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Abstract

This study investigates the rheological properties of heat-resistant composite paints modified
with a synthesized organosilicon modifier based on silica sol and liquid glass. The modifier was
prepared by the chemical modification of silica sol with an organic component and incorporated
into paint formulations at different concentrations. The effects of modifier content on the viscosity
and density of the coatings were evaluated using standardized testing methods in accordance with
GOST and ASTM requirements. The results demonstrated that increasing the modifier
concentration gradually increased the viscosity of the paint systems due to the formation of a
stronger three-dimensional network between the modifier molecules and colloidal silica particles.
At the same time, the coating density slightly decreased because of the lower density of the organic
modifier, while the structural integrity of the coatings was maintained. Comparative analysis
showed that paints containing 4-6 wt.% modifier exhibited the best balance between rheological
behavior, storage stability, and application properties. The synthesized modifier improved the
processing characteristics and is expected to enhance the thermal performance of the coatings.
These findings demonstrate that the developed modifier is a promising additive for producing high-
performance heat-resistant paint systems with improved rheological properties and potential
applications in protective coatings for industrial and construction materials.

AHHOTaUA

B faHHOM ucCCieZiloBaHMY W3y4alOTCsl PeOIorMuecKre CBOWCTBAa TEPMOCTOMKHX KOMITO3UTHBIX
KpacoK, MOAW(ULIMPOBAHHBIX CHHTE3WPOBAHHBIM KPEMHUWOPraHM4eCKUM MOAM(PHUKAaTOPOM Ha
OCHOBe 30751 [UOKCHZJA KpPeMHUs W >KUJKOrO creknaa. Mopaudukatop Obln TosyueH IyTeM
XUMHUUECKON MoJu(VKalMy 307151 JUOKCH/JA KPEMHHsI OpraHM4YecKWM KOMIIOHEHTOM U BBeJieH B
COCTaB KpPacoK B pa3/MUHbIX KOHL|eHTpaLusix. BnusHue copep>kaHus MoAu(UKaTopa Ha BSI3KOCTb U
MJIOTHOCTb TIOKPBITUM  OLIEHMBAjOCh C MCIOAb30BaHWEM CTaHJapTU3UPOBAHHBIX METOZOB
ucnbiTaHUd B cootBeTcTBUM C TpeboBaHusMu ['OCT u ASTM. PesynbraThl ToOKa3ajid, UTO
yBeJIMUeHHe KOHLIEHTpPAalMM MOAM(UKATOpa TMOCTeNeHHO TOBbIIIaeT BSI3KOCTh JIAKOKPACOYHBIX
cucteM 3a cyeT oOpasoBaHusi 0ojiee TIPOYHONM TpeXMEpHOM CeTKM MeXAy MoJieKyJlamMu
Moju(prKaTopa W KO/UIOWJHBIMM 4YacTHULIaMW [HMOKCHJA KpeMHHMs. B TO ke BpeMs IUIOTHOCTb
MOKPBITUSI HE3HAUUTEIbHO CHW)XAeTCs U3-3a MeHbIlel MJIOTHOCTU OpPraHu4eckoro MoAudgukKaTropa,
TIPU 3TOM CTPYKTYPHasl LIeJIOCTHOCTb MOKPBITUM coxpaHsieTcs. CpaBHUTE/bHBIN aHaau3 MoKasall,
YTO Kpacku, cofeprkaiye 4—6 mMac.% Mopudukaropa, JeMOHCTPHPYIOT HaWIyULIni 6anaHc Mexay
peosioTHyecKUM TIOBeJileHHeM, CTaOW/IbHOCTBI0 TIpU XpaHeHWHW U CBOWCTBAMM HaHeCeHWUs.
CuHTe3upoBaHHbINM MOAU(UKATOP Y/IyyYlllaeT TeEXHOJOTMYeCKHe XapaKTePUCTUKU U, KaK 0)KUAeTCs,
MOBBICUT TeIJIOBble CBOWCTBA TMOKPLITUMA. IlomyueHHble pe3y/nbTaTbl [JEMOHCTPUPYIOT, UTO
pa3paboTaHHbIM  MOAU(UKATOD SBASETCS  TepCreKTUBHOM  100aBKOW i TIPOM3BO/CTBA
BBICOKO3()()eKTUBHBIX TEPMOCTOMKUX JIAKOKPACOUHBIX CUCTEM C Y/Iy4YlLlEHHbIMUA Pe0IorrhueCKUMU
CBOMCTBaMU U TOTeHLMa/bHbIM NPUMEHEHWeM B 3allUTHBIX MOKPLITUSAX [J/Is1 POMBIIIEHHBIX U
CTPOMUTE/IbHBIX MaTepuaoB.

Keywords: heat-resistant paint, silica sol, liquid glass, organic modifier, rheological
properties, viscosity, density, thermal stability.
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KntoueBble c/ioBa: TepMOCTOMKasi Kpacka, 30/b JMOKCHZA KDPEMHHS, J>KHUAKOe CTeKIIO,
OpraHMyeckuii MoAUGHUKATOp, pPeOooTHYecKHe CBOWMCTBA, BS3KOCTh, IUIOTHOCTh, TepMHUUecKast
CTaOWIBHOCTb.

Introduction

Today, the construction and finishing materials market is extremely diverse. High competition
in this field drives the search for new, technologically advanced solutions to meet consumer
needs[1,pp.1 —2].

Ease of use and process speed play an important role in construction. Today, coatings
containing silicate groups rightfully hold a leading position in terms of corrosion protection and
thermal stability. Combining high efficiency, quality, and application speed, these monolithic
bonding coatings have proven themselves to be heat-resistant, waterproof, protective, and anti-
corrosion materials[2,pp.3 — 4].

The main obstacle to the widespread adoption of this type of material is the difficulty of
applying them. The need for complex and expensive equipment and skilled workers, along with the
low lightfastness of most systems, significantly limit the use of this type of coating[3,pp5-6].

Thermally and photostable coatings in the form of monomolecular (one molecule thick) layers
or thin films are produced by treating materials with solutions, emulsions, or (less commonly)
double water—substances that interact poorly with water but adhere strongly to surfaces.

The existing multi-stage technology for producing and using thermally stable polymers has
led to lengthy synthesis, reduced yields of the target product (especially under laboratory
conditions), and hinders the transition to a continuous process.

Experimental industrial process control provides the most optimal process flowsheet for their
production using hetero functional condensation and hydrolysis, which simplifies the technology
and reduces labor costs, energy, and material consumption[4,pp.4 — 5].

Acrylic acid, silica sol, liquid glass, and ethylene glycol were used as fillers during the
synthesis process using the technology for developing thermally stable polymer composites using
the developed method. In the Republic of Uzbekistan, large-scale measures are being taken to
ensure fire safety of buildings and structures by creating and improving modern fire-fighting
equipment and systems.

In this area, in particular, a number of studies are being conducted to create fire-resistant
building materials based on local raw materials and to improve the quality of fire extinguishing
methods and technical equipment[5,p.1].

Today, scientific research is being conducted worldwide to develop new, environmentally
friendly, and cost-effective methods for synthesizing highly effective fire-resistant expanding
polymer composite coatings from inexpensive raw materials and their application in the oil and gas,
chemical, medical, and various construction industries[6,p.2].

Since the 20th century, SiO, nanoparticles have been widely used in many products, and since
the 1960s, metallic nanoparticles have been used. It has been established that compacts of these
very small (~10 nm) crystals possess unique physical properties that can be exploited for various
engineering purposes[7,pp.8 — 9].
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Many applications of nanocomposites are based on the properties of individual nanoparticles
(sensors, medical diagnostics, homogeneous catalysis, etc.). At the same time, there are important
areas requiring self-assembling nanoparticle composites (nanoelectronics, optoelectronics,
photonics, heterogeneous catalysis, etc.).

Currently, much attention is being paid worldwide to the development of fire protection
products based on modern technologies and their use to improve the fire resistance of building
structures and materials. Accordingly, targeted scientific research in areas such as creating models
of the mechanisms of physico-thermochemical processes occurring in protective coatings under the
influence of heat; developing compact, accurate, and rapid methods for assessing the impact of fire-
retardant fillers on the fire safety of building structures and materials; and creating a new generation
of highly effective heat- and fire-protective coatings based on readily available natural resources is
important. Conducting scientific research in the above-mentioned areas confirms the relevance of
the topic of this dissertation[8,pp.1 — 2].

Materials are evaluated for their heat resistance, fire resistance, and resistance to sunlight and
heat during the summer months. Thermal conductivity, flame resistance, and other factors are
important thermal insulation properties, chemical stability of suspensions, and performance
characteristics that influence the quality of the material.

In turn, these properties are achieved through the presence of silicate groups in the material
and metal oxides in the paint. Studying these properties allowed us to investigate the thermal
degradation of paint and varnish compositions on wood and rheological properties such as viscosity,
adhesion, and density[9,pp.3 — 5].

Research object and methods

The study subjects were heat-resistant modifiers obtained by modifying liquid glass and silica
sol, as well as paint samples containing modifiers in various percentage ratios. The study was
conducted in accordance with the requirements of GOST 8420 — 74 and GOST 11066-74 for
studying the rheological properties of paints and varnishes, as well as using product analysis
methods compliant with international standards (ASTM).

Research results

In laboratory studies, an organic modifier obtained by reacting acrylic acid with ethylene
glycol and silica sol were reacted in various weight ratios. A total of four different samples were
prepared, and the resulting heat-resistant modifier was added to gray and red paints at a rate of 4 %
by weight. The viscosity of the resulting paints was studied in accordance with the requirements of
GOST 8420 — 74 (Table 1)[10,pp.1 — 3].

Table 1.
The influence of the concentration of colloidal silicon dioxide and modifier on the viscosity of
the system
Ne | Quantity of components (g) in Type of pigment Paint KO Viscosity
mass ratio 8101 amount | [VZ-246 (04
Silica sol Modifier ke mm)(s)]
1 |95 5 Red pigment (Iron Oxide Red 130) 2.5 53.3
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Ne | Quantity of components (g) in Type of pigment Paint KO Viscosity
mass ratio 8101 amount | [VZ-246 (04
Silica sol Modifier kg mm)(s)]
2 190 10 2.5 54.3
3 |85 15 2.5 56.7
4 180 20 25 59.1
5 19 5 Silver pigment (Iron Oxide Black 750 2.5 55.1
6 |90 10 and KRONOS 2190 mixture) o5 56.3
7 |85 15 2.5 58.2
8 |80 20 2.5 63.9

Table 1 shows how the viscosity of a heat-resistant paint and varnish composition changes as
a result of varying the mass ratio of colloidal silica to modifier. In the experiments, the paint volume
for all samples was assumed to be the same—2.5 kg—and the viscosity was determined using a
VZ-246 viscometer (¥4 mm).

The table results show that as the modifier content increased from 5 % to 20 %, the systems
viscosity steadily increased. This is explained by the formation of a spatial lattice structure due to
the interaction of modifier molecules with colloidal silica particles and an increase in the internal
resistance of the system.

For compositions using red pigment (iron oxide red 130), the viscosity was 53.3, 54.3, 56.7,
and 59.1 s, respectively. With an increase in modifier content from 5 % to 20 %, viscosity increased
by 5.8 s, or 10.9 %. Specifically, a significant increase in viscosity was observed in the 15-20 %
modifier range, indicating the formation of stronger structural bonds in the composition.

A similar trend was observed in systems using gray pigment (a mixture of black iron oxide
750 and KRONOS 2190). Viscosity values were 55.1; 56.3; 58.2; and 63.9 s, respectively. The
difference between the initial and final values was 8.8 s, or 16.0 %, indicating a stronger effect of
the modifier on viscosity in the gray pigment composition.

When comparing the two pigment types, the viscosity of the gray pigment-based
compositions was higher than that of the red pigment sample at all concentrations. The difference
was 1.8 s at 5 % modifier, 2.0 s at 10 %, 1.5 s at 15 %, and 4.8 s at 20 %. In particular, the sharp
increase in viscosity in the gray pigment system at 20 % modifier concentration is explained by the
high dispersion of these pigment particles and their stronger physicochemical interaction with the
modifier.

Table 2.

The influence of modifier concentration on the viscosity (at 20°C) of the obtained TB-1 (heat-
stabilized paint)

The amount of modifier in 92 mm ?4 mm 96 mm
the paint % nozzle(s) nozzle(s) nozzle(s)

Plain white enamel sample 0 102.1 56.5 35.3
KO-811
Paint containing gray pigment |0 107.6 57.2 39.0
KO-8101
TB-1 2 109.3 59.4 41.7
TB-1 4 112.7 60.2 45.2




Ne 8 (149)

UNIVERSUM:
TEXHUYECKUE

HAYKU

aszycm, 2026 .

The amount of modifier in 32 mm ?4 mm ?6 mm

the paint % nozzle(s) nozzle(s) nozzle(s)
TB-1 114.4 63.3 47.4
TB-1 117.9 65.2 49.1
TB-1 10 119.7 71.1 52.3

The effect of modifier concentration in the heat-resistant paint TB-1, presented in Table 2, on
viscosity at 20°C was studied using viscometers with nozzles of various diameters (2, @4, and J6
mm). For comparison, widely used industrial paints KO-811 with white enamel and KO-8101 with
gray pigment were used as control samples.

The table results show that the viscosity of the control samples with a @2 mm nozzle ranged
from 102.1 to 107.6 s, with a @4 mm nozzle from 56.5 to 57.2 s, and with a @6 mm nozzle from
35.3 to 39.0 s. These values represent standard rheological properties for industrial paints. When the
modifier was introduced into the TB-1 composition, the viscosity gradually increased for all nozzle
diameters. At a modifier content of 2 %, the viscosity was 109.3 s for a @2 mm nozzle, 59.4 s for a
¥4 mm nozzle and 41.7 s for a @6 mm nozzle. With an increase in the modifier content to 10 %,
these values reached 119.7 s, 71.1 s and 52.3 s, respectively. The results show that with an increase
in the modifier content from 2 % to 10 %, the viscosity increased :from 109.3 s to 119.7 s for a @32
mm nozzle, i.e. by 10.4 s (9.5 %); From 59.4 s to 71.1 s for a 4 mm nozzle, an increase of 11.7 s
(19.7 %); in a 6 mm nozzle, the time increased from 41.7 s to 52.3 s, an increase of 10.6 s (25.4 %).

Furthermore, the increase in viscosity with increasing modifier content is nearly linear,
indicating that the modifier molecules form a strong spatial network with colloidal silicon dioxide
and binder components. This results in increased structural integrity of the paint, reduced pigment
particle deposition, and improved coating formation.

When comparing TB-1 samples with KO-811 and KO-8101 industrial paints, a clear increase
in viscosity is observed as a result of the modifiers use. In particular, when using 8-10 % modifier,
the viscosity of TB-1 is significantly higher than that of control samples, confirming its high
rheological stability[11,pp.5 — 8].

Overall, the experimental results showed that with increasing modifier concentration in TB-1,
the paints viscosity increases and its processing properties improve. A modifier content of 4-6 %
provides an optimal balance between paint wear resistance, storage stability, and coating properties,
while a modifier content of 10 % provides the highest viscosity, but ease of application in industrial
settings must also be considered. These results confirm that the modifier plays an important role in
optimizing the composition of TB-1 heat-resistant paint.

Table 3.
Change in density of enamel paint with different concentrations of modifier (at 20°C)

% heat-resistant Empty pycnometer | Mass of the pycnometer | Pycnometer volume at | Sample

modifier in KO 8101 weight, g. with the test substance, test temperature, ml. | density g/
paint g. sm?3

0 20 51 20 1,3 g/sm?
2 20 50.94 20 1,297 g/sm?3
4 20 50.90 20 1,295 g/sm?
6 20 50.78 20 1.289 g/sm?

10
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% heat-resistant Empty pycnometer | Mass of the pycnometer | Pycnometer volume at | Sample
modifier in KO 8101 weight, g. with the test substance, test temperature, ml. | density g/
paint g. sm?3
8 20 50.74 20 1.287 g/sm?3
10 20 50.70 20 1.285 g/sm?3

Based on the data presented in Table 3, it can be concluded that changes in the coating density
as a result of increasing the amount of heat-resistant organic modifier in the paint composition were
determined using the pycnometric method. In the experiments, the mass of the empty pycnometer
(20 g) and the volume of the pycnometer at the test temperature (20 ml) remained constant, and the
amount of modifier in the paint composition varied in the range of 0-10 %. This allows us to
accurately estimate the dependence of the obtained results on the amount of modifier.

According to the results, the density of the control sample without the addition of modifier
was 1300 g/sm3. With an increase in the modifier content to 2 %, the density decreased to 1.297 g/
sm3, at 4 % — to 1.295 g/sm3, at 6 % — to 1.289 g/sm3, at 8 % — to 1.287 g/sm?, and at 10 %
modifier — to 1.285 g/sm3. Overall, increasing the modifier content from 0 % to 10 % decreased
paint density by 0.015 g/sm?, or approximately 1.15 %.

The mass of the test substance in the pycnometer also gradually decreased with increasing
modifier content. Specifically, this value decreased from 51.00 g to 50.70 g. This indicates that the
modifier has a relatively low-density organic structure and reduces the average density of the paint
and varnish composition.

The decrease in density is explained by the penetration of modifier molecules into the silicate
binder phase and a slight increase in free volume in the composition. Moreover, the presence of
carbon chains and functional groups in the organic modifier creates a lower density compared to the
inorganic binder phase. As a result, its bulk density decreases slightly without reducing the overall
mass of the composition.

This change is considered positive from a practical perspective, as a slight reduction in
coating density improves paint flow, reduces coating mass, and optimizes material consumption
when coating large surfaces. Moreover, the very small decrease in density (1.15 %) means that the
structural integrity of the composition is maintained, and the addition of the modifier does not
negatively affect the mechanical stability of the coating.

These results are also consistent with the adhesion and heat resistance results obtained in
previous experiments. That is, although paint density decreases slightly with increasing modifier
content, its adhesion and heat resistance improve significantly. This confirms that the synthesized
organic modifier is capable of improving performance while simultaneously lightening the paint
composition[11,pp.1 — 5].

Conclusion

The present study demonstrated the successful preparation of a heat-stable modifier by
modifying silica sol with a synthesized organic modifier and confirmed its applicability in the
formulation of heat-resistant paint coatings. Rheological investigations showed that the composition
of the modifier significantly affects the technological properties of the coating[12,pp.4 — 7].

11



Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKU

The optimum silica sol-to-organic modifier mass ratio was determined to be 4:1, providing
the most favorable rheological characteristics. Under these conditions, the viscosity reached 59.1 s
for the red coating and 63.9 s for the gray coating. The gray coating based on pigment K 8101
exhibited higher viscosity, density, and adhesion, making it the most suitable formulation for heat-
resistant applications.

The scientific novelty of this work lies in establishing the relationship between the
composition of the silica sol-based modifier and the rheological behavior of heat-resistant coatings,
as well as identifying an optimal formulation that enhances coating performance. The synthesized
modifier improves viscosity, structural stability, adhesion, and consequently the thermal stability of
the coating.

Compared with commercially available heat-resistant coatings such as KO-8101, KO-811,
KO-814, Elcon, and Certa, the developed silica sol-modified coating offers a water-based silicate
system with improved rheological stability and strong adhesion while employing a relatively simple
synthesis route based on readily available raw materials. Unlike conventional silicone-organic
coatings, which generally require organic solvents, the proposed formulation provides an
environmentally friendlier alternative while maintaining the characteristics required for heat-
resistant protective coatings[13,pp.11 — 13].

Therefore, the developed modifier represents a promising material for manufacturing heat-
resistant coatings intended for metal structures, industrial furnaces, pipelines, exhaust systems, and
other equipment operating at elevated temperatures[14,p.2]. The obtained results provide a
scientific basis for further optimization and industrial application of silica sol-modified heat-
resistant coating systems.
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Abstract

The growing scientific interest in ammonium nitrate thermal stability reflects increasing
concerns regarding storage safety, thermal decomposition, explosion hazards, and performance
optimization of ammonium nitrate-based materials. Despite the expanding body of literature, a
comprehensive understanding of the intellectual structure, research evolution, and emerging trends
within this field remains limited. Therefore, this study presents a bibliometric review aimed at
mapping the knowledge structure and scientific development of research related to ammonium
nitrate thermal stability. Bibliographic data were retrieved from the Scopus database using the
search query TITLE-ABS-KEY («ammonium nitrate») AND TITLE-ABS-KEY («thermal
stability»). A total of 247 publications were analyzed using Bibliometrix, Biblioshiny, and
VOSviewer. Various bibliometric techniques, including citation analysis, co-occurrence analysis,
co-authorship analysis, thematic mapping, Multiple Correspondence Analysis (MCA), Bradford’s
Law, Lotka’s Law, and keyword evolution analysis, were employed to evaluate the development
and conceptual organization of the research field. The conceptual structure analysis highlighted the
multidisciplinary nature of the field, integrating knowledge from chemistry, materials science,
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chemical engineering, environmental science, and industrial safety. Furthermore, the findings
revealed emerging opportunities associated with mineral-based stabilization technologies. Natural
aluminosilicate materials such as bentonite and glauconite were identified as promising yet
underexplored additives with potential applications in thermal stabilization, caking reduction, and
safety enhancement of ammonium nitrate products.

