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PHYSICOCHEMICAL CHARACTERIZATION OF
SERPENTINITE-MODIFIED AMMONIUM NITRATE
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Mamataliyev Abdurasul !, Kushokov Jamoliddin !

! Institute of General and Inorganic Chemistry of the Academy
of Sciences of Uzbekistan, Tashkent, Uzbekistan

Cite: Buriyev S., Namazov Sh., Mamataliyev A., Kushokov J. (2025). Physicochemical
Characterization of Serpentinite-Modified Ammonium Nitrate. European Journal of Technical
and Natural Sciences 2025, No 3. https://doi.org/10.29013/EJHSS-25-3-3-8

Abstract

This study investigates the effect of serpentinite as a stabilizing additive to ammonium
nitrate (AN) by analyzing its physicochemical properties through XRD, SEM-EDS, and DSC
techniques. Serpentinite, rich in magnesium silicates, was added in varying ratios to AN to re-
duce its thermal sensitivity. The results showed that the addition of serpentinite did not disrupt
the crystalline structure of AN, while improving its thermal behavior and particle dispersion.
The composition with a 10:2.5 AN to serpentinite ratio exhibited optimal performance, show-
ing delayed decomposition, enhanced thermal stability, and better structural integrity. These
findings highlight serpentinite’s potential as an effective, low-cost stabilizer for improving the
safety of ammonium nitrate-based materials.
Keywords: Ammonium nitrate, serpentinite, thermal stability, XRD, SEM-EDS, DSC
analysis, Physicochemical properties

Introduction 2007). This population boom intensifies

Ensuring food security for a rapidly
growing global population remains one of
the most pressing challenges facing govern-
ments around the world. According to de-
mographic projections, the Earth’s popula-
tion is increasing at an unprecedented rate
— from approximately 1 billion in 1830 to
4.9 billion in 1986, 6.1 billion in 2000, 8.0
billion in 2015, and is expected to reach 9.0
billion by 2050 (Abbasi, T., & Abbasi, S.A.,

the demand for food, while simultaneous-
ly placing greater strain on the world’s fi-
nite agricultural resources. One of the most
alarming indicators of this pressure is the
steady decrease in the amount of arable
land available per person. In particular, the
area of grain crops per capita has dimin-
ished from 0.24 hectares at the beginning
of the 20" century to just 0.1 hectares by
its end — and is projected to decline further
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to 0.08 hectares per capita by 2050 (Abba-
si, T., & Abbasi, S.A., 2007).

This sharp decline in per capita agricul-
tural land has numerous causes, including
urban expansion, industrial development,
soil erosion, desertification, and saliniza-
tion (Conkling, J. A., & Mocella, C.J., 2010).
These challenges are exacerbated by climate
change, which alters precipitation patterns
and increases the frequency of extreme
weather events. The cumulative impact of
these factors makes it clear that traditional
methods of food production will not be suf-
ficient to meet future global needs. This has
led researchers, policymakers, and industry
leaders to explore more sustainable and tech-
nologically advanced approaches to agricul-
ture, particularly those that maximize yield
without expanding land use (Mal'tsev, V.N.,
Zheltov, V.N., & Polovkov, A. V., 2016).

This trend is also evident in Uzbekistan,
where food production is closely tied to land
and water availability. The country possesses
around 25.7 million hectares of agricultural
land, of which 3.73 million hectares are irri-
gated (Muhammad, N., & Ahmed, I., 2019).
Despite comprising a smaller fraction of total
land, these irrigated areas contribute more
than 97% of the nation’s agricultural output,
underscoring their critical role in sustaining
food production. Given the limited availabil-
ity of high-quality irrigated farmland and the
growing need for intensified agriculture, mod-
ern agricultural practices must rely not only
on traditional methods but also on technolog-
ical and chemical advancements (Singh, H.,
Sharma, R., & Raghunathan, R., 2020).

Uzbekistan, like many other nations in
arid and semi-arid regions, faces additional
constraints including water scarcity, saliniza-
tion, and land degradation. To address these
issues, national strategies have increasingly
emphasized the need for scientific and tech-
nological innovation in the agricultural sector.
Among the most effective tools for improving
productivity and sustainability is the strategic
use of mineral fertilizers (Souri, A., & Dastan-
pour, R., 2020).

One of the most effective means of im-
proving crop productivity is through the ra-
tional and balanced use of mineral fertilizers.
Studies have shown that an average 40—
—50% increase in crop yield can be achieved
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through proper fertilizer application. Conse-
quently, the demand for mineral fertilizers
has been increasing steadily across the globe,
including in Uzbekistan, where several major
chemical enterprises are engaged in the pro-
duction of fertilizers specifically for agricul-
tural use (Venkatesan, S., & Mani, N., 2021).

Mineral fertilizers provide essential nu-
trients that are either unavailable or insuffi-
cient in natural soils. The three most critical
macronutrients — nitrogen (N), phosphorus
(P20s5), and potassium (K20) — play funda-
mental roles in plant physiology. Nitrogen
promotes vegetative growth, phosphorus is
essential for energy transfer and root devel-
opment, and potassium improves drought
resistance and disease tolerance. The con-
sistent supply of these nutrients in optimal
proportions is critical to maximizing crop
yields and ensuring food security (Wang, L.,
Zhang, Q., & Yu, X., 2022).

Key enterprises such as “Maxam-
Chirchiq,” “Navoiyazot,” “Farg‘onaazot,”
“Qo‘qon superfosfat,” “Ammofos-Maxam,”
and the “Dehqonobod Potash Fertilizer
Plant” manufacture a wide range of nitro-
gen, phosphorus, and potassium fertilizers.
These include products such as ammoni-
um nitrate, carbamide, ammonium sulfate,
ammonium phosphate (AFU), ammophos,
superphosphate, potassium chloride, and
others. In recent years, the volume of pro-
duction has reached approximately 1.348
million tons of nitrogen fertilizers, 130-140
thousand tons of phosphorus fertilizers, and
150 thousand tons of potassium fertilizers
(based on 100% active ingredients). Among
nitrogen fertilizers, ammonium nitrate, car-
bamide, and ammonium sulfate dominate
the product range, with ammonium nitrate
alone accounting for nearly 1.8 million tons
(Zeglin, B., 2015).

Among the primary macronutrients es-
sential for plant development — namely ni-
trogen (N), phosphorus (P20s5), potassium
(K20), sulfur (S), calcium (CaO), and mag-
nesium (MgO) — nitrogen holds particular
significance due to its direct role in vegetative
growth and chlorophyll formation. Nitrogen
fertilizers such as ammonium nitrate, carba-
mide, ammonium sulfate, and AFU are wide-
ly used to supply this vital nutrient to crops
(KCl, M., & Wulandari, R., 2018).
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Experimental part

The primary reagent employed in this re-
search was technical-grade ammonium nitrate
(NH4NOs3), widely used as a nitrogen fertiliz-
er, with a certified purity not less than 98%.
Serpentinite, a magnesium-rich silicate min-
eral abundantly found in Uzbekistan, served
as the stabilizing additive due to its chemical
inertness and high thermal resistance. Prior
to usage, serpentinite was subjected to drying
at 105 °C for two hours to eliminate residual
moisture. The dried material was subsequent-
ly milled and passed through a sieve to obtain
a particle size of less than 100 microns.

To assess the influence of serpentinite on
the thermal behavior and sensitivity of ammo-
nium nitrate, a set of binary compositions was
prepared. In each sample, 100 grams of am-
monium nitrate was fixed, while serpentinite
was added in varying quantities ranging from
0.5 grams to 50 grams. All blends were ho-
mogenized via dry mixing for 10 minutes at
50 revolutions per minute using a laboratory
rotary mixer. The mixing process was con-
ducted in antistatic polyethylene containers
under controlled laboratory conditions (ambi-
ent temperature of 22 + 1 °C and relative hu-
midity below 50%) to minimize hazards and
ensure uniform dispersion of the additive.

To investigate the thermal stability of the
prepared mixtures, Differential Scanning
Calorimetry (DSC) and Thermogravimet-
ric Analysis (DTA) were carried out using
a NETZSCH STA 449 F3 Jupiter instrument.
About 10 mg of each sample was sealed in an
aluminum crucible and subjected to a pro-
grammed heating sequence from 25 °C to

Section 1. Chemistry

400 °C at a constant rate of 10 °C/min un-
der nitrogen gas flow (50 mL/min). Key pa-
rameters such as the onset temperature of
decomposition, enthalpy changes, and total
mass loss were systematically recorded for
comparative analysis.

To elucidate the potential physical and
chemical interactions between serpentinite
and ammonium nitrate, a series of character-
ization techniques were utilized:

« X-ray Diffraction (XRD) using Cu-
Ka radiation was applied to monitor
changes in crystalline phases;

» Scanning Electron Microscopy (SEM)
(JEOL JSM-IT500) was employed to
evaluate surface texture and additive
dispersion;

« Energy Dispersive X-ray Spectrosco-
py (EDS) was conducted to determine
the elemental distribution and detect
possible minor interactions between
components.

Result and Discussion

In order to evaluate the impact of ser-
pentinite on the physicochemical behavior of
ammonium nitrate, a series of binary mixtures
were analyzed using thermal and structural
techniques. Among the tested compositions,
the formulation with an ammonium nitrate
to serpentinite ratio of 100: 2.5 demonstrated
the most favorable characteristics in terms of
thermal stability, phase integrity, and particle
dispersion. Based on comparative analysis,
this ratio was identified as optimal for reduc-
ing sensitivity while maintaining the essential
oxidizing properties of the nitrate component.

Figure 1. SEM of 100:0.5 sample
Sem_SED_106

= 5 mim

The SEM micrograph of the 100: 0.5 sam-
ple, presented in Figure 1, reveals a relatively

00 pm

uniform dispersion of serpentinite particles
across the ammonium nitrate matrix. The
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fine particles of the additive appear to be well
integrated into the host structure, forming
a coherent microstructure without notable
agglomeration. This morphology suggests
enhanced structural compatibility, which
contributes to the overall thermal and physi-
cal stabilization of the material.

Figure 1 presents the SEM image of the
sample prepared with a 100:0.5 ammoni-
um nitrate to serpentinite ratio. The image
reveals a relatively uniform distribution of

Section 1. Chemistry

serpentinite particles within the ammoni-
um nitrate matrix. The bright, irregularly
shaped particles correspond to serpentinite,
while the background indicates the crystal-
line structure of ammonium nitrate. Most of
the particles are smaller than 100 um, and
minimal agglomeration is observed. This
suggests good dispersion and mechanical
interaction between the components, con-
tributing to the stability of the composite
structure.

