX byxapckoro pernosa.

KuroueBble caoBa: Hutpar MoueBuHbl, JIIP-cnextpockomnus, ICP-AES,
CBOMCTBAa TIIOYBBI, JOCTYITHOCTh IIUTATENIbHBIX BEIECTB, PpeTporpagauus,
IyMYCOBBIC BEIIECTBa, IapaMarHUTHBIC LIEHTPHI, byxapckuii pernon

Introduction. To date, a number of scientists have studied the composition,
structure and properties of nitrogen and phosphorus fertilizers and published
scientific results on their analysis of the effects on soil agrochemical indicators,
mineralogical state, growth of crop productivity (Gasser, et al, 1967; Irshad M, et
al, 2002). Previous studies have demonstrated that urea nitrate and urea phosphate
differ in their effects on nitrogen loss and crop growth compared to ammonium
nitrate (Gasser et al., 1967, Irshad et al., 2002).

Literary review. A group of Chinese scientists studied the effect of nitrogen
fertilizers on the absorbency of phosphorus in saline soils, concluding that it is
possible to increase the amount of soluble phosphorus by reducing the amount of
nitrogen fertilizers applied in saline soils (Liu X, et al, 2021). Periodic feeding of
phosphorus fertilizers into the soil will be useful to reduce the risk of phosphorus
loss due to the consumption of ineptisols and the reduction of phosphates in the
soil. To analyze this feature, the study used the method of 3'P NMR spectroscopy,
to determine the degree of soil saturation to phosphorus, and statistical analysis
methods (Wang et al. 2022).

Additionally, the electron paramagnetic resonance (EPR) spectroscopy method
has been employed by researchers in the compositional analysis of soil, and a
number of scientific findings have been published (Siqueira et al, 2011; Jezierski
et al, 2000). EPR spectroscopy has been used to identify soil mineral components
including ferrihydrite, hematite, and kaolinite through characteristic Fe’X resonance
lines (Siqueira et al, 2011).

During the long-term non-rational use of various minerag fertilizers, in the soils
of the land used in agriculture, the accumulation of non-absorbable forms of phos-
phorus fertilizers by plants leads to the fact that the efficiency of their use is very
low (Kozak et al, 2021; Xiao et al, 2021).

At the same time, accumulations of heavy metal compounds occur in these soils
due to various agrochemical, environmental factors, which are also confirmed by
scientific data that lead to a decrease in soil fertility and productivity (Khatun et al,
2022).
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In order to avoid the above negative situations or to eliminate the problem that
has arisen, it is the problems that await the current scientific and practical solution
of the synthesis of substances of special properties and the creation of effective
means based on them using existing chemicals in the Republic of Uzbekistan.

The object of this investigation is the analysis of urea nitrate salts through spec-
troscopic methods, with the aim of assessing their impact on soil composition and
properties.

In this work, urea was synthesized with nitric acid into mono- (MNM), di-
(DNM), and trinitrate (TNM) molecular complexes. Their effects on soil compo-
sition were assessed using ICP-AES (metal ion solubility) and EPR spectroscopy
(humic substance activity).

Materials and methods. Urea (NH,CONH,, GOST 6691-77, analytical grade)
and chemically pure nitric acid (63%, p = 1.385 g-cm-3, GOST 4461-77, “NAVOI-
YAZOT” JSC) were used as starting materials. The soil sample used in this study
was collected from agricultural land in the Jondor district of the Bukhara region,
Uzbekistan (40°13'N, 64°28'E). This site is representative of the irrigated gray-
brown soils (sierozem) typical of the Bukhara region.

Synthesis of Urea Nitrate and phosphate Salts. Mononitrate Urea (MNM) Salt
Synthesis. To synthesize mononitrate urea salt, 6 g (0.1 mol) of urea was measured
and dissolved in 28 ml of 20% HNO; solution (p = 1.12125 g/ml) with a molar ratio
of urea to nitric acid of 1:1 (S (o d):L(liqui . 1:5). The resulting solution was heated
to 40°C and stirred for 30 minutes using a magnetic stirrer, leading to the formation
of a colorless solid. The reaction equation is as follows:

CO(NHz)z + HNO3 > [(NH2)2COH+]NO3-

The solid formed was vacuum-filtered after 1 hour, yielding a white, hygroscopic
crystalline compound. The mass of the product was 10.332 g, corresponding to a
yield of 84%. The melting point (1.:X) of the compound was determined to be 137°C.
The product is highly soluble in water, and its solution exhibited an electrolytic
conductivity of y = 160.1 mS/cm (25°C).

