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Abstract. The widespread use of polyethylene terephthalate in the production of
soft drinks and oil packaging results in a large amount of waste accumulating in
landfills. In landfills, waste is exposed to sunlight, heat, and various aggressive
environments. The most harmful of these in Central Asian conditions is high solar
radiation, which promotes photo- and photo-oxidative degradation. This study
evaluates how intense Central Asian ultraviolet (UV) radiation affects secondary
PET (SPET). Post-consumer PET sheets were exposed up to half a year of natural
sunlight and accelerated ultraviolet radiation. The structure and thermochemical
analysis of PET samples were studied. The most resistant to photooxidative
degradation was undyed (transparent) RPET. Over half a year, its average
molecular weight decreased by 8.8%. It was also found that the degradation rate of
RPET containing pigments of other colors also decreased. The data presented
show that the highest degradation rate during this aging period was observed in
RPET used for the production of brown bottles - 36%. Apparently, the depth of
degradation is also affected by the initial molecular weight of RPET. In addition, the
presence of dyes in RPET cannot be ruled out. The dark brown pigment contributes
to the complete absorption of ultraviolet rays, which leads to a deeper destruction
(36%).

Keywords: different colored secondary polyethylene terephthalate samples, UV
weathering apparatus, Infrared (IR) spectroscopy analysis, Differential scanning
calorimetry, molecular characteristics, degree of crystallization.

Annotatsiya. Polietilen tereftalatning alkogolsiz ichimliklar va moyli qadoglash
ishlab chigarishda keng qo'llanilishi poligonlarda ko'p migdorda chigindilar
to'planishiga olib keladi. Poligonlarda chiqgindilar quyosh nuri, issiglik va turli xil
agressiv muhitlarga duchor bo'ladi. Markaziy Osiyo sharoitida ulardan eng zararlisi
yuqori quyosh nurlanishi bo'lib, u foto va fotooksidlovchi parchalanishni
kuchaytiradi. Ushbu tadqigotda Markaziy Osiyo ultrabinafsha (UB) nurlanishining

Ernazarova S.Sh. Study on the degradation of polyethylene terephthalate waste under the influence of
ultraviolet (UV) radiation // Journal of future. 2026. Vol. 2. Iss. 1. pp. 1-9. https://doi.org/10.5281/
zenodo.19628918
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ikkilamchi PET (IPET) ga ganday ta'sir gilishi o‘rganilgan. Iste'moldan keyingi PET
chiqgindilari yarim yilgacha tabiiy quyosh nuri va tezlashtiriigan ultrabinafsha
nurlanishiga uchragan. IPET namunalarining tuzilishi va termokimyoviy tahlili
o'rganildi. Fotooksidlovchi parchalanishga eng chidamlisi bo'yalmagan (shaffof)
IPET ekanligi aniglandi. Yarim yil ichida uning o'rtacha molekulyar og'irligi 8,8% ga
kamaydi. Shuningdek, boshga rangdagi pigmentlarni o'z ichiga olgan IPET ning
parchalanish tezligi ham pasayganligi aniglandi. Tagdim etilgan ma'lumotlar shuni
ko'rsatadiki, ushbu degradatsiya davrida eng yuqori parchalanish darajasi jigarrang
namunalar ishlab chigarish uchun ishlatiladigan IPETda kuzatiigan - 36%.
Ko'rinishidan, parchalanish chuqurligiga IPET ning dastlabki molekulyar og'irligi
ham ta'sir giladi. Bundan tashqari, IPET tarkibida bo'yoqlar mavjudligini inkor etib
bo'lmaydi. To'q jigarrang pigment ultrabinafsha nurlarining to'liq yutilishiga hissa
go'shadi, bu esa chuqurroq yo'q qilinishiga olib keladi (36%).

Kalit so'zlar: turli rangli ikkilamchi polietilen tereftalat namunalari, UV nurlanish
apparati, infraqizil (IQ) spektroskopiya tahlili, differensial skanerlash kalorimetriyasi,
molekulyar xususiyatlari, kristallanish darajasi.

AHHoTaumua. LWupokoe npumeHeHne nonuatuneHtepedtanata (M3T) npwu
Npon3BoACTBE YNakoBKM ANA 6e3ankorofibHblX HanUTKOB U pacTUTENbHbIX Macen
NpMBOAUT K HakKonneHuto 60nbLoro KonumyecTtBa OTXOA4OB Ha nonuroHax. Ha
cBarnkax oTxodbl MNoABepralTcs BO3OEUCTBUIO COSMIHEYHOrO CBeTa, Tenna u
pasnnyHbIX arpeccuBHblXx cpen. Havbonee BpegHbIM (hakTopoM B YCrOBUSIX
LleHTpanbHoM A3umn sIBRSIETCS BbICOKasi CONHEYHas paguauumsi, cnocobcTeytoLllas
doTo- 1 oTookMcnuTENbHOM pAerpagaumn. B paHHon paboTte wmccnegoBaHoO
BMUAHNE MHTEHCUBHOrO ynbTrpaduoneTtoBoro (YP) nanyyenms LeHTpanbHon Asumn
Ha BTopudHbin [1OT (BI3T). OtpaboTtaHHble [19T-nnCcTbl nogsepranuch
BO3ENCTBUIO €CTEeCTBEHHOro COIMHEYHOro ceeTa n YCKOPEHHOIo
ynbTpadMoneToBoro M3nydeHns B TedyeHuMe nonyroga. bbinn  npoBefeHbl
CTPYKTYpPHblE U TepMOXmmumyeckne aHanuabl obpasuyoB [MOT. Haubonee
YCTOMYMBBbIM K (POTOOKUCNUTENBHOM Aerpajaumm okKasancsa HeoKpalleHHbIN
(npo3payHbin) BIMOT. 3a nonroga ero cpegHeB3BELLEHHAsA MOJSEKYNspHas macca
cHmsnnacb Ha 8,8%. Takke ycCTaHOBIEHO, 4YTO CKOpOCTb Aerpagauvn BI13T,
cogepxaliero nUrMeHTbl APYrnx LUBETOB, Takke CHwkaetcd. [lpeacTtaBneHHble
AaHHble MOKa3blBaloT, YTO Hambonbllasa cTeneHb Aerpajauun 3a SaHHbIn nepuog
ctapeHna Habnwoganace Yy BII3T, wucnonb3oBaHHOro [And NpPOM3BOACTBA
KOpu4HeBbIX ByTbiNok — 36%. O4yeBnaHo, YTo MybunHa aerpagaunmn Takke 3aBuCcuUT
OT uMCXoOoHOW MonekynsipHon maccbl BIMOT. Kpome TOro, Hemnb3s wucknwo4vatb
BNUAHWE Kpacutenen, npucytcteyrowmx B BIMOT. TéMHO-KOPUYHEBLIN MUTMEHT
crnocobCTBYET MOMHOMY MOMMOWEHUIO YNbTpadMoneToBbIX SlyYyen, YTO NPUBOAUT K
6onee rnybokon gectpykuunn (36%).

Knroyeeble cnoea: obpasubl 8mOpuUYHO20 ronusamuneHmepegpmanama pasHbix
usemos, ycmaHoeka ons Y®-cmapeHus, UHpaKpacHbIU (VIK)
criekmpockonu4yeckut aHarnus, ouchpepeHyuarnbHas CKaHupyrouw,asi
KaropumMempusi, MOJIEKY/ISPHbIE XapakmepucmuKu, cmerneHb Kpucmasulayuu.

INTRODUCTION

Polyethylene terephthalate is widely used in the production of products, materials,
and spare parts in many sectors of the national economy and is the second largest
polymer in terms of production volume [1,2]. This growth has significantly expanded



2026-yil, 1-SON ISSN: 3093-8899 | EUTURE-JOURNAL.UZ JOURNAL OF FUTURE

the volume of secondary PET (SPET), which in turn necessitates the adoption 01‘C
innovative recycling technologies [3]. Recycled polyethylene terephthalate (PET)
materials have become one of the most important areas in the plastics industry
today to solve environmental problems and effectively manage resources. PET
plastic is widely used in bottles and other products, and its recycling allows for
environmental protection, waste reduction, and the creation of new products [4].

Degradation of polymers in open landfills is associated with many factors: sunlight
(ultraviolet, visible, infrared), oxygen, water (dew, rain, humidity, snow), heat
(temperature) and dust, smoke, nitrogen oxides, sulfur dioxide, carbon monoxide
and other components. During recycling and subsequent use, as well as storage,
PET is exposed to the combined effects of various chemical environments,
temperature and oxygen, the effects of which are synergistically enhanced. This
leads to degradation, which occurs through the breaking of bonds between atoms.
[5]. The results of many studies allow us to develop recommendations for the
production of yarns and fibers with reproducible properties. An important factor in
this regard is the study of the original color of RPET during photooxidation
processes [1].

A number of scientific studies are being conducted to study the changes in the
properties of RPET during storage under natural conditions in a natural test site
and in a climate chamber. [4].

The region is characterized by high solar irradiance throughout the year, elevated
summer UV indices, low relative humidity, and large diurnal temperature
fluctuations [6]. These factors can contribute to the deterioration of PET’s molecular
characteristics. While innovative approaches to PET recycling are being
implemented in Central Asia, there is still a clear need for systematic studies on the
photodegradation of SPET under these climatic conditions [7].

The present research addresses this issue by investigating the UV-induced
degradation of secondary PET under Central Asian climatic conditions. This study
investigated the effect of exposure of clear, clear1, blue, green, and brown PET
bottle samples to natural conditions and a climatic apparatus on the destructive
processes occurring in RPET due to the color of the glass paint.

MATERIALS AND METHODS

Post-consumer clear PET beverage bottles collected from Samargand municipal
recycling centers were shredded, washed with 1 % Na,CO, solution, rinsed, and
dried at 80 °C for 12 h.

Film Preparation

Flakes were melt-pressed into 1 mm thick films at 270 °C for 5 min under 5 MPa in
a hydraulic hot press, then quenched between cold plates.

Exposure Conditions

Natural Weathering:

Location: Tashkent, Uzbekistan (41° N, 69° E).

Table 1. Characterization

Technique Instrument & Conditions Measured Property
FTIR Bruker Alpha Il, 4000-400 cm-', 4 cm™! Chemical groups
resolution
DSC TA Q2000, N, atmosphere, 10°C min~' Glass transition (Tg), melting point

(Tm), crystallinity

Tensile Instron 3345, ASTM D638 Tensile strength, elongation
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Period: April-September (UV index 7-9).

Average daily temperature: 10—40 °C.

Samples mounted at 45° facing south.

Accelerated UV Aging:

Q-SUN Xe-3 chamber with 340 nm lamps, 0.8 W m—2 at 60 °C.

Intervals: 250, 500, 750, 1000 h.

RESULTS AND DISCUSSION

After only three months of natural outdoor exposure, the sPET films developed a
noticeable yellow tint, a classic indicator of photo-oxidation. Ultraviolet (UV)
photons generate free radicals in the aromatic polyester backbone, producing
carbonyl and carboxyl chromophores that absorb visible light and shift the film’s
color toward yellow tones [8]. After 1 000 h of accelerated UV irradiation, the
films became brittle, reflecting extensive chain scission and oxidation of the
amorphous domains that normally impart flexibility [9]. Films yellowed after three

Table 2. Tensile Properties of rPET after UV Exposure

Condition Exposure Tensile Strength Elongation at Break
(MPa) (%)
Control Oh 6312 182+ 10
Natural 6 mo 42+ 3 94 +8
Accelerated 1000 h 33+2 M7

months outdoors and became brittle after 1000 h in the chamber. Table 2
summarizes mechanical properties.

Tensile strength dropped by 35% outdoors and 47% under accelerated UV.

Tensile strength dropped by ~35 % outdoors (62 — 43 MPa) and ~47 % in the
chamber (62 — 34 MPa).

Elongation at break fell even more sharply: ~49 % reduction after natural exposure
(180 — 95 %) and ~62 % under accelerated UV (180 — 69 %).

These declines reflect a loss of molecular weight from chain scission, increased
crystallinity as amorphous regions degrade, and embrittlement from oxidative
cross-linking [10,11]. Photo-oxidation: UV absorption by the aromatic
terephthalate groups produces excited states and radicals, which react with oxygen
to form carbonyl, hydroxyl, and carboxyl end groups [8,12]. Chain scission and
crystallinity changes: The shortening of polymer chains lowers entanglement
density, while preferential degradation of amorphous zones increases the relative
crystalline fraction, making the material stiffer and more brittle [11,13].

These results highlight the need for UV-stabilization strategies — such as adding
hindered amine light stabilizers (HALS), titanium dioxide pigments, or surface
coatings — when rPET is intended for long-term outdoor applications [14]. Residual
catalysts or degradation products from the recycling process may further accelerate
UV sensitivity [15].

The FTIR spectra of the recycled PET (sPET) films (Figure 1) reveal two key
changes after UV exposure:

1. New Carbonyl Absorption at ~1714 cm-'. A distinct shoulder/peak near
1714 cm™ emerges after UV aging. This band corresponds to C=0 stretching
vibrations of newly formed aldehyde, ketone, or carboxylic acid groups created
through photo-oxidative chain scission. UV photons excite the aromatic ester
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backbone, producing radicals that react with oxygen to form carbonyl end groupsC
and low-molecular-weight oxidation products. Similar growth of a 1714 cm~' peak
has been widely reported for PET exposed to sunlight or accelerated UV [8,10].

2. Broad O-H Stretch around ~3400 cm-'. A broad band near 3400 cm~! appears
and intensifies with exposure. This is characteristic of hydroxyl (—OH) stretching
from alcohol or carboxylic acid groups generated by hydrolytic cleavage of ester
linkages. Photo-oxidation often proceeds alongside hydrolysis when trace moisture
is present, yielding terminal hydroxyl and carboxyl groups [9,11]. The breadth of
this band indicates hydrogen-bonded hydroxyl groups in low-molecular-weight
oligomers or surface-adsorbed water.

Photo-oxidation pathway:

— PET absorbs UV light (A = 315-365 nm), generating singlet and triplet excited
states.

— Homolytic cleavage at the a-position to the ester oxygen yields alkoxy and phenyl
radicals, which combine with oxygen to produce peroxy radicals.

— Subsequent reactions form hydroperoxides that decompose to carbonyl-
containing species (ketones, aldehydes, carboxylic acids), explaining the strong
1714 cm~" peak [8,12].

Hydrolytic cleavage:

— UV-induced radicals and elevated surface temperatures facilitate ester bond
hydrolysis in the presence of ambient moisture.

— Cleavage of the —COO- linkages produces hydroxyl and carboxyl end groups,
responsible for the broad O—H band at 3400 cm~" [8,11].

These spectral changes are consistent with the mechanical property losses
reported earlier, as chain scission lowers molecular weight and increases
brittleness. The growth of carbonyl and hydroxyl bands serves as a molecular
fingerprint of degradation and can be used to monitor service life or evaluate UV-
stabilizer performance. Incorporating UV absorbers or hindered amine light
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Figure 1. FTIR spectr of rPET films after different UV exposure times (insert your
own plot here).

stabilizers (HALS) can reduce formation of these functional groups and slow
embrittiement [14].



JOURNAL OF FUTURE ISSN: 3093-8899 | EUTURE-JOURNAL.UZ 2026-yil, 1-SON

The emergence of a strong carbonyl band at 1714 cm-! and a broad hydroxyl band
at 3400 cm™' provides clear spectroscopic evidence of photo-oxidative and
hydrolytic degradation in UV-exposed sPET, directly linking chemical bond
cleavage to the observed yellowing, embrittlement, and mechanical strength loss.

DSC Analysis

DSC thermograms (Figure 2) indicate:

Slight increase of melting temperature from 245 °C to 250 °C.

Crystallinity increased from 27% (control) to 34% (1000h).

This suggests recrystallization of shorter chains created during photo-scission.
1. Small T , increase (245 — 250 °C)

A 3°C upward shift in the endothermic melting peak is small but meaningful. It
generally indicates either (a) slight thickening of crystalline lamellae, (b)
formation of more perfect (higher-order) crystals, or (c) a shift in the population
of crystal sizes toward larger/more thermally stable crystals. Mechanistically, when
photo-scission shortens chain segments, the mobility of segments in the
amorphous phase can increase locally, allowing shorter chains or oligomers to
reorganize and fold into more perfect crystalline structures during cooling and
subsequent thermal cycles — producing crystals with slightly higher melting
points [8,12].

Note: small T shifts can also arise from experimental factors (heating rate,
baseline subtraction, sample mass, or minor changes in thermal history). Report
the DSC scan rate and whether the reported T is the peak maximum or onset;
peak maximum is most common for comparisons.

Increase in crystallinity (27% — 34%). The measured rise in degree of
crystallinity (~6,5 percentage points, i.e., a relative increase of =215 %) is
consistent with recrystallization or secondary crystallization of degraded
(shorter) chains. Shorter chains have higher mobility and can more readily fold into
crystalline lamellae, increasing the overall crystalline fraction at the expense of the
amorphous phase [10,16]. Increased Xc is frequently observed during thermal or
photo-oxidative degradation of semi-crystalline polyesters: the amorphous domains
are preferentially attacked (chain scission), leaving behind or enabling growth of
crystalline regions [9,17].

An increase in crystallinity explains the concurrent mechanical embrittlement:
higher Xc typically yields higher modulus and lower toughness/elongation, because
crystals act as rigid domains that reduce chain mobility and energy dissipation
under load.

Chain scission (observed from FTIR carbonyl growth and mechanical loss)
decreases average molecular weight and generates oligomers and new chain ends
(-OH, —COOH). These shorter fragments are kinetically able to reorganize into
crystalline packing more easily than long entangled chains, thus promoting
recrystallization and crystal perfection during subsequent thermal cycles or slow
annealing at ambient/processing temperatures [8,9,10].

Formation of oxidation products (carbonyls, carboxyls) at chain ends can act as
nucleation sites for crystal growth or alter chain folding behavior, subtly affecting
lamellar thickness and melting point distribution [12,16].

Melting peak shape / double melting peaks — double or broadened melting
endotherms indicate a distribution of crystal sizes/lamellar thicknesses (less perfect
vs more perfect crystals). Report whether the T _ shift is associated with peak
narrowing or the appearance of a shoulder.

Cold crystallization (Tc) — check for changes in cold crystallization enthalpy or
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T_; decreased cold crystallization enthalpy after aging indicates an increased pre—C

e)cgsting crystalline fraction.

Enthalpy of fusion (AH;) and calculation details — ensure you used the accepted
reference AHY, for 100% crystalline PET (commonly 140-140.1 J-g' depending on
source) when calculating Xc. Report the baseline, integration limits, and whether
AH; was corrected for any cold-crystallization enthalpy.

First vs second heating scans — compare to separate scans to separate thermal

DSC /(mW/magq)

(1.7
{

exo £ t ] -

0 50 100 150 200 250
Temperature /°C

Figure 2. DSC thermograms of sPET before and after UV exposure

Table 3. DSC Data

Sample Tg (°C) Tm (°C) Crystallinity (%)
Control 75 245 27
6 mo natural 78 249 33
1000 h UV 80 250 34

where AH; is the measured enthalpy of fusion, AHcc is cold-crystallization enthalpy (if present), and
AHY is the reference enthalpy for 100 % crystalline PET (=140 J-g"), your reported change from 27
— 34 % is a robust indication of increased crystalline mass fraction. Explicitly state the AHf, scan
rate, and whether AHcc was subtracted.

history from permanent morphological change. A true material change will persist in
the second heating after erasing history during a fast melt/cool cycle.

Central Asia is characterized by high annual solar irradiance, UV indices
frequently >8, low relative humidity, and large day—night temperature swings.
Our data confirm that these conditions accelerate photo-oxidative degradation
compared with values typically reported for temperate regions such as northern
Europe. FTIR spectra revealed rapid growth of the carbonyl band near 1714 cm-
and a broad hydroxyl band at 3400 cm-', indicating oxidation and hydrolysis. DSC
thermograms showed a gradual rise in crystallinity and a small upward shift of the
glass-transition temperature, consistent with chain scission and recrystallization.

UV photons initiate homolytic cleavage of ester linkages in the PET backbone,
forming macroradicals (R—Oe<, R—C¢). In the presence of oxygen, these radicals
yield peroxy radicals (ROOe¢) and hydroperoxides (ROOH). Subsequent
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decomposition produces carbonyl and hydroxyl functionalities and low-molecular-
weight fragments, which further propagate radical reactions [5]. Daily heating—
cooling cycles enhance molecular mobility and oxygen diffusion, increasing the rate
of these radical reactions.

DSC analysis indicated a rise in crystallinity (=6,5 % absolute) after prolonged
UV exposure. Such secondary crystallization arises as shorter scission
fragments reorganize into more ordered lamellae. This process raises stiffness but
lowers toughness, explaining the observed decrease in elongation at break
despite only a moderate drop in tensile strength. Similar embrittlement from UV-
induced crystallization has been reported for PET films aged under strong solar
radiation. When normalized for total UV dose, the loss in tensile elongation in our
samples was roughly 40% faster than that reported for outdoor aging tests in
Germany and Japan [4,18,19,20,21,22,23,24,25,26]. This confirms that standard
temperate-climate protocols underestimate degradation rates for sPET in
Central Asia.

For outdoor products made from sPET—such as packaging films, geotextiles, or
panels—enhanced stabilization is essential. Strategies include incorporation of
hindered amine light stabilizers (HALS), benzotriazole UV absorbers, or
inorganic particles (TiO,, ZnO) as UV shields. Surface coatings or multilayer
laminates could further slow oxygen ingress and photon penetration. Future work
should explore long-term field exposures across Central Asia, evaluate the
synergy of UV and particulate pollutants, and optimize additive packages tailored to
the region’s extreme solar conditions.

CONCLUSION

This study demonstrates that secondary PET (sPET) is highly susceptible to photo-
oxidative degradation under both natural Central Asian sunlight and accelerated UV
exposure. Mechanical testing revealed a tensile-strength loss of about 35 % after
outdoor weathering and up to 45-47 % under intensified UV, confirming a significant
decline in structural integrity.

Spectroscopic analysis (FTIR) identified the formation of carbonyl and hydroxyl
groups, clear evidence of photo-oxidation within the polymer chains. Differential
scanning calorimetry (DSC) showed roughly a 6-6,5 % increase in crystallinity,
indicating chain scission and recrystallization of shorter molecular segments. For
outdoor applications, the following mitigation techniques are strongly
recommended:

UV stabilizers — Incorporate hindered amine light stabilizers (HALS) to scavenge
free radicals and slow chain oxidation.

Protective nanoparticle coatings — Apply TiO, or ZnO nanocoatings to reflect and
scatter UV radiation, reducing surface degradation.

Polymer blending — Combine sPET with UV-resistant polymers such as ASA, PC,
or PVDF to improve long-term durability.

Overall, safe and durable use of sSPET in environments with intense solar radiation
requires a comprehensive approach that includes chemical stabilization, surface
protection, and material modification.
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Abstract. During the research, the optimal conditions for the synthesis of
2-hexadecyl-2-imidozoline C,,H,,N,, 2-octadecyl-2-imidozoline C,,H,,N,, and
2-octadecyl-2-imidozoline C,,H;;N, from the three-acid fraction (TAF) obtained by
adsorption of wood chips and extraction in isopropyl alcohol were determined. 98%
ethylenediamine was used for the synthesis. TAF is a mixture of palmitic, oleic, and
linoleic acids, present in a ratio of 30.3+22.7+42.3% by mass, respectively.