Table 1. Elemental composition of the sample (Spc_012) based on EDS analysis

Element Mass % + SD Atom % + SD
B 1.34 + 0.02 1.90 + 0.02
C 0.93 £ 0.01 1.19 £ 0.01
N 34.99 + 0.09 38.30 +0.10
) 59.18 + 0.16 56.71 + 0.15

Mg 1.58 + 0.01 1.00 £ 0.01
Al 0.11 £ 0.00 0.06 + 0.00
Si 1.17 + 0.01 0.64 + 0.01
P 0.03 £ 0.00 0.02 £ 0.00
Ca 0.13 £ 0.01 0.05 + 0.00
Fe 0.55 +0.01 0.15 + 0.00

Total 100.00 100.00

According to the EDS results, the major
elements detected in the sample are oxygen
(O — 59.18 mass%) and nitrogen (N — 34.99
mass%), confirming the dominant presence
of ammonium nitrate. Minor amounts of
magnesium (Mg), silicon (Si), and iron (Fe)
— characteristic of serpentinite — were also
identified, indicating the additive’s uniform
dispersion within the matrix. Trace levels of
carbon (C) and boron (B) were observed, like-
ly originating from environmental contamina-
tion or residual processing components.

The X-ray diffraction pattern shown
in Figure 2 corresponds to the optimized
100:0.5 ammonium nitrate—serpentinite
composition. The dominant diffraction
peaks are attributed to ammonium nitrate
(NH4NO3), with an intensity contribution of
67.7%, confirming it as the primary crystal-
line phase in the sample.

Several secondary phases were also iden-
tified, indicating interactions or minor crys-
talline impurities likely introduced from the
serpentinite additive. These include:

«  MgaMgSi4O10(OH)2 (commonly part

of serpentinite group minerals) — 4.3%;

o Calcium tetraboride (B4Ca) — 4.1%;

« Magnesium oxide (MgO) — 0.2%;

« Siderazot (FesN) and FeAl alloy

(Feo.95Al0.05) — trace levels (~0.1%);

o Calcium oxide (CaO) and calcium-

related phases — minor presence.

The presence of nitrogen (N2) and mag-
nesium-rich silicates further confirms ser-
pentinite decomposition products or reac-
tion intermediates during processing.

The sharp, well-defined peaks indicate
a crystalline and phase-separated structure,
with no signs of amorphous or glassy phases.
This suggests that serpentinite addition did
not disrupt the crystalline nature of ammo-
nium nitrate, but rather resulted in partial
integration of stabilizing phases, potentially
contributing to improved thermal stability.

The DSC thermogram presented in Fig-
ure 3 corresponds to the thermal behavior of
the optimized 100:0.5 ammonium nitrate—
serpentinite mixture. The graph displays
both endothermic (green) and exothermic
(red) events over the heating range of 20 °C
to 180 °C.

6 PHYSICOCHEMICAL CHARACTERIZATION OF SERPENTINITE-MODIFIED
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Figure 2. XRD Analysis Interpretation

N

o

bl

1ﬂ!00 40.00

b
50.00

100-Tts
Calc. (sel phases) (Rwp=158.1 %)

[Manual] H4 N2 03 (67.7%)
[Manugl] Ca Mg2 (4.3%)
[Manual] N (2.4%)

[Manual) N2 (0.9%

[96-157-0561] Al Fed.95 Ferroaluminium (0.0%:)

Figure 3. DSC Analysis Interpretation
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Endothermic Events:

Peak at 47.5 °C (Area: —56.24 J/g) in-
dicates a solid—solid phase transition,
likely within the ammonium nitrate
crystal structure;

Peak at 93.0 °C (-41.47 J/g) and
132.6 °C (-96.94 J/g) suggest pro-
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Temperature MG

gressive melting or decomposition
stages;

A final endothermic event at 171.6 °C
(—82.36 J/g) is associated with the
main decomposition or melting of
ammonium nitrate.

Exothermic Events:
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« Peakat47.2°C (Area: 81.51 J/g) like- Conclusion
ly corresponds to recrystallization or The addition of serpentinite to ammoni-
rearrangement of the additive phase; =~ um nitrate was found to influence its phys-

« A sharp exothermic peak at 117.3 °C  icochemical properties significantly. Based
(Area: 108 J/g) is the most intense, in- on XRD, SEM-EDS, and DSC analyses, the
dicating major decomposition or oxida- ~ 10:2.5 ratio was identified as optimal, show-
tion reaction; ing improved thermal stability, uniform par-

« Additional exothermic responses at ticle distribution, and reduced decomposi-
79.25 J/g (162.3 °C) highlight further  tion sensitivity. These results confirm that
thermal events, possibly linked to the  serpentinite can effectively stabilize ammo-
reaction of serpentinite components nium nitrate and enhance its safety for prac-
or secondary reactions. tical applications.
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Abstract

The factors influencing the cleaning of hard surfaces from oil spills are considered. The role

of surfactants in this process is highlighted.

Keywords: degree of surface cleaning, interfacial tension, contact angle, overcoming

cohesive interactions

Introduction

Oil spills on hard surfaces present signif-
icant challenges in both environmental man-
agement and industrial cleaning processes.
Effective removal of oil contaminants is crit-
ical to maintaining operational efficiency,
safety, and environmental standards. Among
the numerous strategies available, the use of
aqueous surfactant solutions has emerged as
a versatile and effective method for cleaning
oil-contaminated surfaces.

Surfactants, with their amphiphilic na-
ture, reduce interfacial tension and promote
the detachment of oil from substrates. How-
ever, their performance depends on a com-
plex interplay of thermodynamic and ki-
netic factors, including adsorption at phase
boundaries, micelle formation, and the dis-
ruption of cohesive forces within the oil layer.

Understanding these interactions is essential
to optimize cleaning efficiency and select ap-
propriate surfactant formulations for specific
applications.

This study investigates the role of various
surfactants in the degreasing process, focus-
ing on their interfacial properties and clean-
ing capabilities. By analyzing the influence of
surfactant adsorption and micellar activity
at critical phase boundaries, this work aims
to provide insights into the mechanisms that
govern oil removal. Additionally, the effects
of external factors such as temperature,
mixing, and energy inputs are considered to
highlight potential pathways for enhancing
cleaning performance.

It is well known that aqueous solutions of
surface-active substances (surfactants) are
used in various technological processes.

9 THE INFLUENCE OF SURFACTANTS ON CLEANING HARD SURFACES
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Consider, for example, the use of such solu-
tions for cleaning hard surfaces from oil stains.

In aqueous solutions of surfactants, at
a sufficiently high concentration, a certain
part of the surface-active particles partici-
pates in two processes: it is adsorbed at the
interface between the solution and air and
forms micelles in the main phase.

When an oiled substrate is immersed in
such a solution, new phase boundaries are

Section 1. Chemistry

formed: oil-solution, substrate-solution, sub-
strate-oil, at which adsorption of surfactants
is also possible. Such a change in the initial
state in turn causes the formation of new mi-
cellar structures in the solution.

Several compounds were selected as the
surface-active additives to be investigated,
the composition of which is shown in Table 1.

Chemical composition of the compounds
used (Abramzon A. A., 1979).

Table 1. Chemical composition of the compounds used

Name Chemical formula
Sintanol DS-10 CH, O(CHO) ;n=10-18, m=8-10
0S-20 C.H, O(C,H,0) ; n=14-18, m=20
Sulfonol NP-3 CH,, . CH,SO,Na; n=10-12
Dispersing agent NF NaO,SC, H,CH,C, HSO,Na
“Volgonate “ (CH, CH, )CHSONa;n+m=11-17
Tetrabutylammonium iodide (C,H,) NI
Figure 1.
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Figure 1 shows the dependence of the de-
gree of cleaning of steel samples on the du-
ration of degreasing in aqueous solutions of
selected components, measured according to
the method described in (Maryaskin Yu.B.,
Danilov F.1., LoshkarevM. A., 1981). It can
be seen from the data that these compounds
have different abilities to remove impurities.
The highest degree of cleaning is achieved in
a solution of Sintanol DS-10, the lowest — in
solutions of anion-active components — “Vol-
gonat” and Sulfonol NP-3.

According to the thermodynamics of the
cleaning process, this takes place at the three-
phase interface substrate — oil — solution.

The change in the free surface energy of this
interface when the contamination is torn off
(A G) is the same (Friedrichsberg D. A., 1984):

AG = (Ys/s + Yo/s - YS/O)S’ (1)
wherey, v, . v,,—aretheinterfacial tensions
at the substrate — solution, oil — solution and
substrate — oil interfaces; S — is the surface
area of the contaminant-free substrate.

According to (1), spontaneous detach-
ment of impurities is possible under the con-
dition AG <0,y +V <V,

Therefore, effective detergents should ad-
sorb at the interfaces between oil — solution
and between substrate — solution (and thus
reduce the interfacial tension at these inter-
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faces) and not reduce the excess surface en-
ergy at the interface between substrate — oil.

Section 1. Chemistry

Let us now consider the behavior of
the compounds used at the specified phase
boundaries.

Figure 2.
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Figure 2 shows the dependence of the val-
ue of g _on the concentration of surfactants
in the water, measured by the stalagmomet-
ric method. The data presented show that the
greatest reduction of this value is achieved in
solutions of “ Volgonat “ and Sulfonol NP-3.
At the same time, these solutions do not have
the ability to remove impurities from the steel
surface. Solutions with Dispersing agent NF
and Tetrabutylammonium iodide contribute
to partial cleaning of the substrate, practical-
ly without reducing the value of y_, . Molec-
ular surfactants, Sintanol DS-10 and OS-20,
reduce the value of y_, less than solutions of
Volgonat “ and Sulfonol NP-3, remove impu-
rities much more effectively than the latter.

When studying the effect of surfactants
on the state of the metal-oil interface, oil-sol-
uble compounds, pentadecanoic acid and
pentadecyl alcohol were used in addition to

the above-mentioned components. Weighed
quantities of these substances were added to
a model oil (decane). A drop of water was ap-
plied to the surface of the substrate, the sam-
ple was immersed in a glass cell filled with
a model impurity and the contact angles of
wetting (0) in the system steel — water — dec-
ane were measured.

The data presented in Table 2 show that
sulfonol NP-3 and “ Volgonat “ as well as
oil-soluble substances — pentadecyl alcohol
and pentadecanoic acid — are adsorbed at the
steel-oil interface (which makes it difficult
to fulfill the condition y, + vy, < v,,)- This
is probably the reason for the iow ability of
these surfactants to clean the metal surface.
At the same time, Sintanol DS-10, Dispersing
agent NF and Tetrabutylammonium iodide
have practically no influence on the condi-
tion of this interface.

Table 2. Values of wetting contact angles at the steel-water-decane three-phase interface

surfactants 0,0
- 66.6
“Volgonate “ 106
Sulfonol NP-3 112
Pentadecanoic acid 132
Pentadecyl alcohol 115
Tetrabutylammonium iodide 69.2
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surfactants 0,0
Sintanol DS-10 67.5
Dispersing agent NF 66.7

The investigation of the influence of the
adsorption of surfactants on the state of the
metal-solution interface was carried out by
measuring the contact angle of wetting in the
steel-solution-air system.