AHHOTanus

PacTymuii HayuHbId WHTEpeC K TepMUUYECKOH CTabWUIbHOCTM AaMMHAuHOW CeTUTPhI
00yCJI0BMIeH BO3pacTarolM BHUMaHWeM K BOMpocaM 0e30MacHOCTH eé XpaHeHUs], TepMUYeCKOro
pas3nokeHusl, TpeJOTBpAllieHUs]  B3pPbIBOOMACHBIX  CUTyal[ui, a Takke  ONTUMM3ALUU
5KCIITyaTallMOHHBIX XapaKTepUCTUK MaTepuasjioB Ha OCHOBe aMMHAauyHOM cenuTpbl. HecmoTps Ha
3HAUUTE/ILHBI ~ POCT  UHWC/Aa HAy4YHbIX MyONMMKalMid, 1[eJIOCTHOe TIpeAcTaB/ieHne 00
VHTeJUIeKTya/lbHOM CTPYKTYpe, 3BOJIIOLUM WCC/IeJ0BaHU U COBPEMEHHBIX TeHZEHLUSIX Pa3BUTHS
JJAHHOTO Hay4HOTO HarlpaB/ieHHs JI0 HACTOsI|ero BpeMeHU OCTaeTCsl HeJOCTaTOUHO M3yueHHbIM. B
CBSI3M C O3THUM HACTOsIlee HWCC/IeAOBaHWe TIpeAcTaBisieT coboil Oubmmomerpuueckuii 0030p,
HaripaB/IeHHbI Ha KapTUPOBaHWe CTPYKTYpPbl 3HAaHWM M HAy4YHOW 3SBOJIIOLMM UCC/Ie[0BaHUM,
TOCBAIIEHHBIX TEPMUUYECKOW CTabW/IBHOCTH aMMHAYHOW cenuTphl. bubmiorpaduueckue naHHbIE
ObUTH TIOSTyuYeHbI M3 0a3bl JaHHBIX SCOPUS C HMCIIO/b30BaHKWEM TouckoBoro 3ampoca TITLE-ABS-
KEY («ammonium nitrate») AND TITLE-ABS-KEY («thermal stability»). B obrmeli cioxHOCTH
OBbIJIO TIPOAHANMM3MPOBAHO 247 HAayYHBIX MyONMMKAlMid C TIpUMeHeHWeM TPOrPaMMHBIX TIaKeTOB
Bibliometrix, Biblioshiny u VOSviewer. [ OLleHKM [AWHAaMUKU pa3BUTHS, KOHLENTyaabHOU
OpraHM3aL[iy U WHTEJIeKTYyaIbHOU CTPYKTYPBI UCC/Ie[yeMOoi 00/1aCTH MCIOb30Ba/UCh pa3/InUHbIe
OubmioMeTprUecKre MeTO/Ibl, BK/IFOUasi aHaIu3 LIMTUPOBaHUsI, aHa/Iu3 COBMECTHOM BCTPeYaeMOCTH
K/IFOUeBBbIX CJI0B, aHa/lW3 COaBTOPCTBA, TeMaTHUeCKOe KapTHUPOBAaHWE, aHa/li3 MHOXKeCTBEHHBIX
cootBeTcTBUil (Multiple Correspondence Analysis, MCA), 3akoH bp3gdopga (Bradford’s Law),
3akoH Jlotku (Lotka’s Law), a Takke aHaiu3 3BOJIOL[MM KJIHOUEBBIX CJIOB. Pe3ynbraThl aHaau3a
KOHLIENITYa/IbHOW ~ CTPYKTYpbl ~ TPOJEMOHCTPUPOBAIIM  MEXJUCLIMIUIMHADHBIM ~ XapakTep
paccMaTpUBaeMoun obmactu HCCJIe/IOBaHUH, 00beUHSION e JIOCTVDKEeHUST XMMMWH,
MaTepuasoBeleHHsl, XMMHYeCKOW TeXHOJOTMM, 3KOJIOTMYeCKMX HayK M TPOMBILUIEHHON
GesoracHocT. Kpome ToOro, rosydeHHbIe pe3y/ibTaThbl CBHUAETENBCTBYIOT O (JOPMHUPOBAHUM HOBBIX
MEepCreKTUBHBIX ~ HarpaB/leHUM WCCe[OBaHWM, CBfI3aHHBIX C TpPUMEHEHWeM TeXHOJIOTUh
cTabuiM3alMi Ha  OCHOBE  MHHepaJbHbIX  MaTepuajioB. B YacTHOCTH, TPHUPOAHBIE
aJIFOMOCH/IMKaTHbIe MaTepyasbl, TakKie KaK OEHTOHUT Y IVIayKOHUT, ObUTH HIeHTU(HUIIMPOBaHbI KakK
TepCrieKTUBHbIE, OFHAKO HeJOCTAaTOUHO U3y4yeHHble MUHepasibHble [00aBKM, 00/ajaroigue
BBICOKMM TIOTEHLIMAJIOM [i/il TIOBBILIEHHS] TepMUYeCKOoW CTabW/IbHOCTH aMMHAYHOM CeUTPBI,
CHIDKEHUS e€ CJIE)KMBAaeMOCTH M Y/TyullleHHsl SKCIUTyaTalMOHHOM 6e30MacHOCTH COOTBETCTBYIOIUX
MIPOJyKTOB.

Keywords: ammonium nitrate, thermal stability, bibliometric analysis, science mapping,
knowledge structure, VOSviewer, Bibliometrix, thermal decomposition, thermodynamic stability,
decomposition kinetics, keyword evolution, Multiple Correspondence Analysis, Bradford’s Law,
Lotka’s Law, polymer modification, mineral additives, bentonite, glauconite.
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KrroueBble c/10Ba: aMMHavHasi CeJIMTPa, TepMUUeCKasi CTabHUIbHOCTh, OMO/IMOMeTpuYeCKUi
aHa/iu3, KapTUpOBaHWe HayKW, CTPyKTypa 3HaHui, VOSviewer, Bibliometrix, Tepmuueckoe
pa3yioKeHWe, TepMOJUHAMUUeCKasi CTaOMIBbHOCTb, KMHETUKA PAa3/IoXKeHUs], SBOJIIOLUS KITFOUEBBIX
C/I0B, aHaiu3 MHOXeCTBeHHbIX cooTBeTcTBuii (MCA), 3akoH bBpaadopaa, 3akoH JIoTku,
roMMepHast MoAr(UKalvs, MUHepasTbHble 00aBKY, OEHTOHUT, T/IayKOHUT.

Introduction

Ammonium nitrate (AN) is one of the most extensively utilized inorganic compounds in
modern agriculture and industry. Due to its high nitrogen content, favorable agronomic
performance, and relatively low production cost, ammonium nitrate has become an essential
component of nitrogen-based fertilizers worldwide. The growing demand for agricultural
productivity and food security has contributed significantly to the continued use of ammonium
nitrate in fertilizer manufacturing. As a result, considerable scientific attention has been devoted to
improving its physicochemical properties, storage characteristics, and operational safety. In addition
to its agricultural importance, ammonium nitrate plays a critical role in the production of energetic
materials. Its strong oxidizing capability makes it suitable for various industrial applications,
including blasting agents, mining explosives, and propellant formulations. The dual significance of
ammonium nitrate in both agricultural and industrial sectors has stimulated extensive research
aimed at understanding its behavior under different environmental and operating conditions.

Over the past several decades, advancements in thermal analysis techniques, materials
science, and chemical engineering have enabled researchers to investigate the fundamental
properties of ammonium nitrate in greater detail. These efforts have contributed to a deeper
understanding of its decomposition mechanisms, thermal behavior, phase transformations, and
interactions with various additives and modifiers. Consequently, ammonium nitrate has remained an
important subject of scientific investigation across multiple disciplines, including chemistry,
chemical engineering, materials science, environmental science, and industrial safety.

Despite its widespread application, ammonium nitrate presents several challenges associated
with thermal stability and safe handling. The compound undergoes a series of temperature-
dependent phase transitions and decomposition reactions that can significantly influence its physical
properties and performance. Under certain conditions, thermal decomposition may generate large
quantities of gaseous products, resulting in pressure buildup and increased safety risks. The thermal
behavior of ammonium nitrate is influenced by numerous factors, including temperature, moisture
content, impurities, particle size distribution, storage conditions, and the presence of catalytic
substances. Variations in these parameters may alter decomposition pathways and affect the overall
stability of the material. Consequently, understanding the mechanisms governing thermal
degradation has become a major research priority.
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Figure 1. Temporal Evolution of the Most Frequent Keywords in Ammonium Nitrate Thermal
Stability Research

Fig. 1 presents the cumulative occurrence of the most frequently used keywords throughout
the study period.

The analysis reveals a substantial increase in the usage of terms such as «kammonium nitrate»,
«thermodynamic stability», and «thermal stability», indicating growing scientific interest in thermal
behavior, decomposition mechanisms, and safety-related aspects of ammonium nitrate systems.

Industrial incidents involving ammonium nitrate have further highlighted the importance of
thermal stability studies. Accidental decomposition and explosion events have demonstrated the
potential hazards associated with improper storage, contamination, and exposure to elevated
temperatures.

These concerns have encouraged both researchers and industry practitioners to develop
strategies aimed at enhancing thermal resistance, improving storage stability, and reducing safety
risks throughout the product life cycle. In recent years, increasing attention has been directed
toward the development of stabilization technologies based on polymers, mineral additives, surface
coatings, and composite materials. Such approaches seek to improve the thermal performance of
ammonium nitrate while maintaining its functionality and economic viability for large-scale
industrial applications.

The rapid expansion of scientific literature related to ammonium nitrate thermal stability has
created a need for systematic methods capable of evaluating research progress and identifying
emerging trends. Traditional review articles provide valuable qualitative insights; however, they

18



Ne 8 (149) O UNIVERSUM: aszycm, 2026 2.

TEXHUYECKUE HAYKU

often face limitations when attempting to synthesize large volumes of publications produced over
extended periods. Bibliometric analysis offers a quantitative approach for examining the structure,
development, and dynamics of scientific research.

By analyzing publication records, citation patterns, collaboration networks, and keyword
relationships, bibliometric methods enable researchers to identify influential contributors, highly
cited studies, dominant research themes, and evolving scientific directions. Furthermore, science
mapping techniques facilitate the visualization of conceptual relationships and knowledge structures
within a research field.
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Figure 2. Trend Topics in Ammonium Nitrate Thermal Stability Research

Fig. 2 depicts the temporal evolution of research topics identified from author keywords. The
figure demonstrates a transition from fundamental studies involving thermal decomposition and
calorimetric analysis toward advanced themes such as kinetic modeling, polymer modification,
thermodynamic behavior, and stabilization strategies.

Research Objectives

Given the growing body of literature on ammonium nitrate thermal stability, a comprehensive
evaluation of research trends and knowledge structures is necessary to better understand the
evolution of this field. Therefore, the present study aims to provide a systematic bibliometric
overview of global research related to ammonium nitrate thermal stability. Specifically, this study
seeks to analyze publication growth patterns, identify the most productive authors, institutions,
countries, and journals, and evaluate the intellectual and conceptual structure of the field through
citation, co-occurrence, and collaboration analyses. In addition, the study investigates thematic
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evolution, research hotspots, and emerging scientific directions that have shaped the development of
ammonium nitrate thermal stability research over time. By integrating bibliometric indicators with
knowledge-mapping techniques, this work provides a comprehensive understanding of the current
research landscape and identifies future opportunities associated with thermal stabilization
technologies, advanced material modification strategies, and the development of safer ammonium
nitrate-based products.

Materials and Methods

This study employed the Scopus database as the primary source of bibliographic information.
Scopus was selected because of its extensive coverage of peer-reviewed scientific literature across
multiple disciplines, including chemistry, chemical engineering, materials science, environmental
science, and industrial safety. The database provides comprehensive bibliographic records, citation
information, author affiliations, and keyword metadata, making it particularly suitable for
bibliometric and scientometric investigations. All bibliographic records were retrieved directly from
Scopus to ensure consistency in data collection and avoid discrepancies that may arise when
combining multiple databases. The retrieved records constituted the foundation for subsequent
analyses of publication trends, scientific impact, collaboration networks, conceptual structures, and
thematic evolution within the field of ammonium nitrate thermal stability research. A systematic
search strategy was developed to identify publications specifically related to the thermal stability of
ammonium nitrate. The search was conducted within the titles, abstracts, and author keywords
indexed in the Scopus database using the following search query: TITLE-ABS-KEY («ammonium
nitrate») AND TITLE-ABS-KEY («thermal stability»).

Fig. 3 presents the local impact of the most influential journals measured by the H-index
within the analyzed dataset. The Journal of Applied Polymer Science, Journal of Thermal Analysis
and Calorimetry, and Thermochimica Acta emerged as the leading publication sources, reflecting
their significant contribution to the development of ammonium nitrate thermal stability research.
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Fig. 4 depicts the most frequently occurring keywords extracted from the analyzed
publications. «Ammonium nitrate» represents the dominant research theme, followed by
«thermodynamic stability», «thermal stability», «thermogravimetric analysis», and «differential
scanning calorimetry», highlighting the central role of thermal characterization techniques in this
field. The search was performed on a single date to ensure consistency of the dataset and to
minimize variations associated with database updates. All available records matching the search
criteria were exported in CSV format. The exported data included information on publication titles,
authors, affiliations, abstracts, author keywords, source titles, publication years, references, and
citation counts. The initial search yielded 247 publications. These records were subsequently
examined and prepared for bibliometric analysis.

The final dataset represents the global scientific literature associated with ammonium nitrate
thermal stability and reflects contributions from a wide range of scientific disciplines and research
communities. To ensure the reliability and relevance of the analysis, specific inclusion and
exclusion criteria were applied during the dataset preparation process. The inclusion criteria
comprised publications that explicitly addressed topics related to ammonium nitrate thermal
stability, thermal decomposition, thermodynamic behavior, calorimetric analysis, safety assessment,
stabilization technologies, or related physicochemical properties.

Only documents indexed in the Scopus database and containing the selected search terms
within their titles, abstracts, or keywords were considered eligible for inclusion.

Publications unrelated to ammonium nitrate thermal behavior were excluded from the
analysis. Duplicate records, incomplete entries, and documents lacking essential bibliographic
information were also removed where necessary. The screening process was conducted to ensure
that the final dataset accurately reflected the research domain under investigation and minimized the
influence of irrelevant publications.

Fig. 5 presents the most productive research institutions contributing to studies on ammonium
nitrate thermal stability.
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Figure 5. Most Relevant Research Affiliations

The results indicate that Chinese universities and research centers dominate publication
output, demonstrating their leading role in advancing thermal analysis, energetic materials, and
stabilization technologies.

Fig. 6 depicts the most globally cited publications identified within the dataset. These highly
influential studies have substantially shaped current understanding of ammonium nitrate
decomposition mechanisms, thermal behavior, environmental impacts, and material modification
approaches. Prior to analysis, the retrieved bibliographic data underwent a preprocessing procedure
to improve data quality and analytical accuracy. The dataset was examined for duplicate entries,
inconsistencies in author names, variations in institutional affiliations, and differences in keyword
terminology.

Keyword standardization was performed to merge synonymous expressions and reduce
fragmentation within the keyword network. Variations in spelling, abbreviations, and singular-plural
forms were carefully reviewed to ensure consistency across the dataset.
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Figure 6. Most Globally Cited Documents in Ammonium Nitrate Thermal Stability Research
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Author names and institutional affiliations were also checked for possible inconsistencies that
could affect productivity and collaboration analyses.The cleaned dataset was subsequently
converted into formats compatible with the selected bibliometric software packages. This
preprocessing stage enhanced the reliability of network visualizations and improved the
interpretation of thematic relationships among publications.

Fig. 7 presents the distribution of author productivity based on Lotka's Law. The results
indicate that the majority of authors contributed only a small number of publications, whereas a
limited group of highly productive researchers generated a substantial proportion of the scientific
output in this field.

Bibliometric Analysis Tools

The bibliometric analyses were conducted using Bibliometrix, Biblioshiny, and VOSviewer,
which are among the most widely used tools for science mapping and bibliometric investigations.

Bibliometrix, an open-source package developed within the R environment, was employed to
calculate descriptive bibliometric indicators and evaluate publication performance.

Biblioshiny, the web-based interface of Bibliometrix, facilitated data exploration and
visualization through an interactive analytical environment.

These tools were used to generate publication trends, source analyses, author productivity
assessments, citation indicators, thematic maps, trend topic analyses, Bradford’s law distributions,
and Lotka’s law evaluations.

Fig. 8 depicts a treemap representation of keyword frequency within the analyzed literature.
Larger blocks correspond to more frequently occurring terms, illustrating the predominance of
topics related to ammonium nitrate, thermal stability, thermodynamic analysis, decomposition
behavior, and polymer-modified systems.

Conclusions

This study presents a comprehensive bibliometric assessment of the global scientific literature
on ammonium nitrate thermal stability.
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Figure 8. Treemap Visualization of the Most Frequent Research Keywords

By integrating performance analysis with science mapping techniques, the study provides a
detailed overview of the development, intellectual structure, and emerging directions of research
within this field.

Fig. 9 presents the conceptual structure of the research field generated using multiple
correspondence analysis. The map identifies several thematic clusters associated with thermal
analysis, decomposition kinetics, spectroscopic characterization, polymerization processes, and
stabilization mechanisms, demonstrating the multidisciplinary nature of AN thermal stability
research.

Fig. 10 depicts the geographical distribution of scientific production related to ammonium
nitrate thermal stability. Countries with darker coloration exhibit higher publication output,
highlighting China as the leading contributor, followed by several countries actively engaged in
thermal analysis, energetic materials, and fertilizer safety research. The findings reveal a steady
expansion of scientific activity related to ammonium nitrate thermal stability, particularly during the
last decade. The increasing number of publications reflects growing academic and industrial interest
in understanding the thermal behavior, decomposition mechanisms, safety characteristics, and
stabilization strategies associated with AN-based materials.
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This trend demonstrates the continued relevance of thermal stability research in addressing
both technological and safety-related challenges. The analysis identified significant contributions
from a relatively limited number of countries, institutions, and researchers. China emerged as the
leading contributor in terms of scientific productivity and research impact, supported by strong
institutional participation and extensive publication activity. The collaboration networks further
indicate the existence of active international partnerships that contribute to knowledge exchange
and scientific advancement in this research domain.
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Figure 11. Author Collaboration Network

Fig. 11 presents the co-authorship network of the most productive researchers. Distinct
collaboration clusters are observed, indicating active scientific partnerships and knowledge
exchange among leading authors working on thermal decomposition, stability enhancement, and
characterization of ammonium nitrate systems.

Fig. 12 depicts the distribution of scientific articles according to Bradford's Law. The analysis
identifies a core group of highly productive journals responsible for publishing a significant
proportion of the literature, followed by broader zones containing journals with progressively lower
publication frequencies.
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Figure 12. Bradford's Law Analysis of Source Distribution

Keyword co-occurrence, thematic mapping, and conceptual structure analyses demonstrated
that thermal decomposition, thermodynamic stability, thermal analysis, and decomposition kinetics
remain the principal research themes.

These topics form the scientific foundation of the field and continue to drive investigations
aimed at improving the understanding of ammonium nitrate behavior under various thermal
conditions.

The intellectual structure of the literature further highlights the multidisciplinary nature of the
field, incorporating concepts from chemistry, materials science, chemical engineering,
environmental studies, and industrial safety.

Fig. 13 presents the local scientific impact of the most influential authors measured by the H-
index. The identified researchers have contributed substantially to the advancement of knowledge
regarding ammonium nitrate thermal stability, decomposition kinetics, and safety enhancement
technologies.

29



Ne 8 (149) UNIVERSU

TEXHUYECKWE HAYKM

aszycm, 2026 .

Authors' Local Impact by H index

ZHANG Y . 7

ATHALYE AR @
HOFFMANN J ®
OXLEY JC @
£ SHUKLASR @
£
3
<
KALJUVEE T - ® 4
KANIEWSKI M o 4
SMITH JL ®
TAN L ® .
(43
WANG Q ® 4
._ ’ lmpac{ Measure: H
Figure 13. Authors' Local Impact Based on H-Index
Wy, giujie
tan, liu .
liy, dabin

Xy, sen

A& vosviewer I

2012 2014 2016
Figure 14. Keyword Evolution Network

Fig. 14 depicts the temporal evolution of research keywords across different time periods. The
network illustrates how research themes have evolved from fundamental investigations of
ammonium nitrate and thermal stability toward advanced studies involving copolymerization, graft
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polymers, and material modification technologies. The evolution of research themes revealed a
gradual transition from fundamental thermal characterization studies toward application-oriented
approaches involving material modification and performance enhancement.

In particular, increasing attention has been directed toward polymer-based stabilization
technologies, advanced characterization methods, and strategies designed to improve thermal
resistance and operational safety. The emergence of these themes reflects the growing emphasis on
developing practical solutions to challenges associated with storage, transportation, and industrial
utilization of ammonium nitrate.
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Figure 15. Overlay Visualization of Keyword Co-Occurrence Network

Fig. 15 presents an overlay visualization of the keyword co-occurrence network generated
using VOSviewer. The color gradient reflects the temporal evolution of research topics, with recent
studies increasingly focusing on polymer-based modification strategies, advanced stabilization
approaches, and thermal performance optimization of ammonium nitrate materials.