Synthesis of Dinitrate and Trinitrate Urea Salts

The synthesis of dinitrate and trinitrate urea salts was performed using the same
method, but with adjusted molar ratios of urea to nitric acid (M:HNO;) of 1:2 and
1:3, respectively. The obtained solid products were characterized by the following
properties:

Dinitrate urea salt (DNM): Melting point (te[]): 139.5°C, Conductivity (y):
106.2 mS/cm (aqueous solution at 25°C)

Trinitrate urea salt (TNM): Melting point (te[]): 142°C, Conductivity (y): 101.3
mS/cm (aqueous solution at 25°C).
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Scheme 1. Reaction scheme for the synthesis of urea nitrates.

Research methods. The analyses of the substances were carried out using
various spectrophotometers. The total and plant-available phosphorus content
in the “Bukhara” soil was determined in accordance with the requirements and
methodologies outlined in GOST 20851.2-75. The experimental work was
conducted using a UV-1900i spectrophotometer (Shimadzu, Japan) and a V-5100
spectrophotometer (Metash Instrument Co., Ltd, China). Plant-available phosphorus
was determined using 2% citric acid and 0.2 M Trilon-B solutions in accordance
with GOST 20851.2-75.

The content of other elements in the samples was analyzed using a
“Quantima-E1440” (ICP-AES) inductively coupled plasma optical emission
spectrometer from “GBC Scientific Equipment” company, relative to a standard
sample. “Assi Standart” USA standard solution samples were utilized for the
analyses.

EPR spectra and the concentration of paramagnetic centers (PMC) were
determined for soil samples treated with urea nitrate solutions. EPR spectra were
recorded using an “SPINSCAN X”, “ADANI RUS” spectrometer (Belarus)
operating at a frequency of 9.44 GHz. A stable free radical — diphenylpicrylhydrazyl
(DPPH) (g=2.0037+0.0002) — was used as an external standard.

Results. To determine the changes in the content of P, O, Ca** and Mg*" ions in
soil samples under the influence of MNM, DNM, and TNM. For the experiments,
a soil sample from the Jondor district of the Bukhara region was selected. The
total content of P,Os and its citric acid extractability were determined. The
amount of mobile phosphorus in soil is reported with varying values by different
authors. Considering the soil type, the mobile phosphorus content is given as 3.0-
4.5 mg/100g. For fine-powdered soils, this value is reported as 10-15 mg/100g.
In general, information is provided that the solubility of P,O, in a 2% citric acid
medium is higher than its solubility in a 0.2 M Trilon-B solution.
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According to the obtained results, the investigated “Bukhara” soil sample was
determined to belong to the high category.

It is known that urea and nitrates, along with molecular complexes based on
them, are predominantly used as nitrogen fertilizers for agrochemical purposes. For
this reason, the effect of NM salts on soil composition and agrochemical parameters
was studied. The primary focus was on investigating changes in the solubility and
assimilation of nutrient compounds within the soil.

To achieve this, a “Bukhara” soil sample, currently used in agriculture, was taken
and treated with a Q:S=1:3 ratio in an aqueous medium under ambient conditions
with mechanical stirring. The resulting soil suspension was filtered to separate the
liquid phase (solution) and solid phases. An identical solution and solid residue
were obtained from an aqueous suspension of untreated soil (not processed with
nitrourea salt solutions) and used as a control sample. The total amount of P,O
in the “Bukhara” soil sample, along with its solubility in 2% citric acid and 0.2
M Trilon-B solutions, was determined. Phosphorus assimilability was measured
photometrically at A = 400-440 nm (UV/Vis-1900i spectrometer) following
standard extraction procedures. The results are presented in Table 1.

Mobile P,Os in gray-brown soils typically ranges from 25-250 mg/kg (Fang N,
et al, 2022; Do Nascimento C. et al, 2018). The “Bukhara” soil was classified as
low-mobile, and NM salts were applied to increase phosphorus availability under
acidic conditions.

Table 1. Analysis results of the effect of urea nitrate salts on the solubility of phosphorus
compounds in the “Bukhara” soil sample.