From Youngs equation (Frolov Yu.G.,
1989):

o, /SCOSG = Ve Yoo 2)
where o, is the surface tension at the
air-solution interface; y, and vy, are the
interfacial tensions at the substrate-air and
substrate-solution interfaces, respectively;
0 —is the contact angle.

Considering that in the case of water and
surfactant solution, the interfacial tension at
the substrate-air interface has the same val-
ue:

o' / Cosq'-0? Cos0°=-Ay , (3)

a/s . a/‘s " s/s

where the subscript “1” denotes the corre-
sponding parameters of the surfactant solu-
tions and the subscript “0” denotes the pa-
rameters of the background solution (water),
Ay, is the change in interfacial tension at
the substrate-solution interface during sur-
factant adsorption.

The results obtained are summarized in
Table 3.

Table 3. The influence of surfactant adsorption on the
state of the interface between steel — solution

surfactants o  *10°, N/m 0 —Ay_ *10% N/m
- 72.75 79.2 0
Tetrabutylammonium iodized 67.2 70.5 8.8
Synthanol DS-10 29 16 14.3
Sulfonol NP-3 32.5 27 15.4
Dispersing agent NF 72.75 59.6 23.2

The data presented shows that all surfac-
tants used are capable of being absorbed at
the interface between substrate-solution. At
the same time, the greatest contribution to
reducing the excess energy of the surface lay-
er was achieved when using the Dispersing
agent NF.

Summarizing the results, we note the fol-
lowing:

— the highest degree of steel cleaning is
achieved in an aqueous solution of Sintanol
DS-10, a surface-active additive adsorbed at
the substrate-solution and oil-solution in-
terfaces without affecting the energy state of
the substrate-oil interface. In this case, the
thermodynamic condition for carrying out
the purification process is best fulfilled (see
analysis of equation 1).

— the low degree of purification in solu-
tions of Sulfonol NP-3 and “ Volgonat” is
since these components can be absorbed at
the substrate-oil interface, fixing the oil on
the surface to be purified.

— a medium degree of purification ob-
tained with tetrabutylammonium solutions
iodide and Dispersing agent NF, organic
components that only have adsorption activ-
ity at the substrate-solution interface.

In addition to the listed thermodynamic
laws, other factors influencing the washing
process should also be considered.

The layer of impurities covering the treat-
ed surface is a barrier that prevents the ful-
fillment of the thermodynamic conditions
required for the cleaning of the substrate.
Therefore, the oil layer must be destroyed in
the cleaning process. According to equation
(4), the work required to overcome the cohe-
sive forces between the impurity molecules
(W,) depends on the value of the interfacial
tension at the interface between the oil —
solution (Frolov Yu.G., 1989):

W, =2y, s 4

From this point of view, the least work
to destroy the oil layer should be done in the
case of Sulfonol NP-3 and “ Volgonat “, whose
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solutions have considerable surface activity at
this phase boundary (see Fig. 2). At the same
time, as already mentioned, these solutions
have a low washing capacity. At the same time,
the surface-inactive Dispersing agent NF and
tetrabutylammonium iodide ensure a notice-
able cleaning of the substrate, which is not
possible without destroying the oil layer.

As already mentioned, two processes take
place simultaneously in aqueous solutions of
surfactants: the adsorption of surface-active
components on the surface and the formation
of micelles in the main phase. It was suggest-
ed in (MaryaskinY.B., Derman S. E., 2018)
that at concentrations well above the critical
micelle concentration (which is the case for
detergent solutions), the presence of many
micelles can influence the phase of delivery
of the surfactant to the phase boundary. This
is likely to affect the speed of movement of
the surfactant to the interphase surface and
consequently its kinetic energy.

At the same time, the energy reserve of the
surfactant molecules, together with their abil-
ity to reduce the interfacial tension, can influ-
ence the destruction of the oil layer and thus
ultimately the cleaning ability. This is shown in
(MaryaskinY. Derman S., 2021) using the ex-
ample of two surfactants with similar adsorp-
tion properties but different energy reserves.

It is likely that in solutions of Dispersing
agent NF and Tetrabutylammonium iodide,
in which no micellar structures are present,
the rate of release of molecules to the surface
is high enough to ensure partial destruction
of the oil barrier and contact of the compo-
nents of the cleaning solution with the sur-
face of the substrate.

It is also possible that the reserve of ki-
netic energy of the components influences
the change in the shape of the oil droplet, i.e.
the value of the contact angle.

It should be noted that an increase in the
energy reserve of the particles of the clean-
ing solution can be achieved by external in-

Section 1. Chemistry

fluences, e.g. by increasing the temperature,
mixing the solution, using ultrasonic and
electrochemical cleaning methods.

Other factors that determine the quality
and speed of the cleaning process are the in-
fluence of inorganic salts, the type of impuri-
ties and the substrate to be cleaned.

Conclusion

This study provides a comprehensive ex-
amination of the role of surfactants in clean-
ing hard surfaces from oil contamination.
Key findings underscore the significance of
interfacial tension and adsorption dynamics
in determining the efficacy of various sur-
factant solutions. Among the compounds
tested, Sintanol DS-10 demonstrated the
highest cleaning efficiency due to its bal-
anced adsorption behavior at oil-solution
and substrate-solution interfaces, fulfilling
the necessary thermodynamic conditions for
effective oil removal. Conversely, solutions of
Sulfonol NP-3 and “Volgonat” exhibited low-
er cleaning capacities, attributed to their ten-
dency to adsorb at the substrate-oil interface,
thereby stabilizing the oil layer.

The results also highlight the importance
of kinetic and energy considerations in the
cleaning process. Surfactants like Dispersing
agent NF and Tetrabutylammonium iodide,
despite limited micellar activity, showed
moderate cleaning potential through mecha-
nisms involving rapid adsorption and partial
oil layer disruption. These insights empha-
size the interplay between thermodynamic
and kinetic factors in optimizing cleaning
formulations.

Future investigations will explore the in-
fluence of external factors, such as tempera-
ture, mixing, and the presence of inorganic
salts, to further enhance the efficiency and
versatility of surfactant-based cleaning sys-
tems. By addressing these variables, this re-
search aims to advance practical solutions for
industrial and environmental applications.
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Abstract

This study investigates the modification of BND 60/90 road bitumen using industrial waste
materials, including extract residue with the objective of producing an alternative BND 100/130
grade bitumen. The modifiers were incorporated into the base binder through thermal mixing,
and the resulting samples were subjected to various standard tests such as penetration, ductility,
brittleness temperature, and flash point. The results showed that the penetration and ductility
of the bitumen increased with the addition of modifiers, indicating enhanced flexibility. At the
same time, the brittleness temperature decreased, suggesting improved resistance to low-tem-
perature cracking. The flash point also significantly improved, enhancing thermal safety. These
findings demonstrate that waste-derived additives can effectively enhance the performance of
road bitumen, offering a sustainable and cost-effective alternative to conventional binders for
road construction.
Keywords: Modified bitumen, extract residue, penetration, ductility, brittleness temperature,
flash point, road binder

Introduction

Bitumen, a key binder material in road con-
struction, plays a vital role in determining the
durability, flexibility, and performance of as-
phalt pavements. Among various grades, BND
60/90 paving bitumen is widely used due to its
balanced penetration and softening character-
istics that meet the needs of moderate climate
conditions and traffic loads. However, the
global depletion of petroleum resources, rising

production costs, and increased environmen-
tal awareness have prompted researchers and
industry specialists to seek economically viable
and environmentally sustainable alternatives
for conventional bitumen production (Yadav,
A.K,, & Kumar, P., 2021; Qadir, A., Ahmad, N.,
& Tufail, R.F., 2020; Mohammed, M.K., & Al-
Busaltan, S., 2020).

One promising approach lies in the utili-
zation of petroleum refining by-products and
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industrial waste materials. In particular, ex-
tract residue, extracted oil sludge, elemental
sulfur, and low-density polyethylene (LDPE)
waste have shown considerable potential in
modifying bitumen properties to produce al-
ternative binders with targeted performance
attributes. These materials not only serve as
cost-effective modifiers but also contribute
to waste reduction and environmental con-
servation through valorization of by-prod-
ucts that would otherwise require complex
disposal methods (Mashaan, N.S., Ali, A.H.,
Karim, M.R., & Abdelrahman, M.A., 2014;
Navarro, F.J., Partal, P., Martinez-Boza, F., &
Gallegos, C., 2004).

The use of extract residue — a dense, ar-
omatic-rich by-product of oil refining — en-
hances the binder’s viscosity and aging resis-
tance. Extracted oil sludge, which contains
residual hydrocarbons and fine mineral par-
ticles, can act as a filler and rheological mod-
ifier, improving structural stability. Sulfur,
widely available and low-cost, chemically
interacts with bitumen components to in-
crease thermal stability and stiffness. Mean-
while, LDPE waste, derived from household
or industrial sources, improves elasticity and
crack resistance of the final binder, especially
under thermal cycling (Xu, Q., Huang, B., &
Shu, X., 2012; Ameri, M., & Nasr, D., 2012).

This research aims to develop an alterna-
tive BND 100/130road bitumen by modifying
a base BND 60/90 bitumen with a mixture of
the aforementioned industrial waste materi-
als. The goal is to formulate a modified bitu-
men that meets or exceeds the performance
specifications outlined in GOST 33133-2014
and other international standards for pene-
tration, softening point, ductility, flash point,
and brittleness temperature. The integration
of waste-derived modifiers not only address-
es sustainability concerns but also offers eco-
nomic advantages for large-scale road con-
struction, particularly in regions with limited
access to high-quality crude oil derivatives
(Attaelmanan, M., Feng, C. P., & Al-Saffar, Z.,
2011; Yousefi, A.A., 2003).

The scope of this study includes the
preparation of various composite formula-
tions, laboratory testing of their physical and
chemical properties, and comparative perfor-
mance analysis with standard paving grades.
By evaluating the synergistic effects of ex-

Section 1. Chemistry

tract residue, oil sludge, sulfur, and LDPE
waste, this work contributes to the ongoing
development of innovative materials in road
infrastructure with reduced environmental
impact and enhanced service life (Read, J., &
Whiteoak, D., 2003).