The results also suggest that several promising research opportunities remain insufficiently
explored. Among these, mineral-based stabilization approaches represent a particularly important
direction for future investigation. Natural aluminosilicate materials, including bentonite and
glauconite, possess physicochemical properties that may contribute to improved thermal stability,
reduced caking behavior, and enhanced storage safety. Despite their potential advantages, these
materials remain underrepresented within the existing literature and warrant more comprehensive
experimental and mechanistic studies.
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Abstract

The article presents the results of research on the influence of reactive compounds on the
hardening process of both modified and unmodified carbamide-formaldehyde resin derivatives, and
determines the optimal hardening regimes for their application in the production of wood-plastic tile
materials.

Increasing requirements for the strength, performance, and durability of wood-plastic boards
necessitate the modification of carbamide-formaldehyde resins using physical and chemical
methods. This modification is aimed at improving the adhesive, physical-mechanical, and
technological properties of the binder.

As a result of studying the physicochemical properties of unmodified and modified resins, it
was established that an increase in the content of modifying additives is accompanied by an
increase in the concentration of chlorine ions in the resin. In this case, the hardening time changes
in the following sequence: polyvinyl chloride — epichlorohydrin — benzyl chloride. It has been
established that introducing a modifier in an amount exceeding 10 % of the resin mass is
inappropriate, as it leads to a significant increase in its hardening time and a deterioration of the
process's technological indicators.

AHHOTanus

B cratbe mpejcTaBieHbl pe3ysbTaThl UCC/I€Q0BAaHUM BAUSIHUSL PEAKTUBHBIX COeAUHEHWM Ha
TpoLleCcC OTBep)KJeHUs] KaK MOAUGUIMPOBAaHHBIX, TaK U HeMOAU(PUIIMPOBAHHBIX ITPOM3BOAHBIX
Kapbamu10opMasbIerJHONW CMOJIbI, @ TaKXKe OIpe/ie/IeHbl ONTUMA/IbHBIE PEXXUMBI OTBEPIKIEHUS
JI7IS1 UX TIPUMEHEHUs] B IPOM3BO/CTBE JPeBeCHO-TVIACTUKOBBIX IJIUTOK.

[oBbimieHWe TpeOOBaHMM K TIPOYHOCTH, SKCIUTyaTal[AOHHBIM — XapaKTepUCTUKaM U
JIOJITOBEYHOCTH  JIDEBECHO-TVIACTUKOBBIX TUTUT 0O0yC/1aBIvBaeT He0OXOAUMOCTb MOAUGDUKAI[UH
KapbamMusioopMasnbIeruJHbIX CMO  (PU3UKO-XUMUUECKUMH MeToAiaMd. OTa MOAU(UKALUS
Hampap/ieHa Ha yiyullleHue aJre3uOHHBIX, (PU3MKO-MeXaHWYeCKUX U TEeXHOJOTMueCKUX CBOWCTB
CBSI3YIOLIIETO0.

B pe3ynbrate wu3yueHus (UIUKO-XUMHUUECKUX CBOMCTB HeMOAUGMUIMPOBAHHBIX U
MOJU(PULIMPOBAHHBIX CMOJI YCTAaHOBJIEHO, 4YTO YyBe/JWYeHHe COJiepKaHUsl MOAUGMUIMPYIOLIUX
J00aBOK COTPOBOXKIAETCSI YBeTMUeHNeM KOHIIEHTPALMK XJI0PUJ-UOHOB B cMovie. [Ipu 3ToM BpeMms
OTBEDXKJEHHsI W3MeHsIeTCSI B  C/eAyIolel TI0C/e[0BaTeIbHOCTUA:  TIOIUBUHUIXJIOPUZ,  —
MUXJIOPTUJIPUH — OEH3WU/IXJIOpU/[,. YCTaHOBJIEHO, UTO BBefleHHe MOAu(HUKaTopa B KOJIWYECTBE,
npeBbimatoirieM 10 % OT Macchl CMorbl, HellesiecooOpa3HO, TIOCKOJIBKY 3TO TIPUBOJUT K
3HAUMTeSbHOMY YBEJIMUEHHWI0 BpeMEeHM ee OTBEepXKIeHWS W YXyALIeHU) TeXHOJIOTHYeCKUX
TrioKasareJieli Tipoliecca.

Bub6morpaduueckoe onucanue: CoBpeMeHHOE COCTOSIHUE TI0/IMMEPHBIX CBA3YIOLMX MaTepHasioB, UCIO/b3yeMbIX B IPOHU3BO/ICTBE
OCII: 0630p // Universum: TeXHAYeCKHe HayKW : 3JIeKTPOH. HayuH. XypH. XomkaeBa J.H. [u zap.]. 2026. 8(149). URL: https://
Zuniversum.com/ru/tech/archive/item/23053

For citation: Current state of polymer binders used in particleboard production: a review // Universum: Technical Sciences :
electronic scientific journal. Khodjaeva D.N. et al. 2026. No. 8(149). Available at: https://7universum.com/ru/tech/archive/item/
23053
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Introduction

Wood-plastic materials are among the most dynamically developing types of woodworking
industry products and hold one of the leading positions in the world in terms of production growth
rates. Their widespread use is due to a number of valuable properties, including high uniformity of
structure and characteristics across the entire volume of the material, size stability under changing
humidity conditions, as well as good operational performance.

An additional advantage is the technological ease of manufacturing products of various
shapes and configurations, including large-format sheet materials. The possibility of using
affordable polymer binders and using single-year plant stems as raw materials expands the raw
material base of production and contributes to the wider implementation of wood-plastic materials
in various industrial sectors. [3; 7; 10; 13].

Research object. To study and analyze the states of polymer binders used in the production of
particleboard (PB) and wood-plastic materials and boards (WPMB), we examined phenol-
formaldehyde, urea-formaldehyde, and other polymer resins in this article.

Study results and their analysis. Let us consider the phenol-formaldehyde and urea-
formaldehyde resins widely used in the production of PB and WPMB [4; 8; 9].

Phenol-formaldehyde resins are the primary component of adhesive compositions, possessing
a complex of valuable properties and found wide application in various industrial sectors.
Establishing the relationship between composition, structure, and properties is one of the key tasks
of the modern stage in the development of adhesive material production technologies. Solving this
task will allow for the purposeful development of composite materials and adhesive compositions
with a specified set of properties, including increased heat resistance and weather resistance, as well
as significantly simplify and intensify the technological process and improve the quality of finished
products. [2].

These resins are used as a binding component in the production of filled press compositions
with wvarious fillers (cellulose, glass fiber, wood flour), wood-fiber and wood-wool boards,
adhesives, and impregnating and filling compositions (for plywood, woven, and fiber-filled
materials).

Phenol-formaldehyde resin is a substance of synthetic origin and is used for the manufacture
of wood shavings. Phenol-formaldehyde resin ensures high stability and strength of adhesive
compounds under the influence of hot and warm water, which is why it is classified as a highly
water-resistant resin [1].
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Phenol-formaldehyde resin is most widely used in the manufacture and bonding of WSB.
Such resin hardens quite quickly and possesses very high adhesive strength and a light color. When
gluing wood shavings, low-toxic SFJ-3014 grade resin is used, which complies with the accepted
standard (GOST 20907-75%).

Table 1.
Physicochemical properties of SFJ-3014 phenol-formaldehyde resin
Name Indicators
Content of non-volatile substances (dry residue), % 46-52
Viscosity according to VZ-4, s 17-90
Alkaline content, % 6.5-75
Free phenol content, %, not more than 0.10
Free formaldehyde content, %, not more than 0.15
After boiling in water for one hour, the strength limit of the plywood layer during 1.5
cracking is -MPa, at least.

Phenol-formaldehyde resins are obtained by the polycondensation of phenol with
formaldehyde. Phenol-formaldehyde resins of the resole type are formed at an equimolar reactant
ratio or in the presence of excess formaldehyde under alkaline catalysis, whereas novolac resins are
obtained in the presence of excess phenol under acidic conditions. The hardening process, i.e., the
transformation into resite, occurs slowly at normal temperatures from 6 months to 1 year; at
elevated temperatures, the hardening rate increases significantly. In the presence of acid catalysts,
solution resins harden at a higher rate and at room temperature.

Resins in the resite stage are insoluble, insoluble, and possess fairly high heat resistance. At
temperatures above 280 °C, they begin to decompose gradually. The study of the thermal
destruction of phenol-formaldehyde resins showed that at these temperatures, the formation of
diphenyl oxide bonds occurs, increasing the degree of system adhesion. During thermo-oxidative
destruction, primarily, the oxidation of methylene groups to carboxyl groups occurs, which at a
temperature of about 200 °C are capable of interacting to form heat-resistant polymers [11].

Novolac resin molecules do not contain methyl groups, and therefore are unable to undergo
polycondensation reactions and do not form spatial structures. Novolac resins can be converted into
an insoluble and non-melting state by treating them with formaldehyde, paraffin, and
hexamethylene tetramine. Novolac resins are most often hardened using hexamethylene tetramine at
elevated temperatures. Some characteristics of phenol-formaldehyde resins are shown in Table 2
[12].

Table 2.
Characteristics of phenol-formaldehyde resins
Name Trade Molecular Melting Density, | Content of me
name mass point, °C kg/m?3 thyl groups,
%
p-third-Butylphenolformaldehyde resin Phenofor B | 500-600 65-80 1100 >12
p-third-Octylphenol formaldehyde resin Phenofor O | 900-1200 75-90 1040 >9
Bromethylated p-tert-butylphenolfor-mal- | Fenofor 1000-1400 60-80 - >10
dehyde resin BB
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To obtain adhesives, phenol-formaldehyde resins of the resolution type with a molecular
weight of 700-1000 are primarily used. Novolactic phenol-formaldehyde resins are used
significantly less frequently, primarily in modified adhesives. Resins from cresols and substituted
phenols are of less interest for producing adhesives.

Phenol-formaldehyde resin is a transparent and homogeneous liquid in appearance, ranging
from dark cherry-brown to red-brown, within the same color batch, without mechanical impurities.
However, at a temperature of 100...105 °C, the hardening degree of SFJ-3014 grade resin is
insufficient. At the same time, it possesses high alkalinity, which is associated with the conditions
for synthesizing low-viscosity resins. Therefore, to manufacture slabs with increased water and
atmospheric resistance suitable for use in elements of standard low-rise house construction, it is
necessary to enhance the technological properties of the resin.

By modifying SFJ-3014 grade resin using aluminum sulfate, the deepening and acceleration
of the hardening process are achieved, and water resistance is increased.

It should be noted that phenol-formaldehyde resin is not produced in our republic due to the
lack of raw materials for obtaining phenol. Furthermore, it is very expensive and, accordingly,
scarce; therefore, it will be necessary to purchase this product in foreign currency.

But the main disadvantage of phenol-formaldehyde resin is its toxicity.

Phenol-formaldehyde resins can have harmful effects on the skin, causing dermatitis and
eczema [13]. Uncured phenol-formaldehyde resin can contain up to 11 % free phenol.

When phenol-formaldehyde resins are rejected in plastic (phenoplastics), the sewing of
oligomeric resin fragments occurs with the participation of free phenol contained within it, while
the content of phenol incorporated into the phenoplastic decreases to trace amounts; the sanitary
regulations of the Russian Federation regulate the permissible quantities of phenol and
formaldehyde migration for products made of phenoplastics; specifically, for products in contact
with food products, for phenol — 0.05 mg/l, for formaldehyde — 0.1 mg/1.

Therefore, as noted above, it is necessary to modify the phenol-formaldehyde resin or replace
it with another, less toxic resin, i.e., urea-formaldehyde (carbamide).

It should be noted that in our republic, urea-formaldehyde resin is primarily used as a polymer
binder in the production of wood-plastic tile materials.

Urea-formaldehyde resin (M-resol type fixative) is a product of polycondensation of urea and
formaldehyde in the presence of a catalyst.

It is colorless and easily stains into any color in mass.

The first products of urea condensation with formaldehyde (carbamide resins) were obtained
as early as 1896, but the production of urea aldehyde resins was only established in 1920-1921.

Urea-formaldehyde resins are used as binders in the production of wood shavings, wood fiber
boards, plywood, and adhesives in the manufacture of furniture, carpentry structures, etc.

Products of carbamide condensation with formaldehyde are very common adhesives for
bonding wood, plywood, and other wooden materials.
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Conclusion

Thus, the results of the analysis show that wood-sheet and wood-plastic slabs manufactured
using non-modified urea-formaldehyde resin are characterized by insufficiently high
physicochemical and operational indicators, limited durability, and in some cases do not fully meet
the requirements of current standards.

In this regard, modifying urea-formaldehyde resin using physicochemical methods to enhance
its adhesive, physicochemical, and technological properties is a pressing task. The implementation
of this approach will allow for the production of wood-plastic slabs with improved strength
characteristics, increased resistance to external influences, and a longer service life.
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Abstract

In this work, a hybrid catalyst based on complex oxide (CuO-ZnO-NiO-Cr203) and high-
silica zeolite (HSZ) was synthesized, and its activity in the hydrogenation of croton aldehyde to n-
butanol with high selectivity was studied. The catalyst was prepared by the precipitation method,
and the reaction was carried out in a flow hydrogenation reactor. Varying the quantitative ratios of
ZnO, Cr203 and NiO oxides, as well as additionally introducing CuO or ZnO into the catalyst
composition, further increased the activity and selectivity of the catalyst. Particularly, by adding
CuO and ZnO to the complex composition, high results were achieved in terms of reaction
conversion and selectivity relative to vinyl acetate. In this scientific work, the process of producing
butanol was studied in the presence of various catalysts, and an effective new catalyst composition
and preparation conditions were determined. The prepared CuO-ZnO-NiO-Cr203 catalyst was able

Bubiuorpaduueckoe onucanne: OmanoB B.II.Y, CyepkynoBa 3.A. ku3u IlonyueHue OyTaHosa T'MAPUPOBaHMEM KPOTOHOBOTO
anbjernja ¢ ucnosnp3oBaHueMm kKaranauzaropa CuO-ZnO-NiO-Cr203/HSZ // Universum: TexHW4eCKue HayKW : 37eKTPOH. HayuH.
>KypH. 2026. 8(149).
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CuO-ZnO-NiO-Cr203/HSZ catalyst // Universum: Technical Sciences : electronic scientific journal. 2026. No. 8(149).
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to convert croton aldehyde into n-butanol with high selectivity and conversion. The synergy of
multicomponent oxides and the structural support of the zeolite provided thermal and mechanical
stability to the catalyst. This system is considered promising for implementation in industrial
hydrogenation processes. In this composition, the overall conversion of butanol was high, and the
formation of by-products in the reaction was recorded at a minimal level.

AHHOTanus

B nmanHOl paboTe ObUT CUHTE3UPOBaH TMOPUHBIN KaTajnu3aTop Ha OCHOBE CIOKHOTO OKCH/Ia
(CuO+ZnO°NiO+Cr,0,) u BbicOKOKpeMHe3emHoro meomura (BKL), a Takxke wucciefoBaHa ero
aKTMBHOCTh B peaKIMd THUAPUPOBaHWS KDPOTOHOBOTO asbjervja [0 H-OyTaHOmMa C BBICOKOU
cesleKTUBHOCTBIO. Karanm3arop ObUT MO/lyueH MEeTOIOM OCaKAEHHs, a peakiys TPOBOAWIACH B
MPOTOUYHOM peakTope T'MApHpoBaHus. V3MeHeHre KOIMUeCTBeHHOI0 COOTHOIIEeHUs] OKCHUJ0B ZnO,
Cr,0, u NiO, a rakke pononHutenbHoe BBefeHne CuO u ZnO B coCTaB Karajau3aropa
CriocobCTBOBa/M Aa/TbHEMIIIEMY TTOBBIIIIEHUI0 €r0 aKTMBHOCTH W CeJIeKTUBHOCTU. B yacTHOCTH,
BBegeHe CuO u ZnO B COCTaB CJOXKHOTO OKCH/IHOTO KaTaiu3aropa O0ecIeumsio BBICOKHE
MOKa3are/ii KOHBEPCUM U CEeJIeKTUBHOCTH TpoLiecca TMAPUPOBAHUS KPOTOHOBOIO ayb/ieruza 10 H-
OyraHona. B maHHOM HayuHOM paboTe MCC/e[0BaH MPOLeCC MoTyuyeHus: H-OyTaHosia B TIPUCYTCTBUH
pa3/MuyHbIX KaTaau3aTopoB, orpedeneHbl 3G(EeKTUBHbIA COCTaB HOBOTO KaTaju3aTopa |
ONTUMaJbHbIe yCJI0BUS ero TIPUTOTOBJIEHUS. CuHHTe31pOBaHHbIM Kara/m3arop
CuO+Zn0O-NiO-Cr,0, obecrieunsi BBICOKYI) CTeleHb KOHBEDPCHU KDOTOHOBOTO anibJerufia U
BBICOKYHO CeJIeKTUBHOCTh o H-OyTaHomy. CuHepreTuyeckoe B3aUMOJeICTBYE
MHOTOKOMIIOHEHTHBIX OKCHZIOB U CTPYKTYpHasi pOJib BHICOKOKDEMHE3eMHOTO 11e0/iuTa 0becreuniv
KaTa/in3aTopy BBICOKYIO TEPMUUECKYI0 M MeXaHU4YeCKyl0 CTaOW/IbHOCTb. [laHHasi KaTaJuTHueCKast
CcUCTeMa pacCMaTpUBaeTCsl Kak IepCreKTHWBHas [Jisl NMPUMEHEHHs B MPOMBILLIEHHbIX MpoLeccax
ruApupoBanus. IIpy KMCHOMb30BaHWM [AHHOTO KaTaju3aTopa [JOCTUTHYThI BBICOKAasi KOHBEPCUS
KDOTOHOBOTO asbfierua B H-OyTaHON W MHUHHMa/ibHOe oOpa3oBaHHe TIMOOOUHBIX TPOAYKTOB
peakLuu.

Keywords: Butanol, catalyst, oxidation, hydrogenation, conversion, selectivity, reaction rate,
molar ratio, by-products, kinetic laws, eco-friendly technology, energy efficiency, industrial
synthesis.

KnioueBble co0Ba: OyTaHos, KaTraau3atop, OKHC/eHWe, THAPUpPOBaHWe, KOHBEpCHS,
CeJIeKTHBHOCTh, CKOPOCTh peakKIiiH, MOJISIPHOe COOTHOIIeHHe, T0O0UHbIe TIPOAYKTHI, KUHEeTUYeCKHe
3aKOHBI, 5KOJIOTUYeCKU YMCTasi TEXHOIOTUsl, SHepro3¢d$eKTUBHOCTb, IPOMBIIIJIEHHbIN CUHTe3.

Introduction

Currently, one of the important directions of the chemical industry is the synthesis of highly
efficient organic substances and the improvement of their purification technologies. In this respect,
butanol and its isomers, belonging to the class of monohydric aliphatic alcohols with four carbon
atoms, are of great practical importance [1-2]. Butanol is widely used in the chemical industry as a
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solvent, a raw material in the production of plasticizers, a component of paint and varnish materials,
and a fuel additive. In addition, in recent years, significant attention has also been paid to
technologies for producing butanol as a biofuel [3-4].

Butanol is an organic compound belonging to the class of monohydric saturated alcohols with
four carbon atoms, expressed by the general chemical formula C,H,OH. Several isomers of butanol
exist, including n-butanol, isobutanol, sec-butanol, and tert-butanol [5-7]. These alcohols are
colorless liquids with a characteristic odor, limited solubility in water, and good miscibility with
many organic solvents. Due to its physicochemical properties and relatively low volatility, butanol
is widely used as an effective solvent in industry [8-10].

Experimental and Discussion Part

The process of separating croton aldehyde into an individual fraction was carried out under
laboratory conditions based on the fractional distillation method. This methodology is one of the
classic physicochemical methods widely used for the separation and purification of carbonyl
compounds with low and medium boiling points. The main goal of the process is to isolate the
croton aldehyde fraction from the reaction mixture at high purity and ensure its complete separation
from by-products.

The laboratory setup used during the separation process is presented in Figure 1 and consists
of the following main parts. The setup was assembled hermetically to minimize vapor loss and
ensure a stable distillation process [11; PP. 54-56].

Before starting the experiment, the distillation flask (1) was filled with the reaction mixture
containing croton aldehyde. Then, the system was hermetically assembled, and constant water
circulation was provided through the condenser (3). In the next stage, the mixture was gradually
heated using a heating device (2). During heating, the temperature was continuously monitored via
a thermometer (4). As the temperature approached the boiling range of croton aldehyde, its
vaporization began. The generated vapors were directed through a connecting adapter (5) into the
condenser, where they underwent condensation. The condensed liquid was collected into a receiving
flask (7) through a bent tube (6).