Keywords: imidazolines, trihydric acid fraction, fatty acids, corrosion inhibitor,
diamides, oil production, environmental sustainability

Annotatsiya. Tadqigotlar davomida yog‘och qipig‘ini adsorbsiyalab va izopropil
spirtida ekstraksiyalab olingan uch Kkislotali fraksiyadan (FTK) 2-geksadetsil-
2-imidozolin  C,,H,,N,, 2-oktadetsil-2-imidozolin C,,H,,N, va 2-oktadetsenil-
Usmonova Y.Sh., Kadirov X.I., Nurmanova J.Y., Obidov Sh.B. Synthesis and properties of some five-membered

biazocyclic derivatives // Journal of future. 2026. Vol. 2. Iss. 1. pp. 10—19. https://doi.org/10.5281/
zeno0do.19629316
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2-imidozolin C,,H4,N, sintez qilishning maqgbul sharoitlari aniglandi. Sintez uchunL

98% etilendiamin ishlatilgan. FTK mos ravishda 30,3+22,7+42,3% massa nisbatda
bo‘lgan palmitin, olein va linol kislotalarining aralashmasidan iborat.

Kalit so‘zlar: imidazolinlar, uch atomli kislota fraksiyasi, yog‘ kislotalari, korroziya
ingibitori, diamidlar, neft ishlab chiqarish, ekologik barqarorlik

AHHoOTaumuAa. B xoge vccnegoBaHun Obinv onpedeneHbl ONTUManbHbIE YCIOBUS
cuHTesa 2-rekcageumn-2-umuposonuHa C,oH, N,, 2-okTageuunn-2-mmmnaosonvHa
C,H N, n 2-oktageuenun-2-umvaosonuta C,,H, N, 13 TpexkmcnotHon dpakuum
(®TK), nonyyeHHon apcopbumen [OpeBECHOW CTPYXKM W IKCTpakumen B
nsonponunosomM cnupte. Ons cuHTesa ucnonb3oBanu 98% atuneHanamuH. OTK
npegcraenser cobon cmecb NanbMUTUHOBOW, ONEMHOBOW W FIMHONIEBOW KWUCHOT,
cogepxawmxcs B cootHowweHunn 30,3+22,7+42,3% macc. COOTBETCTBEHHO.

Knroyeenbie cnoga: umMudasonuHbl, mpexkucriomHas pakyusi, XUpHble KUcriomsi,
uHeubumop Kopposuu, Ouamuldbl, Hegpmeodobbigarowass MNPOMbIWIEHHOCMb,
3Korioau4eckasi ycmoulyugocme.

INTRODUCTION

Corrosion is the process and result of the physicochemical interaction of a material
with the environment. Corrosion leads to a change in the properties of the metal
(mainly in the direction of deterioration of the properties of the structural material),
as well as to a change in the properties of the environment or technical system in
which this material is a component. Such a definition corresponds to the
international standard 1ISO 8044 [1-3].

Metals and metal alloys are the most important structural materials for many
industries. However, they are susceptible to corrosion, i.e., deterioration under the
influence of various physicochemical and biological factors. Metals and alloys
decompose as a result of environmental influences, which can be chemical,
electrochemical, or mechanical. Corrosion can occur due to the presence of
aggressive components in technological media, as well as the high intensity of
technological operating modes of equipment, such as high pressure, temperature,
and the flow rate of the technological medium [4-7]. This leads to the appearance of
significant mechanical stresses in the metal, which, together with the high corrosive
aggressiveness of the technological media, accelerate the corrosive-mechanical
wear of oil production equipment [8-10].

The main cause of corrosion is the thermodynamic instability of the metal in the
oxidation process. Instability refers to the process of spontaneous transition of a
metal to a more stable state, which occurs with an increase in the oxidation state -
the metal forms oxides, bases, or salts [11-12].

Corrosion inhibitors are widely used in the oil and gas industry to protect various
well equipment, pump-compressor pipelines, pipelines, and acid storage tanks.
Individual substances, as well as compositions of chemical compounds, can act as
inhibitors. When using them, certain technological standards must be observed,
including achieving a high degree of protection at the minimum amount of reagent
used, maintaining high effectiveness in acidic compositions for at least 30
days [13-15].

At the initial stage of obtaining a complex-acting inhibitory composition,
alkylimidazolines with various structures and many production methods were
studied as an active base. It is known that the composition of substances and the
method of synthesis influence the corrosion-protective properties of the inhibiting

11



12

JOURNAL OF FUTURE ISSN: 3093-8899 | EUTURE-JOURNAL.UZ 2026-yil, 1-SON

composition [16-18]. Alkylimidazolines are thick, viscous, water-insoluble paste-like
substances, the high viscosity of which makes it difficult to use them in further
research, dosing them at a certain concentration. Therefore, imidazoline samples
are used in dilution with solvents with low freezing points in various ratios: the most
common solvent among alcohols is methanol, which has the lowest freezing
point [19-20].

Imidazolines and compositions based on them demonstrate a high protective effect
not only against carbon dioxide and hydrogen sulfide corrosion but also in acidic
environments [21-23]. Based on this, imidazoline compositions with the addition of
surfactants and solvents were tested in aqueous solutions of hydrochloric and
sulfamic acids with a mass fraction of 5, 10, 15% for 24 hours at room temperature.
The concentration of inhibitor compositions ranged from 0.03 to 1.00% by mass.
According to GOST R 9.905-2007 and the technical regulations of companies
operating in the oil and gas extraction industry, the permissible limit corrosion rate
of St.3 steel under these conditions should be 0.2 g/ (m2-hour) [24-25].

Carboxylic acid diamides are poorly soluble in water and organic solvents,
decompose into monoamides under reaction conditions, have low surface activity,
and negatively affect the quality of the finished product due to their presence in it
[26]. Separation of diamide from the finished product is carried out by the
rectification method and requires additional expenses. To achieve economic
efficiency in industry, a mixture of fatty acids is used, not pure fatty acids [27-28]. At
the same time, the use of a mixture of fatty acids leads to technological problems in
determining the optimal reaction conditions and a decrease in the yield of
imidazoline, an increase in by-products. Experiments show that the resulting
alkylimidazoline and diamide ratios are related to the electrophilicity of the carbonyl
group carbon of the acylating agent, i.e., the chain length of the carboxylic acid
hydrocarbon radical [29-30].

METHODS

In the course of the research, the optimal conditions for the synthesis of
2-hexadecyl-2-imidazoline C,,H,N,, 2-octadecyl-2-imidazoline C,,H,,N,, and
2-octadecyl-2-imidazoline C,,H;,N, from the three-acid fraction (TF), obtained by
adsorption with wood sawdust and extraction in isopropyl alcohol, were
determined. 98% ethylenediamine was used for the synthesis. UVF is a mixture of
palmitic, oleic, and linoleic acids and is maintained in a ratio of 30.3+22.7+42.3%
by mass, respectively.

One of the important methods for the synthesis of alkylimidazolines is the synthesis
of fatty acids of ethylenediamine or polyethylene polyamines:

R— COOH + H,NCH,CH,NH, —» +2H,0
N\VN—H
R
or their reactions with esters [21]:

R— COOR! + H2NCH2CH2NH2 —> +RIOH +H,0O
Ny N-H ?

h

R

The process takes place in two stages. Step 1: Formation of fatty acid with
ethylenediamine to form acid amidoamines:

R~ COOH + H,NCH,CH,NH, — R - CONHCH,CH,NH, + H,0
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Stage 2: heterocyclization of acid amidoamine with the formation of
alkylimidazoline derivatives:

R- CONHCH,CHNH, —> H,0

h

R

The secondary products of the process are diamides:
R - CONHCH,CH,NH, + R - COOH —» R - CONHCH,CH,NHCO - R + H,O

Three different reactions were carried out to determine the optimal conditions for
the heterocyclization reaction. The sequence of the experiment: a three-neck flask
was equipped with a thermometer, a Wurtz nozzle with a Liebig cooler, and a
mechanical stirrer; thermal treatment of the reaction mass was carried out using an
electric heater. 100 g of UCP and 100 g of ethylenediamine were placed in the
reactor and heated to 40°C, and the mixer was activated during the dissolution of
UCP. With intensive mixing and a gradual increase in temperature, condensation of
water vapor was observed in the refrigerator at 130°C, and the condensate was
collected in the collector. With an increase in temperature above 200°C, an excess
of ethylenediamine was also distilled, and at a temperature above 250°C, the
reaction water of heterocyclization was distilled. Heat treatment was carried out at
270°C for 1 hour. Then the process is carried out in a vacuum, and the temperature
is 180 mm Hg. During 1 hour, complete heterocyclization was carried out, and the
remaining water was separated.

During the research, the mechanism of chemical transformations was investigated,
and pure fatty acid - palmitic acid - was used as an acylating reagent in the
experiments. It has been established that with an increase in the temperature of the
reaction mixture, fatty acids react not only in a mono-, but also in a dimeric state
and form three-molecular complexes in the acid-amino-acid system through
hydrogen bonds according to the following scheme:

L0--H-0
CisHy - €2 o 7€~ Cistly + TN - CH,CH, - NH, —>
O H H-0—
—» CylL,, - c/\O ) H‘_\,NH - CH,CH, - INC 7€~ Custl

(1)
Three-molecular complexes form diamides (2), diammonium salts (3), and acid
amide monohydrates (4) with a stable structure, possessing ion-exchange activity
at 130 °C:

O-H -H-0—
Cpsly, - cf\O ) H__\,NH - CH,CH, - N - 7€ - Cistla—>
0
7
Cistlsn - O\ - cryoH,-NH— + 2H,0
;€ —CysHy
O/
(2)
O---—H -H-0—
CysHs, C/\O_HjNH-CHZCHZ-HN\H.MO¢C-C15H31 —
C.Hy -CZ - _
157531~~~ NH, - CH,CH,- NH; - O~
— ,C—CysHy,
O/
(3)
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40 - He H-0— )
CusHlyy - €2 NH - CHLCH, - Ny 07¢  Cistla—
0
.c?
- Cisth - O\ - e, cm,- N1, - HO— + H,0
O/C*C15H31

(4)
An excess of ethylenediamine provides a strongly basic medium for the reaction,
and under such conditions, a proton shift occurs in three-molecular complexes,
forming salts with a binary structure:

C, i, -2 +H,0

~~NH - CH,CH,- NH, - HO~_ + H,N - CH,CH,-NH, ——»
O/C - C15H31

oo, -0
15731 -~ NH, - CH,CH,-NH, (5)

At the same time, with an increase in temperature by 130 °C, internal diamidation
of ammonium salts or hydrates also occurs:

(0] .0
e — -CZ +
2CsHa - C o+ N - cyen,-Nm, 2 G C—m - cmyem, e, RO

(6)
This reaction, accompanied by the transition of the binary complex to
diamidoamine, is of great importance in the formation of alkylimidozolines, and
during the second stage of thermal treatment of the reaction, 2-hexadecyl-
2-imidozoline is formed from aminoethylenamide of hexadecyl acid:

/O

- + 2H,0
2 C15H31 C\NH _ CHZCHZ _NH2 — 2 NYN -H 2

C15H31 (7)

Hexadecylic acid aminoethylenamide, in turn, can also be formed by amidation
from an acid-amino-acid three-molecular complex:

C\dity, - 20
TSN - CH,CH,-NH, - HO— (o, H;NCH,CH,NH, —
O/ — “15H431

(0]
7 +H,0
— 2 C15H31 C\NH _ CHZCHZ _NH2 2 (8)

Aminoethylenamide of hexadecylic acid forms diamides in the secondary direction:

O
o4
CsH;, C\NH - CH,CH,-NH, - HO—_
_,C—-CH;,
o7 T

—

e, -7’
15751 T Y NH - CH,CH,- NH—

o7

+ H,O
C- C15H31 :

(9)
In this case, considering the ease of formation of the acid-amino-acid three-
molecular complex compared to the reactions of the initial carboxylic acid and
ethylenediamine, and the ease of implementation of the internal complex reaction
compared to intermolecular interaction reactions, it is clear that diamide is formed
in any excess amount of ethylenediamine (even with a 20-fold increase). Along with
the heterocyclization of acid amidoamine, the heterocyclization of diamides is also
observed, and the formation of 2-hexadecyl-1- (2-hexadecyl aminoethyl)-
2-imidazoline also influences the selectivity of the reaction. In the composition of
the products obtained under the conditions of the conducted experiments, peaks
close to the molecular mass of 2-hexadecyl-1- (2-hexadecyl aminoethyl)-
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2-imidozoline diamides are observed:
40

~NH - CH,CH,-NH CH,CH,NH + H,0
(?C CliHﬂ Y \/C CysHs,

CisHy, - €2

CysHy (10)

Thus, to reduce the amount of the secondary product diamide in the synthesis of
alkylimidazolines, it is necessary to prevent the formation of the initial acid dimer
and thus the formation of the acid-amino-acid three-molecular complex. To achieve
the goal set during the research, reactions were carried out in the "ethylenediamine
carboxylic acid" system, and the sequence of adding the initial reaction raw
materials was studied. At the first stage of heat treatment, ethylene diamine was
initially introduced into the reactor, and then the reaction was carried out by
bimolecular acylation without the initial stage - the formation of ammonium salts -

with the transfer of carboxylic acid:

40 40
CysHs, - C\OH + H,N - CH,CH, - NH,— CH;, - C\NH CH,CH, - NH + H,0

40
C,Hs, - 7 + H,0

~~NH - CH,CH, NH NyN—H

C15H31

Stepwise transfer of diamine to carboxylic acid limits the formation of the resulting
acylamidoethylenamine by the following reactions:
/O /O

C,H;, -CcZ
C15H31 C\NH CHZCH2 NH + 155731 ~O0OH —

— c.h, -cZ°
15731 " ~NH - CH,CH,- NH — + H,0
07¢~ Cistla

.0

7
Crstlsi - C—Np - cn,cH, - NH, €

40
> Oty L, CH,CH,- NH — * H,N - CH,CH, - NH,
O/C C15H31

After transferring the entire amount of carboxylic acid to the reaction medium, the
control of the reaction was continued in the same manner as in Experiment 1. The
synthesis was completed, and the resulting product was analyzed by IR
spectroscopy and gas-liquid chromatography methods.

RESULTS

In the IR spectrum of the product obtained as a result of the reaction, bands of C=N
valence vibrations characteristic of the imidazoline heterocycle (1608 cm-1),
intense bands characteristic of C=0 (1668 cm-1), and absorption characteristic of
N-H deformation vibrations (1556 cm-1) were observed.

Chromatographic analysis showed that the total surface area of alkylimidazoline
peaks is 1:28 relative to diamide peaks, and the quantitative ratio is 0.48: 99.52%
by mass. In this case, a sharp decrease in the content of 2-hexadecyl-1- (2-
palmityl-aminoethyl) -2-imidazoline was also observed and amounted to 1.52%
compared to 2-hexadecyl-2-imidazoline.

Thus, it was possible to minimize the amount of diamide formation by changing the

15
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Figure 1. Product obtained in the "Ethylenediamine— carboxylic acid" system
IR spectrum

Figure 2. Chromatogram of the product
J obtained at a ratio of EF: EDA 1:4:
6-,7- and 9-alkylimidazolines; products
of acylation of ethylendiamine with
palmitic, oleic, and linoleic acids,
respectively
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Figure 3. Chromatogram of the product
| obtained in the "Ethylenediamine

I —Carboxylic Acid" system: 6- 7-, and

| 9-alkyl-imidazolines; products of

I acylation of ethylene diamine with
I palmitic, oleic, and linoleic acids,
respectively
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sequence of feedstock transfer in the carboxylic acid system to ethylenediamine.

DISCUSSION

At the initial stage of the research to determine the process of inhibitor adsorption,
the corrosion rates of steel samples in various aggressive environments were
studied. The use of mineralized water saturated with hydrochloric and sulfamic
acids, as well as dissolved gases such as carbon dioxide and a mixture of carbon
dioxide and hydrogen sulfide, made it possible to assess the influence of such
factors as the composition of the medium and the pH value on the activity and
adsorption of the developed inhibitory composition. The change in the movement of
the medium from static to 1 m/s helped to assess the influence of the flow rate of
the aggressive medium on the adsorption properties of the corrosion inhibitor. The
time interval from 3 to 24 hours was used to determine the time required to achieve
maximum adsorption of the inhibiting composition on the metal surface.

Fig. 4 (A and B) shows the dependence of the corrosion rates of St.3 steel samples
on the duration of the experiment in a water-saturated layer of mineralized model
saturated with CO, and H,S.

According to the obtained data, it is established that the corrosion rate in an
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KOPPO3WS TE3MUMU, I/M> coaT
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Figure 4. Dependence of the corrosion rate of St.3 steel on the experimental time in

an MPV medium saturated with a mixture of carbon dioxide and hydrogen sulfide.

Experimental conditions: at a temperature of 20+2°C, with the addition of an
alkylimidazoline +PAV inhibiting composition in an amount of 0.06% by mass, at the
following rotational speeds:

When adding an inhibiting composition, at concentrations selected based on the

results of previous studies: 0.06% by mass in acidic media and 60 g/m3 in aqueous
media, at room temperature and rotational speeds from 0 m/s to 1.0 m/s.

aggressive medium saturated only with carbon dioxide is higher than in an aqueous
medium with the addition of carbon dioxide and hydrogen sulfide. This can be
explained by the formation of corrosion products with different properties and
different mechanisms of inhibitor adsorption. While iron forms a porous corrosive
compound (FeO-FeCO,) with carbonic acid that has no protective properties,
sulfides are denser compounds compared to carbonates, therefore in some cases
they can serve as a protective layer. In addition, the HS- ions formed in the solution
are adsorbed on the metal surface, displacing the adsorbed H,O and OH-, which
ultimately leads to a decrease in the corrosion rate. Adding a small amount of H,S
to a CO, medium can reduce the reduction rate of H,O and H,CO,, limiting the
corrosion process. The lowest values of the corrosion rate in both media are
reached 18 hours after the start of the experiment.

Determination of the protective effectiveness of the considered inhibiting
composition was carried out based on the values of the corrosion rate in pure
aggressive media without the addition of an inhibitor. The results obtained in an
aqueous medium saturated with dissolved gases are presented in Fig. 5 (A and B).

g5 88282
8airsR 2N

5 10 15 P E 1

Figure 5. Dependence of the protection effectiveness of inhibitor composition No. 3
(0.06% by mass) on the experimental time in an MPV medium saturated with
carbon dioxide and hydrogen sulfide (at a temperature of t=20+£2°C). Rotational
speeds: A=0m/s;V-1.0m/s

17



G

18

JOURNAL OF FUTURE ISSN: 3093-8899 | EUTURE-JOURNAL.UZ 2026-yil, 1-SON

CONCLUSION

From these graphs, it can be concluded that the protective effect of the inhibiting
composition in the presented media changes over time. The indicators of the
protective effect are closely related to the values of the corrosion rate and show the
highest results after 18 hours. After the experiment, they decrease insignificantly or
do not change, which indicates competing processes of inhibitor adsorption and
desorption, as well as the formation of reaction products as a result of the corrosion
process. The protective effect is higher in a mineralized water environment
saturated with both hydrogen sulfide and carbon dioxide, which is explained by the
positive effect of HS- ions on the process of inhibitor adsorption. The adsorption of
these anions on the steel surface facilitates the interaction of positively charged
molecules of the inhibitor with the metal, which leads to the formation of stronger
Fe (H-S-R) compounds, their release from the steel surface is reduced, and as a
result, the metal is protected more effectively. The appearance of a dynamic factor
initially leads to an increase in the values of the protective effect, which can be
explained by an increase in the diffusion of inhibitor molecules to the surface.
However, with a further increase in the flow rate of the aggressive medium, the
indicators of the protective effect decrease somewhat, which is explained by a shift
in the equilibrium towards desorption during the adsorption-desorption processes of
the inhibitor on the steel surface. In addition, dynamic conditions contribute to the
separation of corrosion products formed during the reaction, which, in turn, can
have a positive effect on corrosion protection.
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AHHOTaumA. Lenb p[aHHOro wuccrnegoBaHWs  3akmoyaeTcsa B M30ONAUUK U
noeHTUUKaUUM MUKPOOPraHM3MOB M3 KOXYpbl FpaHaTa, a TakkKe B OLEHKe WX
depMeHTaTUBHOM  aKTUMBHOCTW, B  YaCTHOCTM MNPOAYKUUW  TaHHa3bl, Ans
NOTEHUMANbHOrO MCMNOb30BaHMA B BMOTEXHONOMMN U NMULLEBON NPOMbILLSIEHHOCTW.
paHaT (Punica granatum L.) sBnsetca 6GoraTblM WCTOYHWKOM GUONOrnyecku
aKTMBHbIX COEQUHEHUI, BKIToYasa NonndeHosibl, opraHnYeckme KUCNoTbl U TaHUHbI.
Koxypa rpaHaTta, kak noboyHbI NpoayKT nepepaboTku, npenctaBnseT uHTepec
ana  Mukpobuonormyeckmx wuccnegosaHui. Llenbto gaHHom paboTbl saBndeTcs
BblAereHne MMKpPOOPraHM3MOB M3 KOXYpbl rpaHaTa, udydeHne nx oepMeHTaTuBHOM
aKTUBHOCTU M Buonormyeckoro noteHuvana. [JaHHoe mccrnegoBaHue MNOCBSALEHO
BbISIBNEHWNIO MOTEHUMarbHbIX MUKPOBHbBIX NPOAyLeHTOB depMeHTa TaHHasbl U KX
XapakTepucTMke C  UCMOMb30BaHMEM  COBPEMEHHbIX  MOSMEKYNSPHbIX U
Bruoxmmmnyecknx metodoB. Pesynbrarbl, MOMAyYeHHble C MOMOLLbIO TEXHOMOrnu
MALDI-TOF MS, nokasanu, 4TOo Takue rpubbl, kak Aspergillus oryzea w
Talaromyces albobiverticillius, ABNAIOTCA OCHOBHbLIMW MPOAYLIEHTAMU C BbICOKOM
hbepMeHTaTUBHON aKTUBHOCTbLIO. [lonydeHHble 3HauveHus 6GannosB (Aspergillus
oryzea - 1,77; Talaromyces albobiverticillius - 2,33) nogTBep>xaatoT LOCTOBEPHOCTb
noeHTupukaummn. Takmm obpasom, pesynbraTbl OAHHOTO MCCReLOBaHUA UMERT
BonbLioe 3Ha4veHue ans oTbopa 3P PEeKTUBHBIX LWTaMMOB npwu
BMOTEXHOMNOrMYECKOM NPOM3BOACTBE TaHHA3bI.

Knroyeenie cnoea: Kaxypa epaHama, maHUH, maHHa3a, ¢hepmeHm, 2udposiu3,
epubbl, hepmeHmauyusi, Mukpobuorioauyeckul npodyueHm, udeHmugukayus,
buomexHorioausi, MOneKynsapHbItU aHanus3, Aspericullus oryzea Taloromycesalba
biverticullus.