Materials and methods

The following raw materials were used
in this study:

« Base Bitumen (BND 60/90): This
commercial paving-grade bitumen
was used as the reference binder. It
was obtained from a regional oil re-
finery and met the requirements of
GOST 33133-2014 for BND 60/90;

« Extract Residue: A dense, high-aro-
matic by-product from the vacuum
distillation of crude oil. This material
was supplied by a local petrochemical
facility and used as a softening phase
modifier;

« Extracted Oil Sludge: This materi-
al was obtained from the oil sludge
treatment section of a petroleum re-
finery. After centrifugation and filtra-
tion, the oil-rich phase was dried and
used as an additive to enhance struc-
tural properties and binder elasticity;

o FElemental Sulfur (Ss): Technical-
grade sulfur with >99% purity was
used to chemically modify the bitu-
men matrix. Sulfur was incorporated
in powder form;

« Low-Density Polyethylene (LDPE)
Waste: Post-consumer LDPE waste
films were collected, washed, and
shredded into small flakes. These
flakes were further ground to obtain
a powdery modifier suitable for melt
blending with bitumen.

Preparation of Modified Bitumen

The preparation of alternative BND
100/130 bitumen involved the following
steps:

1. Preheating of Base Bitumen: The
BND 60/90 base bitumen was heated to
160-170 °C in a thermostatic oil bath with
continuous stirring to achieve a homogenous
and fluid consistency.

2. Addition of Modifiers: At the target
temperature, predetermined quantities of
extract residue (5—-15 wt.%), extracted oil
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sludge (3—10 wt.%), sulfur (1-7 wt.%), and
LDPE waste (1-5 wt.%) were added sequen-
tially. The mixture was stirred using a high-
shear mechanical stirrer at 500—700 rpm.

3. Reaction and Homogenization: The
mixture was maintained at 170-180 °C for 60—
90 minutes to allow uniform dispersion and, in
the case of sulfur, potential vulcanization reac-
tions with the bituminous components.

4. Cooling and Storage: After mixing, the
modified bitumen samples were poured into
metallic containers and cooled at room tem-
perature for 24 hours before further testing.

Characterization and Testing

The physical and chemical properties of
the resulting modified bitumen samples were
analyzed in accordance with GOST and ASTM
standards. The following tests were performed:

e Penetration at 25 °C: GOST 33136-

2014 / ASTM D5;

» Softening Point (Ring and Ball meth-

od): GOST 33142-2014 / ASTM D36.

Section 1. Chemistry

Each test was carried out in triplicate to
ensure statistical reliability. The optimal for-
mulation was selected based on a balance
of performance parameters in line with the
specification for BND 100/130 bitumen.

Results and Discussion

In order to evaluate the performance
of the modified bitumen formulations, key
physical indicators such as penetration and
ductility were measured at standard and
low temperatures. These parameters pro-
vide essential information regarding the
consistency, plasticity, and flexibility of the
bitumen binders under varying climatic
conditions.

The penetration test results for the base
and modified bitumen samples at 25 °C and
0 °C are presented in Figure 1. This compar-
ison helps assess the degree of softening and
flowability of the binders, particularly under
ambient and cold service environments.

Figure 1. Penetration values of BND 60/90 bitumen
modified with extract residue at 25 °C (0.1 mm)
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Figure 1 shows the penetration values
of modified bitumen samples measured at
25 °C. The Figure 1 shows the penetration
values of modified bitumen samples mea-
sured at 25 °C. The penetration depth, ex-
pressed in 0.1 mm units, increases consis-
tently with the modification level, indicating
a softening trend in the bitumen structure.

« The initial sample (control) shows the

lowest penetration value, reflecting
a relatively harder binder;

« Asthe percentage of modifiers such as
extract residue, oil sludge, sulfur, and
LDPE waste increases, the penetra-
tion values also rise;

« The highest value, 112 (0.1 mm), cor-
responds to the most modified sam-
ple, suggesting that the combined
effect of all modifiers significantly
reduces the bitumen’s hardness and
increases its plasticity;
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« This softening behavior is desirable
for colder climates where higher pen-

Section 1. Chemistry

etration enhances flexibility and crack
resistance.

Figure 2. Softening point of BND 60/90 bitumen modified with Extract Residue
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Figure 2 illustrates the penetration values
at 0 °C for modified bitumen samples con-
taining of extract residue. The results show
a clear upward trend in penetration depth as
the proportion of modifiers increases:

« The control sample (without modifi-
ers) exhibits the lowest penetration
value, indicating a stiffer and more
brittle structure at low temperature;

o As the modifier content increases,
penetration values rise significantly,
with the highest value reaching 51
(0.1 mm), suggesting enhanced flex-
ibility and reduced brittleness;

« The softening behavior at 0 °C is par-
ticularly important for cold climate
applications where bitumen must
maintain elasticity to resist cracking
and thermal stress.

These findings confirm that the modified
formulations improve the low-temperature
performance of bitumen, making them suit-
able candidates for road surfaces exposed to
freezing conditions. The use of waste-based
modifiers thus contributes not only to sus-
tainability but also to functional improve-
ments in bituminous binders.

Figure 3. Ductility of BND 60/90 bitumen modified with Extract Residue
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Figure 3 presents the ductility values of
the modified bitumen samples at 25 °C, mea-
sured in centimeters (cm) according to the
GOST 11505-75 / ASTM D113 standard.
Ductility reflects the ability of the bitumen to
stretch before breaking — a critical parameter
for road pavements subject to dynamic loads
and thermal movement.

« The control bitumen exhibits the low-
est ductility, suggesting limited plas-
tic deformation capacity;

e As the content of modifiers increas-
es, the ductility of the samples rises,
showing a significant enhancement in
elasticity;

« The maximum ductility, reaching 4.1
cm, was observed in the sample con-

Section 1. Chemistry

taining the highest proportion of ex-
tract residue, oil sludge, sulfur, and
LDPE waste.

This positive trend demonstrates that
the incorporation of these waste-based mod-
ifiers improves the elongation and flexibili-
ty of the bitumen. Particularly, LDPE waste
contributes to the elastic deformation, while
sulfur helps form a more interconnected
structure capable of absorbing stress with-
out cracking.

The results confirm that such modifi-
cation approaches can successfully yield
more flexible and resilient binders, espe-
cially suited for roads experiencing repeat-
ed traffic stress and moderate thermal fluc-
tuations.

Figure 4. Brittleness temperature of BND 60/90 bitumen modified with extract residue
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Figure 4 illustrates the brittleness tem-
perature of modified bitumen samples, which
represents the temperature at which the bi-
tumen loses its flexibility and begins to crack
under stress. This parameter is critical for
assessing the low-temperature performance
of bituminous binders, particularly in cold
climate applications.

« The original (control) bitumen shows
the highest brittleness temperature,
indicating that it becomes brittle at
a relatively warmer condition, which
is undesirable for cold regions;

« With the gradual addition of extract
residue, oil sludge, sulfur, and LDPE
waste, the brittleness temperature de-
creases steadily;

e The lowest brittleness temperature,
reaching —23 °C, is observed in the
sample with the highest modifier
content.

This decrease in brittleness tempera-
ture signifies a notable improvement in cold
resistance. The presence of LDPE waste,
known for its flexibility, and the structural
stabilization imparted by sulfur crosslink-
ing, contribute to better performance at
subzero temperatures.

In conclusion, the modified bitumen
formulations demonstrate significantly en-
hanced low-temperature flexibility, making
them suitable for road applications in harsh
winter conditions.
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Figure 5. Flash point of BND 60/90 bitumen modified with extract residue
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Figure 5 demonstrates the flash point
temperatures of bitumen samples modified
with extract residue. The flash point is a cru-
cial safety parameter indicating the tempera-
ture at which bitumen vapors may ignite in
air under specific conditions.

o The initial (unmodified) bitumen ex-
hibits the lowest flash point, reflect-
ing a higher volatility and lower ther-
mal stability;

« With increasing proportions of the
modifiers, especially sulfur and LDPE,
the flash point rises significantly, in-
dicating improved fire resistance and
thermal durability;

« The highest recorded flash point
reaches 236 °C, showing excellent
thermal stability for the most modi-
fied formulation.

This trend can be attributed to:

« The stabilizing effect of sulfur, which
forms stronger molecular bonds in
the bitumen matrix;

+ The thermally resistant nature of
LDPE, which delays the release of vol-
atile compounds;

« The heavy and viscous characteris-
tics of extract residue and oil sludge,
which contribute to reduced evapora-
tive loss.

The increase in flash point values con-
firms that the modified binders are safer
during storage, handling, and high-tempera-
ture applications, making them suitable for

industrial-scale road construction in hot cli-
mates or during warm weather.

Conclusion

The experimental results of this study
demonstrate that the modification of BND
60/90 bitumen with extract residue, extract-
ed oil sludge, elemental sulfur, and LDPE
waste significantly improves its physico-
chemical properties, particularly:

« Penetration increased up to 112 (0.1
mm) at 25 °Cand 51 (0.1 mm) at 0 °C,
indicating a softer and more workable
binder;

» Ductility improved to 4.1 cm, suggest-
ing enhanced elasticity and resistance
to cracking under dynamic loads;

» Brittleness temperature was reduced
to —23 °C, confirming the suitability
of the modified binder for cold cli-
mate applications;

« Flash point increased to 236 °C, re-
flecting improved thermal stability
and safety during handling and appli-
cation.

These results confirm that the proposed
combination of waste-derived additives pro-
vides a technically and environmentally sound
alternative for producing BND 100/130 grade
road bitumen. The approach not only im-
proves material performance but also pro-
motes the sustainable utilization of industrial
waste, aligning with current global trends to-
ward green infrastructure development.
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Abstract

This article investigates the effect of polymethacrylate-based viscosity additives Viscoplex
2—-670 and Viscoplex 8—450 on the rheological properties of SN 900 base oil at various con-
centrations. The studies show these additives significantly improve the viscosity-temperature
characteristics, increase the viscosity index, and ensure operational stability across temperature
fluctuations. The results confirm their potential use in industrial and engine oil formulations.
Keywords: Base oil, viscosity additive, polymethacrylate, rheological properties, viscosity

index

The rheological properties of oils are
among the key indicators that determine their
applicability under different temperatures
and load conditions. Various functional addi-
tives, including viscosity modifiers, are added
to base oils to enhance the operational qual-
ities of engine and industrial oils. Viscosity
modifiers improve lubricating performance
and protect friction surfaces by maintaining
oil viscosity during temperature fluctuations.

This article explores the impact of Visco-
plex 2—670 and Viscoplex 8-450 viscosity
additives on the viscosity-temperature char-
acteristics of SN 900 base oil.

The Viscoplex series of polymethacrylate
additives, produced by the German company
Evonik, are used to enhance the viscosity-

temperature properties of oils. These ad-
ditives help retain oil flowability at various
temperatures, supporting the production of
high-quality lubricants.

The paraffinic SN 900 base oil, produced
in the USA (‘SN’ — Saturated Naphthenic), is
a high-viscosity and high-quality oil. It is main-
ly used in the lubrication systems of diesel en-
gines and industrial machinery, helping to pro-
tect friction surfaces, reduce rust and corrosion
risks, and ensure long-term effectiveness.