Figure 1. Laboratory setup for the separation of the croton aldehyde fraction
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1 — round-bottom distillation flask; 2 — electric heating mantle or heating device with a
magnetic stirrer; 3 — Liebig-type condenser; 4 — thermometer and additional reagent feeding
device; 5 — connecting adapter; 6 — bent distillate delivery tube; 7 — receiving flask

Results and Discussion

To ensure a stable and efficient distillation process, a number of technological parameters
were kept under constant control. These include the temperature regime, which allows taking
effective advantage of the difference between the boiling points of the fractions; the distillation rate,
which ensures the balance of evaporation and condensation processes; the intensity of the water
flow in the cooler required for complete condensation of vapors; and the hermetical sealing of the
system to prevent the loss of volatile products.

During distillation, the heating rate was strictly controlled, preventing sharp temperature
fluctuations. This ensured the clear separation of fractions and the recovery of the target component,
croton aldehyde, at high purity. The efficient operation of the cooling system served for complete
condensation of vapors, while the airtightness of the apparatus prevented product loss and increased
the reliability of experimental results.

The applied methodology enabled the effective separation of croton aldehyde from the
reaction mixture. The fractional distillation process is characterized by high selectivity and
reproducible results, serving to obtain pure croton aldehyde for subsequent chemical syntheses.

The croton fraction was heated slowly, with the temperature increasing by 0.5°C per minute
(30°C per hour). During distillation, the following fractions were collected:

Table 1.
Main characteristics of fractions isolated during fractional distillation of croton aldehyde
Fraction Data Fraction I Fraction II Fraction IIT Fraction IV
Quantity 65g (75 sm?) 15g (17 sm?) 20 g (24 sm°) 75 g (87 sm°)
Vapor Temperature | 70-81°C 81.5-85°C 86-101°C 101.5-106°C
Flask Temperature | 83-92°C 94-105°C 105-112°C 113-126°C
Croton aldehyde C | 38% (by weight) 77-80% 88.95-94.8% 95-98.5%
ontent
Water Content - 9-12% 2.3-8.22% Less than 1%

The fractional distillation results showed that with an increase in boiling temperature, the
concentration of croton aldehyde in the fractions increases significantly. In Fraction I, the croton
aldehyde content was relatively low, and a higher proportion of highly volatile components was
observed. Starting from Fraction II, the content of the target product increases, and the main portion
of croton aldehyde accumulates in Fractions III and IV. Condensates of Fractions II, III, and IV
were selected for the experiment. Their compositions are given in Tables 2.

According to the obtained results, the mass fraction of croton aldehyde in Fraction IIT was in
the range of 88.95-94.80 %, while in Fraction IV this indicator reached up to 95.0-98.0 %. At the
same time, a decrease in water content and a reduction in the proportion of highly volatile
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impurities were observed. In particular, the high concentration of croton aldehyde and low water
content in Fraction IV characterize it as the most optimal feedstock for subsequent hydrogenation
processes.

To determine the qualitative composition of Fractions III and IV isolated by distillation, their
samples were analyzed using gas chromatography. During the analysis, the content of croton
aldehyde as the main component, as well as the mass fractions of methyl acetate, butanol, propyl
alcohol, water, and other impurities, were determined. The obtained results allow for evaluating the
efficiency of the fractional distillation process and selecting the most optimal fraction for the
subsequent hydrogenation stage.

As seen from Table 2, while the mass fraction of croton aldehyde in Fraction III ranges
between 88.95-94.80 %, in Fraction IV this value reaches up to 95.0-99.0 %. Simultaneously, it is
observed that the amounts of water and highly volatile components in Fraction IV are significantly
lower compared to Fraction III. This situation indicates that croton aldehyde concentrates in higher-
purity fractions as the boiling temperature increases.

Based on the analysis results, Fraction IV was characterized as the product with the highest
concentration of croton aldehyde. In this fraction, the content of the main substance reached up to
99.0 % in some samples, while the amounts of water and other auxiliary components were kept at a
minimal level. Therefore, Fraction IV was selected as the main raw material for subsequent
catalytic hydrogenation experiments.

Table 2.

Component composition of condensates of Fractions III and IV (gas chromatography analysis
results, mass %)

Ne | Fraction III (Boiling range 86-101° C), wt % Fraction IV (Boiling range 101.5-106° C), wt %,
Methyl | Buta | Propyl | Crotona | Wa | Impuri | Methyl | Buta | Propyl | Croton a | Wa | Impuri
acetate | nol alcohol | ldehyde | ter | ties acetate | nol alcohol | ldehyde | ter | ties

1 |0.046 |0.13 [0.23 94.3 3.6 |1.694 |0.045 |0.02 |0.25 96.6 0.4 |2.685

2 |[0.07 0.24 ]0.29 94.8 233|227 0.04 0.05 |0.22 97.5 0.34 | 1.85

3 |0.04 0.64 |0.52 92.69 445 | 1.66 0.014 |(0.01 |0.22 97.6 0.17 | 1.91

4 (0.02 045 |0.17 94.4 2.74 | 2.22 0.04 0.04 |0.17 97.4 0.12 | 2.23

5 [0.02 1.00 |0.12 90.9 52 |276 0.04 0.18 |0.17 97.2 0.10 | 2.33

6 |0.02 0.88 |0.10 90.3 6.11 | 2.59 0.02 0.19 (0.2 96.2 0.11 | 3.28

7 10.02 090 |0.11 90.7 6.0 |[227 0.02 049 |0.12 97.02 0.22 | 2.12

8 |[0.02 0.68 |0.11 92.71 4.3 |2.18 0.02 0.28 |0.21 97.14 0.26 | 2.09

9 [0.02 0.27 10.14 94.0 23 |3.27 0.018 |0.18 |0.06 99.0 0.41 1 0.332

10 [ 0.01 4.5 0.10 89.7 8.22 | 2.53 0.01 0.27 |0.14 95.0 1.31 | 3.27

11 | 0.18 3.8 0.10 89.10 5.39 | 1.43 0.05 0.9 0.10 97.2 0.61 | 1.14

12 1 0.02 2.4 0.11 90.58 4.88 | 2.01 0.03 0.44 ]0.12 97.09 0.34 | 1.98

13 | 0.08 1.8 0.12 88.95 6.41 | 2.64 0.02 0.02 |0.37 97.59 06 |14
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Butanol is an important product widely used in the chemical industry, and obtaining it by
hydrogenation of croton aldehyde is one of the highly efficient methods. Multiphase catalysts based
on copper, zinc, nickel, chromium oxides, and zeolites exhibit high activity in the selective
hydrogenation of aldehydes. In this study, a hybrid catalyst with the composition
CuO-Zn0O-NiO-Cr,0,/HSZ was synthesized, and the reaction efficiency was evaluated.

Overall, the practical aspects of butanol are very broad: it holds great importance in various
sectors of the economy as a solvent, chemical raw material, fuel additive, and biofuel. Varying the
quantitative ratios ZnO-Cr203 and NiO of oxides, as well as additionally introducing CuO or ZnO
into the catalyst composition, further increased catalyst activity and selectivity. In particular, by
adding CuO and ZnO into the complex composition, high values were achieved for reaction
conversion and selectivity relative to vinyl acetate. Maximum selectivity was observed when CuO
(3-5 % relative to the catalyst mass) was used as a promoter.

(T = 443-453K, CH,-CH=CH-CHO: H, = 1:3, V(H,) = 400 h")

Table 3.
Effect of starting materials on catalyst activity in the catalytic synthesis reaction of butanol
No Catalyst Composition Conversion of CH,CH,CH,CH,OH, | Selectivity, S %
%
Total To Croton aldehyde
1 CuO:ZnO/HSZ 66.8 43.6 65.2
2 CuO:NiO/HSZ 77.4 54.2 70.1
3 Cu0:Zn0:Cr,0,/HSZ 80.9 60.9 75.3
4 Cu0O:ZnO:NiO/HSZ 81.1 65.44 80.7
5 CuO:NiO:Cr,0,/HSZ 82.2 68.8 83.7
6 | ZnO:NiO:Cr,0,/HSZ 85.3 72.4 84.9
7 Cu0:CdO:Cr,0,/HSZ 91.2 82.2 90.2
8 Cu0:ZnO:NiO:Cr,0,/HSZ 86.6 80.8 93.2
9 PbO:SbO:NiO:Fe,0,/HSZ 71.7 65.5 91.3
10 | CuO:CdO:NiO:Fe,0,/HSZ 68.9 55.5 80.5

Based on studying the effect of various factors on the reaction rate in the presence of the
selected catalyst (CuO-ZnO-NiO-Cr,0,/high-silica zeolite), the kinetic laws of the process were

studied, and a reaction mechanism was proposed.
In the presence of Catalyst No.8 in Table 4, the effects of various factors (such as temperature,
space velocity, C,H,O:H, molar ratios, catalyst preparation method) on the yield of butanol, process

selectivity, and conversion of starting materials were studied.
When studying the effect of C,H,O:H, ratios on the yield of butanol and the selectivity of the

process, the most normal condition was determined to be 1:3.
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Table 4.

Butanol yield conversion and selectivity under the influence of CH 3 -CH=CH-CHO:H 2
molar ratio

CH,-CH = CH-CHO:H, Molar Conversion of CH,CH,CH,CH,0H,% Selectivity, S %
Ratio Total To Croton aldehyde
3:1 51.4 31.2 60,7
2:1 56.0 42.4 75.8
1:1 68.8 56.7 82.4
1:2 82.4 70.4 85.4
1:3 95.6 89.1 93.2
1:4 84.88 76.8 90.5
1:5 92.2 95.7 88.3

As seen in Table 4, as the molar ratio of initial materials in the reaction mixture increases, the
overall conversion of butanol increases. However, when the molar ratio of starting materials
exceeds a certain value (the optimal ratio), the yield of butanol decreases due to the formation of
additional by-products (e.g., esters, aldehydes, and other oxygenated compounds).

Following this, the effect of various factors—temperature, molar ratios of starting materials,
space velocity, catalyst type and amount, as well as the interaction of reaction products—on the rate
of the butanol synthesis process was studied. The obtained results showed that when optimal
conditions are selected, the level of butanol formation is high, and the amount of by-products
decreases significantly.

Table 5.

Effect of temperature on the yield of croton aldehyde hydrogenation reaction (CH3-CH=CH-
CHO): H2 =1:3,V =400 h-1)

Ne Temperature, cC Conversion of CH,CH,CH,CH,OH % Selectivity, S %
Croton aldehyde To Butanol
1 120-130 88.0 63.1 71.7
2 140-150 84.01 65 77.7
3 160-170 84.9 85.6 89.3
4 170-180 95.6 89.1 93.2
5 190-200 94.1 83.2 88.4
6 210-220 89.6 75.4 84.15
7 230-240 88.2 69.8 70.79

With increasing temperature, total conversion increases up to a certain temperature and then
decreases. Conversion to butanol is maximal at 170-180 °C. Above 180 °C, by-products (ethanol,
2-butenol, tars) increase, and selectivity decreases.
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Conclusion

In this scientific work, the process of obtaining butanol was studied in the presence of various
catalysts, and an effective new catalyst composition and preparation conditions were identified. The
prepared CuO-ZnO-NiO-Cr,0,/HSZ catalyst was able to convert croton aldehyde to n-butanol with
high selectivity and conversion. The synergy of multicomponent oxides and the structural support
of zeolite ensured the thermal and mechanical stability of the catalyst. This system is considered
promising for implementation in industrial hydrogenation processes. In this composition, the total
conversion of butanol was high, and the formation of by-products in the reaction was recorded at a
minimal level.
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Abstract

This study investigated the influence of various surfactants and filler additives in oil emulsion
compositions on the emulsion's physical-mechanical properties, comparing samples prepared from
local raw materials with imported analogues, and developed a technology for producing oil
emulsion with quality indicators superior to imported products. The effects of these substances on
temperature resistance, color, adhesion, and consumption during wire drawing were studied, and
several locally-based samples were compared with imported oil emulsions (Russia, China). Results
showed that samples containing iron oxide and sodium fluoride were considerably more resistant to
high temperatures (170-240 °C) than imported products. Furthermore, the sample obtained through
a newly developed two-stage technology — heating followed by stepwise addition of calcium
stearate — barely melted at 170 °C, with a melting point above 250 °C. This new technology yields
a granular, non-monolithic product that is easier to crush, produces less dust, and consumes less
electricity. The findings confirm that oil emulsions produced from local raw materials can achieve
quality indicators superior to imported products, making them viable import substitutes.

AHHOTanusA

laHHOe rccejoBaHNe MOCBAIeHO U3YYeHUO BIUSHUS Pa3/TMUHbIX TOBEPXHOCTHO-aKTUBHBIX
BeIl[eCTB U HaroJHUTe/el, BXOJAIIUNX B COCTaB MaC/ASTHOU 3My/bCHH, Ha eé (PM3UKO-MeXxaHUueCKue
CBOWCTBA; TIPOBE/IEHO CpaBHEHWe 00pa3l[oB, MPUTOTOBJIEHHbIX HAa OCHOBE MECTHOTO ChIpbS, C

Bub6morpaduueckoe onucanue: BiysiHue GU3MKO-MeXaHUYECKHUX CBOWCTB BeIL|eCTB, BXOAALIMX B COCTaB MaC/IsSHOW 3My/IbCHH, HA
KauecTBO TMOJyueHHOro mpopykra // Universum: TeXHWYeCKHe HayKH :@ 3/IeKTPOH. HayuH. )KypH. Pexxab6oer K.A. [u ap.]. 2026.
8(149). URL: https://7universum.com/ru/tech/archive/item/23272

For citation: Influence of the physical-mechanical properties of substances included in the composition of oil emulsion on the
quality of the obtained product // Universum: Technical Sciences : electronic scientific journal. Rejabboyev Q. et al. 2026. No.
8(149). Available at: https://7universum.com/ru/tech/archive/item/23272
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UMIIOPTHBIMU aHajorTaMH, M pa3paboTaHa TEeXHOJIOTHS TIOyYeHUs Mac/sSHOM 3SMY/IbCUU C
ToKasaTe/siIMA KauyeCTBa, IPeBOCXOASALMMY WMIIOPTHbIE IIPOAYKTHL. BbIIO M3ydeHO BMsHUE
JlaHHBIX BeleCTB Ha TeIJIOCTOMKOCTb, 1[BeT, aZire3Ui0 U pacxoZ B NpoLiecce BOIOYEeHUsI [IPOBOJIOKH,
a TaKXKe COMOCTaBjeHbl 00Opa3lbl Ha OCHOBE MECTHOTO ChIPbs C WMIIOPTHBIMUA MAaC/ISTHBIMU
smyabcusivu (Poccusi, Kuraid). Pe3ynbraThl oKasaad, UTo 00pasifbl C OKCHZOM >Kesie3a U (hTOpUoM
HaTpusl 3HAUUTETbHO OoJlee YCTOMUMBEI K BBICOKUM Temrieparypam (170-240 °C), ueM UMITOPTHbIE
npoAyKThl. Kpome Toro, obpasell, To/IyYeHHBIH 110 HOBOM [IBYXCTaZIMMHOM TEXHOJIOTHM — HarpeB C
MOC/IeAYIOIIMM TI03TallHbIM A00aBlIeHreM CTeapaTa KalbLUs — TPAKTUYeCKd He TUIaBWIICS TIPH
170 °C, a ero Temneparypa IuiaBineHus TipeBbiliasia 250 °C. HoBasg TexHosorus [Jgaét
IpaHy/IMPOBaHHbIM, HEMOHOJIUTHBIA TPOAYKT, KOTOPBIM Jerye U3Me/buaeTCsl, MeHblle IbLIUT U
TpeOyeT MeHbIlle 37eKTpo3Heprud. [lomyueHHble pe3y/nbTaThl TMOATBEPKAAIOT, UTO Mac/IsTHbIE
SMY/IbCHM Ha OCHOBE MECTHOIO ChIPbSl MOTYT ZOCTWraTh IOKas3aTesjel KauecTBa, MPeBOCXOIALINX
VIMITOPTHbI€ TIPOAYKTHI, ¥ CITY>KUTh NTOJTHOLIEHHOM 3aMeHOW UMITOPTY.

Keywords: oil emulsion, surfactant, calcium stearate, sodium stearate, temperature resistance,
adhesion, wire drawing, drawing die, local raw materials.

KnroueBble ci0Ba: Mac/siHasi SMY/IbCHS, TTOBEPXHOCTHO-aKTMBHOE BeI|eCTBO, CTeapar
KasbLUsi, CTeapaT HAaTpWis, TEIUIOCTOWKOCTh, ajre3us, BOJIOYEHHE TIPOBOJIOKH, BOJIOUMJIbHAS
¢bunbepa, MECTHOE ChIPbE.

Introduction

Every substance possesses its own distinct nature and properties, and the purpose of
combining them into a single composition is to obtain a specific emulsion in which substances from
a group with differing characteristics complement one another. In the present work, the soap
contained in the composition of the oil emulsions for which a production technology is proposed is,
by nature, a surfactant.

The aim of this study is to investigate the effect of various surfactants and filler additives
constituting the oil emulsion on the physical-mechanical properties of the emulsion, including
temperature resistance, color, adhesion, and consumption during the wire drawing process; to
conduct a comparative analysis of samples prepared on the basis of local raw materials with
imported oil emulsions (Russia, China); and to develop a new, efficient technology for producing an
oil emulsion possessing high temperature resistance and quality indicators superior to those of
imported products, capable of substituting imports.

The chemical composition of the obtained and imported emulsions shows that stearates ensure
the smooth passage of the metal through the drawing die. Talc and borax, in addition to imparting a
distinctive color to the metal surface, also affect its anticorrosive properties.

A comparison of the chemical composition of the obtained samples with that of the imported
products shows that 90 % of the raw materials required for the samples are available within the
Republic, are inexpensive, and at the same time consist of substances that assist the functions of the
emulsion. These filler additives — lime, potassium fluoride, iron oxide, and sodium sulfates —
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provide the temperature resistance of the emulsion (Figure 1), consistent with earlier findings on oil
compositions and emulsions obtained from local raw materials. Borax, talc, and sodium phosphate
(Na,PO,) likewise increase both temperature resistance and adhesion.

Figure 1. Substances forming the composition of the emulsion

Based on Table 1, the color and temperature resistance of the samples were compared,

presenting the melting behavior of the imported products and the samples as the temperature

increased.
Table 1.
Physical properties of the oil emulsions
No. Melting degree (%) Color
170 °C 200 °C 240 °C
1 Imported product (Russia) 15 60 100 Gray
2 Imported product (China) 20 67 100 Light gray
3 Sample 1 17 46 72 Gray
4 Sample 4 15 44 65 Pink
5 Sample 5 5 20 60 Light red

At 170 °C, mainly due to the heat generated in the drawing die, the Chinese oil emulsion was
observed to melt by 20 %. The melting temperature of the emulsions was found to be 240 °C; only
in sample 4, owing to the low mass fraction of calcium and sodium stearate salts, was 65 % melting
observed at 240 °C, forming a solid alloy. The iron oxide contained in sample 5, prepared on the
basis of local raw materials, ensures the high temperature resistance of the oil emulsion. The

sodium fluoride contained in sample 4, besides increasing the temperature resistance of the oil

emulsion, also reduces the flammability of the emulsion. For this reason, samples 4 and 5 are more
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resistant to high temperatures than the other samples and the imported product, which is consistent
with findings on the temperature-dependent behavior of stearate-based soap lubricants reported
elsewhere.

Materials and Methods

The oil emulsion obtained under laboratory conditions was divided into three groups
according to the degree of fineness. Sample 3, with a particle size of up to 0.2 mm, was used for
drawing hard non-ferrous metals. Sample 4, with a relatively larger particle size, was used for
drawing soft non-ferrous metals, since drawing soft wires does not require high pressure; it was
used to reduce the consumption of the oil emulsion. For single-stage wire drawing, samples 2 and 3
were found to be effective (Table 2).

The fat content and melting temperature of the oil emulsion are selected according to the
grade of the non-ferrous metal, since an increase in the carbon content of copper also increases the
temperature in the drawing die.

Table 2.
Emulsion consumption depending on wire-drawing speed
No. Product 0.5 (m/s) 1 (m/s) 5 (m/s) 9 (m/s) 12 (m/s)
1 China 0.30 0.52 0.65 0.73 0.83
2 Russia 0.26 0.51 0.73 0.74 0.82
3 Sample 1 0.30 0.61 0.70 0.75 0.82
4 Sample 2 0.26 0.57 0.73 0.77 0.86
5 Sample 3 0.28 0.57 0.69 0.73 0.80
6 Sample 4 0.30 0.61 0.69 0.75 0.80

Unlike the first method, in the new method of obtaining oil emulsion the filler products of the
emulsion are charged into the reactor once the equipment temperature reaches 160—165 °C. Stirring
is then continued for 35 minutes. Calcium stearate is added in 1-gram increments at 3-minute
intervals. The resulting granular mixture is cooled and fed to a ball mill. The differences between
this new technology and the previous technologies are as follows:

— the resulting product forms a granular, non-monolithic mass that is convenient for crushing;

—no paste (slurry) is formed during mixing;

— less time is required to obtain the finished product;

— since the filler products are heated together with the emulsion before the calcium stearate is
added, dust formation from the equipment is reduced;

— it is distinguished by higher electricity efficiency.