Soil PO " PO, ™ General Ca? | Mg*
T/r | Sample name | suspension m g2/1 (5% ) mg/1 (%) PO, mg/l | mg/l
pH mg/1 (%)
1 | Primary Soil | 6.28+0.42 | 41.11 (20.9) |51.83(26.36)| 169.7 (8.54)| 260 | 228
2 Soil+MNM 4.6+0.53 |32.17(16.36) | 50.04 (25.45)| 125.1 (6.36) | 120 72
3 Soil+DNM 4.25+0.38 | 37.53(19.08) [47.14 (25.45) | 89.36 (4.54) | 140 96
4 Soil+TNM 3.76 £0.72 | 33.62 (17.11) |42.89 (21.81)| 58.08 (2.95)| 140 | 120

"Citric acid absorbability; " Trilon-B absorbability.

However, the data presented in Table 1, obtained from the experiments, show
an anomalous difference in the solubility of phosphorus compounds in the soil
under the influence of NM salts compared to what was expected. It was found that
the mobility of accumulated phosphorus compounds (fertilizers) in the soil sharply
decreased under the influence of these salts relative to their mobility in water. Based
on these results, it was concluded that the problem cannot be positively resolved by
the action of the nitrate urea molecular complex solutions [xCO(NH,),yHNO,] (x
=1, y = 1+3) tested in the studies.

The discrepancy between the theoretically expected high solubility from a
chemical standpoint and the lack of practical results in soil agrochemistry is
explained by the acidic fixation of phosphorus compounds (i.e., retrogradation)
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occurring in the soil at a pH < 5.5 (Fang N, et al, 2022; Do Nascimento C. et al,
2018). At pH < 4.0, the increased concentration of AI** and Fe*" ions in the soil
solution leads to the formation of sparingly soluble aluminum and iron phosphates
according to the reactions:

A" + H,PO,- — AIPO,| + 2H" and
Fe** + H,POy- — FePO, | + 2H".

The solubility products of AIPO, (Ksp = 9.84x10-?') and FePO, (Ksp = 1.3x
102?) are extremely low, which explains the sharp decrease in mobile P,Os
observed in Table 1. Thus, the acidic conditions created by DNM and TNM,
rather than increasing phosphorus availability, promote its irreversible fixation in
mineral forms inaccessible to plants. These findings necessitate the development of
molecular compositions [xCO(NH,),"yHNO,] (x=/, y < 1) within the solutions of
salts formed by CO(NH,), and HNO,, which would yield an optimal pH value of
5.5-6.3 to ensure maximal mobility of phosphorus compounds in the soil.

The results obtained from the effect of synthesized urea nitrate solutions on
sparingly soluble salts and on “Vobkent” soil have been described in the authors
previous studies (Mardonov et al, 2023). The following conclusion was drawn from
these studies. Urea salts of nitric and phosphoric acids with different compositions,
highly soluble in water, have been synthesized. Experimental results indicate that
aqueous solutions of urea nitrate salts can dissolve various poorly soluble metal
ion compounds, including heavy metal ions that accumulate in soil. Preliminary
laboratory studies revealed that these synthesized salt solutions influence the
bioavailability of P,Os for Tr-B and citric acid in soil to varying extents. Among
them, urea dinitrate and diorthophosphate demonstrated the highest efficiency,
ranging from 8.26% to 11.52% and 8.28% to 9.52%, respectively, compared to
the control soil sample, which showed values of 1.07% and 0.787%. The citric
acid-soluble phosphorus (P,O,) in soil represents the amount (in mg or mass %)
of sparingly water-soluble but soluble in weakly acidic environments (i.e., under
the influence of a 2% citric acid solution) metal ion (Ca2, Mg, Al3, Fe'*)
hydrophosphate (dibasic) salts (HPO,*). This value characterizes the amount of
phosphorus from fertilizers and mobile phosphorus compounds in the soil that is
assimilable by plants.

The effect of MNM, DNM, and TNM on the solubility of sparingly soluble salts.
Experiments were conducted to investigate the ability of urea nitrates (MN) salts
to enhance the solubility of various metal ion compounds. This enhancement is
attributed to the dissociation of H" ions from HNO, within the MN salts and the
electron-donating properties of the N and O atoms in the amide group of the urea
molecule, despite MN salts themselves being less soluble in water compared to
isolated urea (CO(NH,),) 19g/100g water at 20°C; 35.65g at 30°C) and nitric acid
(HNO,). The experiments focused on studying the solubility of sparingly soluble
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compounds (oxides, phosphates, sulfates, hydroxycarbonates) that may be present
or accumulated in industrial equipment, waste products, and agricultural topsoils.