In this study, viscosity additives were used
in concentrations of 1%, 2%, and 3% by weight.

The viscosity-temperature characteris-
tics of the samples were investigated using
an SVM-3001 Stabinger viscometer (Anton
Paar) at 40 °C and 100 °C, and viscosity in-
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dices were calculated according to ASTM
D2270. The initial SN 900 base oil without
additives showed a kinematic viscosity of
90 mm2/s at 40 °C and 9.5 mm2/s at 100 °C.

Upon adding Viscoplex 2—670 and Visco-
plex 8—450 additives to the base oil, the vis-
cosity characteristics changed significantly.
At 2% and 3% concentrations, the kinematic
viscosity at 40 °C increased to 352.6 mm2/s
and 388.9 mm2/s with Viscoplex 2-670, and
to 358.82 mm2/s and 398.22 mm2/s with
Viscoplex 8—450. At 100 °C, the values were

Section 1. Chemistry

25.24 mm2/s and 27.6 mm2/s, and 25.53
mm2/s and 28.05 mm?2/s, respectively,
demonstrating improved high-temperature
stability.

The viscosity index (VI) of the base SN
900 oil was 85. With the addition of viscos-
ity additives, the VI increased significantly.
For instance, with 2% Viscoplex 2—670, the
VI rose to 98, and with 3% Viscoplex 8—450,
it reached 105. This shows that increasing
additive concentration improves oil stability
across various temperatures.

Table 1.
Kinematic Vis- Kinematic Vis- . .
e . . . Viscosity Index
Additive (% by weight) cosity at 40 °C cosity at 100 °C
VD
(mm2/s) (mm2/s)

0 (Base Oil) 280 20.5 85

1% Viscoplex 2—-670 336 24.16 97

2% Viscoplex 2—670 352.6 25.24 98
3% Viscoplex 2—670 388.9 27.6 103

1% Viscoplex 8—-450 342.2 24.81 97

2% Viscoplex 8—450 358.82 25.53 98
3% Viscoplex 8—450 398.22 28.05 105

The results of this study show that the
addition of polymethacrylate-type viscosi-
ty additives Viscoplex 2—-670 and Viscoplex
8—450 significantly enhances the viscosity-
temperature characteristics of SN 900 base
oil. Furthermore, these additives improve
the oil’s anti-friction and anti-wear proper-

ties, making it more efficient for engine and
industrial applications.

Viscoplex 8-450 demonstrated higher
efficiency compared to 2—670, which may be
attributed to its molecular weight and struc-
ture being better suited to compatibility with
the oil.
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Abstract

This study presents the synthesis and physicochemical characterization of an anion-
exchange resin based on polyvinyl chloride (PVC) and polyvinyl alcohol (PVA). The resin was
prepared by blending PVC and PVA in varying ratios, followed by chemical cross-linking with
epichlorohydrin and functionalization with trimethylamine to introduce quaternary ammoni-
um groups. The resulting materials were evaluated for ion-exchange capacity (IEC), swelling
behavior, surface morphology, and functional group identification using FTIR, SEM, and EDS
analyses. Among the synthesized formulations, the resin with a 60:40 PVC: PVA ratio exhib-
ited the highest IEC value (1.45 meq/g) and the greatest swelling ratio (45.7%), indicating an
optimal balance between hydrophilicity and structural integrity. These findings suggest that
PVC-PVA-based composite resins have strong potential as cost-effective and efficient anion-
exchange materials for use in water treatment and other environmental applications.
Keywords: Anion-exchange resin, polyvinyl chloride (PVC), polyvinyl amine (PVA), ion
exchange capacity (IEC), water treatment

Introduction

In recent years, the demand for efficient
and selective ion-exchange materials has sig-
nificantly increased, particularly in the fields
of water purification, environmental remedi-
ation, and industrial wastewater treatment
(Ahmed, M.J., & Hameed, B.H., 2018).
Among various types of ion-exchange res-
ins, anion-exchangers play a vital role in re-
moving undesirable anionic species such as

nitrates, sulfates, and heavy metal complex-
es from aqueous solutions (Bhatnagar, A.,
& Sillanpaa, M., 2010). The development of
novel anion-exchange resins with enhanced
stability, capacity, and chemical resistance
has thus become a critical area of research
(Rengaraj, S., & Moon, S.H., 2002).
Polyvinyl chloride (PVC) is a widely used
thermoplastic polymer known for its mechani-
cal strength, chemical stability, and cost-effec-
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tiveness. However, its limited hydrophilicity
and low functional group density can restrict
its performance in ion-exchange applications.
In contrast, polyvinyl amine (PVA) is a hydro-
philic polymer with excellent film-forming
ability and compatibility with other polymers
(Crini, G., & Badot, P.-M., 2008). The combi-
nation of PVC and PVA has been explored as
a promising matrix for developing composite
ion-exchange materials with improved physi-
cochemical properties (Widiastuti, N., Wu, H.,
Ang, H. M., & Zhang, D., 2011).

Incorporating functional groups such as
quaternary ammonium salts or amine groups
into the PVC-PVA polymer backbone can im-
part anion-exchange capabilities, enabling
the resulting material to interact effective-
ly with negatively charged ions (Sharma, Y.
C., & Uma, R., 2010). The physicochemical
characteristics of such ion-exchange resins —
including their surface morphology, ion-ex-
change capacity, thermal stability, and chem-
ical durability — are crucial for determining
their performance and practical applicability
(Singh, K. P., & Tiwari, S., 2016).

This study aims to synthesize an anion-
exchange resin based on PVC and PVA and
to comprehensively investigate its physico-
chemical properties using a range of analyt-
ical techniques (Ahmad, A.L., Sumathi, S.,
& Hameed, B.H., 2006). These include
Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS),
and ion-exchange capacity measurements
(Zeng, Y., Zhang, T., & Liu, S., 2013). The
findings of this research are expected to con-
tribute to the development of efficient, low-
cost, and durable anion-exchange materials
suitable for use in diverse environmental and
industrial settings (Nandiyanto, A.B.D., Ok-
tiani, R., & Ragadhita, R., 2019).

Materials

Polyvinyl chloride (PVC, analytical
grade) and polyvinyl alcohol (PVA, molec-
ular weight ~89,000-98,000, 99% hydro-
lyzed) were obtained from Sigma-Aldrich.
Sodium hydroxide (NaOH), epichlorohy-
drin (ECH), and trimethylamine solution
(TMA, 33 wt% in water) were purchased
from Merck. All chemicals were of analytical
grade and used without further purification.

Section 1. Chemistry

Distilled water was used throughout all ex-
perimental procedures.

Preparation of PVC-PVA  Anion-
Exchange Resin

The synthesis process involved the physi-
cal blending of PVC and PVA in varying ratios
(e.g., 70: 30, 60: 40) to create a homogeneous
polymer matrix. First, PVC was dissolved in
dimethylformamide (DMF) under constant
stirring at 60 °C. In a separate container, PVA
was dissolved in distilled water at 80 °C. The
two solutions were mixed in the desired ra-
tios and stirred until a clear, uniform blend
was obtained.

The functionalization step was carried out
by adding epichlorohydrin (ECH) as a cross-
linking agent, followed by the dropwise ad-
dition of an aqueous trimethylamine (TMA)
solution to introduce quaternary ammonium
functional groups. The reaction mixture was
stirred for 3—4 hours at 70—-80 °C. After com-
pletion of the reaction, the gel-like product
was washed several times with distilled water
and ethanol to remove unreacted reagents and
byproducts. The resin was then dried at 50 °C
in a vacuum oven until a constant weight was
achieved.

Characterization Techniques

» Fourier-Transform Infrared Spec-
troscopy (FTIR): FTIR spectra were
recorded using a Thermo Nicolet iS10
spectrometer in the range of 4000-
—400 cm™! to confirm the incorpora-
tion of functional groups;

+ Scanning Electron  Microscopy
(SEM): The surface morphology of
the synthesized resins was examined
using a JEOL JSM-6390 SEM. Sam-
ples were gold-coated prior to anal-
ysis;

« Energy-Dispersive X-ray Spectrosco-
py (EDS): Coupled with SEM, EDS
analysis was used to determine the
elemental composition of the mod-
ified resin and verify the presence of
nitrogen atoms from the quaternary
ammonium groups;

« Ion-Exchange Capacity (IEC): The
IEC of the anion-exchange resin
was measured by titration method.
A known amount of dry resin was
equilibrated with 1 M NaCl solution,
and the released chloride ions were
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titrated using standard silver nitrate
(AgNO3) solution.

Swelling Ratio and Water Uptake:

The water absorption capacity and swell-
ing behavior of the resins were measured by
immersing dry samples in distilled water for
24 hours. The swelling ratio was calculated
based on the weight difference between the
dry and wet samples.

Results and Discussion

In order to assess the performance of the
synthesized PVC—PVA based anion-exchange
resins, two key parameters were investigated:
Ion Exchange Capacity (IEC) and Swelling
Ratio (%). These parameters are critical in
evaluating the resin’s effectiveness in ion-ex-
change processes and its physical stability in
aqueous environments.

The IEC values of the synthesized res-
ins are presented in Table 1. The resin with
a PVC: PVA ratio of 60:40 exhibited the high-
est ion exchange capacity of 1.45 meq/g, fol-

Section 1. Chemistry

lowed by the 50:50 blend (1.38 meq/g) and
the 70:30 blend (1.23 meq/g). The higher
PVA content likely enhanced the hydrophilic-
ity and accessibility of functional groups,
thus improving ion-exchange sites.

Swelling ratio is a measure of how much
water the resin can absorb, which correlates
with its porosity and functional group acces-
sibility. As shown in Table 2, the 60:40 blend
again performed best, achieving a 45.7%
swelling ratio, indicating good flexibility and
water uptake capacity without structural col-
lapse. The 50: 50 and 70: 30 blends followed
with 42.4% and 38.2%, respectively.

The relationship between IEC and swell-
ing behavior is illustrated in Figure 1. The
trend confirms that increasing PVA con-
tent improves both water uptake and ex-
change capacity, up to a certain optimum
(60: 40). Beyond this point (e.g., 50:50),
excess swelling may reduce structural in-
tegrity and effective ion transport pathways,
slightly lowering IEC.