Annotatsiya. Ushbu tadqigotning magsadi anor po‘stlog‘idan mikroorganizmlarni

CytongukoB Y.A., ogaes K.O., Axsesa M.A. NgeHTndukauma MMKpob1onormieckmx NpoayLeHToB oepMeHTa
TaHHa3bl // Journal of future. 2026. Vol. 2. Iss. 1. pp. 20-31. https://doi.org/10.5281/zenodo.19629550
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izolyatsiya qilish va identifikatsiya gilish, shuningdek ularning fermentativ faolligini,
xususan, tannaza ishlab chiqarishini baholash, biotexnologiya va ozig-ovgat
sanoatida potensial qo‘llanish imkoniyatlarini o‘rganishdan iborat. Anor (Punica
granatum L.) biologik faol birikmalar, jumladan polifenollar, organik kislotalar va
taninlarga boy manba hisoblanadi. Granat po‘stlog‘i, qayta ishlash jarayonidagi
ortigcha mahsulot sifatida, mikrobiologik tadgigotlar uchun qizigish uyg‘otadi.
Ushbu ishning magsadi granat po‘stlog‘idan mikroorganizmlarni izolyatsiya qilish va
ularning fermentativ faolligi hamda biologik potensialini o‘rganishdir. Tadgiqot
potensial mikroblarni, xususan tannaza fermentini ishlab chigaruvchi
mikroorganizmlarni aniglash va ularni zamonaviy molekulyar va biokimyoviy usullar
yordamida tavsiflashga qaratilgan. MALDI-TOF MS texnologiyasi yordamida
olingan natijalar shuni ko‘rsatdiki, Aspergillus oryzea va Talaromyces
albobiverticillius kabi zamburug‘lar yuqgori fermentativ faollikka ega asosiy hosil
giluvchilar hisoblanadi. Olingan ball qiymatlari (Aspergillus oryzea - 1,77;
Talaromyces albobiverticillius — 2,33) identifikatsiyaning ishonchliligini tasdiglaydi.
Shunday qilib, ushbu tadgiqot natijalari tannaza biotexnologik ishlab chigarishda
samarali shtammlarni tanlashda katta ahamiyatga ega.

Kalit so‘zlar: Anor po’stlogi, tanin, tannaza, ferment, mikrobiologik produtsent,
identifikatsiya, biotexnologiya, molekulyar tahlil, Aspergillus oryzea va Talaromyces
albobiverticillius.

Abstract. The aim of this study is to isolate and identify microorganisms from
pomegranate peel and to evaluate their enzymatic activity, particularly tannase
production, for potential applications in biotechnology and food industry.
Pomegranate (Punica granatum L.) is a rich source of biologically active
compounds, including polyphenols, organic acids, and tannins. The pomegranate
peel, as a by-product of processing, is of interest for microbiological studies. The
aim of this study was to isolate microorganisms from pomegranate peel and to
investigate their enzymatic activity and biological potential. This research focused
on identifying potential microbial producers of the enzyme tannase and
characterizing them using modern molecular and biochemical methods. The results
obtained using MALDI-TOF MS technology demonstrated that fungi such as
Aspergillus oryzea and Talaromyces albobiverticillius are the primary producers
with high enzymatic activity. The obtained scores (Aspergillus oryzea — 1.77;
Talaromyces albobiverticillius — 2.33) confirmed the reliability of the identification.
Therefore, the results of this study are of significant importance for the selection of
effective strains in the biotechnological production of tannase.

Keywords: Pomegranate peel, tannin, tannase, enzyme, hydrolysis, fungi,
fermentation, microbial producer, identification, biotechnology, molecular analysis,
Aspergillus oryzea, Talaromyces albobiverticillius.

BBepeHue

LleHHOCTb rpaHaTa oObsCHAETCA TeM, 4TO MNPUCYTCTBME BbllUEyKa3aHHbIX
OMONOrMYEecKN LEHHbIX BELLECTB CBA3AHO C fe4yebHbIMM 1 npodmnnakTUyYeckum
CBOMCTBaAMM, NPU NeYeHun psaga WHGEKUMOHHBIX, XpaHUYeckux 3abonesaHun,
BKMOYasa cepaevHo-cocyaucTtble 3abonesaHus, anabet n oxXupeHne, aBUTaMmHoO3,
MWHeparnbHble HegocTaTky [6—-8].

Takke, crnegyer OTMETUTb, YTO TMNOYTU BCe OWOAKTUBHbIE KOMMOHEHTHI,
codepxalumecss B KOXype rpaHaTa, MOryT WCMONb3oBaTbCA B  KayecTse
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YHKUMOHANbHbIX WHIPEAMEHTOB ANfs  Nyylwero YCBOEHMWs, WUCMOSib30BaHUS
yKasaHHbIX NpoAYyKToB, obecrneynBas [OMOSHUTENbHY LEHHOCTb ANS MULLEBOM
npomblIWieHHocTn [9-11].

TaHHa3a OTHOCUTCA K CEMEWCTBY rmaponas, B YacTHOCTM K rpynne OepMeHTOB,
AENCTBYIOLNX Ha KapOoKcunbHble croxHble agupbl. TaHHasa (EC 3.1.1.20) - ato
rMMOoponUTUYECKUn  (pepMeHT, pacLLennaAwwWwnn  NpupogHble  NoNUdEHosbHbIE
coegMHeHus1, rmaBHbIM 06pPa3oM TaHWHbI U rannoTaHuHbl [12—14].

OTOT (PEPMEHT MMEET BaXHOE 3HayYeHue B CENbCKOM XO3AWUCTBE, MNULLEBOWN
TEXHOMOrMN, MNMBOBAPEHHOW U BUHOAENBLYECKOWM  MPOMBILSIEHHOCTN,  rae
Ncnonb3yeTcs ANns yaaneHus ropbkoro BKyca TaHWHOB M3 MULLEBLIX MPOAYKTOB U
HaNUTKOB, Yynyywas WX BKycOBble KayecTBa. Kpome TOro, TaHHa3a LWMPOKO
NpUMEHsIETCS B hapMaLeBTUYECKON NPOMBILLFIEHHOCTU - 4SS NONyYeHNs rannoBou
KMCNOTbI, BblAeneHnss GUonormyeckn akTMBHbIX BELLLECTB, CUHTE3a JIEKAapCTBEHHbIX
COeMHEHUN N CO34aHUS aHTUOKCUOAHTHbIX Npenapartos [15-18].

OcHoBHbIMM MpoAyLEeHTaMn TaHHa3bl SABMASTCA MUKpoopraHuambl. Cpean Hux -
ackomuueTHble rpubbl  (pogoB Aspergillus, Penicillium), 6aktepun (Bacillus,
Lactobacillus) n HekoTopble akTMHOMULETBI [19-21].

MpaBunbHas wnaeHTUUKAUNA MUKPOOPraHM3MOB MMeeT 6onblloe 3HavyeHue B
NPOMBILLIIEHHON BOMOTEXHOMNOMMN, MOCKOMbKY YPOBEHb CUHTE3a (hepMeHTa U ero
aKTMBHOCTb CYLLEeCTBEHHO pasnuyalTcs y pasHbix npogyueHTos [1, 2].

MaTepMan bl U MeTOAbI

B Hawwux nccnepoBaHuax Gbinn npuBedeHbl NNoabl rpaHata, NoBPeXAEHHbIE NOA
BO3AENCTBMEM (DaKTOPOB BHelWHen cpedbl. [loBpexaéHHble YacTu nnoaos
NpOMbIBany METOAOM NPOMbIBaHWS, NOCME Yero BbiICEBaNM ra3oHHbIM Cnocobom Ha
pasfiMyHble MIOTHbIE ANEKTUBHbIE CENEKTUBHbIE cpeabl, N U3 HUX OblNn BblaeneHbI
MUKpPOOpPraHuambl. [ns KynbTUBMPOBaHUS MUKPOOPraHM3MOB UCMOSb30oBanu cpeabl
Uaneka, arap-arap, NEnTOHHbIA arap W Kpaxmano-ammuadHyito cpegy. Cpegpbl
cTepunusoBanu B aBTtoknaese npu 121°C B TeyeHne 20 mMuHyT. MukpoopraHnsmbl
BblAENANN U3 3apaXXEHHOW W He3apaXEHHOW KOXypbl rpaHaTta. BblpawimBaHue
nposogunu B Tepmoctate npu 30-35°C B TeueHne 48-72 yacoB. VI3onMpoBaHHble
yuctble KynbTypbl Obinn  naeHtTudguumposaHel Metogom MALDI-TOF  macc-
cnektpockonuu. [lpy wunaeHTUUKaAUMM  MUKPOOPraHU3MOB  MOSEKYNspHble W
cnekTpanbHble metogbl (Hanpumep, MALDI-TOF MS un cekseHunpoBaHue 16S/ITS/
tef1) obecneumBatoT BbICOKYHO TOYHOCTb M ObICTPOTY aHanuaa [22—-24].

MeTtog MALDI-TOF MS nonyumn wmpokoe pacnpocTpaHeHne bnarogaps BbICOKOW
CKOPOCTU WM3MepeHun un ynobctsy B nabopaTopHOM npakTuke; npu  3TOM
AOCTOBEPHOCTb MAEHTUdMKALMM 3aBUCUT OT paboden 6asbl AaHHBIX U MOPOroBbIX
BGannHbIX KPUTEPMEB.

N3 cybcTpaTtoB, nNpeactaBnsitolmMx COOOM THUMNYK WU NOBPEXAEHHYK KOXYpPY
rpaHarta, Gbina m3onupoBaHa Mukpodnopa. Ha cenekTuMBHbIX cpefax Ha OCHOBE
arap-arapa Habntogancs pocT KonoHun. CnocOBHOCTb BbIAEMNEHHbIX LUTAMMOB K
rMaponu3dy TaHWHOB MPOBEPSANM Ha cneuyuwanbHbiX cybcTpatax, copepalimx
TaHWHbI. AKTUBHOCTb (PEpMeEHTa OUEeHUBanun cnekTpogOTOMETPUYECKN NPU ASNUHE
BOMHbI A = 270 HM.

Kak wnsBectHo, cuctema MALDI-TOF MS onpegensieT MUKpoOOpraHuM3mMmbl Mo WX
crnekTpanbHOMy «oTnedaTtky». Ecnu 6GannbHbiM nokasaTenb OnpeaenéHHoro
MUKpPOOpraHu3ma cocTaBnsieT meHee 1,7 - pe3ynsraT cYMTaeTcsl HeHaOEXHbIM; Mpuy
1,7-2,0 - BeposiTHast NpuMHaAneXHoOCTb K poay (probable genus), B 3TOM cny4vae
TpebyeTca noBTOpHasi npoBepka; npu = 2,0 - ycTaHOBMeHa [A0CTOBepHas
npuHaLnexHocTb kK Buay (probable species) [25-27].
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3KCI'IepVIMeHT 4acCTb

OKCnepuMeHTbl NpoBUAMMbIE HaMK Bbiny pasgerneHsl B 2 atana:
1. OnpegeneHve aNnNPUTHON MUKPONOPbI KOXYPbI rpaHaTa.

2. BbiaBneHne LITaMMOB MUKPOOPraHn3mMoB, CNOCOOHbIX BblI3blBaTb
BGuoTpaHchopMaLnio COCTaBHbIX KOMMOHEHTOB KOXYpbl rpaHata B Guonornyecku
LieHHble NPoAyKTbl MeTabonmama, MMerLmnx nuweBoe 3HaveHme [28,29].

1. HesapaxkeHHyt0 KOXYpy rpaHata uaMmenb4atoT ¢ NOMOLLbI0 MUKCepa 4O pasmepa
0,5-2,0 cm. [Insa BblpawmBaHna MUKpoopraHnamMa ucronb3oBanu cpegy Yaneka.
Cpeny Yaneka ctepunuaytot npu gasneHmn 0,5-1,0 atm B TedeHne 30—60 MUHYT.
B cpepe Yaneka, Hanutonm B yvawky [leTpn, BKOYEeHa U3MeSibd4eEHHAA KOXypa
rpaHaTbl U BblpalleH B HECKOSTbKMX CTEeNeHsAX pa3baBneHns MeTO4OM MPOMbIBAHUS.
B >xuokyto cpegy Yaneka B konbax OpneHmeepa pgobGasnsnm 10, 20, 40 r
N3MenbYeHHOM KOpbl 1 BblpalumMBanun B TepMocTaTe-lenkepe B TedeHne 72 4yacoB
npwn Temnepatype 35 °C u ckopoctn 100 06/MnH. 3aTeM Ha NOBEPXHOCTb MIIOTHOM
arapusoBaHHoM cpedbl Yaneka otbupanu 0,1 Mn 3-CyTOMHOW KyrbTypasibHOW
XMOKOCTW, BbICEBaNWM LWNatefieM rasoHHbIM MEeTOAOM U BGaKTepuonormyeckon
neTrnen MeTo4oM 3ursar 1 BblpalimBanun B Tepmoctate npu temnepatype 300C B
TeyeHne 3-5 cyTtok. LUenb KynbTMBMpOBaHUSA, BblIENUTL  accoumauuio

Ta6bnuua 1. CoctaB cpeabl HYaneka

Cnoco6bI npurotoBneHus cpen Yaneka

KomnoHeHT Kon-Bo, r
NaNO, 3,0
KH,PO, 1,0
MgSO, - 7H,0 0,5
KCI 0,5
FeSO, - 7H,0 Cnepepl (0,01)
Caxaposa (1nu rnokosa) 30 (20)
OunctnnnupoBaHHas Boaa 1000 mn

V=1n

MUKPOOPraHM3MOB, PacTyLUMX Ha MNOBEPXHOCTU YalleK, OYUCTUTb U U3YYnUTb
HeKoTopble BMOXMMUYECKNE CBOMCTBA YNCTbIX KYNbTYP.

OO6pasubl 3apaXkeHHbIX YacTel rpaHata BbiCeBanu B 4Yaliku [leTpyu Ha Xunakyto
Tabnuua 2. CoctaB cpeabl arap-arap

Cnoco6bl NpUroTOBMEHUs cpen arap-arap

KomnoHeHT Kon-Bo, r
MenToH 50
[poxKoBOW 3KCTpaKT 1,5
NaCl 5
Arap 15
OuctunnmnpoBaHHas Boga 100 mn

V =100 mn
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arap-arapoByto  cpefly. OTOT  3acesiHHbIi  obpasel  uWHKybupoBanu B
TepmocTaTtnyeckon kamepe npu 30°C B TeyeHne 72 4acos.

KynsTuBMpoBaHMe MUKPOOPraHM3mMoB, MPUCYTCTBYIOWMX B KOXype rpaHara.
BblaeneHne 4ncTbIX KynbTyp M3 accounauum MMKPOOPraHM3MOB, BbIpaLLEHHbIX Ha
cpenax Yaneka n arapmsoBaHHbIX cpedax. [ns aToro KynbTypbl, BblpalleHHble Ha
NMOBEPXHOCTU Yawku [leTpn, cHadana CycneHauMpylT METOAOM MPOMbIBAHUS.
CteneHb pasbasneHusa - 1/5.

Cpena Yaneka-arap (r/n): caxaposa — 30, NaNO, - 2, K,HPO, — 1, MgSO,*7H,0O —
0,5, KCI-0,5; FeSO,*7H,0 - 0,01, arap — 20,

Kpaxmano-ammuadHasa cpepa (r/n): pactsopumbin kpaxman — 10, (NH,),SO, — 1;
MgSO, - 1; NaCl - 1; CaCO, — 3, arap — 20, auctunnuposaHHas soga 1 n [30-32].

MogrotaBnuBanu CTepunmn3oBaHHy Bogy WM Yaliku etpu, a npoby BbipalleHHbIX
MUKPOOPraHM3MOB pa3Boaun B CTEPUNIbHON BoAe B COOTHOLWEHUM 5:1. N3 4-ro u 5-
ro passegeHun no 0,1 mn gobaeBnsanu B nuTatenbHyO cpedy ¢ arapoMm Yaneka u
KpaxmasibHblIM aMMMakoOM W BblpallMBanu B TepMOCTaTUpyeMOW Kamepe mnpu
Temnepatype 30°C B TedeHue 48 yacos. Ecnu noces Nnpon3BoanTCa HENOCPeLACTBEHHO
N3 Xnakom cpefbl unu ns criabopasbaBneHHbIX 06pa3uyoB (1-2 pasBeaeHust), KONOHUN
cpacrtatoTca Apyr ¢ Apyrom, obpasys 3arpsa3HEHHbIE UM CMeELLaHHbIE KyNbTypbl, YTO
CHMXaeT JOCTOBEPHOCTb pesynbratoB aHanusa metogom MALDI-TOF MS.

YuuTbliBag Hannume B uccrnegyemom obpasue 6aktepun, rpnboB 1 akTMHOMULLETOB,
ANS BblAENEHUS YNCTbIX KyNbTyp rOTOBAT NUTaTeNbHble cpeabl Yaneka, nenTOHHbIN
arap u KpaxmanbHO-aMMMayHylo cpefy. Bce cunbtpyerca. dunbtpar no Yalluku
[MeTpu Cc noceBOM CTepunusyloT B aBTOkNaBe npu temnepatype 121°C B TeyeHue
20 MuHyT. luTaTenbHyl0 cpedy MOXHO UCMNONb3oBaTb B TeyeHwe 2 Hepenb. B
CTepunu3oBaHHble Yawku eTpn n npobupku pasnueatoT Mo 3 M NUTaTeSNbHOM
cpeabl. LWTammbl Obinv B3ATbI M3 KynbTyp, BbIpalleHHbIX Ha npeablayLen
nuTaTenbHOM cpede W MHOKynupoBaHbl. Ero BblpawwmBanu B TepmocTate npu
Temnepatype 30°C B TeyeHme 24-48 vacoB. Yuctble  KynbTypbl
naeHTnUMpoBann MeTO4OM MacC-CNEKTPOCKOMUMN.

LUTamMbl Obin 0TOBpPaHbl U3 YUCTBIX KyMNbTyp M nocesiHbl B 5 4vawek [letpu. 4
yawkn lNeTpn ¢ nenTtoHHbIM arapom (ans rpmbos), 1 co cpepon Yaneka (ans
bakTepun). UYTobbl WMMETb BO3MOXHOCTb pasnuyatb 3TM  obpasubl, Mbl
npomapkmposanu ux ot 1-ro UC go 5-ro UC.

Mcnonb3oBaHne B 9SKCnepuMeHTax 4-nenToHHOro arapa u 1-kpaxmanucro-
aMMuadyHom cpegbl  ObINO  UeneHanpaBrfieHHbIM, YTO MO3BOMAWUIO  U3Y4YUTb
0COBEHHOCTN pOCTa MWUKPOOPraHNM3MOB MPU PasfUYHbIX YCNOBUSIX NUTaHus. Ha
NnenToOHHO-arapnu3oBaHHOM cpede Habnogancs akTUBHbLIA POCT MPEUMYLLECTBEHHO
rouboB (nneceHen), Toraa Kak KpaxmarbHO-aMMuMadyHas cpeda Obina
BGnaronpuaTHon ons 6akTepuii 1 akTMHOMMULIETOB.

OtcytctBne 6Gaktepyit M aKTMHOMMULETOB B pesynbratax adHanms3a MOXHO
00BbACHNTE 0COBEHHOCTAMU XMMUYECKOIro COCTaBa KOXYypbl rpaHaTta, obnagatowen
kncnon peakumen cpegbl (pH 4-5) n BbICOKMM cogepXaHnem (EHONbHbIX U
AyOUNbHbIX BeLecTB. AT ycnoBusa HebnaronpuaTHel Ans 6onbwmnHcTBa 6akTepun,
HO CnocOBCTBYIOT akTUBHOMY pasBuTUO rpuboB. Takum obpasom, MukpobuoTta
KOXypbl rpaHaTa B JaHHbIX YCMOBUAX XapakTepusyeTcss JOMUHUPOBAHNEM FpUBHOM
MUKpOdropbl, obnagatolwen BblpaXXeHHOW OuokaTanuTUYeckon akTUBHOCTLIO U
CMOCOBHOCTLIO K BuoTpaHchopmaumm PeHONbHBIX COEANHEHWNNA.

B HacTosiwlee BpemMs MUKPOOPraHu3mbl fyylle BCero uaeHTuduumpoBatb nytTem
cekBeHmpoBaHus reHoB 16C pPHK n 18C pPHK. OgHako B nocnegHue rogpl
BPEMSNPOIETHAsA MacC-CNEKTPOMETPUS C MaTPUYHO-aKTUBMPOBAHHOW Jla3epHOM
pecopbumern wn  unoHusaumen (MALDI-TOF MS) crana noTeHumasnbHbIM
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WHCTPYMEHTOM AOnsi OOHapy>XeHUa U ANarHOCTUKM MUKPOOpraHm3moB. B MALDI—C

TOF MS Mukpobbl MOEHTUDULMPYIOTCA C UCNOSMb30BAHUEM UENbIX KNETOK WK
KNEeTOYHbIX 3KCTPakToB. [pouecc 6bICTpbI, 3PPEKTUBHBIA 1 IKOHOMUYHBLINA C TOYKM
3peHna Tpygosatpar v 3artpar. Cogepxut o0630p COCTOSAHUA W NOCHEAHUX
NPYMEHEHNI MaCC-CNEKTPOMETPUN NS MAEHTUUKALMN MUKPOOPraHN3MOB.

PesynbraTthl

Mpn wnccnepgosaHum metogom MAJION-Todb-MC 6bIno BbISABNEHO, 4YTO rpubsbl,
2
1,8
1,6
1,4
1,2
1
0,8
0,6
0,4
0,2

0
BblAENEHHbIE N3 KOXYPbI rpaHaTa, cogep><art rpynrbl MUKDOOPraHM3MOB, CcoAepiKaTt

1 Aspergillusoryzae FBD 363395 1.77
2 Paecilomycesvariotii FBD 365469 1.13
3 Kluyveromycesmarxianus FBD 362493 1.13
4 Cryptococcusneoformans FBD 361731 1.12
5 Scedosporiumboydii ZYBIO 266393 1.12
6 Aspergillusniger FBD 361963 1.11
7 Aspergillusniger FBD 363080 1.11
8 Aspergillusniger FBD 361627 1.11
9 Aspergillusamstelodami ZYBIO 266541 1.10
10 Scopulariopsisbrevicaulis FBD 361395 1.09

Puc.1. Sample ID: 1-UC. PesynbraTbl ngeHTMdmkaumm LTaMmmos
MMKPOOPraHM3moB.

2 rpynnbl MMKPOOPraHU3MOB.

Kak BngHo n3 puc.1, Aspergillus oryzea (DFCS R24) BblgensieTcs cambiM BbICOKUM
GannbHbiM  nokasartenem - 1,77. OctanbHble wTtammbl (Paecilomyces varioti,
Kluyveromyces marxianus, Cryptococcus neoformans w [p.) UMEKT 3HaJYeHus
HWXe 1,7, YTO cYMTaETCH HEQOCTOBEPHbBIM Pe3ynbTaToM.

CornacHo norny4eHHbIM pesynsratam, Talaromyces albobiverticillius (7F HSCS 26)
nokasasn cambli BbICOKMK GannbHbIM nokasatens - 1,85. OctanbHble WTamMMmbl,
BKntovas Microsporum canis, Monascus albidulus v Aspergillus fumigatus, nmenu
3Ha4YeHnsa Hxe 1,7, YTO CYMTaETCs HELOCTOBEPHbBIM PE3yrbTaToM.