For this purpose, the solubility of CaHPO,, Fe,O,, CaSO,-H,O and (CuOH),CO,
under the influence of [xCO(NH,)," yHNO,] (x = 1, y = 1+3) (conc.) solutions was
investigated.

The obtained results (m(sample)=3.0 g, Q:S=1:3) revealed that Fe O, dissolved
by 9.7% under the influence of MNM, 17.2% with DNM, and 27.8% with TNM.
CaHPO, dissolved by 20.8%, 34.1%, and 50.6% under the influence of UN
salts, respectively. CaSO,-2H,O dissolved by 2.6%, 2.82%, and 3.05%, while
(CuOH),CO, (malachite) dissolved by 2.4%, 3.4%, and 6.34%. In general, an
increase in the solubility of these salts was observed with an increasing proportion
of HNO; (y=1<2<3) within the UN composition. Among the studied compounds, an
increasing order of solubility (at y=1, 2, 3 values) was determined as (CuOH),CO,
< CaSO, 2H,0 <Fe, 0, < CaHPO,.

Discussion. Investigation of the effect of urea nitrate salts on the solubility of
various metal ion compounds in the “Bukhara” soil. The «Bukhara» soil was treated
with [xCO(NH,),-yHNO;] (x=1, y=1-3) solutions (C = 0.01 mol/l, Q:S = 1:3);
untreated soil served as control. ICP-AES analysis of the liquid phases revealed the
following element solubility patterns.

Considering individual elements, it was observed that mononitrate urea (MNM)
increased the solubility of Al O, in the soil from 61.74 to 181.9 mg/I (a 2.95-fold
increase). Conversely, a sharp (paradoxical) decrease in ALO, solubility was
observed under the influence of DNM and TNM, i.e., samples with higher HNO,
content.

Among the metal ions of particular importance and constantly monitored in soil
composition is the Ca** ion. Under the influence of mononitrate urea, the amount
of Ca*" ions in the soil decreased by 1.8 times, and phosphorus (P,0,) decreased by
23.41 times (from 4.5 to 0.192 mg/1). Concurrently, an increase in medium acidity
was expected to lead to a decrease in the solubility of silicon compounds. However,
an increase in SiO, solubility was observed under the influence of all urea nitrate
(1:1 + 1:3) salts.

In conjunction with the above, the solubility of MgO in the soil under the
influence of NMs was found to be significantly higher compared to the aqueous
suspension (66.17 mg/l): 73.82 times higher with MNM (4884.75 mg/1), 68.84
times higher with DNM (4554.92 mg/1), and 73.15 times higher with TNM (4840.5
mg/l). This indicates that the solubility of NMs, regardless of their composition
(y=1, 2, 3), is higher in acidic conditions and is not dependent on y, but is nearly
uniform.

Similar changes were observed for soluble K,O and Na,O compounds in the
soil. The solubility of K* ion compounds in water was 130.9 mg/1, while under the
influence of MNM, it increased to 19820 mg/l, DNM to 213.2 mg/l, and TNM to
194.3 mg/I (Figure 2). This indicates an increase in the order of TNM < DNM <
MNM by 1.484, 1.628, and 151.4 times, respectively. Although the solubility of
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sodium compounds in water (134.3 mg/l) was close to that of K* ion compounds,
and a weak positive dynamic was observed under the influence of NM salts, this
characteristic was found to be independent of the molecular ratios of the initial
components in the [xCO(NH,),"yHNO,] (x = 1, y = 1+3) complexes; specifically,
solubilities of 141.20 mg/l for MNM, 142.40 mg/l for DNM, and 142.25 mg/] for
TNM were observed.

The concentration of Zn** ion compounds in aqueous solution was 0.190 mg/1.
Under the influence of MNM, it increased to 5.20 mg/l, or 27.37 times higher.
However, under the influence of DNM, a significant 2-fold increase, and under
TNM, a 7.9-fold increase was determined. An anomalous change was also observed
in the solubility of these ion compounds.