Figure 1. Comparison of IEC and Swelling Ratio for Different PVC—PVA Compositions
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This bar chart illustrates the Ion Exchange
Capacity (IEC) of anion-exchange resins syn-
thesized with varying ratios of PVC and PVA:
70:30, 60:40, and 50:50. The results highlight
the influence of polymer composition on the
functional performance of the resin.
« The PVC: PVA = 70: 30 sample exhib-
its the lowest IEC, measured at 1.23
meq/g. The higher PVC content, which
is more hydrophobic and less function-
alized, likely limited the availability of
active ion-exchange sites;

PVC:PVA = 60:40

PVC:PVA = 50:50

e The PVC: PVA = 60: 40 blend shows
the highest IEC, reaching 1.45 meq/g.
This composition appears to be opti-
mal, as the increased PVA content en-
hances hydrophilicity and facilitates
better exposure of functional groups
for ion exchange;

e The PVC: PVA = 50:50 sample
demonstrates a slightly lower IEC of
1.38 meq/g compared to the 60: 40
blend. While PVA promotes water
absorption and functional group ac-
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cessibility, an excessive amount may
compromise the structural integrity
of the resin matrix, possibly reducing

the efficiency of ion exchange.
The chart clearly indicates that the 60:40
PVC: PVA ratio offers the best balance be-

Section 1. Chemistry

tween hydrophilicity and mechanical stabil-
ity, leading to the most effective ion exchange
capacity. This composition can be considered
optimal for developing high-performance
anion-exchange resins.

Figure 2. Swelling Ratio (%)
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This chart presents the swelling behavior
of PVC-PVA-based anion-exchange resins
with varying polymer ratios: 70:30, 60:40, and
50:50. The swelling ratio is a key indicator of
a resin’s hydrophilicity, flexibility, and struc-
tural adaptability in aqueous environments.

« The PVC: PVA = 70: 30 resin shows

the lowest swelling ratio at 38.2%.
This is expected due to the dominance
of hydrophobic PVC, which resists
water absorption and limits matrix
expansion;

« The PVC: PVA = 60: 40 composition
achieves the highest swelling ratio of
45.7%, indicating a favorable balance
between polymer flexibility and water
uptake. This enhanced swelling sug-
gests greater accessibility of the inter-
nal matrix and ion-exchange sites;

« The PVC: PVA = 50: 50 sample ex-
hibits a moderate swelling ratio of
42.4%. While the higher PVA content
increases water affinity, excessive
swelling could risk over-softening the
structure, potentially reducing long-
term mechanical durability.

The data indicate that the 60: 40 ratio

provides optimal swelling characteristics,
ensuring sufficient water absorption without

PVC:PVA = 60:40

PVC:PVA = 50:50

compromising the structural integrity of the
resin. This composition offers an ideal trade-
off between mechanical strength and hydro-
philic behavior, making it suitable for stable,
high-capacity ion-exchange applications.

Conclusion

In this study, a series of anion-exchange
resins were successfully synthesized by
blending polyvinyl chloride (PVC) and poly-
vinyl alcohol (PVA) in various ratios. The ma-
terials were functionalized with quaternary
ammonium groups to impart anion-exchange
properties, and their physicochemical char-
acteristics were systematically investigated.

The results demonstrate that the compo-
sition of the polymer matrix significantly in-
fluences both ion exchange capacity (IEC) and
swelling behavior. Among the tested formula-
tions, the PVC: PVA = 60: 40 ratio exhibit-
ed the highest IEC (1.45 meq/g) and the
greatest swelling ratio (45.7%), indicat-
ing an optimal balance between hydrophilicity
and structural stability. This composition pro-
vides superior performance due to enhanced
water uptake and functional site accessibility
without excessive matrix degradation.

Morphological and elemental analyses
(SEM/EDS) further confirmed the incorpora-
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tion of functional groups and the integrity of
the resin structure. FTIR analysis verified the
successful introduction of quaternary ammo-
nium functionalities.

Overall, the synthesized PVC—PVA-based
resin with a 60:40 ratio presents a promising

Section 1. Chemistry

candidate for application in water treatment
and other ion-exchange technologies. Future
studies may explore the long-term durabili-
ty, regeneration efficiency, and application in
real-world systems to further validate its in-
dustrial potential.
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Abstract

Photovoltaic (PV) systems are one of the most promising technologies in the field of re-
newable energy due to their ability to directly convert sunlight into electricity. However, these
systems are highly susceptible to environmental influences, especially partial shading. Partial
shading can significantly degrade the energy output of PV arrays and introduce multiple lo-
cal maxima on the power-voltage (P-V) curve, complicating maximum power point tracking
(MPPT). Even minimal shading can lead to hotspots and long-term damage in PV cells. Tra-
ditional analytical models often ignore these complexities, resulting in inaccurate system pre-
dictions. This paper presents a detailed MATLAB/Simulink model that simulates the impact
of partial shading on PV performance.
Keywords: photovoltaic systems, Simulink, MPPT, bypass diodes, performance analysis,

dynamic modeling, power loss, series connection, modular design

Introduction

In the current era, global energy demand
continues to rise, driven by industrialization
and population growth. Simultaneously, en-
vironmental concerns such as climate change
necessitate a shift toward renewable energy
sources. Photovoltaic (PV) systems offer a sus-
tainable solution by converting solar energy
directly into electricity. They are environmen-
tally friendly, quiet in operation, and have low
maintenance requirements. Among renew-
able technologies, PV has gained prominence
for its modularity and scalability. However,

real-world deployment of PV systems pres-
ents numerous challenges. One of the most
critical among them is partial shading. Shad-
ing can occur due to trees, buildings, clouds,
or dirt. Even a small amount of shading on
a PV module can affect the output of the en-
tire array. This is particularly true for series-
configured systems where current mismatch
occurs. The result is not just reduced efficiency
but also potential damage to modules through
hotspots. Conventional models often fail to
account for the nonlinear behavior caused by
shading. This leads to misleading predictions
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about energy yield and system reliability. Ac-
curate modeling is therefore essential for per-
formance assessment. Simulink, a graphical
simulation environment by MATLAB, pro-
vides an excellent platform for modeling such
dynamic systems. The use of Simulink enables
integration of various subsystems, including
bypass diode functionality. This paper focuses

Section 2. Electrical engineering

on modeling the electrical performance of PV
arrays under partial shading conditions. The
ultimate goal is to understand and mitigate the
effects of shading. It seeks to help researchers,
designers, and policymakers make informed
decisions. Additionally, the model can be used
for educational purposes to demonstrate the
impact of shading.

Figure 1. Current-Voltage (I-V) Characteristics of PVA
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Figure 2. Power-Voltage (P-V) Characteristics of PVA
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The simulation also helps in visualizing
the P-V and I-V curve deviations. The pres-
ence of multiple peaks in the P-V curve under
shading complicates MPPT. Standard MPPT
algorithms like Perturb and Observe often
fail in such cases. Understanding the behav-
ior under different shading patterns is thus
crucial. This study fills a gap in existing liter-
ature by providing a modular and customiz-
able model. It contributes both theoretically
and practically to the field of renewable en-
ergy. The model enables simulation of vari-

30

ous real-world conditions. It can also help in
optimizing the layout of PV arrays during in-
stallation. This introductory section lays the
foundation for the rest of the paper. The pa-
per is structured to guide the reader through
the problem, methodology, results, and im-
plications. The introduction makes clear why
this study is timely and necessary. It ends by
reaffirming the goal of improving PV system
performance under shading.

The single diode equivalent circuit model
is the most commonly used model for a PV

DEVELOPMENT OF A SIMULINK MODEL FOR SHADING EFFECTS
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module due to its simplicity. The circuit con-
sists of a current source (Iph), a diode, a re-

Section 2. Electrical engineering

sistor in parallel (Rp), and a resistor in series
(Rs).

Figure 3. Electrical equivalent circuit diagram of single diode PV cell structure
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It is possible to increase the power output
by connecting solar panels in series, parallel or
mixed structure. Systems created in this way
are called complex structured PV energy sys-
tems. Two important factors that determine
the maximum power that can be obtained from
a PV module are solar radiation and tempera-
ture. The power generated from the PV module
is calculated by multiplying the module current
and voltage. There is a standard test condition
for evaluating efficiency in PV systems. The
values under these standard test conditions are

Figure 4. Shows the current-voltage
characteristic curves of the 260 W PV
module under different radiation values
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Methodology

This study employs MATLAB/Simulink to
develop a dynamic simulation model for PV
systems affected by partial shading. The mod-
el is built using blocks that represent the elec-
trical behavior of photovoltaic cells. A single-
diode equivalent circuit is used to simulate the
core characteristics of the PV module. The cur-
rent source, diode, series resistance, and shunt
resistance are configured to reflect real panel
behavior. Standard test conditions (STC) are
used for baseline calibration. The model allows

generally included in the catalogs of PV panels
(AltasI. H. and Sharaf A. M., 2008).

The maximum power point provided in
response to a certain voltage and current val-
ues in the power-voltage characteristic curve
of PV panels is 1000 W/m? under standard
test conditions. The radiation and tempera-
ture value is defined as 25 °C module tem-
perature. However, these conditions may not
always occur. The output current and voltage
values of the PV module are also affected by
this situation.

Figure 5. Current-voltage
characteristic curves of PV cell module
under different radiation values
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for variation in irradiance and temperature to
mimic real environmental scenarios. Shading
is introduced by altering irradiance inputs to
specific cells or modules. The simulation in-
cludes scenarios such as row shading, corner
shading, and random shading patterns. Bypass
diodes are integrated into the model in paral-
lel with series-connected module blocks. These
diodes are activated when the current drops
below a threshold. This prevents damage and
minimizes power losses during shading. The
Simulink model also includes measurement

31 DEVELOPMENT OF A SIMULINK MODEL FOR SHADING EFFECTS
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tools to track voltage, current, and power. The
block diagram is modular, making it easy to
modify or expand. Parameters such as mod-
ule area, temperature coefficient, and irradi-
ance levels are user-defined. The simulation
is run for a fixed time interval under each
scenario. Results are collected and visualized
using scopes and data displays. A key part of

Section 2. Electrical engineering

the methodology is comparing shaded and
unshaded performance. The model does not
include grid connection or battery storage sys-
tems. Emphasis is placed solely on the shading
effect and its mitigation. The model is validated
by comparing its outputs with known theoreti-
cal patterns. The methodology section ensures
reproducibility for future studies.
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Results and Discussion

Simulation results show that shad-
ing significantly affects PV performance.
Even slight shading of one cell reduces the
current of the entire string. The I-V and
P-V curves demonstrate clear deviations
from standard conditions. Multiple peaks
emerge in the P-V curve under partial shad-

32
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ing. This makes it difficult for MPPT algo-
rithms to locate the global maximum power
point. Without bypass diodes, shaded mod-
ules absorb excess heat, creating hotspots.
The inclusion of bypass diodes mitigates
this issue by redirecting current. When by-
pass diodes activate, power output is par-
tially restored. However, energy is still lost

DEVELOPMENT OF A SIMULINK MODEL FOR SHADING EFFECTS
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compared to fully illuminated conditions.

Different shading patterns produce differ-
ent loss levels.

Figure 8.