Mo paHHomy obpa3syy Takke Aspergillus oryzea (DFCS R24) 3aHsan nuaunpytollee
nonoxeHne c¢ 6GannbHbIM noka3atenem 1,72. Kpome ToOro, Agpyrve LitamMmmbl
Aspergillus oryzea w Talaromyces allahabadensis wmenu cpegHue 3Ha4yeHUA
6annoB. HanmeHbLluMI NnokasaTtens 6bin oTMedeH y Candida glabrata - 0,90 6anna.

HauBbiclumn ~ GannbHbIn  nokasaTtenb  NPOAEMOHCTPUpOBan Talaromyces
albobiverticillius (7TF HSCS 26) - 2,33. bonee Hu3kune 3Ha4yeHUst ObiNn OTMEYEHBI Y
Monascus albidulus (1,02), Cryptococcus neoformans (1,02) wn Aspergillus

25
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Aspergillus oryzea(1,77)

1,8
1,6
1,4
1,2

0,8
0,6
0,4
0,2

1 Talaromycesalbobiverticillius 7F HSCS 26 1.85
2 Talaromycesalbobiverticillius 3T HSCS 26 1.16
3 Microsporumcanis FBD 361432 1.13
4 Monascusalbidulus CGMCC 3568 1.13
5 Aspergillusfumigatus FBD 364569 1.12
6 Fusariumpetroliphilum ZYBIO 266472 1.08
7 Cladosporiumcladosporioides FBD 364404 1.04
8 Dichotomopilussp 7T HSCS 279 1.04
9 Didymellakeratinophila 7T HSCS 108 1.03
10 Trichophytoninterdigitale FBD 361014 0.90

Puc.2. Sample ID: 2-UC. PesynbraTbl ngeHTMdMKaLuum LraMmmos
MUKPOOPraHU3MOB.

Aspergillus oryzea(1,72)

1,8

1,6
1,4
1,2

) S
0,8 \
0,6
0,4
0,2
(6]
1 Aspergillusoryzae FBD 363395 1.72
2 Aspergillusniger DFCS R139 1.20
3 Talaromycesallahabadensis SJCS 431 1.17
4 Aspergillusniger HSCS 4702 1.17
5 Aspergillusniger DFCS JKCS132 1.16
6 Candidanorvegica FBD 362614 1.09
7 Rhodotoruladiobovata HSCS 939 1.09
8 Aspergillusflavus/oryzae BJTR 00720001B 1.07
9 Talaromycesfuniculosus JKCS 271 1.06
10 Candidaglabrata FBD 361619 0.90

Puc.3. Sample ID: 3-UC. PesynstaThl uaeHTUdMKaLmMm LUTaMmMOB
MUWKpPOOPraHu3mMoB.
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Talaromyces albobiverticillius(2,33)
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Puc.4. Sample ID: 5-UC. PesynbraTbl ngeHTMdmkaumm LTaMmmoB
MUKPOOPraHM3MoB
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y=0,0459x2-0,7318x+2,8122R?=0,9179UC-5;7F HSCS 26 (xpacusrii T.albobiverticillus)
y =0,0084x2 - 0,1481x + 1,6537 R2=0,7112UC-2;DFCS R24 (cunuii A.oryzea)

y =0,0143x2 - 0,1963x + 1,7088 R?2 = 0,6021 UC-1; DFCS R24 (puonetoBslii A.oryzea)
y =-0,451In(x) + 1,7393 R2=0,5549 UC-3;7F HSCS 26 (uépusblii T.albobiverticillus)

Puc.5. O0wme pesynbrathl naeHTUGUKaumm scex wtammos metogom MALDI-TOF
MS v ypaBHeHus perpeccum

fumigatus (1,01).

[laHHble pUCYHKM NoKasbiBaloT, YTO OBa BuAa MUKpoopraHusmoB - Aspergillus
oryzea w Talaromyces albobiverticillius - €BRAANTCAS AOMUHUPYIOLWMMU MO
CpaBHEHUIO C APYTMMU MUKPOOPraHn3mamu.

OTn OBe rpynnbl MUKPOOPraHU3MOB MOTPEBNSAIOT BCe YacTU KOXypbl rpaHaTta u
NO3BONSAT er n3BnekaTb PepMeHTbI.

M3 atonm Tabnuubl BUOHO, YTO B pesyrnbrate uccrnegoBaHnA U3 KOXYpPbl rpaHaTta
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Ne Tun MUKpoopraHusma Tun wrtamma OueHka
1 Aspergillus oryzea DFCS R24 1.77
2 Talaromyces albobiverticillius 7F HSCS 26 1.85
3 Aspergillus oryzea DFCS R24 1.72
4 Talaromyces albobiverticillius 7F HSCS 26 2.33

BblAeneHbl MukpoopraHuambl Aspergillus oryzea v Talaromyces albobiverticillius.
Metoq  MALDI-TOF MS  noatBepavn  NpUHALMEXHOCTb  WTaMMOB K
cooTBeTcTBYylOWMUM Buaam. Aspergillus oryzea (wtamm DFCS R24) nokasan
BbICOKMI GannbHbIn nokasatenb (1.77), 4TO CBMOETENbLCTBYET O 3HAYUTENBHOM
depmMeHTaTUBHOM aKTUBHOCTWU. Talaromyces albobiverticillius (wtamm 7F HSCS 26)
TaKKe NPOAEMOHCTPUPOBAs BbICOKMA YPOBEHb akTUBHOCTM (1.85).

O6cyxaeHue pe3ynsraTtoB

B akcnepumeHTe KpaxmanbHO-amMmadHas cpega obosHavanacb kak 4 UC. B
KpaxmanbHo-ammuadHon nutatenoHon cpege merogom MALDI-TOF MS He 6bino
NnonyyYyeHo AOCTOBEPHbIX Pe3ynbTaToB naeHTUdUKaunmmn. 3To MOXET BbiTb CBA3AHO C
TEM, YTO KONMYEeCcTBO BGakTepuanbHbIX U aKTUHOMULETHbIX KIETOK B obpasue 6bino
HeoCTaTOuHbIM AN POPMUPOBAHNA XapaKTepHOro ©enkoBoro cnekTtpa, nmbo ¢
TeM, YTO MOMyYeHHble CNEeKTpbl HEe COBManu C 3anucsMn, NPeACTaBfEHHbIMU B
paboyen 0ase paHHbIX. Crnegyer oTMeTuTb, 4tO0 cuctema MALDI-TOF MS
npuceavBaeT GannbHble 3HaveHus (oT 0 go 3,0) TonbKO B criyyae coBnageHus
9KCNepuUMeEHTarnbHOro CcrnekTpa C 9TanoHHbIM. [lpyu OTCYTCTBMM COBMAgeHUN
nporpamma BbiBOAUT coobLieHune «no identification» nnun «no reliable identification»
6e3 npucesoeHus Gannos [1-5].

[MocKomnbKy Kaxabli MUKPOOPraHn3m obnagaeT yHuKanbHbIM GenkoBbiIM COCTaBOM,
npn ananuse wmetogom MALDI-TOF MS dopmupyeTca ero xapakTepHbln
crnekTpanbHbli  «oTnedatok nanbua»  (fingerprint).  [lockonbKky  3Ha4YeHue
Score=1.77, pe3ynsrar cuMTaeTca JOCTOBEPHBIM Ha YPOBHe poaa (genus). Kaxabin
MUK Ha crekTpe COOTBETCTBYET Macce onpegenéHHoro 6ernka wvnu nentuaHoro
dparmeHTa [6-8].

CornacHO  gaHHbIM  aHanu3a, BbIsIBieH  MWUKpoopraHuam  Talaromyces
albobiverticillius co 3HavyeHnem Score = 2.33, 4YTO CBUOETENBLCTBYET O BbICOKOW
AOCTOBEPHOCTN onpefeneHna Ha ypoBHe Buaa. Kaxabli MUK Ha Macc-cnekTpe
OTpaxaeT MaccCy onpeaenéHHbix 6enkoB unn NenTnaHbIX oparMeHToB, OPMUPYS
YHUKaISbHbIN CeKTparnbHbIA «O0TNeYaToK» AaHHOM0 MUKPOOpPraHn3ma.

[MonyyeHHble  pes3ynbTaTbl  MNOKasanu, 4YTO  pPasfiMyHble  MUKPOOPraHu3Mbl
CUHTE3MPYIOT (DEPMEHT TaHHa3y B pasHou cteneHun. Aspergillus oryzea Hanbonee
LUMPOKO WUCMOMb3yeTCA B MNPOMbILLMIEHHON OMOTEXHOMOMMKN, MOCKOSMbKY obnagaet
BbICOKOW M cTabunbHOM  )epMeHTaTMBHOW  aKTUBHOCTbID.  Talaromyces
albobiverticillius nmeeT GOMbLION NOTEHUMAN Kak NpoAyueHT ANnA Npou3BOACTBaA
depMeHTa TaHHa3bl. Ero npemMmyLlectBO 3akrno4aeTcss B BbICOKOM CMOCOBHOCTU
npoayumpoBaTb BHEKMNETOYHbIE (DEPMEHTLI, YTO obnerdaet nNpouecc NonyyYyeHus u
O4YUCTKM PEpPMEHTaA B NPOMbIWNEHHOCTU. CyllecTByeT BO3MOXHOCTb CO30aHUS
NPOOYLEHTOB C BbICOKOW aKTUBHOCTbIO MYyTEM Cenekuun WTamMMoB U UX
reHeTmyeckon mogudukaumn. OnTumManbHble YCnoBuUS ONA  NPOM3BOACTBA
depmenTa: pH 5,0-6,0, Temnepatypa 25-30 °C, aspupyemasa cpega. [lpu
naeHTudmkaumm HanbonbLyto 3P PEKTUBHOCTb naéer KOMMJSIEKCHOEe
ncnonb3oBaHne MopdONoOrM4ecknX, BUOXMMMNYECKNX N MOSNEKYNSPHO-TeHETUYECKNX
meTogoB. Mopdonornyeckne un  OMoxuMmMieckne MeToabl  NornesHbl  Ansd
npeaBapuTeNbHON OLEHKM, O4HAKO MOSEKYNApHble MeToabl ABMAAKTCA OCHOBHbLIM
WHCTPYMEHTOM A1 TOYHOW MAEHTUUKALMM Ha YPOBHE BUAA.
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Taloromyces albabiverticillus HaHOCUT cepbe3Hbii ywepb Punicagranatum L.C

MoMmnmMo cBOen naToreHHoCTW, 3TOT rpuMboK cnocobeH npou3BoauTb OonbLLOEe
KONMMYECTBO KpPacCHbIX MUIMEHTOB, 4YTO [enaeT ero nepcrnekTMBHbIM  Ons
NPOMBbILLIIEHHOIO NCNONb3oBaHNA. B nocnegHee Bpemsi rpnbsbl npusnekaroT ocoboe
BHMMaHME KaK MCTOYHUK MPUPOAHBIX MUITMEHTOB, NOCKOSbKY coAepaT coequHEHUS
C BbICOKOW CBETO- U XMMWYECKOW YCTOMYMBOCTLIO, LLUMPOKOW LBETOBOM ramMMOM,
BbICOKON YpPOXaMHOCTbIO W cTabunbHbiM crnipocoM. Taloromyces albabiverticullus
XapakTepusyeTcsi CeKkpeumenm KpaCHOro nurMeHTa B KayecTBe BTOPUYHOIO
meTabonuta. Pactenus T. albabiverticullus npooeMOHCTPUPOBaNU Yry4dllIEHHbIV
pOCT, O 4YeM CBUAETENbCTBYET YyBENUYEHWE [ONUHbI NoberoB n KopHen no
CpaBHEHNIO C HEOOpaboTaHHbIMM KOHTPOMbHLIMKU Obpasuamn. LiBeT noBepxHOCTU
BapbupoBancs ot 6enoro 0O KpacHoro, obpaTHas cTopoHa Obinia KpacHoBaTo-
KOPUYHEBOW, C TYCTbIM CMOPOHOLIEHMEM W YETKOW paguanbHOM JIMHENHOW
30HaNbHOCTbIO. Mponssoant npupogHble aHTuMbakTepuanbHble n
NpPOTUBOrpUOKOBBLIE  COEauHEHUs. JTU  coeguHeHuss  3ppeKkTMBHbBI  NPOTUB
HekoTopbIXx ©Oaktepun wun rpmubkos. O6nagaetr OGMOCOPOUMOHHLIM CBOWMCTBOM-
MCrnonb3yeTcss Ona OYUCTKM TSXKEenblX MeTannoB. B HacToswee Bpems OH
n3yyaetcs Kak bMONorm4eckun KoHcepBaHT, A4obaBnsaemMbl B NULLY.

Aspergillus oryzea. HaspaHne «Aspergillus» npoucxognt OT NaTUHCKOro criosa
«aspergillumy», 4To NpUMEpPHO NepeBoaUTCHA KaK «OKPOMUTENb CBATOW BOAbI», YTO
yKasblBaeT Ha TOT (pakT, 4To popmMa OKponmuTenem ovYeHb HaANOMMHAET BHELUHUN
BMA 9TUX rpUBKOB, ecrim paccMmarpuBatb MX Nod MUKPOCKOMOM. [MOCKOMbKy 3TOT
lwTamm Aspericullus YyacTo ncnonb3yeTcs B drapmaveBTU4ECKON
npombliwneHHocTn, Homep ATCC u cBegeHnst o Hem TpebytoT OGHOBNEHNS Kak B
dapmakonee CLWA, Tak u B EBponenckon dapmakonee. ITOT EPMEHT
ncnonb3yeTcsd Ond paclienneHus kpaxmana. [mnokoamunasa v o-amunasa us
Asperigillus oryzea wncnonb3ylTCA MPU OCaxapuBaHUW MarnbTOAEKCTPUHaA AN
NPON3BOACTBA MarbTO3HbIX CUPOMOB, ManbTO3HbLIX U MMIOKO3HbLIX cUponoB. Kpome
Toro, 6uomacca Aspericullus oryzea CoOaQepXuT pacTBOpPMMbIE KPOBSIHbIE BOMOKHA -
GeTa-rnioKaHbl, KOTOpble MOXHO WCMOSb3oBaTb ANA oboraweHnsa noBceHEBHbIX
NPOAYKTOB MNWUTaAHUS W NpuAaHUS WM HOBbIX (OYHKUMOHASbHbLIX CBOWCTB.
Mcnonbayetcsa B xnebe, cokax, CNMUPTHBIX HanuTkax, Npu npomssBoacTee coipa. lMpu
NPUrOTOBIIEHUM MOSIOYHbLIX NPOAYKTOB AN JIOAEN C HENEPEHOCUMOCTBLIO NaKTOo3bl
006aBnaoT hepmeHThI.

3aknvyeHue

B koXype rpaHata Obinv oGHapyXeHbl U BblOeNeHbl MUKpPOopraHuambl Aspergillus
oryzea w Talaromyces albobiverticillius. OHM NPOAEMOHCTPUPOBANN BbICOKYHO
hepMEHTATUBHYIO aKTMBHOCTb, BKIOYAA CMOCOOHOCTb K paclUensieHn0 TaHMHOB.
[MonyyeHHble pesynbTaTbl  NOATBEPXKAAKOT MNEPCNeKTUBHOCTb  MCMNOMb30BaHUSA
BblAEMEHHbIX LWTaMMOB B OWOTEXHONOrMM U MNULWEBOW MNPOMBILLNIEHHOCTMW.
Aspergillus oryzea sBnseTca OOHUM M3 caMbiX 3PQPEKTUBHBIX MNPOAYLIEHTOB
TaHHa3bl B Mupe. Ero Beicokaa goepMeHTaTuBHasi akTMBHOCTb, CNOCOBHOCTb pacTu
Ha OELEBOM Cblpbe U LUMPOKOE MPUMEHEHME B NMPOMbILLIIEHHOCTU NOBbLILWAKT €ro
BUoTexHoNormyeckyto LUeHHoCcTb. B 6yayuiem € nomMowbid MeEeToOOB TEHHOM
NHXEHEPUN W ONTUMAarnbHbIX TEXHOSMOrMM (hepMeHTaunmm MOXHO MOBbICUTb
3P PEKTUBHOCTb NPOM3BOACTBA TaHHAa3bl LWUTaMMamu Aspergillus oryzea.

Talaromyces albobiverticillius paccmaTpuBaeTCcsa Kak MepCnekTUBHbIA - BUA
MUKPOCKOMNNYeCcKoro rpmba, KoTopbii MOXET ObiTb 3((EKTUBHLIM NPOAYLEHTOM
depmMeHTa TaHHa3bl. buoTexHonorndyeckas 3HaA4YMMOCTb 3TOro  dpepmeHTa
onpefensieTcs ero LWUPOKMM MPUMEHEHMEM B MNULLEBONW, dhapMaueBTUYECKON,
KOXX€BEHHOW W 3Korormyeckon oTpacnsx. [JanbHenwuve uccnegoBaHUs LOMMKHbI
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ObITb HanpaeneHbl Ha rNy6oKoe U3yyeHne reHeTUYECKNX 1 BUOXMMUYECKNX CBONCTB
AAHHOro BMAa, Co3AaHne BbICOKOAKTUBHBIX LUTAMMOB - MPOAYLIEHTOB TaHHa3bl U NX
BHeJpeHWe B NpOMbILLIEHHOE npounssoacTeo [9—11].
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Abstract. This study investigates the thermal-oxidative pyrolysis of waste
automobile tires as a route for converting secondary raw materials into valuable
products. The process was carried out at 550 °C in a batch reactor, yielding gas,
liquid, and solid fractions. The gas phase was found to be rich in combustible
components, indicating its potential for energy recovery within the process. The
liquid fraction exhibited properties suitable for further refining into fuel or chemical
feedstocks, while the solid residue represented a carbon-containing material with
potential application as a filler in polymer systems. Thermal analysis revealed that
the degradation of tire rubber proceeds in two main stages, corresponding to
devulcanization and subsequent decomposition of the carbon structure. These
transformations govern the formation and distribution of pyrolysis products. The
results confirm that pyrolysis of waste tires is an efficient and environmentally
sound approach for waste management, offering a viable pathway for resource

Juraev V.N., Mirzaakbarov R.M., Makhsumov A.G., Mashaev E.E. Thermal-oxidative pyrolysis of waste tires:
product characterization and potential for resource recovery and bitumen modification // Journal of future. 2026.
Vol. 2. Iss. 1. pp. 32—40. https://doi.org/10.5281/zenodo.19629947
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recovery and the production of value-added materials, including modifiers forC

bitumen and polymer composites.

Keywords: waste tire, pyrolysis, thermal degradation, pyrolysis oil, carbon black,
gas composition, resource recovery, bitumen modification.

Annotatsiya. Ushbu tadgiqot chiqindi avtomobil shinalarining termal-oksidlovchi
pirolizini ikkilamchi xom ashyoni gimmatbaho mahsulotlarga aylantirish usuli
sifatida o‘rganiladi. Jarayon 550 °C da davriy ishlovchi reaktorda amalga oshirildi
va gaz, suyuq va qattiq fraksiyalarni hosil qildi. Gaz fazasi yonuvchan
komponentlarga boy ekanligi aniglandi, bu uning jarayon davomida energiyani
gayta tiklash potensialini ko‘rsatadi. Suyuq fraksiya yoqilg‘i yoki kimyoviy xom
ashyolarga keyinchalik gayta ishlash uchun mos xususiyatlarni namoyish etdi,
gattiq qoldiq esa polimer tizimlarida to‘ldiruvchi sifatida go‘llanilishi mumkin bo‘lgan
uglerodli materialni ifodaladi. Termal tahlil shuni ko‘rsatdiki, shinalar kauchukining
parchalanishi ikki asosiy bosqichda sodir bo‘ladi, bu devulkanizatsiya va
keyinchalik uglerod tuzilishining parchalanishiga mos keladi. Ushbu o‘zgarishlar
piroliz mahsulotlarining shakllanishi va tagsimlanishini boshgaradi. Natijalar
chigindi shinalarning pirolizi chigindilarni boshgarish uchun samarali va ekologik
jihatdan xavfsiz yondashuv ekanligini tasdiglaydi, resurslarni gayta tiklash va bitum
va polimer kompozitlari uchun modifikatorlarni o'z ichiga olgan qo‘shimcha giymatli
materiallarni ishlab chigarish uchun samarali yo'Ini taklif giladi.

Kalit so‘zlar: chiqindi shinalar, piroliz, termal parchalanish, piroliz moyi, texnik
uglerod, gaz tarkibi, resurslarni qayta tiklash, bitum modifikatsiyasi.

AHHOTauuA. B gaHHOM nccnegoBaHMm U3yYaeTcs TEPMOOKUCTIUTESNbHBIA MUPONn3
oTpaboTaHHbIX aBTOMOOWIbHBIX LWWH Kak cnocob npeobpas3oBaHMs BTOPUYHOIO
Cbipbsi B LieHHble npoaykTbl. NMpouecc nposoauncsa npu temnepatype 550 °C B
peakTope NepuoaMyeckoro 4eNCTBMS, B pedynbrate vero 6biv nonyyeHbl rasosas,
Xnogkas n TBepaas dgpakumn. asoBas asa okasanacb 6oraton roprovMmu
KOMMOHEHTaMK, 4YTO YyKasblBaeT Ha ee noTeHUuman Onsa pekynepauuv SHeprun B
npouecce. Xwugkas dpakuusa obnagana CBOWCTBaAMM, NOOXOAAWMMM AN
AanbHenwen nepepaboTkM B TOMNMMBO UMM XMMUYECKOE Cbipbe, B TO BPEMS Kak
TBEpPAbIM OCTATOK npeacTaBnan cobown yrnepogcodepxawmin matepuan c
noTeHumnasnibHbIM MNPUMEHEHNEeM B KadeCTBe HarnonHUTeNnda B  MONMMEPHbIX
cuctemax. TepMuYeckuin aHanu3 nokasan, 4TO [ferpajaumsi pesvHbl  LIKWH
NpouCXoauT B [Ba OCHOBHbIX 3Tana, COOTBETCTBYHOLMX [OeByrKaHusauum u
nocnegywowemMy pasrfioXeHUO0  YrnepoaHOW  CTPYKTypbl. 3TUM  NpeBpalleHuns
onpegenaT obpasoBaHue M pacnpegeneHne npogykTtos nuponusa. Pesynbrathbl
NOATBEPXAAT, YTO NUPONU3 OTpPabOoTaHHbIX LWWH ABASETCA 3PPEKTUBHBIM U
aKonornyeckn ©Ge3onacHbIM MOAXOAOM K yTUNM3auMM OTX04O0B, npeanaras
XM3HECNOCOBHbIV NYyTb AN1S U3BMEYEeHUs pecypCcoB U NPOU3BOACTBa MaTepuanos C
Ao6aBneHHoON CTOMMOCTbBIO, BKOYaa MoaudukaTopbl Ana 6utyma u noniMMepHbIX
KOMMO3UTOB.