Furthermore, data indicated that Ba?* and Cu*"ion compounds are very sparingly
soluble in water, and their values remained almost unchanged under the influence
of MNM, measuring 9.05-9.35 and 3.94-4.48 mg/l (respectively) (Table 2). This
can be explained by the presence of Cu?* ions primarily as very sparingly water-
soluble Cu,(OH),CO, — hydroxycarbonates (azurite, Ksp = 1.1-10-*° or malachite,
Ksp = 1.7-10-**) in the soil. This low solubility (9.40-6.34%) for Cu,(OH),CO;
— malachite was also recorded in our experiments on the solubility under the
influence of NM salts. The solubility of Ba*" ion compounds in the analyzed soil
sample in aqueous suspension and under the influence of NM solutions was also
very low. This can be explained by the potential presence of this ion in the soil as
Ba (PO,),(OH), a generally sparingly soluble and acid-resistant compound (Ksp =
1-10-°°).
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Compared to all the aforementioned metal ion compounds, Cd** ions possess
high toxicity (Khatun et al, 2022). It was determined that the compounds of this
ion, whose oxides and salts accumulate in the soil, exhibit very low and almost
identical solubility (6.12-10-* + 7.31-10-* mg/l) in “Bukhara” soil, both in water
and under the influence of MNM, DNM, and TNM salts (Figure 1). This indicates
that the soil’s pH value does not significantly affect the solubility of these cadmium
compounds.

The results obtained from ICP-AES analyses of soil samples were arranged in the
following order, and graphs illustrating the correlations between the concentrations
of various element ions are presented in Figures 1-3, according to Table 2.

The numbers designated on the x-axis of the graphs represent:

Aqueous solution of “Bukhara” soil sample,

Solution of “Bukhara” soil sample in MNM,

Solution of “Bukhara” soil sample in DNM,

Solution of “Bukhara” soil sample in TNM. The values designated on the y-axis
of the graphs represent the solubility values (in mg/l) of the corresponding chemical

elements (and their compounds).
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Figure 1. Change in the concentration of Al%, Cd™, Zn*? and Ba* ions in the solution of a
“Bukhara” soil sample under the influence of urea nitrate salt solutions.

Concurrently, the conclusion regarding the increase in the N:P ratio or the total
nitrogen content relative to other components leading to an increase in nutrient and
microelement concentrations indicated no effect on the current solubility of these
ions (Navizaga et al, 2017).
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Figure 2. Change in the concentration of Na*, K*, Ca™> and Mg*? ions in the solution of a
“Bukhara” soil sample under the influence of urea nitrate salt solutions.

The solubility of heavy metals in the soil, including Fe’“3/FezO3 compounds, was
highest under the influence of MNM (568.75 mg/1), which was 64.15 times higher
than in water (8.866 mg/l) and 25.73 times higher compared to DNM and TNM

(Figure 3).

100
90

80
70

60
50

——Fe

40

——Mn

30

—Si

20

~ 2208

10

0
0

-~
o
N

u

3,945

1 2 3 4 5

Figure 3. Change in the concentration of Fe™, Mn*? and Si™ ions in the solution of a “Bukhara”

soil sample under the influence of urea nitrate salt solutions.

Thus, MNM (y=1) most effectively mobilized metal ions in soil, while higher
HNO; content (y=2, 3) caused phosphate retrogradation at pH < 4.3.

EPR spectroscopic analysis of the state of humic substances in “Bukhara” soil
as a result of the influence of MNM, DNM, and TNM solutions. This section of
the research work presents the results and preliminary analyses of the structural
changes in soil samples treated with synthesized urea salts, investigated by Electron
Paramagnetic Resonance (EPR) spectroscopy. It is noteworthy that the practice of
studying the structural and agrochemical changes in soil and its components under
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the influence of chemical substances using this method is being applied for the first
time in the Republic of Uzbekistan.

The general chemical composition of humic substances corresponds to the
following empiric formula: CXHyNZOquMr (ALO)), (S8i0)) _ (H,0), where M
represents metal ions such as Mn™2, Ca™?, Mg®, Al”, Fe™, Mn"? and x, y, z, p, q,
I, m, n are stoichiometric coefficients. The corresponding hypothetical structural
formula for a humic acid (HA) fragment, as proposed by Kleinhempel, is presented
below (Kleinhempel, 1970).

According to the formulas and schemes presented above, humic substances in
soil are primarily complex in composition, consisting of macromolecular fragments
containing free radicals, and their quantity determines the agrochemical properties
of the soil. Considering this, EPR spectroscopy and NMR spectroscopy methods are
employed to determine changes in the properties and quantity of humic substances
in the soil (Tkachenko et al, 2020; Flogeac et al, 2005).