Conclusion

This study successfully developed
a Simulink-based model to evaluate the ef-
fects of partial shading on PV systems. The
model accurately replicates the electrical be-
havior under different irradiance conditions.
Partial shading was shown to cause signifi-
cant efficiency losses and introduce multiple
power peaks. The integration of bypass di-
odes helped reduce these losses. Simulation
results align with established theories and
real-world observations. The model is useful
for both academic research and engineering
design. It allows for the testing of various
shading scenarios and their effects. One key
contribution is the modularity of the model
for future expansion. It can be adapted for
different PV technologies or layout configu-

Sampis based | T=0.250

rations. The model also assists in education-
al contexts to illustrate shading phenomena.
It emphasizes the need for thoughtful array
design in real installations. Future research
may include real-time validation or integra-
tion with MPPT algorithms. Real hardware
implementation could enhance the findings.
The model could also benefit from incorpo-
rating weather data for temporal analysis.
Dynamic irradiance profiles would improve
realism further.

This study was prepared as part of the
author’s MSc thesis work in Electrical and
Electronics Engineering at Ostim Technical
University, under the supervision of Prof. Dr.
Ismail Hakki Altas.
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Abstract

A function, as a mathematical model of many real-world situations, allows for describing
and studying various dependencies between quantities, thereby facilitating an understanding
of the surrounding world. Teaching mathematics is a crucial component of secondary general
education and aims to develop logical thinking and mathematical intuition in students, ensur-
ing they acquire skills in solving various practical and interdisciplinary tasks (Tahirov, B.O.,
Aghazade, S.M., 2024).

Tasks involving finding the range of a function pose significant difficulties for students.
Such tasks are consistently included in prestigious mathematical competitions and various
Olympiads.

This work is dedicated to the methodology of teaching students to find the range of various
functions.

Keywords: mathematics, function, continuous function, differentiable function, minimum
value of a function, inverse function, maximum value of a function, graph of a function,
domain of a_function, range of a_function

monotonicity, differentiability, evenness,
periodicity, and others are most commonly

Tasks on finding the range of a function
cause considerable difficulties for students.

Such tasks are frequently encountered in var-
ious mathematical competitions and tests.
The purpose of this article is to explore
methods for finding the range of a function.
To do this, it is necessary to understand the
properties of basic elementary functions,
particularly their domain, range, and inter-
vals of monotonicity. When finding the range
of a function, properties such as continuity,

used.

The most important of these are the fol-
lowing;:

1.If a function is f(x) continuous and in-
creasing on a segment [4;b], then its range is
a segment. [f(a);f(b)]. In this case
Ae[f(a); f(b)] for any f(x)=A the equation
has a unique solution.

35 BASIC METHODS FOR FINDING THE RANGE OF A FUNCTION
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2. Ifafunctionis f(x) continuous and de-
creasing on a segment [a;b], then its range is
a segment [f(b);f(a)]. In this case
Ae[f(b);f(a)] for any f(x)=A the equation
has a unique solution.

3. If a function is f(x) continuous on
a segment [ab] and  m=min,, f(x),
M =max,, f(x), then its range is the segment
[m;M ] .

Simple tasks for finding the range of
a function can be solved using the following
methods:

1. The method of estimating boundaries;

2. Using properties of continuity and

monotonicity;

3. Using derivatives;

4. Using the maximum and minimum

values of the function;

5. The graphical method;

6. The method of introducing a parame-

ter;

7. The method of inverse functions;

8. Combined methods (SilvestrovV.V.,

2004; Shabunin M. 1., 2016).

More complex tasks for finding the range
of a function can be solved using the follow-
ing methods:

« By finding the range of complex argu-

ments;

« Through various estimations;

« Using the graph of the function;

» The method of introducing a param-

eter;

« Finding the domain of the inverse
function;

« Using the derivative of the given func-
tion;

« Preliminary transformation of the

function’s form, and so on.

Let us explore the specifics of applying
these methods in solving the following prob-
lems.

Example 1. Find the range of the func-
tion y=log0‘2(5—2'5x —25%).

We will solve this example using the
method of finding the range of complex ar-
guments. First, simplify the logarithmic ex-
pression by completing the square of the tri-
nomial:

y =log, (6—(1+2~5x +5% )) =log,, (6—(5" +1)2j.

Section 3. Mathematics

Find the range of the complex arguments
of the function sequentially:

y =log,, (6 —(5" + l)zj

E(5%) = (03+0) = E(5" +1) = (I5+0)
E(—(S" +1)2j = (—o05-1) = E(6—(5" +1)2j = (—o035).

Let t:6—(5"+1)2. Then the problem re-
duces to finding the range of the function:
y =log,,t:

y=log,t,t € (—oo;5).

Since the domain of the function y =1log,,¢
is the set (0;+x), its range on the set (—o;5)
will be (0,5), i.e. t<(0;5). Thus, we need to
find the range of the function y =log,,t on the
set (0,5):

When ¢t -0,y >0 and when t -5,y —»-1,
i.e. E(y) = (—1;+oo) .

Example 2. Find the range of the func-
tion y =log, (4% +2*' ~24).

Solution. By completing the square un-
der the logarithm, we transform the function.
Since

2
4% 42 —24:22"+2~2"+1—25=(2" +1) ~25,

the given function can be represented as:
2
y =log, (2" + 1) —25).

Now, find the range of its complex argu-
ments:

E(zx) — (0;+oo);E(2x +1) = (1;+OO);E(<2)C +1)2J (15a0);

E((Z" + 1)2 —25) = (~24+00).

Thus, E(f)=(-24;+).

Example 3. Find the range of the func-
tion

¥y = c085x + 6cosx.

This example will be solved using the es-
timation method. Since the functions y = cos5x
and y=cosx are continuous everywhere
—~1<cos5x <1 S0 1is —6 <6cosx <6 . If we add these
inequalities term by term, we get:

—7 < cos5x +6cosx <7.

The most common mistake when finding
the range of a function using the estimation
method is assuming that if the inequality
A< f(x)<B holds, the range of the function
f(x) must also be [4;B]. It is overlooked that

36 BASIC METHODS FOR FINDING THE RANGE OF A FUNCTION
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this statement is true only when the function
f(x) is continuous on the segment [A;B].

Example 4. Find the range of the func-
tion

Solution. Find the range of the function

1+x° 1
X)= =
g( ) 1+ x+x° 14+-%
2
x“+1
Consider — . and the reciprocal
X"+

x2+1

LI Obviously, when x+ 1,5 and
X X X

1
x>0, x+—<-2 when x<0. Thus,
X

—ZSx +1<2
Then, *
Ao x Lol x 3
27 xP+1 2 2 X+1 2

From this, we have:
< <

x
1+
x2+1

W N

Thus, the range of the function g(x) is:
E(g)= E;z} . Therefore, the range of the func-

tion is

since the

E(f) =log s (g(x)),

outer function is decreasing

2 2
E(f) = [105;0’52;10;;0‘5 3} = [—1;log2 3}.
Example 5. Find the range of the func-
tion
f(x) = cos4x +2cos2x

Solution. Using the double-angle cosine
formula cos4x = 2cos*2x —1. Therefore, we have:
f(x) = 4c0s°2x +2c0s2x — 1

If we let, then ¢ =cos2x, then

Section 3. Mathematics

f(x)-4t* +2t-3,-1<t<1

Construct the graph f(x) on the plane
x0y . First, find the zeros of the function.

D —14+4/13
47 +2t-3=0,—=1+12=13,x =
4 4
—1-+/13 V13 -1
1 = 4 <—1,t2 = 4 <1

It is easy to find the coordinates of the

1 1
vertex of a parabola —B£—4;—34j. In the seg-
ment [-1;1] one of the zeros of the function is

located f(t): lies in the segment [-11]. Is
f(1)=3,f(-1)=-1. Thus, the range of the func-

. . 1
t = -3-53].
on f 1S E; { 34,3}
The next example will be solved using the

method of introducing an auxiliary parame-
ter.

Example 6. For which values of the pa-
rameter does the a equation

mza(xz +1)

have a unique solution [-3;-1] on the seg-
men?

First, rewrite the original equation in the
form

Vx+4

X2 +1

=a,xe[—4;oo).

For this equation to have at least one root
on the segment [-3;-1], the number amust
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Vx+4

x2+1

belong to the range of f(x)= on the

segment [-3;-1]. Obviously, this function is
continuous on [—4;+w).
The function y=x?+1 continuous and de-

creasing on (—«;0], so the function y = is

X2 +1

continuous and increasing on (—;0].
The function y=+x+4 is continuous and
increasing on [-4;+). Then the function is

o=t

+1

increasing and positive on

[-3;-1], as the product of two positive, contin-
uous, [-3;-1] and increasing functions

[f(—a)#(—»]{fo;ﬂ

As noted, the solvability of the equation
f(x) —aon a certain interval is X equivalent
to the a parameter belonging to the range
f(x) ofon X.

Consequently, the range of the function
f(x) on the interval coincides with X the
range of the parameter a for which the equa-
tion f(x)=a has at least one root.

Example 7. Find the E(f) range of the

. 3x2 —7x+4
function f(x)= =,

This example will be solved using the
method of introducing a parameter E(f) ac-
cording to which coincides with the range of
the parameter a for which the equation

3x" —7x+4 R
% =a has at least one root, Simplify-
X"+

ing the equation, we get:
35 ~7x+4=a(x’ +2) < (3-a)x’ ~Tx+4-8a=0
When a =3 the last equation becomes lin-
ear with a non-zero coefficient for x.

7x=4-8a
This equation has a unique solution

x= %(4 —8a) (is any number).
When a=3 the equation is quadratic.

Therefore, it is solvable if and only if its dis-
criminant

Section 3. Mathematics

D=49-4(3-a)(4-8a)=-32a"+112a+120

Solving the resulting inequality, we get:

14-322 14+3v22

<a<
8 8

Since the point a=3 belongs to the seg-

{14—3\/5‘14%\/5}
8 8

ment , the desired range
of the parameter a, and thus the range of the
function E(f) is the entire segment. To find
the range of a function, one can consider the
method of the inverse function, which in-
volves solving x the equation f(x)=y with re-
spect to, treating as a parameter y. If the
equation f(x)=y has multiple solutions,
x=g,(y).x=g,(r) etc., then is the union of the
domains of the functions, g (y), g,(»), etc.

Example 8. Find the range of the func-

2
tion y=75".

This example will be solved using the
method of finding the domain of the inverse
function.

2

From the equation y =7, find x in terms

of y.

log,y -2 log,y -2
log;y log,y
Now, find the domain of the function

log,y >2 y>49
=
log,y <2 0<y<l1

=log,y < 5" =

_5"_

< x =log;

o) = o8y =2
*=2(0) gy
2

Thus, the range of the function y=7-5"is
E(f)=(0s1)U(49;+0).

Example 9. Thus, the range of the func-
tion is f(x) =cos2x—3cosx—1.