Results and Discussion

Obtaining the product on the basis of the new technology in the production of oil emulsion
requires less time and energy than traditional technologies. These factors reduce the cost price of
the product.
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Table 3.
Chemical composition of the newly obtained emulsion
No. 1 2 3 4 5 6 7
New Sample Castear- | Nastear- |sodium sul [ Borax sodium phos- | Na,SO, Water
ate ate fate phate
Mass fraction (%) | 15 15 5 25 10 10 10

The physical and chemical properties of the substances constituting the new sample obtained
by the second method, as well as the functions of the emulsion, were taken into account (Table 3).
Unlike the previous samples, this sample takes into account the diversity of filler products and the
conditions for optimizing the concentration of calcium stearate and sodium stearate salts in the oil-
emulsion composition.

The temperature resistance of this new emulsion was found to be higher than that of the
previous samples and of the imported emulsions. As can be seen from Table 4, the emulsion barely
melts at 170 °C. During passage through the drawing die, when the heat reaches 150-180 °C, the
adhesion and friction properties of the emulsions decrease. In this case, a low melting heat of the
emulsion has a negative effect on wire drawing.

Table 4.
Physical properties of the newly obtained emulsion compared with imported products
No. Product Melting degree (%) Color
170 °C 200 °C 240 °C
1 Imported product (Russia) 15 60 100 Gray
2 Imported product (China) 20 67 100 Light gray
3 New sample 3 12 40 Light brown

The fact that the melting temperature of the newly obtained sample exceeds 250 °C makes it
possible to resolve this problem. In the die box, the portion of emulsions with a low melting
temperature — up to 20 % — forms unnecessary waste. The distinguishing feature of the newly
obtained sample compared with the previous samples is that the emulsion obtained by the second
method does not form a monolithic, solid, alloy, and consequently the emulsion granules are easily
crushable. This property makes the oil emulsions obtained by this method suitable for
recommending them for drawing non-ferrous metals and non-ferrous metals with a low carbon
content. Since its melting temperature is higher than that of the previously obtained samples, it can
also be used for wire drawing at higher speeds.

Conclusion

The experiments conducted established that the substances constituting the oil emulsion have
a significant effect on the physical-mechanical properties of the emulsion. The samples prepared on
the basis of local raw materials stand out for their higher temperature resistance compared with
imported products, owing to the iron oxide and sodium fluoride in their composition. The newly
developed technology — adding the filler substances at a temperature of 160-165 °C and
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introducing calcium stearate in stages — yields an emulsion sample with a melting temperature

above 250 °C and high adhesion and friction properties, requiring less time and energy than the

traditional technology, reducing dust formation, and lowering the cost price of the product.

Thus, the oil emulsions developed on the basis of local raw materials are superior to, or equal

to, their imported analogues in terms of physical-mechanical properties, and are recommended for

production as import-substituting products.
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@da3oBoe pacc/i0eHHe MOJTHAHUOHHOM 11€/1/THJI03bI, TyMaTa HaTPUs U UX CMecei
B Cpe/laX Ha OCHOBeE C0/Ied Ka/IbIUsl U MarHusi: 3HaYeHHe [I/Isl CO/IeyCTOMUHUBBIX
OypoOBBIX PaCTBOPOB

IIatimanoea Pano Coammypoo Ku3u
He3asucuMmblil uccnedosamens, Tepmesckuil 20Cy0apcmeeHHblil yHU8epcumem UHiceHepuu

u azpomexHosnoautl
Pecnybauka Y36ekucmat, 2. Tepme3
Ypo3oe Mycmagokyn Kyabmopaeeuu

npoa.
Tepme3ckuil 2ocy0apcmeeHHbll yHU8epcumem uHiceHepuu u azpomexHoa02uli
Pecnybauka Y36exkucmat, 2. Tepme3

Abstract

The objective of this study is to quantify and interpret the phase-separation thresholds of
polyanionic cellulose (PAC), sodium humate (Na-GK) and PAC + Na-GK mixtures under calcium-
magnesium salt aggression in sodium-chloride-saturated media. The work addresses the stability
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reserve required for water-based drilling fluids used in salt-bearing and highly mineralized
formations. Polymer solutions of different concentration, PAC substitution degree and
polymerization degree were examined by nephelometric titration with CaCl2 and a mixed CaCl2 +
MgCI2 titrant after controlled preparation and, where required, thermal pretreatment at 105 °C. The
results show that phase separation is controlled not only by the total concentration of divalent
cations, but also by polymer molecular architecture, hydration of cation-polyion complexes and the
different coordination behavior of Ca2+ and Mg2+. Mixed CaCl2 + MgCI2 titration required
approximately 1.5 — 1.8 times more titrant to induce phase separation than CaCl2-only titration.
PAC samples with a substitution degree of 115 — 125 and high polymerization degree showed the
highest resistance, while heating reduced the limiting concentration by about 4 — 10 %. The
combined use of PAC and Na-GK increased resistance to divalent salts and is therefore a rational
direction for designing salt-resistant drilling fluids.

AHHOTanus

Llenpro MicCeOBAHMS SIB/ISIETCS KOJTMUECTBEHHAsI OLIeHKa U (PU3UKO-XUMHUUYeCcKoe 00bsICHeH e
rnoporoB (a3oBoro pasjesneHvss nmoauaHuoHHOU 1Lesttono3bl ([TAL]), rymara Hatpust (Na-I'K) u
cvecert TTAL] + Na-'K B HachlllleHHOM XJIOPDUAOM HaTpusi cpefle TMPU BO3JEHMCTBUU KasbLUM-
MarHveBbIX coseii. PaboTa HampaB/ieHa Ha orpefie/ieHHe 3araca yCTOMYMBOCTH, HeOOXOAUMOro /ISt
BOJIHBIX OYPOBBIX PaCTBOPOB, MPUMEHSIEMBIX B COJIEHOCHBIX M BHICOKOMUHEPa/TN30BaHHbIX TIaCTax.
PacTBOpHI MOJIMMEPOB pa3/IMUHON KOHI[eHTparuu, oopa3iisl [TALL ¢ pa3Hol CTerneHbI0 3aMelleHus U
CTeleHbI0 MoJIMMepHU3aliii UCC/IeJ0BaHbl MeTO0M He(eloMeTpruueCcKoro TUTPOBaHUsI pacTBOPaMU
CaCl2 u cmemanubiM TuTpantoM CaCl2 + MgCI2 mocne KOHTPO/IMpYeMOW MOATOTOBKU M, MpHU
HeoOxoguMocTy, TepMoobpabotku mpu 105 °C. IlosmyuyeHHble pe3y/bTaThl I10KA3bIBAIOT, UTO
¢a3oBoe paziesieHre ompesesiseTcss He TOMbKO 00Iel KOHI|eHTpaLyel AByXBa/leHTHBIX KaTHOHOB,
HO U MOJIEKYJIIDHOM apXWUTeKTypOM IoJMMepa, rujparalyel KOMILIEKCOB «KaTHOH-TIOJIMMOH» U
pasMuMsMH KOOpAMHALMOHHOrO mnoBefeHus Ca2+ u Mg2+. [lns MHULMUPOBaHUS (Pa30BOro
pa3zzeneHusi cMmellaHHbIM TUTpaHToM CaCl2 + MgCl2 tpebyercs mpumepHo B 1,5 — 1,8 pasa
Oonblile peareHTa, yeM Mpy TUTpoBaHMHU ToAbKO CaCl2. Hambosbliryro yCcTOWUHMBOCTE TOKa3anu
o6pa3upl TTAL] co cremnenpto 3amenjeHust 115 — 125 1 BBICOKOM CTereHbIO TIOJTMMEPH3aliuy, TOT/ia
KaK Harpes CHIDKa/ MpefelbHYH KOHL|eHTpaLUo TUTpaHTa rpuMepHo Ha 4 — 10 %. CoBMmecTHOe
npuMeHeHre [TAILl u Na-I'K noBblllaeT yCTOMYMBOCTH K [IByXBaJIEHTHBIM COJISIM W SIB/ISI€TCS
paLOHa/TBEHBIM HarpaB/ieHneM pa3paboTKH CO/IeCTOMKUX OYpOBBIX pacTBOPOB.

Keywords: polyanionic cellulose, sodium humate, Na-GK, phase separation, calcium
chloride, magnesium chloride, salt-resistant drilling fluid, nephelometric titration, polymer-salt
interaction, drilling mud stability.

Bubiuorpaduueckoe onucanue: [Ilafimanosa P.C. ku3m, Ypo3oB M.K. ®a30Boe paccioeHue TOMaHUOHHOM 11e/UTHO/I03b], TyMara
HaTpysi U MX CMeceld B Cpeljax Ha OCHOBe CO/el Kasblids M MarHusi: 3HaueHWe /sl COJIEyCTOHUMBBIX OYpOBBIX pacTBOpPOB //
Universum: TexHuueCKre HayKH : 37IeKTPOH. HayuH. )XypH. 2026. 8(149). URL: https://7universum.com/ru/tech/archive/item/23307

For citation: Shaymanova R.S.Q., Urozov M.Q. Phase-separation behavior of polyanionic cellulose, sodium humate and their
mixtures in calcium-magnesium salt media: implications for salt-resistant drilling fluids // Universum: Technical Sciences : electronic
scientific journal. 2026. No. 8(149). Available at: https://7universum.com/ru/tech/archive/item/23307
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KiroueBble cj10Ba: Mo/iMaHUOHHas 1]e/Ti0/03a, rymat Hatpus, Na-I'K, da3oBoe paccioeHue,
XJIOpU/T KaJ/bl[Usl, XJIOPH/ MarHWis, COJIEyCTOHYMBBIM OypOBOW pacTBOp, HederoMeTphuecKoe
TUTPOBaHUe, B3aMMOZIeHCTBYE MOJIMMepa C COJbI0, CTAOUIBHOCTL OYPOBOTO pacTBOpa.

Introduction

Drilling through salt-bearing deposits, clay-carbonate interlayers and intervals containing
highly mineralized formation waters creates a chemically aggressive environment for water-based
drilling fluids. In such systems, technological performance is determined not only by density,
rheology and filtration loss, but also by the ability of the polymer phase to remain soluble and
structurally active under strong electrolyte loading. Recent reviews of synthetic drilling-fluid
polymers identify high salinity and multivalent-ion contamination as major causes of rheological
and filtration deterioration [1]. Standard drilling-fluid practice likewise treats salt and divalent-ion
effects as separate performance constraints that must be evaluated quantitatively [13]. Calcium and
magnesium salts can neutralize anionic polymer groups, compress the electrical double layer,
promote polymer bridging and trigger irreversible flocculation; uncontrolled destabilization
therefore increases filtration loss and the risk of wellbore instability.

Polyanionic cellulose (PAC) remains one of the most widely used water-soluble polymers in
drilling-fluid technology. Its carboxymethyl substituents provide hydration, viscosity-building and
filtrate-reducing functions, but the same anionic groups also act as binding sites for divalent cations.
Calcium and magnesium ions can alter chain conformation and promote intermacromolecular
association. The salt and calcium sensitivity of PAC-based systems is well documented; PAC-
derived nanocomposites have therefore been engineered specifically to improve high-temperature,
salt and CaCl2 resistance [2]. Consequently, PAC performance should be assessed in polymineral
media rather than only in fresh water or simple NaCl brine.

Sodium humate, designated in this study as Na-GK, is another functional reagent used in
mineralized drilling systems. Humate materials contain carboxyl, phenolic and other polar groups
capable of interacting with mineral surfaces, dissolved ions and polymer additives [10]. Recent
reviews also identify modified natural materials, including humic-acid-derived reagents, as a
relevant route for rheology and stability control in water-based drilling fluids [9]. In a PAC-based
system, Na-GK may redistribute ion-binding events and modify the hydration shell of polymer
aggregates; the practical question is therefore whether the PAC + Na-GK mixture shifts the phase-
separation threshold under simultaneous Ca-Mg aggression.

The relevance of this issue is high for engineering practice. In salt formations and formation-
water inflow zones, contamination of the circulating fluid is gradual and compositionally variable.
The system may first encounter NaCl saturation and then receive Ca2+ and Mg2+ from dissolving
minerals or entering formation water. If the polymer package has a narrow stability reserve, a small
increase in divalent cation concentration can abruptly transform a functioning drilling fluid into a
flocculated suspension. Such failure is particularly dangerous in extended-reach and deep wells,
where replacement of the whole fluid system is costly and where wellbore instability can develop
faster than corrective treatment is applied.

Accordingly, the stated objective of this article is to determine the limiting concentrations at
which PAC, Na-GK and PAC + Na-GK systems undergo salt-induced phase separation in NaCl-
saturated calcium-magnesium media, and to identify the polymer-structural factors that increase

58



Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKU

resistance to this transition. The working hypothesis is that mixed Ca-Mg aggression cannot be
predicted from the total divalent-cation concentration alone because Ca2+ and Mg2+ generate
different hydration and coordination states in anionic polymer complexes.

Literature Review and Theoretical Background

The literature on drilling-fluid chemistry shows that water-based fluids are multicomponent
colloid-polymer systems whose stability depends on electrolyte composition, clay dispersion, pH,
temperature and polymer architecture. Micro-crosslinked polyampholytes retain filtration
performance after high-temperature aging in saturated-salt media [3]. Zwitterionic polymers
likewise preserve useful drilling-fluid performance under concentrated NaCl and CaCl2
contamination [4]. Ternary polyampholytes have also been developed as salt-tolerant rheology
enhancers and fluid-loss additives, with PAC-LV used as a direct comparator [5]. These studies
show that molecular architecture, rather than polymer dosage alone, controls tolerance to strong
electrolyte loading.

From the viewpoint of polyelectrolyte theory, salt-induced phase separation involves
electrostatic screening, counterion condensation, dehydration of macromolecular coils, formation of
intra- and intermolecular bridges, and aggregation of complexes that are no longer sufficiently
hydrated to remain dispersed. Polymer-chain length, charge density and solvent-mediated
interactions determine whether ion binding produces reversible contraction or irreversible
aggregation [11]. Surface-force theory further explains why hydration and ion-specific interactions
can modify the onset of colloidal instability [12].

The distinction between calcium and magnesium is especially important. Both ions can
interact with carboxylate-containing macromolecules, but they differ in ionic radius, hydration
energy and water-exchange behavior. Calcium can efficiently promote carboxylate bridging and
chain contraction, whereas the more strongly hydrated magnesium ion can retain a larger hydration
shell around ion-polymer complexes. On this basis, the working mechanistic interpretation of the
present study is that mixed Ca-Mg media cannot be described by total divalent-cation concentration
alone; ion-specific hydration must also be considered [11, 12].

Materials and Methods

The methodological basis of the study is a comparative physicochemical evaluation of water-
soluble polymer reagents intended for drilling fluids operating under salt aggression. The tested
systems included PAC samples differing in degree of polymerization and degree of substitution,
sodium humate (Na-GK), and PAC + Na-GK mixtures. The base liquid phase was a saturated
sodium chloride solution prepared from analytical-grade NaCl and distilled water at 25 + 1
°C. Excess NaCl was contacted with water for 24 h, the liquid was filtered from undissolved
crystals, and the final NaCl content was taken as 26.4 wt.% at the preparation temperature.

The principal aggressive components were calcium chloride and a mixed calcium-magnesium
chloride titrant. The CaCl2-only titrant was prepared as a 1.000 mol/L solution. The mixed titrant
was prepared from CaCl2 and MgCI2 solutions in a final composition of 0.500 mol/L. CaCI2 +
0.585 mol/L. MgCl2; the total concentration of divalent cations was therefore 1.085 mol/L, and the
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Ca2+:Mg2+ molar ratio was 0.46:0.54. This composition was selected to model polymineral
aggression while preserving the experimentally observed condition that the mixed titrant contains
approximately 8.5 % more divalent cations than the calcium-only titrant.

Polymer concentration was considered as a key variable because dilute and concentrated
polymer solutions do not have the same resistance to salt loading. The experimental series
distinguished 0.7 wt.% and 1.4 wt.% solutions of Na-GK, PAC and PAC + Na-GK mixtures. For
each determination, 100 mL of polymer solution was titrated stepwise with 0.05 — 0.10 mL portions
of titrant. The phase-separation threshold was fixed at the first persistent turbidity break followed
by visible opalescence or flocculation. The limiting titrant volume was recalculated as mL of titrant
per 100 mL of polymer solution.

The molecular architecture of PAC was evaluated using degree of polymerization (DP) and
degree of substitution (DS). The experimental series included low-polymerization specimens
around DP 110 — 136, medium specimens around DP 410 — 450 and high-polymerization specimens
around DP 1310 — 1400; DS covered approximately 84 — 100, 115 — 125 and 155 — 160. DP is used
here as the available chain-length descriptor. Size-exclusion/gel-permeation chromatography was
not part of the present dataset, so molecular-weight distribution parameters (Mn, Mw and dispersity,
D) are not reported and no conclusion is drawn about distribution breadth.

Thermal history was also examined. Some PAC solutions were titrated without prior heating,
while others were preheated at 105 °C before calcium-magnesium titration. The inclusion of
thermal pretreatment is important because drilling fluids often circulate at elevated bottomhole
temperatures. Heating may change polymer conformation, reduce molecular weight through partial
degradation or alter the balance between hydrated and ionically cross-linked forms.

Table 1.
Experimental variables considered in the phase-separation assessment
Variable group Specific parameter Technological meaning
Polymer reagent PAC, Na-GK, PAC + Na-GK mixture | Determines the chemical nature of hydration,
adsorption and ion binding
Base electrolyte NaCl-saturated aqueous medium Models salt-bearing rock intervals and high-miner-
al formation-water contamination
Aggressive salts CaCl2 and CaCl2 + MgCI2 mixture | Represents monomineral and polymineral
divalent-cation aggression
PAC architecture Degree of substitution and degree of | Controls solubility, chain conformation and resist-
polymerization ance to cation bridging
Thermal history Untreated and preheated at 105 °C Models thermal aging during circulation in deeper
wells
Analytical criterion Nephelometric titration threshold Indicates onset of turbidity, aggregation and phase
separation
Results

The first major result is that phase separation in the studied polymer systems follows the same
general regularity under mixed CaCl2 + MgCI2 aggression as under CaCl2-only aggression, but the
quantitative thresholds are different. The measured values are presented as mean + standard
deviation in Table 2, and they provide the numerical basis for comparing experimental and
calculated behavior.
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The second and most technologically important result is counterintuitive: the amount of
CaCl2 + MgCI2 titrant required to initiate phase separation is considerably higher than the amount
required when only CaCl2 is used. At equal titrant volume, the total concentration of divalent
cations in the CaCl2 + MgCI2 mixture is about 8.5 % higher than in the calcium-only titrant.
Nevertheless, precipitation of the polymers requires approximately 1.5 — 1.8 times more of the
mixed titrant. This observation proves that magnesium does not simply intensify the salt aggression
in proportion to its charge; instead, it changes the hydration and binding mechanism of the polymer-
cation complex, delaying the loss of solubility.

The third result concerns the role of PAC structure. The most salt-resistant PAC samples were
those with a degree of substitution in the interval of approximately 115 — 125 combined with a high
degree of polymerization. In the graphic data corresponding to the PAC-(CaCl2 + MgCl2) system,
high-polymerization PAC samples display the highest limiting concentrations before phase
separation. Medium-polymerization samples show lower resistance, while low-polymerization
samples are much less stable. At very high substitution degrees, the limiting concentration declines
sharply. Therefore, the relationship between substitution and stability is not linear: insufficient
substitution weakens hydration and solubility, but excessive substitution appears to facilitate more
intensive cation binding and unfavorable conformational changes.

The fourth result relates to thermal pretreatment. Heating PAC solutions at 105 °C before
titration decreases the limiting titrant concentration by approximately 4 — 10 %. This reduction
means that the resistance of PAC to calcium and magnesium salts becomes weaker after thermal
exposure. The decrease is not identical for all samples. PAC with substitution degrees around 84 —
100 appears less sensitive to heating than some other specimens, but the general trend remains
negative.

The fifth result is the beneficial effect of combining PAC with Na-GK. The joint use of PAC
and sodium humate increases the resistance of polyanionic cellulose to calcium and magnesium
salts. This improvement has practical value because it allows the design of salt-resistant drilling-
fluid reagents with a wider stability margin. The stabilizing effect can be explained by
intermolecular association between PAC and Na-GK macromolecules or aggregates, as well as by
the distribution of cation-binding events across chemically different functional groups. In other
words, the mixture may prevent divalent cations from concentrating their cross-linking action on
PAC alone.

Table 2.
Experimental phase-separation thresholds for PAC, Na-GK and PAC + Na-GK systems (mean
+SD,n=23)
System CaCl2 threshold, CaCl2 + MgCI2 thre | Mixed/CaCl2 ratio RSD range, %
mL/100 mL shold, mL./100 mL
Na-GK 0.7 wt.% 0.68 + 0.03 1.12 £ 0.04 1.65 3.6-4.4
Na-GK 1.4 wt.% 0.94 + 0.04 1.58 £ 0.06 1.68 3.8-4.3
PAC DS 90/DP 120 | 0.50 = 0.02 0.82 £ 0.03 1.64 3.7-4.0
PAC DS 120/ DP 1.44 + 0.05 2.44 £ 0.08 1.69 3.3-3.5
1350
PAC DS 158 / DP 0.82 + 0.03 1.32 £ 0.05 1.61 3.7-3.8
1350
PAC + Na-GK 1:1 1.25+£0.04 2.05 £ 0.07 1.64 3.2-3.4
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Table 3.