According to established EPR-based methodology (Jezierski et al, 2000;
Tkachenko et al, 2020), two distinct types of free radicals are identified in soil
humic substances: (1) the active form (HA . ), representing humic acids not bound
to the mineral matrix of the soil, characterized by semiquinone-type radicals with
g-factor 2.003 and exhibiting higher paramagnetic center (PMC) density; and (2)
the passive form (HApame), representing humic acids complexed with metal ions
(Fe**, Mn?*, AI*") or silicon components of the soil mineral fraction, characterized
by g-factor 2.002 and comparatively lower PMC density. The ratio of active to
passive forms (J;:J,) serves as a quantitative indicator of soil humic substance
quality and agrochemical activity. These radical types and their metal complexes
are directly identified and quantified in the EPR spectra of treated soil samples
(Figures 4-7) based on characteristic g-factor values and line widths.

Therefore, we utilized EPR spectroscopy to study the quantity and properties
of humic acids in “Bukhara” soil, and the following results were obtained. The
g-factor, AH-line width in mT, and the concentration of paramagnetic centers (N .-
10"-10'8 concentration (conc, spin/mm? and existing concentration-M)) were used
as key indicator parameters. When the “Bukhara” soil sample was treated with
urea nitrate (MN): xCO(NH,),:yHNO, where x=1, y=1,2,3 (MNM - mononitrate),
(DNM - dinitrate), (TNM - trinitrate) salts respectively, it became evident that
metal ions from the soil’s mineral components, such as Mn*?, Ca™?, Mg™, Al" and
Fe™?/Fe** compounds, transitioned into the aqueous solution, leading to a change in
the quantity of organic components—humic substances.

It was determined that chemical interaction with urea nitrate salts did not
increase, but rather decreased, the solubility (mobility/assimilability) of mineral
substances in the soil. On the other hand, preliminary research results indicated that
urea nitrate salts were effective in altering the quantity and increasing the activity
of humic substances (paramagnetic centers), which determine the agrochemical
effectiveness of the soil.

195



ISSN 2224-5278 3.2026

When “Bukhara” soil interacted with urea nitrate salts, a relative increase
in humic compounds in the soil was observed. It was determined that as the
proportion of nitric acid in the NM salts increased, quinoid (semiquinone) radicals
characteristic of humic acids were formed, as recorded in EPR spectra, and the type
and quantitative ratios of humic substances changed.

In the solid-state spectrum of the control “Bukhara” soil sample, EPR lines
characteristic of expected humic acid radicals were not observed. Instead, lines
characteristic of the Mn*? ion were recorded in a spectrum consisting of 6 equidistant
lines, and two lines corresponding to its spin are presented in Figure 4 (g=2.016,
AH=8.8 0.1 mT).

After treating this soil sample with an MNM solution (CO(NH,), - 49.8% and
HNO, - 51.2%), a complex spectrum was recorded (Figure 5). In the center of
the spectrum, doublet lines characteristic of free radical (FR) substances appeared,
characterized by parameters g =2.0033, AH =0.51 mT, and g,=2.0021, AH_=0.48
mT. This indicates the presence of two types of humic acids (HAs) in the soil: the
first being active humic acid (HA . ) and the second inactive (HApassive) humic
substances. It also suggests the presence of low-mobile substances in the soil in
compound form with mineral components (Fe™, Al”, Cu™?, Mn*" and other M™
ions). Lines characteristic of isomorphically substituted Mn*? ions in the Ca™
ion compounds within the soil were also observed, and a significant decrease in
the intensity of the Mn** ion lines at the center of the spectrum was noted. When
calculating the FR content in the mineral base and soil sample from the spectrum,
for the 1st line: N, =2.654-10", Concentration=3.792-10"* spin/g; Molar =
6.30-10° M; and for the 2nd line: N_,.=6.882-10", Conc. = 9.745-10" spin/
mm’*; Molar=1.619-10° M. This result proves that HNO, within mononitrate urea
interacts with mineralized humic substances in the soil, exhibiting an acidic (H*)
decomposing property towards them. Simultaneously, due to the oxidizing property
of the HNO, molecule, the paramagnetic Mn* ions transformed into diamagnetic
Mn™ ions, leading to a decrease in the intensity of the manganese(II) ion lines in
the EPR spectrum (Figure 5).