Knroueenie croea: ompabomaHHbie WUHbI, NUPOIU3, mepMmuyeckas Oeepadayus,
MupOsIU3HOE Macrsio, mexHu4yecKkuli yenepod, cocmae 2asa, U3e/ieHeHUe Pecypcos,
Modugbukayusi bumyma.
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1.Introduction

The rapid growth of automobile transport has led to a significant accumulation of
worn tires, which represent a serious environmental challenge due to their
resistance to natural degradation and the risks associated with uncontrolled
storage and disposal [1,2]. At the same time, waste tires are a valuable secondary
resource containing a high proportion of rubber, carbon black, and metal
components, which can be effectively recovered through thermochemical
conversion processes [3]. Among various recycling technologies, pyrolysis is
considered one of the most promising approaches, as it enables the conversion of
waste tires into gaseous, liquid, and solid products with potential industrial
applications [4,5]. The gas fraction can be reused as an energy source, the liquid
fraction may serve as a precursor for fuels and chemicals, while the solid residue
(carbon black) can be utilized in polymer composites and construction materials [6].
In recent years, particular attention has been paid to the use of tire-derived
products in bitumen modification. The incorporation of rubber-based additives and
carbon materials into bitumen has been shown to improve its mechanical
performance, thermal stability, and resistance to low-temperature cracking [7].
Previous studies have demonstrated that waste tire components can enhance the
durability of road materials and contribute to the development of sustainable
infrastructure [8]. Despite these advances, several challenges remain. In particular,
the relationship between pyrolysis conditions and the physicochemical properties of
the resulting products is not fully understood. Moreover, the mechanisms of thermal
degradation and their influence on product distribution require further clarification.
This limits the efficient utilization of pyrolysis products, especially in high-value
applications such as bitumen modification and polymer systems [9,10].

The aim of this study is to investigate the thermal-oxidative pyrolysis of waste
automobile tires, with a focus on the composition, properties, and potential
applications of the resulting products. Special attention is given to the thermal
degradation behavior of tire rubber and the characterization of carbon-containing
materials as functional additives. The novelty of this work lies in the combined
analysis of pyrolysis products and their potential application in resource recovery
and bitumen modification systems.

2.Materials and Methods

Waste automobile tires obtained from the Central Material and Technical Base
(CMTB) of the Navoi Mining and Metallurgical Combine (NMMC) were used as the
raw material in this study. Before processing, the tires were inspected to remove
foreign materials such as metal parts and debris, and cleaned from surface
contaminants to ensure uniform experimental conditions. Thermal-oxidative
pyrolysis was carried out in a batch retort-type reactor under limited oxygen
conditions. The reactor was hermetically sealed, and the process temperature was
maintained at 550 °C, which corresponds to the range of intensive thermal
degradation of tire rubber reported in the literature. During heating, the material
decomposed into gaseous, liquid, and solid products. The volatile products were
withdrawn from the reactor and directed to a heat exchanger, where condensable
fractions were separated as liquid pyrolysis oil, while non-condensable gases were
partially reused to sustain the process.

The liquid fraction was collected in a settling tank and characterized separately. To
avoid secondary transformations, its physicochemical properties were determined
at 450 °C. The analysis included density, viscosity, pH, boiling point, flash point,
autoignition temperature, pour point, and molecular weight. The composition of the
gas phase was determined using gas chromatography, allowing identification of the
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main hydrocarbon and non-hydrocarbon components. Thermal behavior of the rawC
material was investigated using a Labsys Evo derivatograph (Setaram, France)
over the temperature range of 50-900 °C. The method enabled simultaneous
measurement of mass loss and its rate, providing insight into the thermal
degradation stages.

The solid residue obtained after pyrolysis was cooled, mechanically treated, and
subjected to magnetic separation to remove metallic inclusions. The resulting
carbon-containing material was analyzed in terms of particle size, bulk density,
moisture content, ash content, and pH.All experiments were carried out under
identical conditions, and the reported results represent average values.

Table 1. Qualitative and quantitative composition of the gas phase of thermal-
oxidative pyrolysis of worn car tires

Components Content of Components Content of
components, % components, %
Methane 45.0 Hydrogen 17.5
Ethane 14.9 Carbon monoxide 4.2
Propane 5.0 Carbon dioxide 4.9
Butane 3.5
Propylene 1.5
Ethylene 2.2
Butene 1.3

3.Results and Discussion

The pyrolysis of waste tires generates gas, liquid, and solid products that can
potentially be used as modifiers for bitumen. Therefore, the present study focuses
on investigating the thermal-oxidative pyrolysis process and analyzing the
composition and properties of the obtained fractions.

Based on literature analysis, significant thermal degradation of rubber products
based on used tires occurs in the temperature range of 500-550 °C. Therefore, the
thermal-oxidative pyrolysis of used tires was carried out at 550 °C. The liquid
fraction, however, was characterized at 450 °C to evaluate its physicochemical
properties under milder conditions. The pyrolysis products primarily consist of gas,
liquid, and solid phases. The composition of the gas phase was analyzed using a

Table 2. Physicochemical properties of the liquid fraction of thermal-oxidative
degradation products of worn car tires at a temperature of 450 °C

Components Content of components, %

Appearance Dark brown

Mass fraction of volatile substances, % n/b 2

pH 6.5

Boiling point, K 450

Flash point, K 570
Autoignition temperature, K 725

Pour point, K 243

Molecular weight 1000-1200
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Fig. 1. Derivatogram of worn car tires

gas chromatograph, the results of which are presented in Table 1. The results
indicate that the gas phase consists primarily of 45% methane, 14.9% ethane, and
17.5% hydrogen. Therefore, the gas mixture can be reused for burning tires in
reactors and pyrolysis units. The physicochemical properties of the pyrolysis
product fraction of worn tires were also studied, the results of which are presented
in Table 2.

Derivatographic analysis is a modern physicochemical method that simultaneously
determines the change in sample mass, the rate of mass loss, and the thermal
properties of materials over a wide temperature range. We examined worn car tires
using a Labsys derivatograph evo Setaram. The resulting derivatogram is

presented in Fig. 1.

The analysis of the derivatogram indicates that the thermal degradation of worn tire
rubber occurs in two main stages. The first stage (50-500 °C) is associated with

Table 3. Characteristics of the products of thermal-oxidative pyrolysis of
worn car tires

Name of pyrolysis % Physicochemical properties Recommended area of
products application
Pyrolysis gas 3,0 Gas composition: methane-45.0%, In mini boiler plants, for

ethane-14.9%, propane-5.0%, butane- firing in pyrolysis reactors.
3.5%, propylene-1.5%, ethylene-2.2%,
butene-1.3 %, hydrogen-17.5%, carbon
monoxide-4.2%, carbon dioxide-4.9%.
Liquid fraction 1.0 Density=948 kg/m? For the production of
Viscosity =1.7957 aromatic hydrocarbons and
petroleum products
Carbon-containing 9.0 Density=0.408+0.02 Viscosity=0.41£0.05 For the production of
materials Humidity=22.7+0.44 activated carbon, coke and
thermal energy, and filler for
rubber compounds

Metal cord 7,0 Wires with a partially shiny surface, dark As scrap metal
gray color. Exhibits good compressibility.
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the devulcanization and depolymerization of rubber components. In thisL
temperature range, the cleavage of sulfur cross-links (S—S and C-S bonds) takes
place, accompanied by the release of low-molecular-weight volatile compounds.
This stage is characterized by an intensive mass loss (40.6%) and a high
degradation rate (2.508 mg/min). The second stage (500-800 °C) corresponds to
the decomposition of the carbonaceous structure and secondary reactions such as
aromatization and carbonization. In this region, the degradation rate decreases
(1.837 mg/min), indicating the formation of more thermally stable structures,
including carbon-rich residues. At temperatures up to 900 °C, the residual mass
(approximately 48.8%) is mainly composed of inorganic components and metal
cord, confirming the completion of the thermal decomposition process.

Currently, over 24,000 tons of used tires are stored at the Central Material and
Technical Base (CMTB) landfill of the Central Mining Department (CMD) of Navoi
Mining and Metallurgical Combine (NMMC). Additionally, 1,800 tons of used tires
are written off annually at NMMC divisions, which use them as valuable raw
materials in pyrolysis recycling technology. The accumulation and storage of such
large volumes of used tires, given the region's hot climate, has a negative impact
on the already stressed environment. At the same time, tires at the end of their
service life are considered valuable raw materials for various recycling technologies
worldwide. Navoi Mining and Metallurgical Combine began searching for an optimal
tire recycling technology in 2013. Taking into account the volumes of raw materials,
based on a forecast of the plant's capacity to sell rubber crumb, as well as the
plant's need for heating oil, specialists from the Navoi State Mining and
Metallurgical Institute (NGGI), NGMK, the Central Research Institute (CRI), and the
Tashkent Institute of Chemical Technology (TICT) decided to conduct experimental
work to develop a technology for the pyrolysis of waste rubber products.

3.1. Description of the technological process and diagram. The feedstock is
collected and transported by truck to a waste tire warehouse (Figure 2). For
processing, the feedstock is inspected for metal disks and rings, and is cleaned of
foreign objects and dirt from the pyrolysis unit. After cleaning, the feedstock is

Used Tires Pyrolysis Plant Exhaust Gas
_—p -

| 450-550°C
'

= Cooling Water

=
Eeparator I

Pyrolysis Fuel
[, 1 6 Liquid Fuel 6

@ Water
-

Carbon Residue Metal Cord

Removal of foreign
objects

== &S

Removal of foreign objects

& Carbon Black & Scrap Metal

Fig. 2. Technological process diagram
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loaded into a retort (crucible). In the retort, the feedstock decomposes at
temperatures ranging from 450-550 °C, producing semi-finished products: gas,
pyrolysis liquid, carbon-containing material, and metal cord (scrap metal). During
the pyrolysis process, the retort is hermetically sealed. All rubber is heated but does
not burn (except for the lower portion, which smolders). After the gases are
released, approximately 800 kg of wood waste is burned through the nozzle and
the pyrolysis unit, and gas is supplied with air at a controlled ratio to ensure stable
combustion. Dilution with air at a specific ratio allows the operating temperature to
be maintained (the temperature in the crucible must not exceed 550 °C). Pyrolysis
gases (gases from tire decomposition) are removed through a feedstock heating
pipe (through the crucible). The thermal decomposition of the feedstock (worn tires)
occurs without air. When the feedstock is heated to operating temperature, it
undergoes thermal decomposition, releasing a large amount of gas. This gas is
diverted to a heat exchanger via a connecting pipe, where it condenses. The
resulting hydrocarbon fractions, released during rubber heating, are directed from
the retort to a heat exchanger (condensation of pyrolysis gases), through which the
hydrocarbon fractions are cooled and condensed, turning into liquid pyrolysis fuel.
The fractions that do not condense are sent as gas, partly to the retort and partly to
the exhaust. The cooling water is recycled and reused. Liquid fuel, metal cord and
carbon-containing residue are sent to a warehouse.

The liquid collects in a product settling tank. As the pyrolysis liquid accumulates, it
drains into a storage tank, and the resulting water is drained from the bottom of the
settling tank through installed pipes. The heat exchanger is cooled with process
water (recycled water, pumped from a cooled water pool, is used). After the process
is complete, the furnaces are cooled, the crucible is removed from the furnace, and
after natural cooling, the crucible lid is removed, and the solid residue is
discharged. The next crucible is then installed in the furnace and loaded with the
processed raw material. To ensure a continuous production cycle, six crucibles are
used (three working crucibles and three cooling crucibles). Gas is returned to the
furnace firebox to maintain the process; if necessary, the remaining gas is released
through a stack. The carbon-containing residue, after quenching and cooling, is
sieved to separate the wire from the metal cord.

3.2. The technology is efficient and energy-saving. All processed products are
free of highly toxic substances. The possibility of decomposition products being
released into the atmosphere is eliminated. The most important positive features of
the technology are:

* low energy consumption (compared to other technologies), closed cycle and
cost-effectiveness, the possibility of using various types of fuel for technological
needs: liquid, solid, gaseous;

» zero waste - there is no production waste that requires subsequent disposal;

* The production of highly marketable products, including energy resources. A tire
recycling facility not only addresses the environmental issue of tire recycling but
also enables the transformation of tire recycling into a cost-effective, highly
efficient process, something no other technology currently offers;

* Environmentally safe: processed products do not contain highly toxic
substances. The possibility of decomposition products escaping into the
atmosphere is eliminated; the equipment is environmentally friendly, fire- and
explosion-proof.

Using discarded tire waste as a raw material is important from both an economic
and environmental perspective. Tires are valuable secondary raw materials,
containing 65-70% rubber, 15-25% carbon black, and 10-15% metal cord. In
today's increasingly stringent waste management regulations, pyrolysis is the most
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Fig. 3. Microscopic general appearance of carbon-containing material after
pyrolysis.

promising and environmentally friendly method for recycling tires, yielding valuable
chemical products. Among the pyrolysis products, the most valuable is carbon-
containing material. The application of carbon black depends on a range of
physical and chemical properties. However, most processors specify minimum
quantities in their technical documentation, including ash content, bulk density,
moisture content, sulfur content, and pH.

The Navoi Mining and Metallurgical Plant's central mine department operates a
pyrolysis unit with a capacity of one ton per day. Therefore, to identify and expand
potential applications for carbon-containing material, a detailed study of its
physicochemical properties is necessary. Thermal-oxidative pyrolysis produces a
carbon-containing material that is a relatively brittle, lumpy, black substance with a
grayish tint and an unpleasant odor (Fig. 3a), some of which contain metallic
inclusions (Fig. 3b).

Before use, the carbon black was crushed using a BB 600 laboratory jaw crusher.
Analysis of the study results shows (Fig. 3) that the particles of carbon-containing
material have different sizes. Among the particles of carbon-containing material,
those greater than 0.045 mm and less than 0.25 mm (> 0. 045 < 0.25), i.e. 0.062
mm, account for 62.0% of the total particle content. Particles with a size from 0.062
mm to 0.5 mm, i.e. particles of 0.25 mm, account for 24.0% by weight. Also,
particles of 0.5 mm in size account for about 10% by weight. The use of carbon-
containing material containing crushed metal inclusions as a filler in rubber
products negatively affects the quality of rubber products. Magnetic separation is
used to extract these metal inclusions. After crushing, the carbon-containing
material is a dispersed dark black powder.

Ground carbon-containing material can be recommended as a filler for polymers
and polymeric materials. Carbon black is primarily used as a structural filler for
polyethylene, polypropylene, polyvinyl chloride, and other polyolefins. The addition

Table 4. Physicochemical characteristics of the carbon-containing material
before crushing (CM -1) and crushed (CM -2)

Characteristics pH, g/cm? pH A%, % W2, %
CM -1 0.324 +£0.02 6, 4 21,66+0.44 0.23+0.05
CM -2 0.407 +0.02 6,4-55 23,71+044 0.40 £ 0.05
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of carbon black improves the durability of polymeric materials and increases their
resistance to light aging. The physicochemical characteristics of the carbon-
containing material before grinding (CM -1) and after grinding (CM -2) are
presented in Table 4.

Analysis of the research results shows that reducing the particle size of carbon-
containing material leads to an increase in bulk density, acidity, moisture content
and has virtually no effect on ash content.

Conclusions

The results of this study demonstrate that thermal-oxidative pyrolysis of waste tires
at 550 °C is an effective approach for converting secondary raw materials into
valuable products. The process yields a gas fraction with a high content of
combustible components, a liquid fraction with potential for further processing into
fuel and chemical feedstocks, and a solid carbon-containing residue suitable for
use as a filler in polymer materials. Thermal analysis confirmed that the
degradation of tire rubber proceeds in two main stages, corresponding to
devulcanization and subsequent decomposition of the carbonaceous structure.
This behavior explains the formation of both volatile products and a stable solid
residue.

The obtained findings indicate that waste tire pyrolysis can be considered not only
as an environmentally sound disposal method, but also as a promising route for
resource recovery and material reuse, particularly in the production of functional
carbon materials and bitumen-modifying additives.
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Annotatsiya. Ushbu tadgiqotda mahalliy meva chigindilaridan (olma va mandarin)
olingan pektin saglovchi konsentratlarning non mahsulotlari sifat ko‘rsatkichlari va
saqlanish muddatiga ta’siri o‘rganildi. Pektin kKislotali gidroliz usuli (pH 3,5; 75—
80°C; 180 dagiqa) orqali ajratib olinib, xamir tarkibiga 0—1,5% migdorda qo‘shildi.
Namunalar namlik, yumshoqlik indeksi va strukturaviy xossalari bo‘yicha 0—72 soat
davomida baholandi. Tajribalar uch martadan takrorlandi (n = 3) va natijalar
o‘rtacha giymat = standart og‘ish ko‘rinishida ifodalandi. Statistik tahlil (ANOVA)
natijasida farglar p < 0,05 darajada ishonchli ekanligi aniglandi. Natijalar pektin
go‘shilishi nonning namlikni saqglash qobiliyatini oshirib, eskirish jarayonini
sekinlashtirishini ko‘rsatdi. 72 soatdan so‘ng nazorat namunada namlik yo‘qotilishi
6,8% ni tashkil etgan bo‘lsa, 1,0% pektin go‘shilgan namunada bu ko‘rsatkich 4,1%
gacha kamaydi. Yumshoqlik indeksi 0,62 dan 0,78 gacha oshdi, birog 1,5% pektin
go‘shilganda strukturaviy zichlashuv kuzatildi. Tadgigotning ilmiy yangiligi mahalliy
meva chiqindilaridan pektin olish va uning optimal miqdorini (1,0%) ilmiy
asoslashdan iborat. Natijalar funksional non mahsulotlari ishlab chigarish va
“waste-to-value” yondashuvni rivojlantirish uchun muhim ahamiyatga ega.

Kalit so‘zlar: pektin, pektin konsentrati, non mahsulotlari, xamir reologiyasi, gel
hosil qilish, tekstura, g‘ovaklik, saqlanish muddati, funksional ozig-ovqat,
polisaxaridlar, oziqaviy qiymat, biopolimerlar.

Abstract. This study investigated the effect of pectin preservative concentrates
obtained from local fruit waste (apples and tangerines) on the quality and shelf life
of bakery products. Pectin was extracted by acid hydrolysis (pH 3.5; 75-80°C; 180
min) and added to the dough in an amount of 0-1.5%. Samples were evaluated for
moisture, softness index, and structural properties for 0—-72 h. Experiments were
repeated three times (n = 3) and results were expressed as mean * standard
deviation. Statistical analysis (ANOVA) revealed that differences were significant at
the p < 0.05 level. The results showed that the addition of pectin increased the
moisture retention capacity of bread and slowed down the process of staleness.
After 72 hours, the moisture loss in the control sample was 6.8%, while in the
sample with the addition of 1.0% pectin, this indicator decreased to 4.1%. The

Abilova A., Atxamova S. Non mahsulotlari uchun pektin saglovchi konsentratlarni qo‘llash // Journal of future.
2026. Vol. 2. Iss. 1. pp. 41-47. hitps://doi.org/10.5281/zenodo.19630124
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softness index increased from 0.62 to 0.78, but structural densification was
observed when 1.5% pectin was added. The scientific novelty of the study is the
extraction of pectin from local fruit waste and the scientific justification of its optimal
amount (1.0%). The results are important for the production of functional bakery
products and the development of the “waste-to-value” approach.

Keywords: pectin, pectin concentrate, bakery products, dough rheology, gel
formation, texture, porosity, shelf life, functional food, polysaccharides, nutritional
value, biopolymers.

AHHOTaumAa. B pgaHHOM wuccnegoBaHMM  M3y4vanocb BMAWSIHUE  KOHLEHTpaToB
NEeKTMHA, MOSTYYEeHHbIX U3 MECTHbIX OPYKTOBbLIX OTXOA0B (0510K 1 MaHOapUHOB), Ha
Ka4yecTBO M CPOK XpaHeHus xneboOynoudHbix uagenuin. MNMekTuH aKkcTparnpoBanu
KncnotHeiMm rugponusom (pH 3,5; 75-80°C; 180 muH) n pobaenanm B TeCTO B
konnyectee 0-1,5%. O6pasubl oueHMBanu NO BNAXHOCTW, MHAEKCY MSAMKOCTU WU
CTPYKTYPHbIM CBOWCTBaM B TeyeHne 0—72 4acoB. JKCNEPUMEHTbI NOBTOPSNN TpU
paza (n = 3), pe3ynbraTbl Bblpa)xanu Kak cpeaHee 3HavyeHue + CTaHgapTHoe
oTknoHeHne. Crtatuctudeckun ananma (ANOVA) nokasan, 4To pasnuuunsa 6binu
CTaTUCTUYECKN 3HauYuMbl npu ypoBHe p <0,05. Pesynbratbl nokasanu, 4TO
pobaBneHne nNekTuHa yBenuMuMBaeT BnaroyoepXmBatoLLytd crnocobHOCTb xneba u
3amMeansaeT npouecc 4YepcTBeHus. Yepes 72 yaca noTepsa BnarM B KOHTPOSIbHOM
obpasue coctaBuna 6,8%, Torga kak B obpasue ¢ gobasneHnem 1,0% nekTuHa
3TOT nokasarerb cHuaunca 0o 4,1%. MHgekc markoctn yeenuyunca ¢ 0,62 go 0,78,
ogHako npu pobaeneHun 1,5% nektnHa Habnoganocb YNSOTHEHWE CTPYKTYPbI.
Hay4yHas HOBM3Ha McCcrneqoBaHNA 3aKo4aeTCcs B U3BMEYEHMM NEKTUHA N3 MECTHbIX
PPYKTOBbIX OTXOAOB W HAay4yHOM OBOOCHOBaHUW €ro ONTUMAarbHOro KonmMyecTBa
(1,0%). PesynbTaThl BaXHbl A5s1 NPOM3BOACTBA (PYHKUMOHAmMbHbIX X11e606ynoYHbIX
n3aennn n pasBUTUSA NOAX0AA «OTXOA4bl — LIEHHOCTbY.

Knroyeeble croea: rekmuH, MNeKmuHO8bIlU KoHUeHmpam, x1ebobyrioyHble
u3dernus, peosoauss mecma, eerneobpasogaHue, mekcmypa, Mopucmocms, CPOK
200HoCcmuU, @byHKUUOHaslbHble po0yKmbl numaHusi, rosnaucaxapuodbl, nuweeas
ueHHocms, buoronumepeil.
Kirish

Hozirgi kunda ozig-ovqat xavfsizligi va mahsulotlarning saqglanish muddatini
uzaytirish global migyosdagi muhim muammolardan biri hisoblanadi. Xalgaro
tashkilotlar ma’lumotlariga ko‘ra, dunyo bo‘yicha ishlab chigarilayotgan ozig-ovqat
mahsulotlarining gariyb uchdan bir qismi yo‘qotiladi yoki chigindiga aylanadi, bu
esa resurslardan samarasiz foydalanish va ekologik muammolarning kuchayishiga
olib keladi. Aynigsa, tez buziluvchan mahsulotlar, jumladan non mahsulotlari, gisga
saqlanish muddati bilan ajralib turadi va bu holat ozig-ovqat chiqgindilarining sezilarli
gismini tashkil etadi. Non mahsulotlari inson ratsionida asosiy o'rin tutuvchi
mahsulotlardan biri bo‘lib, ularning sifat ko‘rsatkichlarini saglash va eskirish
jarayonini sekinlashtirish muhim ilmiy-amaliy vazifa hisoblanadi. An’anaviy
texnologiyada nonning tez qurishi, yumshoqligining yo‘golishi va kraxmal
retrogradatsiyasi natijasida tekstura xususiyatlarining yomonlashuvi asosiy
muammolar gatoriga kiradi. Shu sababli, mahsulotning saqglanish muddatini

uzaytiruvchi va sifat ko‘rsatkichlarini bargarorlashtiruvchi tabiiy qo‘shimchalardan
foydalanish dolzarb yo‘nalish hisoblanadi.