Generalized experimental findings and their drilling-fluid interpretation

Observed result

Interpretation

Engineering implication

Experimental titrant consumption
exceeded calculated values by about
5-10% in mixed Ca-Mg systems

Phase separation is not strictly addit-
ive or stoichiometric

Use experimental thresholds instead
of simple salt-balance estimates

CaCl2 + MgClI2 required 1.5-1.8
times more titrant than CaCl2 alone

Magnesium changes hydration and
coordination of polymer-cation com-
plexes

Mixed-salt tests are mandatory for
realistic contamination screening

PAC with substitution degree
115-125 and high polymerization
degree showed highest resistance

Balanced hydration and limited
cation bridging produce maximum
salt tolerance

Select PAC by molecular parameters,
not only commercial grade name

Preheating at 105 °C reduced limiting
titrant concentration by 4-10%

Thermal exposure reduces polymer
stability reserve

Include thermal aging before field
approval of reagent packages

PAC + Na-GK improved resistance
to Ca and Mg salts

Mixed macromolecular aggregates
distribute ion-binding and delay
insolubilization

Use PAC + Na-GK as a base direc-
tion for salt-resistant drilling-fluid
systems

Discussion

The results show that polymer phase separation in mineralized drilling-fluid systems is a
coupled colloid-chemical process rather than simple stoichiometric charge neutralization. If total
divalent-cation concentration were the only controlling factor, the mixed CaCl2 + MgCI2 titrant
would precipitate PAC and Na-GK faster than CaCl2 alone; the opposite tendency was observed.
Recent amphoteric-polymer studies likewise show that salinity response depends strongly on
polymer architecture and hydration state [6]. Core-shell salt-resistant additives provide another
example in which interfacial architecture stabilizes water-based systems under severe electrolyte
loading [8]. The present data therefore support an ion-specific interpretation of the mixed Ca-Mg
threshold rather than a simple total-cation model.

Calcium has a strong tendency to create ionic bridges between carboxylate groups, which can
connect polymer segments and reduce solubility. Magnesium differs because its hydration shell is
stronger; a larger fraction of coordinated water can remain associated with Mg-containing polymer
complexes before dehydration and aggregation become dominant. This difference provides a
chemically plausible explanation for the larger titrant consumption observed in the mixed calcium-
magnesium system. The interpretation is mechanistic rather than spectroscopic: no FTIR
measurement of Ca- or Mg-bound PAC/Na-GK complexes was performed in the present
experimental series.

The optimum substitution degree of PAC around 115 — 125 is also chemically meaningful. A
low substitution degree gives fewer anionic hydration centers and therefore weaker solubility in
brine. A moderate substitution degree provides sufficient hydration and steric-electrostatic
stabilization. However, excessive substitution can increase the density of carboxylate sites, making
the chain more susceptible to divalent-cation bridging. In addition, highly substituted chains may
adopt conformations that reduce the effectiveness of steric shielding. The best PAC for salt-resistant
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drilling fluids is therefore not the most substituted polymer, but the polymer whose substitution and
polymerization degrees produce the most favorable balance between hydration, chain extension and
resistance to ionic cross-linking.

The effect of degree of polymerization is equally important. High-polymerization PAC
samples resisted phase separation better than low-polymerization samples. This may be explained
by stronger macromolecular continuity, more effective formation of a hydrated network and a
greater ability to distribute ion-binding events over a longer chain. Low-polymerization fragments,
by contrast, are less able to maintain a protective hydrated structure and may form compact
complexes more readily. In drilling fluids, this means that thermal or mechanical degradation of
PAC is not only a viscosity problem; it also reduces resistance to calcium-magnesium
contamination.

The negative effect of preheating at 105 °C confirms this interpretation. Heating can change
the coil-to-aggregate balance, expose carboxylate groups, reduce polymerization degree or promote
a transition toward more ionically bound structures. Even a 4 — 10 % reduction in the limiting titrant
concentration is significant in field practice, because drilling-fluid contamination often develops
cumulatively. A system operating close to its stability threshold may fail after only a modest
additional inflow of mineralized water. Therefore, laboratory screening of polymer reagents should
include thermal aging before salt-tolerance testing.

The PAC + Na-GK mixture is promising because it introduces chemical heterogeneity into the
polymer phase. Sodium humate contains multiple functional groups and macromolecular fragments
capable of interacting with both ions and PAC. This can distribute calcium and magnesium binding
across different molecular domains, reduce the probability of direct PAC-PAC bridging and
preserve dispersion stability. The mixture may also improve adsorption on mineral surfaces, thereby
supporting filtration control and shale inhibition. However, this advantage will be realized only if
the dosage is optimized. Excess organic reagent may increase viscosity, promote unwanted
flocculation or complicate rheological control.

For practical formulation, the findings imply that salt-resistant drilling fluids should be
designed around stability reserve rather than initial rheological values alone. A polymer package can
display acceptable viscosity and filtration before contamination yet approach a phase-separation
boundary under Ca-Mg stress. Accordingly, screening should combine NaCl saturation, CaCl2 +
MgCI2 titration, thermal aging and turbidity monitoring. Rheological characterization is a
complementary, not interchangeable, endpoint; current API guidance treats viscosity, yield behavior
and hydraulics as dedicated quantitative performance variables [13].

Comparison with commonly used and recently reported additives. Cross-study numerical
comparison must be interpreted cautiously because published studies use different mud
compositions, aging protocols and endpoints. Nevertheless, two direct industrial reference points
are available. Wei et al. reported that sodium alginate maintained rheological and filtration
performance under concentrated salt contamination better than the commonly used PAC-LV and
Na-CMC comparators [7]. Mukhametgazy et al. reported lower fluid loss for a ternary
polyampholyte than for PAC-LV in high-salinity bentonite systems [5]. PAC-derived
nanocomposites have also demonstrated strong CaCl2 tolerance at elevated temperature [2], while a
zwitterionic polymer maintained useful performance in 20 wt.% NaCl and 5 wt.% CaCl2 after

63



Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKU

thermal aging [4]. The PAC + Na-GK system studied here should therefore be viewed as a simpler
mixed-reagent route whose demonstrated endpoint is delayed phase separation, not yet full
equivalence to these formulations in API rheology and filtration tests.

Scope limitations: pH, molecular-weight distribution and near-threshold rheology. The role of
pH cannot be quantified from the present matrix because pH was controlled/monitored but not
intentionally varied. Likewise, the PAC series is characterized by DP and DS, not by SEC/GPC-
derived Mn, Mw and dispersity. Finally, apparent viscosity, plastic viscosity, yield point and
viscoelastic moduli were not measured immediately around the nephelometric phase-separation
threshold. This distinction matters because high-salinity amphoteric-polymer systems can show
substantial rheological changes before macroscopic precipitation [6]. These three items are
therefore stated as experimental limitations and as priorities for the next validation stage rather than
being inferred from unavailable data.

Several failure modes should be considered. First, a PAC grade with too low polymerization
may pass a short-term viscosity test but fail under divalent-cation titration. Second, excessive
substitution may create a false expectation of improved salt tolerance while actually increasing
susceptibility to bridging. Third, temperature can reduce the safety margin of polymer stability.
Fourth, magnesium cannot be treated merely as an additional source of divalent charge; it changes
the precipitation pathway. Fifth, the PAC + Na-GK mixture improves tolerance, but this
improvement should be verified for each brine composition and temperature range instead of being
assumed universal.

Conclusion

The phase separation of PAC, Na-GK and their mixtures under calcium-magnesium salt
aggression is governed by a combination of polymer architecture, ion-binding mechanism and
hydration stability. The experimental protocol specifies NaCl saturation conditions, CaCI2 and
CaCl2 + MgCI2 titrant composition, thermal pretreatment, replicate measurement and statistical
reporting. The mixed CaCl2 + MgCI2 titrant produces a different destabilization pathway from
CaCl2 alone: although it contains a higher total divalent-cation concentration at equal volume,
approximately 1.5 — 1.8 times more mixed titrant is required to reach the phase-separation
threshold.

The most resistant PAC samples are those with a degree of substitution around 115 — 125 and
a high degree of polymerization. Prior heating at 105 °C decreases the phase-separation threshold
by about 4 — 10 %, indicating that thermal history should be included in all screening programs for
salt-resistant drilling-fluid reagents. The combination of PAC and Na-GK increases resistance to
calcium and magnesium salts and can serve as a scientifically justified basis for creating drilling
fluids suitable for salt-bearing formations and intervals affected by highly mineralized formation
waters.

Practical Recommendations

1. PAC grades selected for salt-resistant drilling fluids should have a controlled substitution
degree near the experimentally favorable interval of 115 — 125 and a sufficiently high degree of
polymerization.
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2. PAC + Na-GK mixtures should be considered as a more robust polymer package for
calcium-magnesium contaminated systems, but the optimum ratio must be determined
experimentally for each brine composition.

3. Laboratory screening should include NaCl saturation, mixed CaCl2 + MgCI2 titration,
thermal aging at relevant temperatures and turbidity-based determination of phase-separation
thresholds.

4. Formulation decisions should not be based only on viscosity or filtration loss in
uncontaminated mud; they must include a quantitative stability reserve against divalent-cation
aggression.

5. Future research should combine nephelometric titration with rheometry, filtration tests,
zeta-potential analysis and infrared spectroscopy to connect the onset of phase separation with
functional drilling-fluid performance.
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Abstract

The article presents the synthesis technology of the TAS inhibitor designed to prevent salt-
plug formation and mineral scale deposition in heat exchange equipment used in natural gas
absorption purification systems. The formation of sparingly soluble calcium, magnesium, sulfate,
and carbonate compounds in circulating cooling water is shown to reduce the heat transfer
coefficient, increase hydraulic resistance and energy consumption, and shorten equipment service
life. A continuous technological process for producing the inhibitor based on phthalic anhydride
derivatives is proposed. The main synthesis stages, including phthalic anhydride chlorination, the
reaction of the intermediate product with morpholine, and subsequent treatment with phosphoric
acid to obtain the target compound, are described. The technological process incorporates reactors,
separators, a scrubber, and a sedimentation centrifuge, ensuring efficient separation of reaction
mixtures and recycling of unreacted raw materials. Particular attention is paid to the organization of
the recycle system, which improves raw material utilization, reduces reagent consumption, and
ensures uninterrupted operation of the process. The proposed technology provides higher product
yield, lower energy consumption, and reduced operating costs associated with heat exchange
equipment maintenance. The developed process flow scheme can be applied in the design of
modern production facilities manufacturing scale inhibitors for the oil, gas, and chemical industries.

AHHOTaUA

B crathe paccMOTpeHa TeXHOJOTHSI CHHTe3a WHrubutopa TAS, mpegHa3HAueHHOTO [I/Ist
rpeoTBpaItieHnsi 06pa3oBaHUs COJIeBLIX TIPOOOK ¥ MUHEpa/bHBIX OTIOKEeHHH B TerI000MeHHOM
000py/10BaHKH YCTaHOBOK abCOPOLMOHHOM OUMCTKU MTPUPOAHOTO ra3a. [Toka3aHo, uTo obpa3oBaHue
TPYHOPAaCTBOPHUMBIX COEeIMHEHUHN KasblUsl, Marius, cCyJbhaToB M KapOOHAaTOB B CHUCTeMaX
000poTHOTO BO/I0CHAOKEeHUSI TIPUBOUT K CHIDKEHUIO KO3 UIeHTa Terionepeaud, yBeTuueHUI0
TU/IPaB/IMUeCKOT0  COTIPOTUB/IEHUsI, DPOCTY 9JHepro3arpar M COKpAlLl[eHUI0 CpOKa CIy»KObl
obopyznoBanus. IlpeaioykeHa TeXHOIOTUUECKAsh CXeMa HeIPepLIBHOTO MOMy4YeHUs WHTMOHWTOpa Ha
OCHOBe TPOM3BOJHBIX (TaseBoro aHrugpuja. PaccMOTpeHbl OCHOBHBIE CTaUMd CHUHTE3a,
BKJIIQUAIOIIMe XJIOpHPOBaHKe (PTajieBOr0 aHTU/IPHU/IA, B3aUMOJENCTBHE TIPOMEXKYTOUHOTO MTPOAYKTA
¢ MopdonmrHOM U TocCeayoIyo 00paboTky dochopHoi KHC/IOTOM ¢ 0Opa3oBaHHEM Ie/IeBOTO
coequHeHus. OrvcaHbl KOHCTPYKTUBHBIE OCOOEHHOCTH TEXHOJIOTUUECKOW CXeMbI, BK/IIOUArOIei
peakTophl, cernaparophbl, CKpyobep u ocagurenbHyto LeHTpUdyry, obecrieurBatoiiye 3¢deKTuBHOe
pa3ziesieHHe peakIMOHHBIX CMecell W BO3BpaT HeNpOpearupoBaBIIMX KOMIIOHEHTOB B MpOILiecC.
Ocoboe BHHUMaHHe ye/leHO OpraHW3al[ii PELVK/IMHTA ChIPbs, TIO3BOJISIOIIEro MOBLICUTL CTeTeHb
€r0 WCIT0/Ib30BaHUs, CHU3WUTh PACX0[] peareHTOB W 006eCreunTb HepephIBHOCTb TPOM3BOZCTBA.
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TPOZIYKTa, COKPAI[EHUI0 SHEPreTHUeCKUX 3aTpaT U CHIKEHUIO JKCIUTyaTal[MOHHBIX PACXO/O0B TMPU
9KCILTyaTalliy TeTI00OMeHHOTo 00opyzoBaHus. Pa3paboTaHHasi cxeMa MOXeT ObITh MCIO/Th30BaHa
NPU  TPOEKTUPOBAHUM  COBPEMEHHBIX TPOW3BOACTB WHIMOMTOPOB  COJIEOTVIOOKEHWH  [isi
He(TerazoBoi U1 XMMUYeCKOI MPOMBIIIIEHHOCTH.

Keywords: TAS inhibitor, salt plugs, phthalic anhydride, chlorination, morpholine,
phosphoric acid, AICl, catalyst, heat exchanger, separator, sedimentation centrifuge.

KnroueBbie cioBa: Muruburop TAS, coneBbie poOKy, (TaneBblii aHTUPU/, XJIOPUPOBaHUeE,
MopdosuH, ¢ochopHas Kuciora, Karammuzatop AICl,;, TeriooOMeHHBIV ammapar, cemaparop,
ocajuTesbHas LeHTpudyra.

Introduction

The stable operation of heat exchange processes in natural gas absorption purification units is
of great importance for the efficient removal of acidic components from natural gas. Calcium,
magnesium, sulfate, and carbonate ions present in cooling water form sparingly soluble compounds
under elevated-temperature conditions, resulting in the accumulation of salt deposits on equipment
surfaces[1, 6].

Salt deposits reduce the heat transfer coefficient in heat exchangers and increase hydraulic
resistance and energy consumption. Consequently, periodic cleaning of the equipment becomes
necessary, which adversely affects production continuity and economic efficiency [2, 7].

The use of complexing and dispersing inhibitors is considered one of the most effective
methods for preventing deposit formation. These inhibitors bind calcium and magnesium ions,
restrict crystal growth, and reduce the adhesion of deposits to metal surfaces [9, 10].

The purpose of this study is to formulate an inhibitor composition against the formation of
salt plugs in heat exchange equipment and to develop an efficient technological system for its
synthesis [3, 8].

Materials and methods

The study was based on the analysis and development of a technological process for
synthesizing the TAS inhibitor intended to prevent salt-plug formation in heat exchange equipment
used in natural gas absorption purification systems. The research materials included published
scientific literature on scale inhibition, process chemistry, and heat exchange equipment, as well as
process data on the synthesis of phthalic anhydride derivatives. The methodology combined
theoretical analysis of the reaction mechanism with process engineering design. Material and
process flow analysis was applied to determine the sequence of chemical transformations, operating
conditions, and recycle streams. The technological scheme was developed using principles of
chemical process design, taking into account reaction kinetics, phase separation, heat removal, and
continuous recycling of unreacted raw materials. The proposed synthesis route and equipment
configuration were evaluated with respect to process continuity, product recovery efficiency, and
rational utilization of reagents, providing the basis for an energy-efficient and economically viable
production technology for the TAS inhibitor.

69



Ne 8 (149) £ UNIVERSUM: aszycm, 2026 2.

. TEXHUYECKUE HAYKU

Results and discussion

Currently, particular attention is being paid to the production of competitive alternative
products containing organic compounds based on phthalic derivatives in order to extend the service
life of chemical industry equipment and ensure its operational stability.

At present, scientific research is being conducted to develop a new generation of auxiliary
chemical reagents and improve their production technologies. Particular emphasis is placed on
manufacturing competitive alternative products containing organic compounds based on phthalic
derivatives that meet regulatory quality requirements, prevent the deterioration of chemical industry
equipment, and ensure its stable operation[4 — 5].

The synthesis of the TAS inhibitor against salt-plug formation is based on a multistage
catalytic process in which the inhibitor is produced using phthalic anhydride and chlorine as the
main starting materials. It was established that the addition of a chlorine atom to phthalic anhydride
results in the formation of a monochlorinated derivative of phthalic anhydride. The overall reaction
can be represented as follows:

0 0
V4 V4
C C
=60"C
P+ Ch C HNOLAICK P + HC
C\\ Cl C\\
0 0

The process was carried out in a laboratory setup consisting of a specially equipped glass
vessel (Fig. 1).

AN
QUOQOD0 Q0

Figure 1. Laboratory setup for the preparation of a monochloro derivative of phthalic anhydride
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1 — Two-neck round-bottom flask; 2 — Separatory funnel; 3 — Separatory funnel; 4 — Gas
inlet tube; 5 — Glass bottle; 6 — Gas distributor; 7 — Thermometer; 8 — Adapter; 9 — Gas outlet
tube; 10 — Electric furnace.

Initially, 20 g of potassium permanganate was placed in a two-necked round-bottom flask (1).
Then, 30 mL of hydrochloric acid was added to the separatory funnel (2) attached to the flask. The
hydrochloric acid was added dropwise using the stopcock of the separatory funnel. At this stage,
chlorine gas began to evolve. The generated chlorine gas was directed to the subsequent reaction
stage through the gas delivery tube (4).

The generated chlorine gas was passed through a catalytic system consisting of phthalic
anhydride, nitrobenzene, and A1C13.

The liquid catalytic system was prepared as follows: 100 mL of nitrobenzene and 7.5 g of
AlCl3 were placed in a 300 mL conical flask, and the mixture was stirred while being heated at 80
°C. After the AICL, had completely dissolved, 75 g of phthalic anhydride was added to the flask,
and the mixture was stirred. Once a homogeneous system had formed, the mixture was cooled to 50
°C and transferred into the glass reaction vessel (5). The liquid in the vessel was then heated to 60
°C using an electric heater (10) to carry out the halogenation reaction.

The chlorine gas generated in the two-necked round-bottom flask (1) was continuously
introduced through the gas delivery tube into the lower part of vessel (5) via the gas distributor (6).
After 3 hours, the synthesis process was stopped, and the reaction mixture was cooled.

The functional groups present in the synthesized product were identified using infrared
spectroscopic analysis (Fig. 2).
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Figure 2. IR spectrum of 5-chloroisobenzofuran-1,3-dione

The absorption band at 1703.17 cm™ was assigned to the stretching vibrations of the carbonyl
(C=0) group, while the band at 1254.44 cm™ corresponded to the stretching vibrations of the
carboxyl group. In addition, the band at 3003.48 cm™ was attributed to the symmetric stretching
vibrations of the aromatic C—H bonds. The absorption bands observed at 1254.44, 1131.14, and
1002.12 cm™ were assigned to the deformation and symmetric vibrations associated with the C—Cl
bond in the aromatic ring.

However, because the characteristic carbonyl absorption bands of the anhydride group were
not sufficiently resolved, the product structure was additionally investigated by gas
chromatography—mass spectrometry (GC-MS). The structure of 5-chloroisobenzofuran-1,3-dione
was evaluated based on the fragment ions observed in its mass spectrum (Fig. 3).
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Figure 3. Chromatogram—mass spectrum of 5-chloroisobenzofuran-1,3-dione

Analysis of the chromato-mass spectrum of the synthesized 5-chloroisobenzofuran-1,3-dione
revealed the formation of ions corresponding to its molecular mass and to the masses of ionic
fragments produced during fragmentation. The molecular ion peak of 5-chloroisobenzofuran-1,3-
dione was observed at m/z 182, corresponding to its molecular mass.

At the intermediate stages of the process, 5-chloroisobenzofuran-1,3-dione and 5-
morpholinoisobenzofuran-1,3-dione are formed. The obtained chlorinated derivative
subsequently reacted with morpholine to produce 5-morpholinoisobenzofuran-1,3-dione.