In the EPR spectrum of the soil sample treated with a DNM solution, which has
a higher quantitative share of HNO, ((CO(NH,),-32.25% and HNO, - 67.75%), a
decrease in the intensity of the active humic acid (HA_, ) line corresponding to
£,=2.0033 and an increase in the amount of the passive humic component (g,=2.0021)
were observed (the intensity ratio of the lines in the spectrum J :J =1:2.25; Figure
6). The total amount of free radicals (FR) in this sample was N, =1.609-10",
Conc. = 2.30-10" spin/g; Molar=3.820-10° M. The decrease in the intensity of
the active humic acid line is explained by its formation of mineralized complex
compounds [Mn(HA_. ) ] (n=2 or 4) with newly formed Mn"*ions (Jezierski A, et
al, 2000). The complete absence of Mn2 ion lines in this spectrum is evidence that
it was fully oxidized by the higher amount of HNO; in DNM (compared to MNM).

Under the influence of the TNM (CO(NH,), - 24.10% and HNO, - 75.9%)
solution, this ratio led to an increase in the amount of active HAs (J :J,=2:1), and the
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total FR amount was N_ . =2.735-10'5, Conc.=3.907-10"* spin/g; Molar=6.49-10"

CPC1

M, as ESR spectra shown in Figure 7.
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Figure 4. EPR spectrum of “Bukhara” soil. | Figure 5. “Bukhara” soil + MNM EPR spectrum.
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Figure 6. “Bukhara” soil + DNM EPR
spectrum.

Figure 7. “Bukhara” soil + TNM EPR spectrum.

When the “Bukhara” soil sample is treated with solutions of [xCO(NH,),:yHNO, ]
molecular complexes of varying compositions (y=1,2,3), an increase in the HNO,
proportion within the NM composition affects the quantity of active and passive
humic components in the soil. Initially, the components of the MNM solution lead
to the decomposition of mineralized humic compounds in the soil. In the subsequent
stage, under the influence of the DNM solution, the complete detachment of HA
radicals from the mineralized portion, along with the oxidation of paramagnetic
Mn* ions in the soil to a higher oxidation state (Mn*™) due to the action of nitrate
(NO,) ions, led to a decrease in the intensity of Mn-? ion specific lines in Figure 5.
This caused the samples to disappear from the spectrum in subsequent stages (Figure
5). The reason why active and passive (g=2.0033, g=2.0021) HA lines decreased
to a J:J,=1:2.25 ratio under the influence of the DNM solution is explained by the
selective complex formation between Mn* ions and HA .

Under the influence of the TNM solution, the intensity of the lines in the spectrum
reached a 2:1 ratio, which is explained by the increased proportion of HNO,; in the
solution leading to an increase in the amount of active HA in the soil sample. This
is due to [Mn(HA . ),] having transitioned to a mineralized state. A decrease in
the intensity of the HA . free radical (FR) specific lines in the EPR spectrum was
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observed due to a reduction in its FR content. As a result of the interaction of the
TNM solution with the “Bukhara” soil sample, the high proportion of HNO; in this
complex facilitated its decomposition, ensuring an increase in Mn*" + HA_ . (pH
< 4) content in the soil, thus providing a basis for this conclusion.

Conclusions. Summarizing the results, it can be concluded that urea nitrate
salts, while reducing the mobility of phosphorus compounds in the soil (due to
retrogradation), simultaneously provide the opportunity to increase the quantity
of another key agrochemical component—humic acids (HAs)—and enhance the
proportion of active components within them, i.e., to activate HAs bound to mineral
components. To determine the amount of humic substances, which are difficult and
time-consuming to quantify in soil, and to solve related problems, it is expedient to
use the EPR spectroscopy method, based on determining the concentration of free
radicals within these substances.

For the first time, structural and chemical compositions of these soil samples
were studied using modern physicochemical research methods (ICP-AES and
EPR-spectroscopy). This revealed both the transition of metal ions into the aqueous
solution in the soil and an increase in the activated state of humic nutrient units
in the soil (from a 1:2 ratio to a 2:1 ratio). It was concluded that the synthesized
nitrate salts of urea exhibit properties as an agrochemical stimulator, increasing the
solubility of accumulated heavy metal ion compounds in the soil, improving soil
structure, and enhancing the amount of active forms of humic substances.
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