So‘nggi yillarda ozig-ovqat sanoatida tabiiy biopolimerlar, xususan pektin asosidagi



2026-yil, 1-SON ISSN: 3093-8899 | EUTURE-JOURNAL.UZ JOURNAL OF FUTURE

go‘shimchalarga gizigish ortib bormoqgda. Pektin o‘simlik hujayra devorining asosiyC

komponentlaridan biri bo'lib, yuqori gidrofil xususiyati, suvni bog‘lab turish qobiliyati
va gel hosil qilish xususiyati bilan ajralib turadi. Ushbu xususiyatlar pektinni non
mahsulotlari texnologiyasida samarali funksional ingredient sifatida qo‘llash
imkonini beradi. Pektin xamir tarkibidagi oqgsil va kraxmal komponentlari bilan
o'zaro ta’sirlashib, uning reologik xossalarini yaxshilaydi, gaz ushlab turish
gobiliyatini oshiradi hamda tayyor mahsulotning hajmi va g‘ovak tuzilmasini
barqarorlashtiradi. Bundan tashqari, ozig-ovqat sanoatida chigindilarni qayta
ishlash va ulardan yuqori qo‘shimcha giymatga ega mahsulotlar olish muhim
yo‘nalishlardan biri hisoblanadi. Meva va sabzavot chiqgindilaridan pektin ajratib
olish nafaqat ekologik muammolarni kamaytiradi, balki igtisodiy jihatdan samarali
texnologik yechim sifatida ham qaraladi. Shu nuqtai nazardan, pektin saglovchi
konsentratlarni mahalliy xomashyo asosida ishlab chigish va ularni non
mahsulotlari texnologiyasida go‘llash ilmiy va amaliy ahamiyatga ega.

1.1. limiy yangiligi. Mazkur tadqiqotning ilmiy yangiligi shundan iboratki, unda
pektin saglovchi konsentrat sifatida mahalliy xomashyo — olma va mandarin meva
chigindilaridan foydalanildi hamda ularni qayta ishlash asosida funksional
ingredient olishning samarali usuli taklif etildi. Tadqigot doirasida pektin
ekstraksiyasi uchun kislotali gidroliz usuli optimallashtirilib, olingan konsentratning
non mahsulotlari texnologiyasiga ta’siri kompleks tarzda o‘rganildi. Bundan
tashqari, pektin saglovchi konsentratlarning xamirning reologik xossalari, namlikni
saqglash qobiliyati va mahsulotning eskirish jarayoniga ta’siri eksperimental asosda
baholandi. llk bor mahalliy meva chigindilaridan olingan pektin konsentratining non
mahsulotlari sifat ko‘rsatkichlariga ta’siri solishtirma tahlil qilinib, uning optimal
miqdori (1,0%) ilmiy jihatdan asoslab berildi. Tadgiqot natijalari ozig-ovqat
sanoatida chigindilarni qayta ishlashga asoslangan “waste-to-value” yondashuvni
rivojlantirish,  shuningdek, funksional non mahsulotlari ishlab chigarish
texnologiyasini takomillashtirish uchun muhim ilmiy va amaliy ahamiyatga ega.

Adabiyotlar tahlili

So‘nggi yillarda non mahsulotlari texnologiyasida gidrokolloidlar, xususan
pektinning go‘llanilishi keng o‘rganilmoqda. Tadqiqotlar shuni ko‘rsatadiki, pektin
yuqori molekulyar polisaxarid bo‘lib, uning suvni bog‘lab turish va gel hosil gilish
xususiyati xamirning reologik xossalarini sezilarli darajada yaxshilaydi [1-4].
Xususan, pektinning galakturon kislotasi asosidagi tuzilmasi suv molekulalari bilan
o‘zaro ta’sirlashib, xamir tizimida bargaror kolloid muhit hosil qgiladi [4]. lImiy
tadqiqotlarda pektin va boshga gidrokolloidlarning xamirning viskoelastik
xususiyatlariga ijobiy ta’siri aniglangan. Ular gluten tarmog‘ining shakllanishiga
ta’sir ko‘rsatib, gaz ushlab turish qobiliyatini oshiradi va fermentatsiya jarayonini
bargarorlashtiradi [2,5]. Natijada nonning hajmi, g‘ovak tuzilmasi va umumiy sifat
ko‘rsatkichlari yaxshilanadi [3,6].

Bundan tashqari, pektin qo‘shilishi mahsulotning saglanish muddatini uzaytirishda
muhim  rol o‘ynaydi. Tadqigotlar shuni ko‘rsatadiki, pektin  kraxmal
retrogradatsiyasini sekinlashtiradi va namlik migratsiyasini kamaytiradi, bu esa
nonning eskirish jarayonini sezilarli darajada susaytiradi [6,7]. Shu bilan birga,
pektin asosidagi qo‘shimchalar mahsulotning yumshoqgligini uzoq vaqt davomida
saqlab goladi [9]. So‘nggi ilmiy ishlarda meva va sabzavot chigindilaridan pektin
olish va uni ozig-ovgat mahsulotlarida qo‘llash alohida e’tibor gozonmoqgda. Bunday
yondashuv nafaqgat mahsulot sifatini oshiradi, balki ozig-ovqat sanoatida
chigindilarni qayta ishlash va resurslardan samarali foydalanish imkonini beradi
[8,10]. Shu sababli, pektin saglovchi konsentratlar zamonaviy non mahsulotlari
ishlab chiqarishda ekologik va funksional jihatdan istigbolli ingredient sifatida
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garalmoqda.

Metodologiya

Tadgigotda bug‘doy unidan tayyorlangan non mahsulotlarida pektin saqglovchi
konsentratlarning ta’sirini o‘rganish magsadida eksperimental tadgiqotlar olib
borildi. Barcha tajribalar uch martadan (n = 3) takrorlandi va natijalar o‘rtacha
giymat * standart og‘ish ko‘rinishida ifodalandi.

3.1. Xomashyo va materiallar. Tadqgigotda oliy nav bug‘doy uni, presslangan
xamirturush, osh tuzi va ichimlik suvidan foydalanildi. Pektin saqglovchi
konsentratlar manbai sifatida olma va sitrus (mandarin) meva chigindilaridan
olingan pektin ishlatildi.

3.2. Pektin konsentratini olish. Pektin ekstraksiyasi kislotali gidroliz usuli orqali
amalga oshirildi. Buning uchun maydalangan xomashyo (100 g) pH = 3,5 bo‘lgan
limon kislotasi eritmasida 75-80°C haroratda 180 dagiga davomida ekstraksiya
gilindi. Hosil bo‘lgan ekstrakt filtrlash, vakuum ostida kontsentratsiyalash va quritish
bosgichlaridan o‘tkazilib, pektin saglovchi kukun holatidagi konsentrat olindi.

3.3. Non tayyorlash texnologiyasi. Non namunalarini tayyorlash AACC (American
Association of Cereal Chemists) 10-10B standart metodikasi asosida amalga
oshirildi. Xamir tarkibi quyidagicha bo'ldi: bug‘doy uni — 100%, suv — 60%,
xamirturush — 3%, tuz — 1,5%, pektin — 0; 0,5; 1,0; 1,5%. Xamir 10 daqiga
davomida mexanik aralashtirildi, so‘ngra 30°C haroratda 60 dagiqa davomida
fermentatsiya qilindi. Shakllantiriigan xamir 180°C haroratda 25 dagiga davomida
pishirildi.

3.4. Fizik-kimyoviy tahlillar. Namlik miqdori ISO 712:2010 standartiga muvofiq
quritish usuli yordamida aniglanib, % hisobida ifodalandi. Nonning yumshoqligi
tekstura analizatori (Texture Analyzer, TA.XT Plus, Stable Micro Systems, UK)
yordamida aniglanib, nisbiy birliklarda baholandi. Non hajmi rapeseed
displacement usuli asosida AACC 10-05.01 standartiga muvofiq aniglanib, cm?
birlikda ifodalandi.

3.5. Organoleptik baholash. Mahsulotning tashqgi ko‘rinishi, rang, hid, ta'm va
tekstura ko‘rsatkichlari 10 nafar ekspert ishtirokida 5 ballik tizim asosida baholandi.

3.6. Statistik tahlil. Olingan natijalar ANOVA (bir omilli dispersiya tahlili) yordamida
tahlil qilindi. Natijalar o‘rtasidagi farglar ishonchliligi p < 0.05 darajada baholandi.
Statistik hisob-kitoblar OriginPro 2021 dasturida amalga oshirildi.

Natijalar

Tadqiqot doirasida 4 xil namuna shakllantirildi (1-rasm):

1. Nazorat namunasi — bug‘doy uni, suv, tuz va xamirturush asosida tayyorlangan
oddiy non;

2. Standart pektinli non — xamirga fermentatsiyadan oldin standart pektin qo‘shilgan
namuna (1-namuna);

1-jadval. Saqlash jarayonida nonning namlik va tekstura ko‘rsatkichlarining

o‘zgarishi
Namuna Pektin Namlik (0 Namlik (72  Namlik Yumshoqlik
miqgdori,%  soat), % soat), % yo‘qotilishi, % indeksi
Nazorat 0 423+05 39406 6.8+£0.3 0.62 £ 0.02
1-namuna 0,5 435+04 41005 5702 0.71+£0.03
2-namuna 1,0 441+03 423+04 4102 0.78 £ 0.02
3-namuna 1,5 445+04 426+05 4303 0.76 £ 0.03
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Nazorat Bl 1-namuna S 2-namuna & 3-namuna
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1-rasm. Turli migdordagi pektih go‘shilgan non namunalarining tashqi ko‘rinishi va
ichki g‘ovak tuzilmasi

3. Sitrus pektinli non — xamirga fermentatsiyadan oldin sitrus manbali pektin
go‘shilgan namuna (2-namuna).

4. Konsentratlangan sitrusli non — yuqori konsentratsiyadagi sitrus pektinli
konsentrat qo‘shilgan namuna (3-namuna).

1-rasmda nazorat va pektin go‘shilgan (0,5-1,5%) non namunalarining tashqi
ko‘rinishi hamda ichki g‘ovak tuzilmasidagi farglar aks ettiriigan. Pektin migdori
ortishi bilan g‘ovaklikning bir tekis tagsimlanishi va tekstura barqgarorligining
yaxshilangani kuzatiladi, ammo yuqori konsentratsiyada gisman zichlashuv belgilari
namoyon bo‘ladi. Namunalarning tahlil natijalari 1-jadvalda keltirildi.

Olingan natijalar uch martalik takroriy tajribalar asosida o‘rtacha giymat + standart
og‘ish (Mean + SD) ko'rinishida ifodalandi (1-jadval). Statistik tahlil natijalari shuni
ko‘rsatdiki, pektin gqo‘shilgan namunalar bilan nazorat namunasi o‘rtasidagi farglar
ishonchli bo'lib, p < 0.05 darajada ahamiyatli ekanligi aniglandi. Aynigsa, 1,0%
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pektin qgo‘shilgan namunada namlik yo‘qotilishi va yumshoqlik ko‘rsatkichlari
bo‘yicha eng yuqori ijobiy natijalar gayd etildi.

2-rasmda ko‘rsatilganidek, saglash davomida barcha namunalar namlik yo‘qotgan
bo‘lsa-da, pektin qgo'shilgan namunalarda ushbu jarayon sezilarli darajada
sekinlashgan. Aynigsa, 1,0% pektin qo‘shilgan namunada namlikning saqglanish
darajasi eng yuqori bo'lib, bu natija statistik jihatdan ishonchli (p < 0.05) ekanligi
aniglandi.

Saglash davomida pektin qo‘shilgan namunalar namlikni sezilarli darajada yaxshi
saqlab qolganligi aniglandi. Nazorat namunada 72 soat davomida namlik
yo‘qotilishi 6,8% ni tashkil etgan bo‘lsa, 1,0% pektin go‘shilgan namunada bu
ko‘rsatkich 4,1% gacha kamaydi. Bu pektinning suvni immobilizatsiya qilish
xususiyati bilan bog‘lig bo'lib, kraxmal retrogradatsiyasini sekinlashtiradi.
Yumshoqlik indeksi ham nazorat namunaga nisbatan 25% ga yuqori bo‘ldi, bu
mahsulotning eskirish jarayoni sekinlashganini ko‘rsatadi. 1,5% pektin qo‘shilganda
namlik yaxshi saglangan bo‘lsa-da, strukturaviy zichlashuvning boshlanishi
kuzatildi. Shu sababli, saglanish muddati va tekstura barqarorligini ta’minlash
uchun 1,0% pektin migdori optimal deb topildi.

Muhokama

O‘tkazilgan tadgiqot natijalari pektin saglovchi konsentratlarning non mahsulotlari
texnologiyasida muhim funksional go‘shimcha sifatida yuqori samaradorlikka ega
ekanligini ko‘rsatdi. Xususan, pektin qo‘shilishi xamirning suv yutish qobiliyatini
oshirib, uning strukturaviy barqarorligini yaxshiladi hamda fermentatsiya jarayonida
hosil bo‘lgan gazning ushlab turilishiga ijobiy ta’sir ko‘rsatdi. Natijada nonning hajmi
va g'ovak tuzilmasi yaxshilanganligi kuzatildi. Olingan natijalar boshqa
tadqiqotchilar ma’lumotlari bilan mos keladi. Jumladan, Guo va boshq. [3]
tadgiqgotida pektin qo‘shilishi xamirning reologik xossalarini yaxshilashi va nonning
hajmiy chiqishini oshirishi aniglangan. Shuningdek, Wang va boshqg. [5]
gidrokolloidlarning gluten tarmog‘i bilan o‘zaro ta’siri natijasida xamirning
viskoelastik xususiyatlari yaxshilanishini qayd etgan. Ushbu tadgiqot natijalari
mazkur ilmiy xulosalarni tasdiglaydi.

Saglash jarayonida olingan natijalar pektinning namlikni saglash va eskirish
jarayonini sekinlashtirishdagi muhim rolini yana bir bor tasdigladi. Nazorat
namunada namlik yo‘qotilishi yuqori bo‘lgan bo‘lsa, pektin qo‘shilgan namunada bu
ko‘rsatkich sezilarli darajada kamaydi. Bu holat pektinning suv molekulalarini
bog‘lab turish xususiyati va kraxmal retrogradatsiyasini cheklashi bilan izohlanadi.
Shu kabi natijalar Mari¢ va boshq. [9] hamda Collar va Angioloni [6] tadgiqotlarida
ham kuzatilgan bo'lib, ular pektin go‘shilishi non mahsulotlarining yumshoqligi va
saqlanish  muddatini  oshirishini  ko‘rsatgan. Bundan tashgari, pektin
konsentratsiyasining ortishi bilan sifat ko‘rsatkichlari yaxshilanishi aniglangan
bo‘lsa-da, yuqori miqdorlarda (1,5%) strukturaviy zichlashuv kuzatilishi boshqa
tadgigot natijalari bilan ham mos keladi. Saha va Bhattacharya [7]
gidrokolloidlarning ortigcha miqdori mahsulot teksturasiga salbiy ta'sir ko‘rsatishi
mumekinligini ta’kidlagan. Shu sababli, optimal dozani aniglash muhim hisoblanadi.

Mazkur tadgigotning muhim jihati shundaki, unda pektin manbai sifatida mahalliy
meva chigindilaridan foydalanildi. Bu yondashuv Grassino va boshq. [10]
tomonidan taklif etilgan chigindilarni gayta ishlash asosidagi “waste-to-value”
konsepsiyasi bilan mos keladi. Olingan natijalar nafagat mahsulot sifatini
yaxshilash, balki ozig-ovqat sanoatida ekologik va iqtisodiy samaradorlikni oshirish
imkonini ham ko‘rsatadi. Umuman olganda, tadqiqot natijalari pektin saglovchi
konsentratlarning non mahsulotlari texnologiyasida samarali funksional ingredient
sifatida go‘llanishi mumkinligini tasdiglaydi va mavjud ilmiy natijalar bilan uyg‘un
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holda yangi ilmiy xulosalarni taqdim etadi.

Xulosa

O‘tkazilgan tadqiqotlar natijasida pektin saglovchi konsentratlarning non
mahsulotlari texnologiyasida samarali funksional qo‘shimcha sifatida qo‘llanishi
iimiy jihatdan asoslandi. Tajriba natijalari pektin qo‘shilishi xamirning reologik
xossalarini yaxshilashini, xususan suv yutish qobiliyatini oshirishini va xamirning
strukturaviy barqgarorligini kuchaytirishini ko‘rsatdi. Bu esa fermentatsiya jarayonida
gazni samarali ushlab turish imkonini yaratib, tayyor non mahsulotining hajmi va
g'‘ovak tuzilmasining yaxshilanishiga olib keldi. Shuningdek, pektin qo‘shilishi
mahsulotning namlikni saglash qobiliyatini oshirib, eskirish jarayonini sezilarli
darajada sekinlashtirishi aniglandi. Tadqiqot natijalariga ko‘ra, 72 soat davomida
nazorat namunada namlik yo‘qotilishi 6,8% ni tashkil etgan bo‘lsa, 1,0% pektin
go‘shilgan namunada bu ko‘rsatkich 4,1% gacha kamaydi. Yumshoqlik indeksi esa
0,62 dan 0,78 gacha oshgani kuzatildi, bu esa mahsulot teksturasining
barqarorlashganligini ko‘rsatadi. Pektin konsentratsiyasining ortishi bilan sifat
ko‘rsatkichlari yaxshilangan bo‘lsa-da, yuqori miqgdorlarda (1,5%) strukturaviy
zichlashuv kuzatilishi sababli optimal migdor sifatida 1,0% pektin migdori ilmiy
asosda tavsiya etildi. Ushbu migdorda mahsulotning fizik-kimyoviy, reologik va
organoleptik ko‘rsatkichlari eng yuqori darajada namoyon bo‘ldi.

Ushbu tadgiqgot natijalari sanoat migyosida funksional non mahsulotlari ishlab
chiqarishda go‘llanishi mumkin bo‘lgan ilmiy asoslangan texnologik yechimni taklif
etadi. Mahalliy xomashyo asosida pektin olish va undan foydalanish iqgtisodiy
samaradorlikni oshirish hamda ozig-ovgat chigindilarini kamaytirishga xizmat giladi.
Kelgusida pektinning boshga manbalari va uning mikrostrukturaga ta’sirini chuqur
o‘rganish magsadga muvofiqdir.
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Annotatsiya. Ushbu tadqiqot neftni gayta ishlash va qazib chiqarish jarayonlarida
go'llaniladigan issiglik almashinish qurilmalarida mineral tuzlarning (asosan kalsiy
va magniy karbonatlari) cho‘kishi muammosini hal qilishga garatilgan. Tadgigot
obyekti sifatida neft konlari va korxonalaridagi texnologik issiglik almashinuv
tizimlarida aylanadigan, yuqori minerallashgan va qattiglik darajasi yuqori bo‘lgan
texnik suvlar tanlab olindi. Magolada bitta amino guruhli analoglardan fargli o‘laroq,
ikki amino guruhli aromatik birikma — fenilendiamin C,H,N,H, asosida yangi
turdagi ingibitor sintezi bayon etilgan. Sintez jarayoni formaldegid va natriy
gidrosulfit ishtirokida, sulfometillanish reaksiyasi orqali amalga oshirildi. Olingan
fenilendimetilensulfonat  C;H,N,S,O,Na, hosilasining issiglik almashinish
sirtlaridagi himoya qobiliyati tajribada sinovdan o‘tkazildi. Natijalar shuni ko‘rsatdiki,
taklif etilayotgan kompozitsiya issiqlik yuklamasi yuqori bo‘lgan sharoitda ham
mineral tuzlar cho'kishini 92-95% gacha samarali to‘xtatadi. Tadgiqot issiqlik
almashinish qurilmalarining foydali ish koeffitsientini oshirish va energiya sarfini
kamaytirish uchun xizmat qiladi.

Kalit so‘zlar: fenilendiamin, sulfometillanish, ingibitor, issiqlik almashinishi, mineral
tuzlar, texnik suv, neft-gaz sanoati.

AHHOTaumsa. [laHHOe wccregoBaHWe HampaeneHo Ha pelleHue  npobnemb!
OTNOXEHUSA MUHEeparbHbIX COMneil (B OCHOBHOM KapboHAaTOB KamnbLua U MarHus) B
TennoobmMeHHMKax, UCMonb3yemblX B npoueccax HedrenepepaboTkm mn 0obblum
HedTn. OBbekToM nccnenosaHus Gbinv BbiIOpaHbl BbICOKOMUHEPANU30BaHHbIE 1
XKECTKME TeXHUYEeCKMe BOAbl, LIMPKYNMPYIOLLNE B TEXHOMOMMHYECKNX TeNNOOBMEHHbIX
cucTeMax Ha HeTAHbIX MEeCTOpOoXOeHUsaX U npeanpuatusax. B ctatbe onwvcad
CUHTE3 HOBOIO TUMa MHrMbuTopa Ha OCHOBE apoMaTUYEeCKOro CoeanHeHUs C AByMs
amuHorpynnamu, peHunenagnamvHa C,H,N,H,, B otnnune ot aHanoroes ¢ ogHoW
amuHorpynnon. lNpouecc cuHTe3a NPOBOAUIICA peaKkumen cynboMeTunnpoBaHus
B npucytcTBuM opmanbaernga  uM o rmapocynbuta  Hatpusa.  3awmTHas
CnocobHOCTb nony4veHHoro npoussoaHoro gerHunedanamvHa C,HN,S,O;Na, Ha

Davronov S.S., Obidov Sh.B. Mineral tuzlar to‘planishiga qarshi samarali ingibitor sintezi va uning neft-gaz
sohalarida go‘llanilishi // Journal of future. 2026. Vol. 2. Iss. 1. pp. 48-56. https://doi.org/10.5281/
zenodo.19630364
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MOBEPXHOCTSIX  TennoobmeHHMKa  Oblna  3KcnepumMeHTarnbHO npOBepeHa.C

Pesynbratbl Mnokasanu, 4YTO MpPeasIoKEHHbI cocTaB 3(PMEKTUBHO UHrMbupyet
ocaxgeHne MMHeparnbHbIX conen Ha 92-95% paxke B yCnoBUSAX BbICOKOW TEMOBOM
Harpy3ku. MccnepoBaHne CRYXUT ANS MNOBbIWEHUA MNOMEe3HON 3hHEKTUBHOCTHU
TEenNooOBMEHHbIX YCTPONCTB U CHUKEHUSI SHEPronoTpebneHus.

Knroyeeble cnoea: eHuneHduamuH, cynbgomemurnuposaHue, uHaubumop,
mennoobmeH, MuHeparbHble COMU, MmexHu4yeckass 8o0a, Hegmezasoeas
MPOMbILIIEHHOCMb.