The reactions can be represented as follows:

is

O

O
O +0 N—H—" O
-HCl  / \
Cl \_/ o N
o \_/ O

The synthesized 5-morpholinoisobenzofuran-1,3-dione was treated with H,PO,.

O [ O

—\ O+H;PO,—=| —— Ol * H,PO,
0 N 0 1:}
__/ __/ \H

O

Phosphoric acid donates a proton (H"), resulting in protonation of the nitrogen atom and the
formation of a positive charge. At the same time, the dihydrogen phosphate anion (H,PO,) is

formed. This is a protonation process occurring between phosphoric acid (H,PO,) and the nitrogen-

containing compound acting as a base. In this reaction, phosphoric acid serves as the proton donor,
while the nitrogen atom acts as the proton acceptor.
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Since the densities of the products formed at the intermediate and final stages of the
technological process are significantly higher than those of the initial substances, separator units are
used to separate such reaction mixtures. These separators enable the efficient separation and
recovery of the products.

At the same time, the unreacted initial substances that remain unchanged are returned to the
reactors through a dedicated recycling system. This process allows the substances to be reused and
increases the overall efficiency of the technological system. The recycled substances play an
important role in maintaining the continuity and duration of the process.

Thus, the cyclic circulation of products and process materials within the system is ensured.

Process description

According to the proposed technology (Figure 4), chlorine, which is required for the
formulation, is supplied at ambient temperature by compressor (12) at a flow rate of 15 m3/s
through the gas distribution grid located in the lower section of reactor R-1 (1) to react with phthalic
anhydride.

The operating temperature of reactor R-1 is maintained at 60 °C. The upper section of reactor
R-1 is equipped with a droplet separator to prevent the liquid catalyst from being entrained and
discharged together with the gaseous substances.

Chlorine  Recycle Nitrobenzene Phthalic Morpholine
2as | S fanhydride S
16 u

Water..

13

AlCI s P
7
S1
EHC‘l solution
8 10 11
Chlorine

Product

Figure 4. Principal process flow diagram for the production of the TAS inhibitor against salt-
plug formation

1, 2, 3, 4 —reactors; 5 — vessel; 6 — separator; 7 — sedimentation centrifuge; 8, 9, 10, 11, 12, 13
— pumps; 14 — compressor; 16 — scrubber; 17 — water cooler.

In this reactor, 5-chloroisobenzofuran-1,3-dione is formed. Nitrobenzene solvent and phthalic
anhydride are fed into the jacketed reactor R-2 (2), operating at 103 °C, at flow rates of 2,3 kg/s and
9 kg/s, respectively. The reaction mixture in the jacketed reactor R-2 (2) is continuously and
intensively stirred using a mechanical agitator.

AIClI, catalyst is then added to the resulting solution from vessel (5) at a flow rate of 0,5 kg/s.

A measuring vessel is used to supply the subsequent continuous process stages with the
product at the required flow rate. The resulting catalytic system is fed into the upper section of
reactor R-1 (1) by pump (8) at a flow rate of 8 kg/s.
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To ensure the continuous synthesis of 5-chloroisobenzofuran-1,3-dione, the raw materials are
charged into reactor R-2 (2) in the quantities specified by the process regulations.

Since the chlorination reaction is reversible and exothermic, water-cooling systems are
installed to increase the rate of the forward reaction. As the temperature decreases, the reaction
equilibrium shifts toward the products. At temperatures below 60 °C, the reverse reaction is
suppressed, resulting in a higher product yield.

The column-type design of reactor R-1 increases the number of contacts between the liquid
phase, consisting of phthalic anhydride, nitrobenzene, and AICl,, and the gas phase, consisting of
chlorine, thereby improving the reaction yield. The liquid phase is introduced through the upper
section of the column, flows through the distribution device, and is discharged from the lower
section of the apparatus. Chlorine gas is introduced from the bottom of the apparatus.

The gas mixture consisting of unreacted chlorine and HCI formed during the reaction is
discharged through a nozzle after passing through the droplet separator located in the upper section
of reactor R-1. The droplet separator prevents the entrainment of the liquid phase into the gas
stream.

The gas mixture consisting of chlorine that did not react with phthalic anhydride and HCI
formed during the reaction is introduced into the lower section of scrubber column (16) in order to
remove the HCI gas. The purified gas is discharged from the upper section of the scrubber and
returned to the system as recycle gas.

Since the density of the resulting 5-chloroisobenzofuran-1,3-dione is higher than that of the
initial substances, it accumulates in the bottom section of the R-1 reactor-column. This makes it
possible to separate and recover the product in a purified form directly within the reactor.

The obtained 5-chloroisobenzofuran-1,3-dione is fed into the upper section of reactor R-3 (3)
by pump (9). In reactor R-3 (3), 5-chloroisobenzofuran-1,3-dione reacts with morpholine to form 5-
morpholinoisobenzofuran-1,3-dione.

The resulting reaction mixture, consisting of 5-chloroisobenzofuran-1,3-dione, morpholine,
and 5-morpholinoisobenzofuran-1,3-dione, is discharged from the lower section of the reactor at a
flow rate of 0.12 m3/s and a temperature of 25 °C and sent to separator S-1 (6) for phase separation.

The light phase, containing the unreacted raw materials, namely 5-chloroisobenzofuran-1,3-
dione and morpholine, is withdrawn from the upper section of separator S-1 and recycled to reactor
R-3 by pump (12).

The separated heavy phase, consisting of 5-morpholinoisobenzofuran-1,3-dione, is withdrawn
from the lower section of the separator and fed into the upper section of reactor R-4 (4) by pump
(10).

In reactor R-4 (4), 5-morpholinoisobenzofuran-1,3-dione reacts with concentrated phosphoric
acid to form the TAS inhibitor. The operating temperature of reactor R-4 (4) is maintained at 25-30
°C.

The resulting reaction mixture, consisting of 5-morpholinoisobenzofuran-1,3-dione,
phosphoric acid, and the TAS inhibitor, is discharged from the lower section of the reactor under
specified process conditions at a flow rate of 0.17 m3s and sent for separation. This process is
carried out at a temperature of 25 °C, after which the reaction mixture is transferred to the
sedimentation centrifuge (7).
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The reaction products in the form of a suspension from reactor R-4 are fed into the upper
section of the sedimentation centrifuge drum. As the drum rotates, centrifugal force is generated.
Under the action of this force, the denser solid product settles and accumulates on the inner working
surface of the drum.

The lower-density liquid phase, containing the raw materials that remained chemically
unchanged in reactor R-4, namely 5-morpholinoisobenzofuran-1,3-dione and phosphoric acid,
accumulates near the axis of rotation. The resulting centrate is then returned to reactor R-4 by pump
(13) for further processing.

The physical properties of the synthesized TAS inhibitor for preventing salt plug formation
were analyzed (Table 1).

Table 1.
Physical properties of the TAS inhibitor
Ne Property Value
1 Appearance Crystalline powder
2 Color Light yellow
3 Solubility in water Good; hygroscopic
4 Solubility in organic solvents Limited
5 Decomposition temperature 187.8 °C
6 Density 1.3 g/cm3
7 Molecular weight 331

According to the analysis results, it was established that the physical properties of the
substance are suitable for its application in the technological system.

The thermal stability of the TAS inhibitor was analyzed using the DTA method, which is one
of the modern analytical techniques, and conclusions were drawn based on the results. The thermal
stability of the synthesized substance is shown in the following figure (Fig. 5)
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Figure 5. TG—-DTA thermogram of the TAS inhibitor

According to the analysis results, the decomposition temperature of the synthesized TAS

inhibitor against salt plug formation was determined to be 187.8 °C.

The efficiency of the synthesized TAS inhibitor against salt plug formation was evaluated in
accordance with GOST 9.905-82 using synthetic water with a total hardness of 8 mmol/L at 90 °C
for 5 hours. The test results showed that the mass of the precipitate decreased significantly as the
inhibitor concentration increased. At a concentration of 100 mg/L, the precipitate mass decreased
from 118 mg to 9 mg, corresponding to an inhibition efficiency of 92.4 % (Table 2). According to
the GOST criteria, this value indicates a high level of resistance to salt plug formation. The
synthetic water was prepared by adding 0.68 g of CaCl,-2H,0, 0.64 g of MgCl,-6H,0, and 0.50 g

of NaHCO, to 1 L of distilled water.

Table 2.
Dependence of the efficiency of the TAS inhibitor against salt plug formation on its
concentration
Ne Inhibitor concentration (mg/ Precipitate mass (m), mg Efficiency (n), %
L)
1 0 118 -
2 10 74 37.3%
3 25 52 55.9 %
4 50 27 77.1 %
5 100 9 924 %
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The inhibitor suppresses the growth of CaCO, and Mg(OH), crystals and effectively prevents

salt plug formation in heat-exchange equipment.

Conclusion

The proposed technology for the synthesis of the TAS inhibitor provides an effective approach
to producing a reagent for preventing salt-plug formation in heat exchange equipment used in
natural gas purification systems. The developed process flow scheme ensures continuous operation
through the recycling of unreacted raw materials, efficient phase separation, and the use of
optimized operating conditions at each reaction stage. The application of reactor, separator,
scrubber, and centrifuge units improves product recovery while reducing reagent losses and energy
consumption. The proposed technological solution can contribute to enhancing the reliability of
heat exchange equipment, extending its service life, reducing maintenance downtime, and
improving the overall economic efficiency of industrial gas treatment processes.

References

1. Popov K.I., Kovaleva N.E., Rudakova G.Ya., Kombarova S.P., Larchenko V.E. Current State of
the Development of Biodegradable Scale Inhibitors for Various Water Management Systems: A
Review // Thermal Power Engineering. — 2016. — Ne 2.

2. Galanin A.V., Vorobyov S.A., Karandeeva N.V. Study of Scale Inhibitors for Maintaining the
Water Chemistry Regime of the Primary Cooling Water System with Chimney-Type
Evaporative Cooling Towers // Nuclear and Radiation Safety. — 2019.

3. Brikov A.V,, Markin A.N., Nizamov R.E. On the Technologies of Injecting Scale Inhibitors into
Production Wells // Qilfield Business. —2017. — Ne 9.

4. Brikov A.V., Markin A.N. Oilfield Chemistry: A Practical Guide to Combating Salt Formation.
— Moscow: De'Libri, 2018. — 335 P.

5. Mpelwa M., Tang S.F. State of the art of synthetic threshold scale inhibitors for mineral scaling
in the petroleum industry: a review // Petroleum Science. — 2019.

6. Song B. et al. Design and performance of nonlinear control for an electro-hydraulic actuator
considering a wearable robot // Processes. — 2019. — T. 7.

7. Aliv M.S., Farhadi F. Multi-objective optimization of a multi-layer PTSA for LNG production //
Journal of Natural Gas Science and Engineering. — 2018. — T. 49. — DOI: 10.1016/j.jngse.
2017.11.029.

8. Ahmadi M.A., Rahimpour M.R. Modeling and simulation pressure—temperature swing
adsorption process to remove mercaptan from humid natural gas: A commercial case study //
Separation and Purification Technology. — 2015. — T. 139. — DOI: 10.1016/j.seppur.2014.09.031.

9.Li Q., Finn A.J.,, Doyle S.J.,, Smith R., Kiss A.A. Synthesis and optimization of energy
integrated advanced distillation sequences // Separation and Purification Technology. — 2023. —
T. 315. — DOI: 10.1016/j.seppur.2023.123717. — URL: https://research.tudelft.nl/files/

150699274/1 s2.0_S1383586623006251 main.pdf (nara obpamenus: 19.08.2026).

78


https://research.tudelft.nl/files/150699274/1_s2.0_S1383586623006251_main.pdf
https://research.tudelft.nl/files/150699274/1_s2.0_S1383586623006251_main.pdf

Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKU

10. Wang X., Zhang Y. et al. Natural Gas Purification Plants Based on Interpretive Structural
Models and Bayesian Networks // ACS Omega. — 2025. — T. 10. — DOI: 10.1021/acsomega.
5c02129.

79



Ne 8 (149) UT'\‘EIXHEM%SE%RKAQE HAYKM aszycm, 2026 2.

TEXTILE AND LIGHT INDUSTRY

Cmambs nocmynunaa 8 pedakyutro: 04.08.2026
Cmambs npuHama K nybaukayuu: 10.08.2026
Cmambs onybaukoeana: 28.08.2026

Y/IK 677.054+531.788

Fibre trajectory and agglomeration analysis in V-groove roller wrap spinning

Sotvoldiyev Kozimjon Bakhodir ugli
Researcher

Namangan State Technical University
Republic of Uzbekistan, Namangan
E-mail: kozimjon041091@gmail.com

Bobojanov Xusanxon Toxirovich
professor

Namangan State Technical University
Republic of Uzbekistan, Namangan
E-mail: bobojanovhusan1979@gmail.com

Soloxiddinov Jakhongir Ziyoviddin ugli

DSc doctorate Namangan State Technical University
Republic of Uzbekistan, Namangan

E-mail: jahongirsalohiddinov9595@gmail.com

AHa/M3 TPAeKTOPHH BOJIOKHA U ar/ioMepaliu MPH MPseHUH C 00épThIBaHHEeM
Ha V-o0pa3HoM puduiéHom Ba/iuke

Comeosdues Ko3zumicon baxoouposuu

HAyuHbIll COMPYOHUK

HamaneaHckutl 20cyoapcmeeHHbIll mexHu4ecKull yHugsepcumem
Pecnybauka Y36ekucmaH, e. HamaHeaH

Bo600dxcanos Xycauxan Toxupoeuu

npodg.

HamaHzaHckuli 20cydapcmeeHHblll mexHuuecKuil yHugeepcumem
Pecnybauka Y36ekucmaH, 2. HamaHeaH

Co10xud0uHo8 /JcaxoHzup 3uésudoouHo8uY

dokmopaHm (DSc)

HamaneaHckuti 20cy0oapcmeeHHbill mexHuyecKull yHugepcumem
Pecnybauka Y36ekucmaH, e. Hamanean

Bubiuorpaduueckoe omucanme: CortBongueB K.B., Bo6omkanoB X.T., ConoxupmuHoB [1.3. AHanM3 TpaeKTOpHM BOJIOKHA M
aryioMeparyy TIpH TpsifieHnH ¢ 06épThiBaHKeM Ha V-oOpa3HoM puduiéHoM Basvike // Universum: TeXHUUeCKHUEe HAyKH : 3€KTPOH.
HayuH. XypH. 2026. 8(149). URL: https://7universum.com/ru/tech/archive/item/23288

For citation: Sotvoldiyev K.B.U., Bobojanov X.T., Soloxiddinov J.Z.U. Fibre trajectory and agglomeration analysis in V-groove
roller wrap spinning // Universum: Technical Sciences : electronic scientific journal. 2026. No. 8(149). Available at: https:/
Zuniversum.com/ru/tech/archive/item/23288

80


https://7universum.com/ru/tech/archive/item/23288
https://7universum.com/ru/tech/archive/item/23288
https://7universum.com/ru/tech/archive/item/23288

Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKU

Abstract

This paper presents a theoretical investigation of fibre dynamics and agglomeration
mechanisms in a novel wrap yarn spinning system incorporating a V-grooved roller. The V-groove
guides the fibre bundle exiting the front drafting rollers to a single convergence point,
fundamentally altering the fibre trajectory and agglomeration process compared to conventional
systems. A comprehensive model of individual fibre trajectories is developed, considering the
effects of groove geometry, fibre properties, and spinning parameters. The model predicts that the
V-groove enhances fibre agglomeration by creating a focused convergence zone where fibres are
subjected to uniform compression and consolidation forces. The agglomeration efficiency is
quantified in terms of fibre packing density, yarn compactness, and structural uniformity. The
theoretical framework demonstrates that the V-groove geometry can be optimised to achieve
maximum fibre agglomeration while minimising fibre damage and yarn hairiness. This work
provides the theoretical foundation for understanding fibre dynamics in the proposed spinning
system and supports experimental development and industrial application. The theoretical
predictions are intended to guide future experimental investigations, and validation through
prototype manufacturing and spinning trials is planned as the next phase of this research.

AHHOTaUA

B panHOlM paboTe mpejcTaB/lieHO TeOpeTHUeCKOe WCC/Ie/joBaHHe JUHAMUKWA BOJIOKOH U
MeXaHU3MOB arjioMepaliid B HOBOM cucCTeMe TIpsiieHusi OOEpTOuHOro TUma € V-00pasHbIM
pudIEHbIM Ba/IMKOM. V-00pa3HbIi a3 Harpap/sieT BOJIOKHUCTBINM MYYOK, BHIXOASILUMN U3 TiepeaHei
BBITSDKHOW Taphl, B €JUHYI0 TOUKY CXOXKJEHHs, UTO TPUHLMIUAIBHO W3MeHsIeT TpaeKTOPHUIO
JIBIDKEHUST BOJIOKOH W TIpOLIeCC arjioMepalii TI0 CpPaBHEHUIO C TPAJULMOHHBIMU CHCTeMaMHu.
PaspaboTraHa KoMIJIeKCHast MO/ieJib TPAeKTOPHi OT/le/TbHbIX BOJIOKOH C YUETOM B/IMSIHUSI TeOMeTPUN
rasa, CBOMCTB BOJIOKOH M TapaMeTpOB MpsiieHusi. Mozenb TpejcKa3biBaeT, yTo V-00pa3HbIi ma3
yCU/MBAeT arjioMepaliviio BOJOKOH 3a CYET co37aHus (OKYCMPOBAHHOW 30HBI CXOXKZAEHUs, Tre
BOJIOKHA T10/[BEPralOTCsi paBHOMEDHOMY CKaTUI0 M YIIOTHeHUt0. J((deKTUBHOCTL arioMepariviu
OLIEHMBAeTCsl uepe3 TIUIOTHOCTb VIMAKOBKK BOJIOKOH, KOMITAKTHOCTb TIPSDKA W CTPYKTYPHYHO
ofiHOpOJHOCTh. TeopeTHyeckasi OCHOBA ZIeMOHCTPUPYET, UTO TreoMeTpusi V-00pa3HOro rasa MoOXeT
OBbITb ONITUMU3KPOBaHA [Jisl OCTH)KeHUs] MaKCHMaJIbHOU arJioMepaliiy BOJIOKOH ITPU MUHUMAa/TbHOM
MOBPEX/|eHUM BOJOKOH M yMeHbIIIeHWH BOPCUCTOCTH Tpspkh. J[laHHass pabora co3faér
TeopeTHyeckyro 0a3y /s TOHUMaHWsl JUHAMUKUA BOJIOKOH B TIpeJjilaraeMoi cucTeme TpsifieHusl U
CJIy’)KUT OCHOBOM /i1  JKCTIepUMeHTalbHOM pPa3paboTKHM U TPOMBIIIEHHOTO TIPUMeHeHUsl.
TeopeTnueckre  mpejcKa3aHUsi  TPU3BaHbl  CAY)XKUTb ~ OPUEHTHUPOM st Oyayumx
9KCIepUMEeHTa/IbHbIX WCC/Ie[loBaHUM, a TIPOBepKa MX J0CTOBEPHOCTH TOCPE/CTBOM H3TOTOBJIEHHS
MIPOTOTUTIOB Y MCIIBLITAHWHN B TIpOLiecce TpsiieHus 3alylaHMpoBaHa Ha CJeyHOLUi 3Tar JaHHOTO
HCCJIe/IOBaHUSI.

Keywords: Wrap yarn, V-grooved roller, fibre trajectory, fibre agglomeration, ring spinning,
yarn structure, fibre dynamics, spinning triangle.
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KroueBbie ciioBa: 00&pTouHas 1psika, V-00pa3Hblii pudIEHbIN BalvK, TPAeKTOPUsSI BOJIOKHA,
ariomepaLysl BOJIOKOH, KOJbLieBOe MpsiZieHre, CTPYKTypa IPsDKU, JMHaMUKa BOJIOKOH, TPEYTOJbHUK
TIpSi/IeHNSI.

Introduction

The spinning triangle is the critical region in yarn formation where individual fibres converge,
are consolidated, and twist is inserted to form a coherent yarn structure [1]. The geometry and
dynamics of the spinning triangle profoundly influence final yarn properties, including tenacity,
evenness, hairiness, and abrasion resistance [2, 3].

In conventional ring spinning, the spinning triangle has a characteristic shape determined by
the front roller nip geometry and the twist insertion point [4]. Fibres in the outer layers of the
triangle experience different path lengths and tensions compared to inner fibres, leading to uneven
stress distribution and fibre migration [5]. This results in the characteristic structure of ring yarns,
where fibres are densely packed in the core and more loosely arranged in the outer layers [6].

The proposed V-grooved roller wrap spinning system fundamentally alters the spinning
triangle geometry by introducing a single convergence point at the apex of the V-groove [7]. This
configuration is expected to improve fibre agglomeration and produce a more uniform yarn
structure. Understanding the fibre trajectories and agglomeration mechanisms in this new system is
essential for optimising yarn quality.

Fibre trajectory analysis has been extensively studied for various spinning systems, including
ring [8], rotor [9], and vortex spinning [10]. Tracer fibre techniques, image analysis, and
mathematical modelling have been employed to characterise fibre configurations [11]. Typical fibre
configurations include straight, hooked (trailing, leading, or both ends), looped, and entangled
fibres [12].

This study develops a theoretical framework for analysing fibre trajectories and
agglomeration efficiency in the V-grooved roller wrap spinning system, focusing on the effects of
groove geometry and spinning parameters.

Materials

The fibre materials used in this theoretical study include 100 % cotton roving and a
continuous filament. The cotton fibres were selected as the staple component, and their physical
properties were characterised using the Uster HVI 1000 testing instrument under standard
atmospheric conditions (20 + 2°C and 65 + 2 % relative humidity). The measured fibre properties
are presented in Table 1.

Table 1.
Properties of cotton fibre used in the study
Parameter Value

Fibre type 100% cotton

Staple length 29.2 mm

Micronaire 4.3 png/inch

Fibre fineness 1.59 dtex

Tenacity 22.9 cN/tex

82



Ne 8 (149) UNIVERSUM;

U
TEXHWUYECKME HAYKMN

aszycm, 2026 .

Parameter Value
Elongation 7.1%
Maturity index 0.85
Short fibre index (SFI) 7.8%
Fibre length L ¢ 29.2 mm
Flexural rigidity F 2.92 x 10”° cN-mm?

The filament component is a synthetic continuous filament, the specific type and properties of
which are selected based on the intended weft yarn for denim fabric application. The V-grooved
roller is assumed to be manufactured from ceramic material with a smooth surface finish to

minimise fibre damage and ensure consistent yarn guidance.

Fibre Trajectory Modelling

Figure 1. illustrates the proposed spinning system. The fibre bundle (100 % cotton sliver and
filament) exits the front drafting rollers and is guided by the V-grooved roller to a single
convergence point at the groove apex. The twist is inserted at this point by the rotating ring-traveler

system

o

100% cotton yarn

Filament
/ (single yarn)

EXPLODED VIEW OF V-SHAPED ROLLER

v

Guide roller ,/

pairs

V-shaped roller used in
the proposed construction

Spinning “-

triangle t | Twisted (under twisted)
' ring yarn

1

Figure 1. Schematic diagram of the proposed V-grooved roller wrap spinning system showing
fibre trajectories from front rollers through the V-groove to the yarn formation point

The V-groove geometry is defined by: a: V-groove apex angle, a: Vertical distance from front
roller nip to groove apex, b: Horizontal offset from front roller nip centre to groove apex, W:

Groove width at the entrance.

The trajectory of an individual fibre as it moves from the front roller nip to the convergence

point is governed by the following factors:
1. Fibre initial position at the roller nip;
2. Fibre length and mechanical properties;
4. Air drag forces;
5. Inter-fibre interactions;
6. Twist propagation.
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The fibre path length S, from the roller nip to the convergence point can be expressed as:

It d 2 d 2
Sf=/ \/1+<d—y) +<d—z> d,

where the fibre coordinates (x, y, z) are determined by the fibre's initial position and the

groove geometry.
The fibre tension T, during the convergence process is:

Tf =T, + ATalrag + ATfriction

T, = initial tension at roller nip;

ATy..e = tension increase due to air drag;

AT iciion = tension increase due to groove friction.

The V-groove convergence angle g at the fibre position determines the lateral compression

Fc=Tf-sin(§>

This compression force is crucial for fibre agglomeration. A larger groove angle reduces

force F, acting on the fibre:

compression, while a smaller angle increases it.

Based on the trajectory analysis, the following fibre configurations are predicted in the V-
groove system:

1. Core Fibres: Fibres passing near the centre of the bundle follow a straight or slightly curved
trajectory, forming the yarn core;

2. Sheath Fibres: Fibres from the outer layers of the bundle are compressed by the V-groove,
forming the yarn surface;

3. Wrapper Fibres: Some fibres may be deflected and wrap around the yarn body;

4. Entangled Fibres: Inter-fibre interactions may cause entanglement, contributing to yarn
cohesion.

The probability P, of a fibre initially at position i transitioning to configuration k is:

Py = f(a, a, b, Ly, Ey)

Where L/ is fibre length and E is fibre flexural rigidity.

Fibre Agglomeration Analysis

The V-groove promotes fibre agglomeration through several mechanisms:

1. Geometrical Confinement: The V-shape confines fibres to a smaller cross-section
2. Compression Forces: Lateral forces compress fibres towards the centre

3. Friction-Based Consolidation: Fibre-fibre friction increases as they are compressed
4. Twist Propagation: Twist insertion at the single point consolidates the bundle

The agglomeration efficiency #, is defined as:

84



UNIVERSUM:
TEXHWYECKWE HAYKWN

Ne 8 (149) agzycm, 2026 e.

Dnip - Dyarn
Dnip - Dideal

Hg =

D,;, = fibre bundle diameter at the front roller nip;

Dy, = final yarn diameter;

D;4eqr = theoretical minimum yarn diameter (100 % packing density).
The fibre packing density p in the yarn cross-section is:

=L 100%
= X
P ; 0

Where Ay is the total fibre cross-sectional area and A, is the yarn cross-sectional area.
The V-groove is expected to increase packing density by:

1. Reducing the yarn diameter through compression;

2. Eliminating voids between fibres;

3. Promoting uniform fibre distribution.

The packing density in the V-groove system can be expressed as:

Pv = po + Apcomp + Apaggl

po = packing density without groove (conventional);

Apcomp = increase due to V-groove compression;

Ap,gq = increase due to enhanced agglomeration.

Figure 2 illustrates the effect of the V-groove apex angle o on the agglomeration efficiency.

(a) Effect on Agglomeration Efficiency (b) Effect on Yarn Packing Density

100 + 100 +
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Figure 2. Effect of V-groove apex angle on agglomeration efficiency a) and yarn packing density
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The analysis shows that for a<60, high compression but potential fibre damage; for 60<a<90,
optimal agglomeration, for a>120, minimal agglomeration benefit.

Results and Discussion

The predicted agglomeration efficiency for different groove geometries is presented in Table

1.
Table 2.
Predicted agglomeration efficiency for various groove geometries
Groove Angle (a) Compression Force Packing Density Agglomeration Effi- Fibre Damage
ciency Risk

45° High 0.76 High (0.83) High

60° Moderate-High 0.85 Optimal (0.94) Moderate

90° Moderate 0.82 Good (0.90) Low

120° Low 0.75 Moderate (0.78) Very Low

150° Very Low 0.72 Low (0.68) Very Low

The optimal agglomeration is achieved at a<60°, where the compression force is sufficient to
consolidate fibres without causing damage.

Table 3 compares the predicted fibre trajectory and agglomeration characteristics of the V-
groove system with conventional wrap spinning.

Table 3.

Comparison of fibre dynamics: V-groove versus conventional system

Parameter Conventional System V-Groove System
Convergence point Distributed Single point
Fibre path length variation Moderate Low
Compression uniformity Variable Uniform
Packing density 0.70-0.75 0.82-0.85 (predicted)
Fibre damage risk Low Moderate (optimisable)
Structural uniformity Moderate High

Conclusion

The V-grooved roller wrap spinning system significantly improves fibre agglomeration by
forcing all fibres to converge at a single point. The trajectory model predicts that the reduction in
path-length differences and the increased fibre-fibre friction lead to higher packing density and
better structural uniformity. The optimal groove apex angle is determined to be between 60° and
90°, with 60° providing the highest predicted agglomeration efficiency and packing density of up to
0.85.

The predicted packing density of the V-groove system (0.82—0.85) is substantially higher than
that of conventional wrap spinning systems (0.70-0.75), indicating potential improvements in yarn
tenacity, abrasion resistance, and hairiness.
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It is important to note that the findings presented in this study are based entirely on theoretical

modelling and mathematical simulations. While the proposed V-grooved roller spinning system

shows promising potential for improving fibre agglomeration and yarn quality, the model

predictions require experimental validation. Future work will focus on manufacturing a prototype

V-grooved roller, conducting spinning trials on a modified ring spinning frame, and measuring the

actual packing density, yarn strength, and hairiness of the produced yarns. These experimental

results will be used to verify the theoretical model and refine the optimised groove geometry

parameters.
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BiusiHue CPOKOB OKY/JIMPOBKH COPTOB alBbl Ha MPW)KHMBAeMOCTh MPUBUBOYHBIX
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Abstract

This study descriptively evaluated the association between budding date and autumn graft
survival in five quince cultivars-Samarkandskaya Krupnoplodnaya, Aromatnaya, Izobilnaya,
Olmabehi and Otlichnitsa-on BA-29 clonal rootstock. Field observations were conducted in 2023—
2025 across five budding windows from 20-30 July to 1-10 September. For each cultivar and date,

Bubiuorpadpuueckoe onmcanme: Hamo3zoB WU, AfiHakynoB K.B.Y. BiusHHe CpDOKOB OKY/JIUPOBKHM COPTOB  aiBbI
Ha MpWKUBaeMOCTb NPYBUBOYHBIX KOMIIOHEHTOB // Universum: TeXHUUYeCKHe HayKd : /1eKTPOH. HayuH. XypH. 2026. 8(149). URL:
https://7universum.com/ru/tech/archive/item/23324

For citation: Namozov I.C., Aynakulov K.B.U. Influence of budding dates for quince cultivars on the survival of graft components //
Universum: Technical Sciences : electronic scientific journal. 2026. No. 8(149). Available at: https://7universum.com/ru/tech/archive/
item/23324
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failed buds were counted during summer and before the autumn inspection; total losses, established
buds and autumn survival were calculated. The highest numerical values occurred on 11-20 August:
86.6 % in Samarkandskaya Krupnoplodnaya, 86.0 % in Aromatnaya, 83.8 % in Izobilnaya, and
84.2 % in both Olmabehi and Otlichnitsa. The lowest value (63.4 %) was recorded for Izobilnaya in
early September. The available dataset contained treatment-level means but not year- or plot-level
observations, so standard errors and ANOVA could not be reconstructed and differences are
reported descriptively. Site-specific meteorological data, exact coordinates and soil characteristics
were also unavailable, and assessment ended at the autumn inspection without spring budburst or
winter-hardiness measurements. Within these limits, 11-20 August was the most favourable tested
window for autumn graft establishment on BA-29. This timing should be verified using replicated
experiments with environmental monitoring and post-winter assessment before a general nursery
recommendation is made.

AHHOTanus

B wuccnesoBaHMM  OmMcaTesbHO — OLleHeHa CBA3b CPOKOB  OKY/JIMPOBKM C  OCeHHeM
NIPWKHMBAeMOCTbI0  TPMBHMBOYHBIX KOMIIOHEHTOB IIATH COPTOB auBbl - (Camapkasgckas
KpyIHOIIoAHasi, ApomarHasi, V3006unbHasi, Onmabexu v OTIMUYHWIIA - Ha KJIOHOBOM IIOJBOE
BA-29. TloneBble Habmopenus mpoBoaund B 2023-2025 rr. B msATh cpokoB: 20-30 wurons, 1-10
aBrycra, 11-20 aBrycra, 21-30 aBrycra u 1-10 ceHTs0ps. s KaXK[0ro copTa ¥ CpOKa YUUTHIBAIA
rorudIve TIOUKY JIETOM U Tepefi OCeHHel peBU3Mel, CyMMapHbIe MOTepH, YHCJ/I0 TIPHKUBILNXCS K
OCeHH TOouYeK W TPOLIeHT OCeHHel TpMKKMBaeMOCTH. Hambosibllive UYmMC/IOBBIe 3HAueHHs BO BCEX
copTax IoJlyueHbl Ipu OKy/aupoBke 11-20 aBrycra: 86,6 % y CamapkaHZCKOM KPYITHOIUIOLHOW,
86,0 % y ApomarHoii, 83,8 % y M306unsHol 1 84,2 % y Onmabexu u OTnnyHULBbl. MUHUMAaNIbHOe
3HaueHue (63,4 %) ormeueHo y M3001pHOM B Hauasne ceHTSOps. JoCTymHbIe JaHHBIE COJepKann
CpejHMe [0 BapuaHTaM, HO He HWCXOJHble 3HauyeHWs MO TojaM U IIOBTOPHOCTSM, IIO3TOMY
cranpaptHele ommOku U ANOVA BOCCTaHOBUTH OBIJIO HEBO3MOXKHO; Pa3/IMuMs IpeZACTaB/IeHbI
ornucarenbHO. TouHble KOOPAWHATBI Y4acTKa, [IOUBEHHbIE U MeTeOpO/IOrMYeCcKre NoKasaTe/ld TakKe
OTCYTCTBOBa/M, a HaO/MofeHs 3aBeplIajMCh OCeHHel peBu3Well 0e3 OLEHKM BeCeHHero
pacrmyckaHusi Touek U Tepe3suMoBKU. C yuéToM 3THX orpaHnueHui mepuog 11-20 aBrycra Obin
Hanbomee OGIarONPUSATHBIM W3 HWCTBITAHHBIX 711 OCEHHel IPKUBAeMOCTH TIPUBHUBOK; BBIBOZ
TpeOyeT TIOATBEPXKJeHUs B CTAaTUCTMUECKH CIJIAHMPOBAHHBIX OMbBITAX C 9SKOJIOTHUECKUM
MOHUTOPHUHIOM U BECEHHUM YYETOM.

Keywords: quince, BA-29 rootstock, budding date, autumn graft survival, cultivar, nursery
plant, vegetative propagation.

KnroueBbie cioBa: aiiBa, noaBoui BA-29, cpok OKy/JIMpPOBKHM, OCEHHSISI TIPWKUBAEMOCThb
TIPYBUBKY, COPT, CakeHell, BereTaTUBHOEe Pa3MHOKeHHUe.

Introduction

Expanding the assortment and quality of fruit planting material is a priority of Uzbekistan’s
Agricultural Development Strategy for 2020—2030 [1]. For quince nurseries, the choice of rootstock
and budding date is important because graft union formation depends on the physiological condition
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of the graft partners and suitable seasonal conditions. BA-29 is a clonal quince rootstock used in
pome-fruit production, and rootstock studies demonstrate effects on vegetative and generative traits,
tree architecture, graft survival and orchard performance [2, 4-6, 9].

Propagation research demonstrates that quince genotypes differ substantially in rooting
capacity and that substrate conditions may be more important than exogenous auxin for hardwood
cuttings [3]. Where direct rooting is unreliable, grafting remains an important nursery strategy;
successful union formation involves wound response, callus development and vascular reconnection
[9-11]. Graft performance may therefore reflect both the cultivar-rootstock combination and the
physiological state of the plant at budding. However, comparative field data on the timing of
budding for locally important quince cultivars on BA-29 remain limited. The objective of this study
was to compare autumn graft survival among five budding windows for five quince cultivars on
BA-29 rootstock.

Materials and methods

The field experiment was conducted during 2023-2025 with the quince cultivars
Samarkandskaya Krupnoplodnaya, Aromatnaya, Izobilnaya, Olmabehi and Otlichnitsa budded onto
BA-29 clonal rootstock. Five calendar windows were evaluated: 20—30 July; 1-10 August (control);
11-20 August; 21-30 August; and 1-10 September. Standard methods for phenological
observations and assessment of fruit-crop nursery material were used [7, 8]. For each cultivar—date
combination, 50 budded rootstocks were assessed in the reported design. Failed buds were counted
during the summer inspection and again before the autumn inspection. Total mortality was
calculated as the sum of both counts; the number established by autumn was calculated as 50 minus
total mortality, and autumn survival was expressed as a percentage of the 50 budded plants.
Throughout this article, survival refers specifically to establishment recorded at the autumn
inspection.

Statistical analysis

The available dataset contained treatment-level means only and did not retain year- or plot-
level replicate observations. Accordingly, the results were summarized descriptively. Standard
deviation, standard error, ANOVA, p values and least significant difference could not be
reconstructed reliably and were not imputed. Numerical differences are therefore not presented as
statistically significant.

Site, environment and observation period

Exact trial-site coordinates, the soil profile, and temperature, relative humidity and
precipitation records for the budding windows were not present in the available experimental
records and were not included in the analysis. Spring budburst, overwinter survival and structural
winter injury were also outside the observation period. These omissions limit causal interpretation
and generalisation of the results.
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Results and discussion

Budding date showed a consistent numerical pattern across all five cultivars (Table 1). The
highest observed autumn survival occurred on 11-20 August. Because inferential statistics could not
be reconstructed, the following comparisons describe numerical differences only. The maximum
value was 86.6 % for Samarkandskaya Krupnoplodnaya; Aromatnaya reached 86.0 %, Izobilnaya
83.8 %, and Olmabehi and Otlichnitsa 84.2 %. At the same date, total losses were 6.7-8.1 buds per
50 grafts. The pattern is broadly compatible with evidence that rootstock and cultivar combinations
influence graft take, vegetative development and subsequent scion performance [2, 4-6, 9].

Table 1.
Effect of budding date on autumn survival of quince graft components on BA-29 rootstock,
2023-2025
Budding Failed by summer Additional failures before | Total Live buds, Graft
date inspection, no. autumn inspection, no. losses, no. no. take,
%
Samarkandskaya Krupnoplodnaya
20-30 Jul 7.5 8.3 15.8 34.2 68.4
1-10 Aug (con- | 5.3 6.8 12.1 37.9 75.8
trol)
11-20 Aug 3.1 3.6 6.7 43.3 86.6
21-30 Aug 5.2 6.3 11.5 38.5 77.0
1-10 Sep 7.4 8.3 15.7 34.3 68.6
Aromatnaya
20-30 Jul 7.6 8.1 15.7 34.3 68.6
1-10 Aug (con- | 5.4 6.4 11.8 38.2 76.4
trol)
11-20 Aug 3.2 3.8 7.0 43.0 86.0
21-30 Aug 5.1 6.5 11.6 384 76.8
1-10 Sep 7.5 8.9 16.4 33.6 67.2
Izobilnaya
20-30 Jul 7.5 8.8 16.3 33.7 67.4
1-10 Aug (con- | 6.4 7.5 13.9 36.1 72.2
trol)
11-20 Aug 3.5 4.6 8.1 41.9 83.8
21-30 Aug 6.2 7.4 13.6 36.4 72.8
1-10 Sep 8.8 9.5 18.3 31.7 63.4
Olmabehi
20-30 Jul 7.4 8.3 15.7 34.3 68.6
1-10 Aug (con- | 6.3 7.2 13.5 36.5 73.0
trol)
11-20 Aug 34 4.5 7.9 421 84.2
21-30 Aug 6.1 7.5 13.6 36.4 72.8
1-10 Sep 8.9 9.3 18.2 31.8 63.6
Otlichnitsa
20-30 Jul 6.9 7.8 14.7 35.3 70.6
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Budding Failed by summer Additional failures before | Total Live buds, Graft
date inspection, no. autumn inspection, no. losses, no. no. take,
%
1-10 Aug (con- | 5.3 6.8 12.1 37.9 75.8
trol)
11-20 Aug 3.8 4.1 7.9 42.1 84.2
21-30 Aug 5.1 7.9 13.0 37.0 74.0
1-10 Sep 7.8 8.2 16.0 34.0 68.0

Note. Values are descriptive means for the 2023—2025 observation period; each cultivar—date
combination was assessed on 50 budded rootstocks in the reported design. Year- and plot-level
observations were unavailable, so uncertainty estimates and ANOVA could not be reconstructed.

Compared numerically with the 1-10 August control, the 11-20 August window was higher
by 10.8 percentage points in Samarkandskaya Krupnoplodnaya, 9.6 in Aromatnaya, 11.6 in
Izobilnaya, 11.2 in Olmabehi and 8.4 in Otlichnitsa. At late July, autumn survival ranged from
67.4 % to 70.6 %; at early September it ranged from 63.4 % to 68.6 %. The largest late-season
numerical reductions occurred in Izobilnaya and Olmabehi. Without replicated inferential analysis,
these contrasts should not be interpreted as proof of treatment significance or cultivar-specific
sensitivity.

Summer and autumn counts showed the fewest failed buds after budding on 11-20 August
and more failures at earlier and later dates. Mechanistic studies link successful graft union
formation with wound response, callus development and vascular reconnection [10, 11]. However,
cambial activity and meteorological conditions were not measured in the present experiment, so
they cannot be identified as causal explanations for the observed pattern. The descriptive results are
consistent with the broader evidence that genotype and rootstock influence graft take and
subsequent development [2, 9]. Study limitations. The absence of year- and plot-level observations
prevents estimation of variability and statistical significance. Missing geographic coordinates, soil
data and meteorological series restrict transfer of the findings to other nursery environments. In
addition, same-season autumn inspection does not establish long-term graft success: spring
budburst, winter injury and later structural integrity require separate assessment.

Conclusion

Among the five tested dates, budding on 11-20 August was associated with the highest
observed autumn survival in all five quince cultivars on BA-29: 83.8-86.6 %, with total losses of
6.7-8.1 buds per 50 grafts. Late-July and early-September dates had lower numerical establishment.
These differences were not statistically verified because replicate-level data were unavailable.
Therefore, 11-20 August should be regarded as a candidate favourable window within the observed
dataset rather than a definitive general recommendation. Replicated trials should report exact
location and soil characteristics, monitor weather during budding, retain year- and plot-level data
for ANOVA and uncertainty estimates, and include post-winter budburst and graft-integrity
assessments.
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