Abstract. This study aims to address the problem of mineral salt (primarily calcium
and magnesium carbonates) deposition in heat exchangers used in oil refining and
production processes. The object of the study was highly mineralized and hard
industrial water circulating in process heat exchange systems at oil fields and
enterprises. The article describes the synthesis of a new type of inhibitor based on
an aromatic compound with two amino groups, phenylenediamine C,;H,N,H,, as
opposed to analogs with one amino group. The synthesis process was carried out
by a sulfomethylation reaction in the presence of formaldehyde and sodium
hydrosulfite. The protective ability of the obtained phenylenediamine derivative
CgHN,S,O4Na, on heat exchanger surfaces was experimentally tested. The
results showed that the proposed composition effectively inhibits mineral salt
deposition by 92-95% even under high thermal load conditions. The study aims to
improve the efficiency of heat exchange devices and reduce energy consumption.

Keywords: phenylenediamine, sulfomethylation, inhibitor, heat transfer, mineral
salts, process water, oil and gas industry.

Kirish
Neft va gaz sanoatida issiqglik almashinish qurilmalarining barqaror ishlash rejimi
texnik suvlarning tarkibidagi mineral tuzlarning (asosan kalsiy va magniy
karbonatlari) issiglik uzatish sirtlarida qgattiq gatlam hosil qilishi bilan bevosita
murakkablashadi [1,2]. Suv haroratining ortishi bilan kalsiy karbonat va sulfatlarning
eruvchanligi pasayadi, bu esa quvurlar ichki yuzasida issiqglik o‘tkazuvchanligi juda
past bo‘lgan cho‘kmalarning hosil bo‘lishiga olib keladi [3,4]. Ushbu jarayon yonilg‘i

sarfini 15-20% gacha oshirib, uskunaning muddatidan oldin ishdan chiqgishiga va
texnologik uzilishlarga sabab bo‘ladi [5,6].

Hozirgi kunda sanoatda qo‘llanilayotgan aksariyat ingibitorlar yuqori harorat
sharoitida o‘zining kimyoviy barqarorligini yo‘qotishi mumkin [4,7]. Shu sababli, neft
konlarining murakkab gidrokimyoviy sharoitlarida minerallashgan suvlarning
anomal xususiyatlarini inobatga olgan holda, samarali himoya usullarini ishlab
chiqish dolzarb ilmiy-amaliy masala hisoblanadi [8,10]. Tarkibida bir nechta azot
atomi va sulfonat guruhlari saglagan, termik barqaror fenilendiamin hosilalarini
sintez qilish hamda ularni issiqglik almashinish tizimlarida ingibitor sifatida qo‘llash
bugungi kunda energiya samaradorligini oshirish va uskunalarning ekspluatatsiya
muddatini uzaytirishda katta ahamiyatga ega [9]. Mazkur tadqiqot aynan
fenilendiamin asosida yangi turdagi samarali ingibitorni sintez qilish va ularning
neft-gaz sanoati texnik suvlaridagi faoliyatini tahlil gilishga qaratilgan.

Past molekulyar og‘irlikdagi polimerlar va organik fosfonatlar mineral tuzlar
cho’kishini to‘xtatishda samarali vositalar hisoblanadi [7]. Tarkibida bir nechta azot
atomi va sulfonat guruhlari saglagan fenilendiamin hosilalarini sintez qilish, ularning
metall yuzasi bilan kuchli koordinatsion bog‘ hosil qilish xususiyati tufayli yuqori
himoya samaradorligini ta’minlaydi. Mazkur tadqigotda mahalliy xomashyolar
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asosida olingan yangi turdagi ingibitorning (FDMS) xususiyatlari va ularning OEDF
bilan kompozitsiyalari neft-gaz sanoatidagi issiqlik almashinish tizimlarida qo‘llash
taklif etilgan.

2. Metodlar va materiallar

Tadqiqot ishida neft konlarining aylanma suv ta’minoti tizimidan olingan, yuqori
minerallashgan texnik suv namunalaridan foydalanildi. Ingibitorni samaradorligini
baholash uchun laboratoriya sharoitida sintez va tahlil ishlari quyidagi bosqichlarda
amalga oshirildi.

2.1. Reagentlar va xomashyolar

Ingibitor sintezi uchun asosiy xomashyo sifatida ikki amino guruhli aromatik birikma
— fenilendiamin C;H,N,H, tanlab olindi. Yordamchi reagentlar sifatida quyidagilar
ishlatildi: Formaldegid (CH,O)—bog‘lovchi komponent sifatida, natriy gidrosulfit
(NaHSO,)—sulfonat guruhlarini kiritish uchun, kaustik soda(NaOH)—reaksiya
massasining 3% miqdorida katalizator sifatida. OEDF (Oksietilidendifosfon
kislotasi)}—qiyosiy etalon va kompozitsiya komponenti sifatida FDMS—ya’ni
fenilendimetilensulfonat sintez gilingan ingibitor shartli nomlandi.

2.2. Ingibitor sintezi

Sintez jarayoni fenilendiamin C,H,N,H,, formaldegid CH,O va natriy gidrasulfit
NaHSO3 reagentlarini 1:1:1 (MSA uchun) hamda 1:2:2 (DMSA uchun) mol
nisbatlarida olish orgali amalga oshirildi. Reaksiya kuchsiz kislotali muhitda, 70-75
°C harorat oralig‘ida olib borildi. Jarayonning umumiy davomiyligi 3 soatni tashkil
etdi. Reaksiya davomida fenilendiamin halqasidagi amino guruhlarga sulfometil
markazlarining birikishi nazorat qilindi. Fenilendiaminning sulfometillanish jarayoni
kompleks tarzda — pH, harorat va vaqt parametrlarini nazorat qilindi, hamda
spektroskopik va elementar tahlil usullari yordamida olib borildi. Natijada amino
guruhlarga sulfometil fragmentlarning birikishi muvaffagiyatli amalga oshgani va
mono- hamda dimetilensulfonat hosilalari hosil bo‘lgani isbotlandi. Olingan
mahsulotlarning 45-50% li eritmalari tayyorlanib, ular shartli ravishda FDMS-I va
FDMS-Il deb nomlandi.

2.3. Fizik-kimyoviy tahlil usullari

Sintez qilingan fenilendimetilensulfonat (C,HzN,S,O4Na,) birikmasining kimyoviy
tuzilishi va element tarkibi zamonaviy fizik-kimyoviy tahlil usullari yordamida
tasdiglandi. Elementar tahlil C, H, N va S elementlari uchun CHNS analizatori
Elementar Vario EL cube (Elementar Analysensysteme GmbH, Germaniya)
yordamida amalga oshirildi, natijalar nazariy hisoblangan qiymatlar bilan
solishtirildi. Natriy (Na) miqgdori induktiv bog‘langan plazma optik emissiya
spektroskopiyasi (ICP-OES) usuli orgali PerkinElmer Optima 8000 qurilmasida
aniglandi. Kislorod (O) miqdori esa farq usuli (difference method) asosida hisoblab
topildi. Olingan natijalar birikmaning empirik formulasi bilan yaxshi mos kelishi
kuzatildi.

2.4, Ingibirlash samaradorligini aniglash

Ingibitorning mineral tuzlar cho'kishini to‘xtatish qobiliyati issiglik almashinish
jarayonini modellashtiruvchi laboratoriya qurilmasida o‘rganildi. Sharoit: Suv
namunalari 90-95 °C haroratgacha qizdirildi. Korroziya tezligi gravimetrik usul
asosida massa yo‘qotish orqgali aniglandi, bunda issiqglik almashinish sirtida hosil
bo‘lgan cho'‘kma miqdori (g/m?soat) o‘lchandi. Solishtirish: Yangi ingibitorning
samaradorligi yakka holda va OEDF bilan turli nisbatlardagi (masalan; 1,0:1,0:1,0
mg/L) kompozitsiya holatida etalon bilan giyoslandi. Tajribalar asosiy GOST 9.506-
87 gravimetrik usulda, ASTM D1126-suvdagi qattiglik va cho‘’kma hosil bolishga
moyilligini baholash, ASTM D4505-ingibitor samaradorligini aniglash va cho‘kma
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kamayishini baholash, 10S12571-issiglik almashinish yuzasida cho‘kma hosilC
bo'lishini aniglash usullari bilan o‘tkazildi.

3. Natijalar va muhokama

3.1. Ingibitor sintezi reaksiya mexanizmi

Sintez qilingan fenilendimetilensulfonat C,H;N,S,O,Na, mahsulotning kimyoviy
tuzilishi uning issiglik almashinish sirtlarida mustahkam himoya plyonkasi hosil
qilishini ta’minlaydi.

Sintez reaksiyasining umumiy ko‘rinishi.

NH, NH;
Q
+  C. + NaHSO3 __yp + H,O
H™ " H
NH2 NHCH2803Na
NH; NHCH,SO;Na
o)
+ &+ NaHSO; __y» + H,0
H™H
NHCH,SO3Na NHCH,SO3Na

Fenilendiamin va sulfanil kislota formaldegid hamda natriygidasulfit bilan
kondensatsiyasi 60-70°C haroratda 3 soat davomida olib borildi. Katalizator
sifatida kaustik soda (NaOH) reaksiya qiluvchi moddalar massasining 3%

1-jadval MSA va DMSA unumining haroratga bog‘liqligi (davomiyligi 3 soat)

Moddalar nisbatlari, mol Harorat, °C Unum%

C¢H,N,H,: CH,O: NaHSO, MSA DM-SA
1:1:1 28.2 -
1:2:2 30 8.3 19.2
1:1:1 49.6 -
1:2:2 50 17.1 26
1:1:1 82 -
1:2:2 70 25.7 60
1:1:1 791 -
1:2:2 %0 22.2 58.7

migdorida qgo'llanildi. Boshlang‘ich moddalar fenilendiamin C,H,N,H,: formaldegid
CH,O: natriy gidrasulfit NaHSO, 1:1:1 va 1:2:2 nisbatlarda o‘zaro ta‘sirlashganda
mos ravishda metilensulfonatanilin (MSA) va dimetilensulfonatanilin (DMSA) hosil
bo‘ladi. Sintezning optimal sharoitlarini aniglash maqgsadida reaksiya turli
haroratlarda olib borildi (1-jadval).

3.2. Molekula tuzilishi va simmetriya

Sintez gilingan fenilendiamin hosilalarining (xususan DMSA yoki FDMSII) o‘ziga
xo0s xususiyati ularning molekulyar tuzilishidagi yuqori darajadagi simmetriyadir. Bu
simmetriya nafagat moddaning barqarorligini, balki uning metall yuzasiga
adsorbsiyalanish qobiliyatini ham belgilaydi.

3.3. Simmetriyaning ingibirlash mexanizmidagi roli
Fenilendiamin halqasidagi ikki amino guruhning simmetrik joylashuvi ingibitor
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2-jadval. FDMSII molekulasining xossalari

; Xossasi Qiymati

Molekulyar formula CgH,(N,Na,O.S,

© Q é& QP‘ Molekulyar massa 340.29013 amu
= N d
::j |

To'yinmaganlik darajasi 8
u Vodorod bog'lanish 8
- . akseptorlari
1-ra§m. .I\/Iolekulanlpg 2-rasm. Vodorod bog'lanish >
chiziqgli strukturasi Molekulaning 3D donorlari
fazoviy strukturasi Aylanuvchi bog'lanishlar 8
Jami elektronlar 174
Molekulyar qutblanish 22.24901 A3
Qutb sirt maydoni 127.56 A2

molekulasining metall (quvur) yuzasida "yassi" holatda joylashishini ta‘minlaydi:
Koordinatsion bog‘lanish: Ikkita azot atomi metall yuzasidagi bo‘sh orbitallar bilan
bir vagtda koordinatsion bog‘ hosil giladi. Bu "ikki nugtali" bog‘lanish bitta amino
guruhli ingibitorlarga (masalan, anilinga) nisbatan ancha mustahkamroqdir.
Xelatlash effekti: Simmetrik joylashgan sulfonat guruhlari (-SO;Na) suvdagi kalsiy
(Ca?*) va magniy (Mg?*) ionlarini gisqich kabi o‘rab olib, dispers holatda ushlab
turadi. Bu esa mineral tuzlarning mikrokristallarini o‘sishdan to‘xtatadi va ularning
sirtga yopishishiga yo‘l qo‘'ymaydi.

3.4. Strukturaviy simmetriya va termik barqarorlik.

Molekulaning yuqgori simmetriyasi uning ichki energiyasini pasaytiradi, bu esa
moddaning yuqori haroratlarda (95°C) parchalanishiga qarshi chidamliligini
oshiradi. Natijada, ingibitor neft quduglari va issiglik almashinish qurilmalarining
og‘ir termik sharoitlarida ham o‘zining himoya xususiyatlarini saglab goladi.

3.5. MSA va DMSA ning element tarkibi tahlili

CHNS analiz natijalari sintez qilingan fenilendimetilensulfonat birikmasi tarkibida
uglerod (C), vodorod (H), azot (N) va oltingugurt (S) elementlarining mavjudligini
tasdigladi hamda ularning miqgdoriy qiymatlari nazariy qiymatlarga yaqinligini
ko‘rsatdi. Bu esa sintez jarayonining to‘g‘ri borilganligini va maqgsadli birikma hosil
bo‘lganligini isbotlaydi (3-rasm). ICP-OES tahlili natijalariga ko‘ra, namunada natriy

Signal [mV]
30 Na 589.592
1

3

01 _tr '

50 1 % |

zau] H /\ !

: | 5 :I -

/ \ i / |

5“‘ }I \ .I. + . —"/ .\”— ‘! —y .
ué' 50 100 150 200 250 300 . . . 'w“![!"g‘h (nm) . o .

Time [s]
3-rasm. CHNS analizatori element tahlili 4-rasm. Plazma optik emissiya
spektroskop tahlili

(Na) elementi aniglandi va uning migdori birikmaning stexiometrik tarkibiga mos
kelishi kuzatildi. Olingan natijalar birikmaning empirik formulasi bilan mos kelib,
uning kimyoviy tuzilishi to‘g‘ri aniglanganligini ko‘rsatadi (4-rasm).

Umuman olganda, CHNS va ICP-OES tahlil usullaridan olingan natijalar bir-birini
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3-jadval. MSA va DMSA birikmalarining element tarkibi (eksperimental va C
nazariy giymatlar)

Modda Kimyoviy formula  M.m., g/mol Element Topilgan, % Hisoblangan, %
MSA C,H;N,SO;Na 220.18 C 17.67 38.19
H 2.26 2.29
N 12.50 12.72
S 14.37 14.56
O 21.50 21.80
Na 10.30 10.44
DMSA CgHgN,S,04Na, 336.25 C 19.84 28.57
H 1.25 1.79
N 5.78 8.33
S 13.23 19.07
O 19.80 28.54
Na 9.49 13.67

toldiradi va sintez gilingan birikmaning tarkibi hamda tuzilishini ishonchli ravishda
tasdiglaydi (3-jadval).

3-jadvaldan ko‘rinib turibdiki, eksperimental aniglangan element tarkibi nazariy
giymatlardan ma’lum darajada farq qiladi. Bunday tafovutlar sulfometillangan
aromatik birikmalar uchun xos bo'lib, ular eritma holatida mavjudligi, ionlangan
shaklda bo'lishi hamda gidratlanish darajasi bilan izohlanadi. Shuningdek, natriy
sulfonat guruhlarining mavjudligi sababli moddaning haqiqiy tarkibi murakkab
ko‘rinishda bo‘lishi mumkin. Shu bilan birga, olingan natijalar birikmaning umumiy
kimyoviy tuzilishini tasdiglaydi.

3.6. Sintez qilingan ingibitorning tahlillari

Gravimetrik usul metallarning korroziya tezligini miqdoriy baholashning standart
usullaridan biri bo‘lib, u namunalarning agressiv muhitda saqglanishi natijasida
yuzaga keladigan massa yo‘qotishini aniglashga asoslanadi. Tajriba davomida
oldindan tayyorlangan va tortiilgan metall namunalar neft-suv muhitida belgilangan
sharoitlarda ushlab turiladi, so‘ngra ularning massasi qayta aniglanadi. Korroziya
tezligi massa yo‘gotish, namuna yuzasi va vaqgtga bog‘liq holda hisoblanadi,
ingibitorning himoya samaradorligi esa ingibitorli va ingibitorsiz muhitlarda olingan
natijalarni taggoslash orqali baholanadi. Sinovlar maxsus laboratoriya qurilmalarida
amalga oshiriladi. Ushbu qurilmalar muhit haroratini barqaror saqlash, aralashtirish,
gaz bilan to'yintirish (masalan, CO, yoki H,S), hamda namunalarning bir xil

5-rasm. Gravimetrik usul uchun mo‘ljallangan tipik qurilmaning sxemasi
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4-jadval. Issiqlik almashinish tizimidagi suv uchun ingibitor samaradorligi

Ingibitor dozasi, mg/l Suv harorati, °C Cho‘kma hosil Samaradorlik, %
bo‘lishi, g/m*soat
0 95 4,82 0
2,0 95 1,85 61,6
4,0 95 0,72 85,1
6,0 95 0,31 93,6
8,0 95 0,28 94,2

sharoitda ta’sirlanishini ta’minlaydi. Gravimetrik usul uchun mo'ljallangan tipik
qurilmaning sxemasi quyidagi rasmda keltirilgan (5-rasm).

Gravimetrik usul yordamida St.3 markali po‘lat metallning korroziya tezligini
miqgdoriy baholashning standart usullaridan foydalanilganda quyidagi natijalar olindi
(4-jadval).

4-jadvaldan ko‘rinib turibdiki, 6,0 mg/l konsentratsiyada ingibitor issiglik almashinish
sirtlarini tuz cho‘kishidan deyarli to'liq himoya giladi. Fenilendiamin halqasidagi
ikkita azot atomi metall yuzasi bilan kuchli koordinatsion bog‘ hosil giladi, sulfonat
guruhlari esa suvdagi Ca?* ionlarini dispers holatda ushlab turadi. Ingibitor dozasi
ortishi bilan issiglik almashinish yuzasida hosil bo‘ladigan cho‘kma migdorining
keskin kamayishi kuzatiladi. Ingibitorsiz sharoitda (0 mg/l) cho‘’kma hosil bo‘lish
tezligi 4,82 g/m?-soatni tashkil etgan bo‘lsa, 2,0 mg/l dozada bu ko‘rsatkich 1,85 g/
m?-soatgacha kamayib, 61,6% samaradorlikka erishilgan. Konsentratsiya 4,0 mg/I
ga oshirilganda cho‘kma miqdori 0,72 g/m?soatgacha pasayib, samaradorlik 85,1%
ni tashkil etadi. Eng muhim natija 6,0 mg/l konsentratsiyada kuzatilib, cho’kma
migdori 0,31 g/m?soatgacha kamaygan va ingibirlash samaradorligi 93,6% ga
yetgan. Bu giymat amaliy jihatdan issiglik almashinish sirtlarining deyarli to‘liq
himoyalanishini ko‘rsatadi. 8,0 mg/l dozada esa samaradorlik fagat biroz oshib
(94,2%), deyarli o‘zgarmasligi kuzatiladi, bu esa tizimda to‘yinish holati yuzaga
kelganini bildiradi. Mazkur natijalar ingibitorning optimal konsentratsiyasi 6,0 mg/I
atrofida ekanligini ko‘rsatadi. Ushbu nuqgtadan keyin dozani oshirish igtisodiy
jihatdan samarasiz bo'lib, qo‘shimcha samaradorlik bermaydi (6-rasm).

5-jadvaldan ko'rinib turibdiki, OEDF ishlatiigan kompozitsiyalar sof FDMS bilan
solishtirganda sezilarli farglarga ega. Shu bilan birga, OEDF qo‘shilishi hosil
bo‘lgan tuz cho‘kishini oldini oluvchi ingibitorning narxini taxminan 1,5-2,0 baravar
kamaytiradi. Fenilendiamin asosida sulfometillanish reaksiyasi natijasida mono- va

80 A

=]
o
|

40 -

Samaradorlik (%)

20 A

T T T T T T T T T
0 1 2 3 4 5 6 7 8
Ingibitor konsentratsiyasi (mg/L)

6-rasm. Ingibitor samaradorligining konsentratsiyaga bog'‘ligligi
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5-jadval. Ingibirlovchi faollik tavsifi. T = 95°C

Ingibitor Ingibitor Samaradorlik, %
komponentlari ‘konsentratsiyasi, Suvning qattigligi, mg/L
mg/L 6-9 1012 Aylanma suv analizi
FDMS-I 2,0 48 45 38
4,0 50 47 40
6,0 52 48 42
8,0 52 50 45
FDMS-II 2,0 48 45 38
4,0 50 47 40
6,0 52 48 42
8,0 52 50 45
FDMS-I + OEDF 0,5+0,5 90 88 86
1,0+1,0 91 89 88
1,5+1,5 91 90 89
20+20 91 90 89
FDMS-II+OEDF 0,5+0,5 91 90 89
1,0+1,0 92 91 90
1,5+1,5 93 91 90
20+2,0 93 91 90
FDMS-I + FDMS-II 0,5+ 0,5+ 0,5 92 91 90
+ OEDF 1,0+1,0+1,0 93 92 91
1,5+15+15 94 93 93
20+2,0+20 98 95 94
OEDF 4,0 93 91 90

dimetilensulfonat hosilalari hosil bo‘lishi aniglandi. OEDF bilan olingan mahsulotlar
asosidagi kompozitsiyalar Neft va gaz sanoatida issiglik almashinish qurilmalari ish
rejimi suvning tarkibidagi 95% dan yuqgori himoya samaradorligiga ega bo‘lgan tuz
cho'kishini oldini oluvchi ingibitor xususiyatlarini namoyon qiladi. Natijalari 95 °C
haroratda turli ingibitor kompozitsiyalarining samaradorligini suvning qattigligi
sharoitida baholash imkonini beradi. Olingan ma’lumotlar shuni ko‘rsatadiki, FDMS-
| va FDMS-II ingibitorlari alohida qo‘llanganda ularning samaradorligi nisbatan past
bo'lib, 38-52% oralig‘ida o‘zgaradi. Konsentratsiya 2,0 mg/l dan 8,0 mg/l gacha
oshirilganda samaradorlikning ortishi juda cheklangan bo'lib, tizimda tezda to‘yinish
holati yuzaga kelishini ko‘rsatadi. Bu holat ushbu moddalarning mustaqil holda
kuchli ingibirlovchi xususiyatga ega emasligini bildiradi. Suvning qgattigligi oshishi
(69 mg/l dan 10-12 mg/l gacha) bilan barcha hollarda samaradorlikning pasayishi
kuzatiladi. Bu esa eritmadagi Ca** va Mg?* ionlari konsentratsiyasining ortishi
natijasida cho'’kma hosil bo‘lish ehtimoli kuchayishini va ingibitorning faol
markazlari yetarli bo‘lmay qolishini ko‘rsatadi. OEDF qo‘shilgan kompozitsiyalarda
esa mutlago boshqacha natijalar kuzatiladi. FDMS-I + OEDF tizimida samaradorlik
86—91% gacha oshib, ingibirlash jarayonida sezilarli sinergik effekt yuzaga kelgani
aniglanadi. Bu holat OEDF ning kuchli kompleks hosil qiluvchi xususiyati bilan
FDMS komponentlarining dispersiyalovchi va adsorbsion xossalarining o‘zaro
uyg‘unlashuvi bilan izohlanadi. Eng yuqori natijalar uch komponentli tizim —
FDMS-I + FDMS-II + OEDF kompozitsiyasida kuzatilib, samaradorlik 90-98%
gacha yetadi. Aynigsa 2,0 + 2,0 + 2,0 mg/l konsentratsiyada maksimal 98%
samaradorlikka erishilishi ushbu tizimning yuqori darajada samarali ekanligini
ko‘rsatadi. Bu holatda turli funksional guruhlarning birgalikdagi ta’siri natijasida:
metall yuzasida bargaror himoya gatlami hosil bo‘ladi, Ca?* ionlari komplekslanadi,
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kristallanish jarayoni keskin sekinlashadi. Etalon sifatida qo‘llanilgan OEDF (4,0
mg/l) 90-93% samaradorlik ko‘rsatgan bo‘lsa, kompozitsion tizimlar aynigsa uch
komponentli tarkibda undan ham yuqori natijalarni namoyon gilgan. Shuningdek,
OEDF ni FDMS bilan kombinatsiyalash orgali umumiy sarf migdori kamayishi
hisobiga ingibitor tizimining iqtisodiy samaradorligi oshib, xarajatlar taxminan 1,5—
2,0 baravar kamayishi mumkin. Fenilendiamin asosida sulfometillash jarayonida
mono- va dimetilensulfonat hosilalari hosil bo'lishi aniglangan bo‘lib, aynan shu
funksional guruhlar kombinatsiyasi yuqori ingibirlovchi xususiyatni ta’minlaydi.

4. Xulosa

Ushbu tadgiqotda fenilendiamin asosida sulfometillanish reaksiyasi orqali yangi
turdagi fenilendimetilensulfonat hosilalari muvaffagiyatli sintez qilindi. Olingan
birikmalarning kimyoviy tuzilishi CHNS va ICP-OES tahlil usullari yordamida
tasdiglandi. Element tahlil natijalari nazariy giymatlar bilan umumiy moslikni
ko‘rsatib, birikmaning maqgsadli tuzilishga ega ekanligini tasdiglaydi. Gravimetrik
usul yordamida olib borilgan tadgiqotlar natijasida sintez qilingan ingibitorlarning
issiglik almashinish tizimlarida mineral tuzlar cho'kishini samarali ravishda
kamaytirishi aniglandi. Xususan, 6,0 mg/L konsentratsiyada 93,6% gacha
ingibirlash samaradorligiga erishildi, bu esa yuqori darajadagi himoya
xususiyatlarini ko‘rsatadi. Konsentratsiya oshishi bilan samaradorlikning to‘yinish
holatiga o'tishi kuzatildi, bu optimal dozaning mavjudligini tasdiglaydi. Shuningdek,
sintez gilingan birikmalarning OEDF bilan kombinatsiyalari sezilarli sinergik effekt
namoyon qilib, umumiy samaradorlikni 90-98% gacha oshirdi. Bu holat kompleks
hosil qilish, adsorbsiya va dispersiyalash mexanizmlarining o‘zaro uyg‘unlashuvi
bilan izohlanadi.

Olingan natijalar shuni ko‘rsatadiki, fenilendiamin asosidagi sulfometillangan
hosilalar neft va gaz sanoatidagi issiglik almashinish tizimlarida qo‘llash uchun
istigbolli, samarali va igtisodiy jihatdan magsadga muvofiq ingibitorlar hisoblanadi.
Taklif etiigan kompozitsiyalar sanoat miqyosida qo‘llash uchun yuqori potensialga
ega bo'lib, mavjud ingibitor tizimlariga samarali alternativ sifatida garalishi mumkin.
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Abstract. In  this  study, new  corrosion inhibitors  based on
arylcarbonylmethylisoquinolinium chlorides were synthesized and evaluated for
application in oil refining systems. The inhibition performance was investigated
using electrochemical and gravimetric methods in model oilfield wastewater. The
results revealed a strong dependence of corrosion inhibition efficiency on the alkyl
chain length. The maximum efficiency (79.8%) was achieved for the compound
containing 10 carbon atoms, indicating an optimal balance between hydrophobicity
and solubility. Adsorption analysis showed that the inhibition process follows the
Langmuir isotherm, suggesting monolayer adsorption of inhibitor molecules on the
metal surface. The inhibition mechanism is governed by both electronic effects and
molecular structure, leading to the formation of a stable protective film. The
synthesized compounds demonstrate high potential as effective corrosion inhibitors
for oil refining and transportation systems.

Keywords: corrosion inhibition, adsorption isotherm, Langmuir model,
isoquinolinium compounds, alkyl chain length, electrochemical analysis, oil refining
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AHHOMayus. B gaHHOM unccrnegoBaHnn 6bInn CUHTE3NPOBaHbl U OLlEHEHbI HOBbIE
WHMMBUTOPBLI KOPPO3MM Ha OCHOBE apusikapboHUNMETUTU3OXNHONUHUNXTOPUAOB
Ans nNpuMEHeHMs B cuctemax  Hedtenepepabotkn.  OPFPEKTUBHOCTb
WHIMBMPOBaHUS  UCCredoBanu  ANEeKTPOXMMUYECKUMU U TPaBUMETPUYECKUMU

Abdullaeva Z.A., Jakhonov F.H., Rakhimov Kh.N. Tailoring alkyl chain length in isoquinolinium-based inhibitors:
impact on adsorption behavior and corrosion protection in oil refining systems // Journal of future. 2026. Vol. 2.
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MeTo4aMun B MOAENbHbIX CTOYHbIX BOAax HedTenpomMbicrnoB. PesynsraTtel nokasanu
CUIbHYK 3aBUCUMOCTb 3(EEKTUBHOCTU WHIMOMPOBaAHUSA KOPPO3UU OT  ASINHBbI
ankunbHon uenn. MakcumaneHas addekTnBHocTb (79,8%) Gbina gocTurHyTa ans
coeanHeHus, cogepxatlero 10 atomoB yrnepoga, YTo yKasblBaeT Ha ONTUMasibHbIN
GanaHc wmexay rmapodOobHOCTLI0 M PacTBOPUMOCTLIO. AHanm3 agcopbuun
nokasar, 4To MpoLecC UHrIMbMpoBaHNA COOTBETCTBYET u3oTepme JlaHrmioopa, 4To
yKasblBaeT Ha MOHOCHOVHYI afgcopbuunio Momekyn UHrmbutopa Ha NMOBEPXHOCTU
metanna. MexaHnam UWHrMOBUpoBaHWUS  onpedensaeTcs  Kak — 3NeKTPOHHbIMU
apcbekTamum, Tak M MOMEKYNSAPHOM CTPYKTYPOMW, YTO MNpMBOAUT K OBpasoBaHuio
CTabunbHON 3alWMUTHOWN MNNeHkn. CUHTE3NPOBAHHbIE COEAMHEHUS OEMOHCTPUPYIOT
BbICOKMM MOTEHUMan B KavyecTBe 3(PPEKTUBHbIX WHMMOUTOPOB KOPPO3MK ANd
HedpTenepepabaTbiBatOLLMX N TPAHCNOPTHBLIX CUCTEM.

Knroyeeble cnoea: uHaubuposaHue Koppo3uu, udomepma adcopbuuu, mMooersb
JlaHamiopa,  U30OXUHOMUHUeBble  cOeOuHeHus, OnuHa  aiikuibHoU  uenu,
3r1eKmpoxumMudeckul aHanus, Hegpmenepepabameigaroujue cucmemeil.

Annotatsiya. Ushbu tadgigotda arilkarbonilmetilizoxinolin xloridlarga asoslangan
yangi korroziya ingibitorlari sintez qilindi va neftni gayta ishlash tizimlarida
go‘llanilishi organildi. Ingibirlash samaradorligi namuna va model neft konlari
ogava suvlarida elektrokimyoviy va gravimetrik usullar yordamida ofrganildi.
Natijalar korroziyani ingibirlash samaradorligining alkil zanjiri uzunligiga kuchli
bog'ligligini ko‘rsatdi. Maksimal samaradorlikka (79,8%) 10 ta uglerod atomini oz
ichiga olgan birikma uchun erishildi, bu gidrofoblik va eruvchanlik o‘rtasidagi
optimal muvozanatni ko‘rsatadi. Adsorbsiya tahlili shuni ko‘rsatdiki, ingibirlash
jarayoni Lengmyur izotermasiga amal qiladi, bu esa metall yuzasida ingibitor
molekulalarining monoqatlamli adsorbsiyasini ko‘rsatadi. Ingibirlash mexanizmi
ham elektron effektlar, ham molekulyar tuzilish bilan boshqariladi, bu esa bargaror
himoya plyonkasining hosil bo‘lishiga olib keladi. Sintez gilingan birikmalar neftni
gayta ishlash va tashish tizimlari uchun samarali korroziya ingibitorlari sifatida
yuqori samaradorlikka ega ekanligini ko‘rsatadi.

Kalit so‘zlar: korroziyani ingibirlash, adsorbsiya izotermasi, Lengmyur modeli,
izoxinolin birikmalari, alkil zanjir uzunligi, elektrokimyoviy tahlil, neftni qayta ishlash
tizimlari.

Introduction

In recent years, many studies have discussed the relationship between the
protective effect of inhibitor molecules and various properties: radical size, surface
area covered by the radical and its branching, inhibitor solubility, permeability, and
dipole moment. The ionization potential of inhibitor molecules, the electron-
donating and electron-withdrawing properties of substituents, etc. are key
indicators. The vast amount of information on the influence of the structure of
inhibitor molecules on their protective properties can be conditionally divided into
two groups: 1) the influence of the chemical structure of molecules on their
protective properties; 2) the influence of the electronic structure of molecules on
their protective properties. The first group of dependencies links the protective
properties of organic inhibitors with the structural properties of the molecules, such
as the length and distribution of the radical, its size, the surface area of the metal
covered by the inhibitor molecule during adsorption, its location, and absorption.
The number of multiple bonds in the inhibitor molecule, etc. The second group of
dependencies links the protective properties of inhibitors to the electron density at
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the adsorption center of the molecule, which is significantly affected by the natureC

and position of various substituents. In terms of energy, three parts can be
distinguished in the molecule of a compound with corrosion inhibitor properties.
One of the functional groups, as a rule, ensures the interaction of the compound
molecule with the surface metal cluster due to chemisorption, the final grouping
determines the properties of the metal surface modified due to the adsorption of
inhibitor molecules and should provide an ordered dense packed structure of the
inhibitor protective layer based on Wander Waals forces. [3, 4]. The above-
described structure is described in the synthesis of ammonium compounds of the
type N-[isononylphenoxypoly (ethyleneoxy) carbonylmethyllJammonium chlorides
[5,6]. These works demonstrate the high efficiency of the synthesized compounds
as corrosion inhibitors and discuss the dependence of the inhibitory properties of
N-[isononylphenoxypoly(ethyleneoxy)carbonylmethyl]Jammonium chlorides on their
structure. Continuing this work, we carried out the synthesis of quaternary
ammonium salts based on heterocyclic amines. The aim of this work was to
synthesize two types of compounds: arylcarbonylmethylisoquinolinium chlorides
and heterolonium salts of phosphoric acids. In addition, the protective properties of
the compounds obtained for oil transportation and refining processes were
evaluated, and the relationship between the chemical nature of the compound
molecule, the concentration used, the duration of contact with the metal, and the
protective effect was determined was also analyzed.
Arylcarbonylmethylisoquinolinium chlorides have been prepared by the Menshutkin
reaction [7]. Functionally substituted alkyl halides are converted to alkylphenols by
the reaction of monochloroacetic acid catalytic esterification  with
aryloxymonochloroacetates was obtained. To expand the range of ideas about the
protective effects of the compounds under study, we synthesized a series of
alkylphenols with 6 to 18 carbon atoms in the side chain. The synthesis of
aryloxymonochloroacetates is characterized by the reaction:

R‘@’®""‘ CICH,COOH R@OCOCHZCI + H,0

where: R is an alkyl radical C6; C9; C10-12; C16-18;

The resulting alkyl halides are functionalized in isoquinolinium alkylation. used to
obtain  suppressors and functional exchangers used to obtain
arylcarbonylmethylisoquinoline chloride:

N NS (S
R@—OCOCH2CI +® — | 5 | cl

The reaction of isoquinoline with alkylphenoxycarbonylmethyl chlorides was carried
out without solvent at 110-120°C for 8-10 hours. The ratio of starting materials was:
1 mol of ester per 1.1 mol of amine (for compounds containing heterocyclic
nitrogen). The yield of the materials was theoretically 95.5 - 98.5%. The products
obtained are dark brown resins. The IR spectra show absorption bands -(C=0)
1740-1760 cm-', -(S-O) 1110-1135 cm-'. Elemental analysis and IR spectral data
allow us to assign the structure of arylcarbonylmethylisoquinolinium chlorides to
these compounds. The synthesis of heteryloninium salts of phosphoric acids was
carried out as follows: initially, esters of phosphoric acids containing a phosphoryl
functional group were obtained by transesterification of dimethyl phosphite with
ethoxylated alkylphenols or ethoxylated alcohols [8]. Conventionally, esterification
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reactions can be described by the equations:

H
O(CHCHO )} P(O
R_@O(CF—QCHQOLH *+(CH;0),P(O)H ﬁ/ S ():)Cl-g + CF%OH’
R

H
R—O(CHCHOWH +(CH;0),P(O)H — R-O(CHCHO),P(O) H Cl-‘gOFJ
OCH;

The synthesis of esters was carried out in a round-bottom three-necked flask
equipped with a mechanical stirrer, thermostatic bath, and a dropping funnel at
100-110 °C for 8-10 hours. 1 mole of ethoxylated alkylphenols or ethoxylated
alcohols in a ratio of 1.1 moles of dimethylphosphite. The yield of the substances
was 90-97% of the theoretical. The obtained compounds were characterized by
elemental analysis data, as well as by NMR spectroscopy. The chemical shift
signals were 9-13 ppm, spin-spin coupling constants (J) in the region of 700-710
Hz, which allows us to attribute the structure of phosphoric acid esters to these
compounds.

Materials and methods

The resulting acidic esters of phosphoric acid have been used to alkylate
heterocyclic amines to obtain functionally substituted heteroylionium salts of
phosphoric acids. These reactions can be described by the foIIowmg equatlons

O(cl—bGHZO)hP(O) N
O(Cl—tCI—bO},F’ (0O) + i} ben L -
R

N™ =S

H _ H,
R-O(CHCHO)P(O) Tl ———— r—O(CHCHO)P(O) NS
Sohs och L~

_ H,
O(CHCHO),P(O) N~ =

O(CI—&CHEO).,F’(Ol)_l il i \
R

H i H,
R-O(CHCHO)P(O) + i e R O(CHCHO)WP(O) N ==
OCH; = v |

N ocH, =

The reaction of heterocyclic amines with acidic esters of phosphoric acid was

Table 1. Effect of alkyl chain length on corrosion inhibition parameters

Compound Carbon atoms Icorr (uA/cml) z (%) Surface coverage
U
C6 6 12.8 48.5 0.485
C9 9 8.4 66.2 0.662
C10 10 5.1 79.8 0.798
C12 12 6.3 73.1 0.731
C16 16 7.9 67.5 0.675
C18 18 9.6 60.4 0.604
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carried out without solvent at a temperature of 110-120 °C for 8-10 hours. The ratioC

of starting materials: 1 mol of ester per 1.1 mol of amine. The yield of the material
was 85-88% of the theoretical value. The mass fractions of the main substance in
the preparations were determined by titration. The synthesis scheme we used
allows us to design functionally substituted compounds with a set of putatively
useful properties (corrosion inhibitors) by dividing the molecule into key functional
groups (containing nitrogen or phosphorus) and long-chain hydrocarbon radicals on
the donor atoms. The inhibitory effect of the synthesized compounds was studied
by electrochemical method. Measurements were carried out on oil refining
wastewater models in an electrochemical chamber with a volume of 50-100 ml. The
solutions are mixed with a magnetic stirrer. The working electrode is in the form of
epoxy resin St3; the surface area is 0.3 cm2. Before measurements, the working
surface of the electrode is polished, degreased, washed with bidistillate, and then
placed in the solution. A platinum wire was used as the auxiliary electrode. The
reference electrode was silver chloride, with respect to which all potential values
were given. The studies were conducted using a P-5848 potentiostat. The
corrosion rate of steel was studied by the polarization resistance method, which
consists in obtaining a potentiostatic polarization curve at low values of
polarization.

Results and discussion

The corrosion inhibition performance of the synthesized compounds was evaluated
using electrochemical and gravimetric methods. Special attention was paid to the
effect of molecular structure, particularly the length of the alkyl chain, on the
protective properties of the inhibitors. It is well known that the efficiency of organic
corrosion inhibitors is largely determined by their adsorption behavior on the metal
surface, which depends on both electronic properties and molecular structure.
Therefore, in this study, the relationship between alkyl chain length, adsorption
characteristics, and corrosion inhibition efficiency was systematically analyzed.

The data presented in Table 1 clearly demonstrate the influence of alkyl chain
length on corrosion inhibition performance. A significant decrease in corrosion
current density (Icorr) is observed with increasing carbon number from C6 to C10,
indicating improved adsorption and surface protection. The highest inhibition
efficiency (79.8%) and surface coverage (v = 0.798) are achieved for the C10
compound, confirming its optimal molecular structure for corrosion protection. This
behavior is attributed to the balanced combination of hydrophobicity and solubility,
which promotes the formation of a dense and stable protective film on the metal
surface. Further increase in alkyl chain length leads to a decrease in inhibition
efficiency, which can be explained by steric hindrance effects and reduced solubility
of long-chain compounds, limiting their effective adsorption on the metal surface. To
further understand the adsorption mechanism of the synthesized inhibitors on the
metal surface, the adsorption behavior was analyzed using the Langmuir
adsorption isotherm [11,14]. The surface coverage (1) values obtained from
inhibition efficiency were used to evaluate the adsorption process according to the
following equation:

e
6 Kads ;

where C is the inhibitor concentration and Kads is the adsorption equilibrium
constant.

The linear relationship between C/n and C indicates that the adsorption of inhibitor
molecules on the metal surface follows the Langmuir isotherm model [9,10]. This
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Figure 1 — Corrosion current density and density dependence on the number of
carbon atoms in the alkylphenol group. Concentration 25 mg/l, exposure time 24
hours

suggests that the adsorption process involves the formation of a monolayer of
inhibitor molecules on the metal surface without significant interaction between
adsorbed species. The relatively high values of surface coverage (u), especially for
the C10 compound, indicate strong adsorption and high affinity of inhibitor
molecules toward the metal surface. This confirms that the inhibition mechanism is
predominantly governed by adsorption processes. The adsorption equilibrium
constant (Kads) reflects the strength of interaction between inhibitor molecules and
the metal surface [12—-14]. Higher Kads values correspond to stronger adsorption
and improved inhibition efficiency. Thus, the obtained results confirm that the
corrosion inhibition process is controlled by adsorption of inhibitor molecules, which
form a protective barrier preventing aggressive ions from reaching the metal
surface.

AGags = —RT In(55.5K 445)

The negative values of Gibbs free energy
(dGads) indicate that the adsorption
process is spontaneous and involves both
physical and chemical adsorption
mechanisms.

Figure 1 shows the dependence of the
corrosion current density on the number of
carbon atoms in the alkylphenol group of
arylcarbonylmethylisoquinolinium chlorides
at a concentration of 25 mg/l and an
exposure time of 24 hours. The samples

Figure 2. spatial structure are added to the corrosive medium as 30%
model of alcohol solutions.

decaphe_nox_yf;arbonylr_nethyllso The corrosion rate values (Figure 1)

quinolinium chloride indicate  that compounds  containing

different numbers of carbon atoms in the
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alkylphenol chain differ significantly in their inhibitory effects. A nonlinearC

dependence of the anti-corrosion effect of the compounds on the number of carbon
atoms in the alkylphenol group is observed with the maximum protective effect at
10 carbon atoms in the alkylphenol group. As mentioned above, in many molecules
of compounds with corrosion inhibitor properties, three parts can be distinguished
in terms of energy.

The final group determines the hydrophobic-hydrophilic properties of the metal
surface modified by the adsorption of inhibitor molecules. Figure 2 shows a spatial
structure model of decaphenoxycarbonylmethylisoquinolinium chloride synthesized
by us.

The Figure 2 clearly shows the isoquinoline cycle due to chemisorption, which
ensures the interaction of the compound molecule with the surface metal cluster,
the last decyl group, which determines the hydrophobicity of the modified metal
surface, and the middle part of the molecule - phenoxy. group, which provides the
density of the protective layer inhibitor coating. Additional gravimetric tests
conducted to study the protective effect of synthesized samples of the compounds
at a concentration of 25 mg/l showed that the nature of corrosion also varies
depending on the number of carbon atoms in the alkylphenol group side chain. At
the maximum corrosion rate corresponding to the minimum value of carbon atoms
in the alkylphenol group, corrosion is localized. Corrosion damage has a wound-
like and deep appearance. As the number of carbon atoms in the alkylphenol group
increases, corrosion becomes more uniform, indicating the formation of a layer with
an apparently regular and uniform structure. With a further increase in the number
of carbon atoms in the alkylphenol group, corrosion again becomes localized. The
capacity and therefore the inhibitory effect of organic compounds are mainly
determined by the electron density at the adsorption center of the molecule and the
solubility of the inhibitor. The metal-inhibitor adsorption binding energy depends on
the polar properties of the substituents included in the inhibitor molecule, as they
change the electronic state of the reaction center of the molecule.
Alkylphenoxycarbonylmethylisoquinolinium chlorides exhibit maximum inhibition
protection at 10 carbon atoms in the alkylphenol group. Alkylphenols are more
hydrophobic than compounds with fewer carbon atoms in the group, and they
adsorb better to the metal surface and form stronger metal-inhibitor adsorption
bonds.

Conclusion

In this study, new corrosion inhibitors based on arylcarbonylmethylisoquinolinium
chlorides and heterocyclic phosphonium compounds were successfully synthesized
and evaluated for application in oil refining systems. The obtained results
demonstrate that the corrosion inhibition efficiency strongly depends on the
molecular structure of the compounds, particularly the length of the alkyl chain. The
electrochemical and gravimetric analyses revealed a pronounced nonlinear
relationship between alkyl chain length and inhibition performance, with the
maximum efficiency achieved for the compound containing 10 carbon atoms. The
highest inhibition efficiency (79.8%) and surface coverage (u1 = 0.798) were
observed for the C10 derivative, which confirms the existence of an optimal
balance between hydrophobicity and solubility. This balance facilitates the
formation of a dense and stable protective film on the metal surface. The
adsorption behavior of the synthesized inhibitors follows the Langmuir adsorption
isotherm, indicating monolayer adsorption on the metal surface. The negative
values of Gibbs free energy ([OGads) suggest that the adsorption process is
spontaneous and involves both physical and chemical interactions. The inhibition
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mechanism is governed by a combination of electronic and structural factors. The
presence of heterocyclic nitrogen atoms enhances electron donation and promotes
strong adsorption via chemisorption, while the alkyl chain contributes to
hydrophobic shielding and surface coverage.

Overall, the synthesized compounds demonstrate high potential as effective
corrosion inhibitors for oil refining and transportation systems. The findings provide
a scientific basis for the design of new organic inhibitors with optimized molecular
structure and improved performance. Future research should focus on evaluating
long-term stability and performance under real industrial conditions.
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