Solution. First, simplify the formula of
the function:

cos2x —3cosx —1=cos2x—3cosx—2+1=

=14 c0s2x —3cosx —2 = 2cos’x — 3cosx —2
Introduce the variable ¢ —cosx, then
f(t)=2t>=3t-2,te[-11]

This example will be solved using the
graphical method. Find the zeros of the func-
tion

2t —3r-2=0
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D=9+16=25;
3+5
t=——;
4
1
=2t =——t=——,

_4

Now, find the coordinates of the parabo-
la’s vertex

(L)

Thus, the vertex of the parabola is at the

point.
(4
4 8

Now, find the values of the function at the
points —1 and 1:

f(-1)=3,f(1)=-3.
From the graph of the function, it is clear
that

E(f)z[—3;;3}.

Example 10. Find the range of the func-
tion

y= 36-x°.
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Solution. Transform the function’s ex-
pression:

y2 —-36-x"orx’ +y2 =36.

The latter expression is the equation of
a circle with radius 6. Thus, the graph is the
upper semicircle of this circle. Therefore, the
range of the function is |x|<6,y > 0: E(f)=[0;6].

Answer: [0;6].

When finding the range of a function, it
is often necessary to use the derivative of the
given function defined on a segment.

In this case, the following scheme can be
used:

Find the derivative of the given function;

1. Find the critical points of the function
and select those that belong to the domain of
the function;

2. Calculate the values of the function at
the endpoints of the segment and the select-
ed critical points;

3. Among the found values, select the
minimum and maximum values;

4. The range of the function is enclosed
between these values.

Example 11. Find the range of the func-

tion
y=v25-x",x €[-55].
Solution.
oy 1 2 -1 2\
f(x)—5(25—x )2 -(25—x ) =
1 (—ZX) =X 0 ’

2 o5-x* 25-x2

If x=0, then f'(x)=0,
if x=5 and x =-5, then does not exist.

We obtain three critical points:

x=0,x=-5x=5.

If x=0,then f(0)=5;

If x=-5,then f(-5)=0;

If x=5, then f(5)=0.

Thus, it is found that the minimum value
of the function is 0, and the maximum is 5.
Therefore

E(f)=[03)

Let us consider some non-standard tech-
niques for finding the range of a function
f(x). One of them is the preliminary trans-
formation of the function.

Example 12. Find the range of the func-
tion
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f(x)=v3-x+3+x.

Since E(2~\/ﬁ)=[0;6],then 2 (x)=[6:12].

From this, we have: E(f)= [ﬁ; 2\/5]

Conclusions.

1. From the examples solved above, it
follows that finding the range of functions
involves a variational approach, for exam-
ple, between functions that are derived from
one another as inverses (AliyevS.J., Takhi-
rovB. O., HashimovaT. A., 2022).

2. Teaching students to find the range
of functions is significant for the following

Section 3. Mathematics

reasons: it develops functional thinking, in-
troduces students to the idea of universal
continuity and infinity, and forms skills in
analyzing and finding dependencies between
changes in various objects and working with
abstract material (TakhirovB.O., Nama-
zov F. M., 2024).

3. Tasks on finding the range of a func-
tion are included in various competitions
and Olympiads. Therefore, it is necessary to
study them.

4. The ability to quickly find the range of
a quadratic function using various methods
will help save time on completing tasks in the
future.
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Abstract

This work is devoted to the study of generalized solution for one-dimensional mixed prob-
lem with non-self-adjoint boundary condition for a class of nonlinear differential equations. The
solution of the problem under consideration is reduced to solving a system of certain nonlinear

integro-differential equations.

Keywords: nonlinear equation, mixed problem, generalized solution

The work is devoted to the study of a gen-
eralized solution to the following one-dimen-
sional mixed problem

U, (t,x) =t (t,x) =

= F(t,x,u(t,x),u, (t,x),u,(t,x),u, (t,x),u,(t,x))
(0<t<T,0<x<1), @)
u(0,x)=d(x) (0<x<1), u,(0,x) =y (x) (0L x <1), (2)
ut,0)=00<t<T),u (t,00=u(t,1)(0<t<T), (3)

where 0<T < +u;F,¢,p are the given functions,
u(t,x) is a desired function, and under the
generalized solution of problem (1)—(3) we
understand the following:

Definition. Under the generalized solu-
tion of problem (1)—(3) we understand the
function u(t,x) having the following proper-
ties:

a) u(t,x),ux(t,x),ut(t,x)eC([O,T]X[O,l]);

Uy (£,),1,, (£,x) € C([0,T]; L, (0,1));

0) all the conditions of (2) and (3) are sat-
isfied in the usual sense;
B) the integral identity

O —y

1
[{l,(t,2) =10 (1,2)] -V, () + Fu(t, %)) - V (8,) dxdt +
0 1

+ [y (x)=¢"(0)]-V(0,x)dx = 0

0

is fulfilled for any function v(t,x), having the
properties

V(t,x) e C([0,T]x[0,1]),V,(t,x) €

e L([0,T;L,(0,1)),V(T,x) =0 Vx €[0,1)’

where

F(u(t,x))=
= F(t,x,u(t,x),u, (t,x),u, (t,x),u, (t,x),u,(t,x)) )

(4)
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Few studies have been devoted to the
investigation of one-dimensional non-self-
adjoint mixed problems for third-order
semilinear equations. However, self-adjoint
mixed problems have been well studied (see
Huntul M., TekinI.,2022; AliyevS., Aliye-
vaA., Abdullayeva G., 2019; Aliyev S., Aliye-
vaA.,2020; AliyevS., KhudaverdievK.,1990
and the references therein), in which the
problem of existence and uniqueness in the
corresponding spaces is investigated. In
(Aliyev S., Heydarova M., Aliyeva A., 2024),
studied the existence of a classical solution to
a one-dimensional mixed problem for a cer-
tain semilinear equation, which is simpler
than equation (1). But in (Aliyeva A., 2012)
the generalized solution and in (AliyevS.,
Aliyeva A., 2017) the almost everywhere
solution of the considered mixed problem
was investigated.

It is known (IonkinN.I., 1977) that the
systems

Xy (%) = Xyeuy X, (x) = x COS 27k,

X, (x) =sin27kx,... 5)
and
Yy(x)=2,

. (6
Y, (x) =4cos2mkx, Y, (x) = 4(1— x)sin 27 kx,... ©)

form a biorthogonal system of functions in
the space L,(0,1), and that system (7) forms
a basis in the spaceL,(0,1). Then, it is obvious
that each generalized solution of problem
(1)-(3) has the form:

u(t,x) = Zuk(l‘)Xk(x) s 7
where k=0
1
() = ju(t,x)Yk(x)dx (k=0,1,..;t€[0,T]). (8)
0

Now let’s apply the formal scheme of the
Fourier method to problem (1)-(3). Let

u(t,x)ziuk(t)Xk(x) be any generalized solu-
k=0

tion to problem (1)-(3). Then it is obvious

that for any fixed x (k=0,1,..) and any ¢ €[0,T]:

1 2 1
Iun (£, %)Y, (x)dx = jtz(ju(t,x)Yk(x)dx] =ul(®); (9)

0 0

1
—Ium(t,x)Y,!(x)dx =
0

1

1
Iutxx(t,x)Yk(x)dx = utx(t,x)Yk(x)‘i:O
0

Section 3. Mathematics

1
= —j u,, (t,%)Y] (x)dx =

0

1
= —ut(t,x)Yk'(x)‘i:) + J-ut (£, %)Y, (x)dx =
0

1

1
= Iut (£, %)Y (x)dx = ;lt['[u(t,x)Yk"(x)dx] , (10)
0

0

since
u, (t,0) = u, (t,1),u,,(t,0) = u,, (£,1),Y,(0) = Y, (1) ;
u(t,0)=0,u,(t,0)=0,Y/(1)=0.
Further we will adopt the notation

1
E (1) = [ Fu(t, )Y, (x)dx (k=0,1,..5¢ €[0,T]), (11)
0

where F is defined by (4).

From equation (1), multiplying it by the
function Y, (x), integrating the resulting
equality overx from O to 1, using relations
(9),(10) and notations (11), we obtain that
for any k (k=0,1,..) and t<[0,T]:

1
uy(t) —;[Iu(t,x)Yk”(x)de =F (ut).

0

Now, using relation (8) and notation (10),
we obtain that for any vt €[0,T]:

ug(t) = Ey(ust), (12)
uy_ (1) + (k) ()= Ey(wst) (k=12,..), (13)
u;'k(t)+(27rk)2 () =

. (14
=—drk-uy () + By (st) (k=12,..)

Thus, the general solution of equations
(12) — (14) has the form:

uy(t)= Ay + By -t + [(t=7)- Ew)dr (£ [0,T]),
0

—(27k)’
oy (1) = Ay + By e 4

t
ﬂ:l _ e*(an)Z(t—r) :| . sz,l(uﬂ)df

0
(k=1,2,..;t €[0,T])

thy () = Ay + By -e O™ wazk- By x

X{(2 1k)2 '[l_e(hm}t'e(Mk)Zt}_
T

1 7 kP T i
——-I[l—e (@mky (¢ ”] Ie @b =e) B (u0) |dr +
k 0

0

1
+ B —
Qrk)?

2

1 t[ —@rk)(t-1)
+ 1= Bl ]F (wT)dr
(27k)? ! " :

(k=1,2,..5t €[0,T])

where A,,B, (k=0,1,..) are arbitrary constants.
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From this it is easy to obtain that the

t1
functions u,(t) (k=0,1,...) is reduced to solving uy(t) =@y +yqt +2j J (t =7)F(u(t,x))dxdr
the following countable system of nonlinear 00 , (18)
integro-differential equations: (te [10,T])
Uy(t) =y +yyt+ Uy (1) =y + W[l e :| Woka +
t1 (15) t1
+[ [t =) F(u(z, )Y, (x)dxdr (¢ [0,T]) — | [ Flu(z, %))cos 2mex- [1 e Crhr ”}
00 k 00
Uy () =y, + ﬁ{l—e'(z”“z’].v/zm + dxdr (k=1,2,..; t €[0,T]), (19
t1
1 ,
—(27zk (t-1) . — 11 —-Q2rk)t . _
o k)2 { { [1- |- Flute, ), (e )=t 1 oy
1 1 2 )
k=12,..; t€[0,T]), 16 -— A B A R
( elo,T)) (16) {(m) [1-eeme]—re Vo
_ LTy ek,
uzk(t)—¢2k+7(2ﬂk)2 [1 e } Yok —i-j‘[l—ef(“k)z(tfqu
1 1 —Qrkit —Qrkyt k5
E— [1_6 :|—t~e Woka — .
(277 k)? F —Qrk)P(t-c)
x J-J-F(u(o,x))cosanxe dxdo |dr +
_L.j'[l_e—(znkm—n}x 00
7Tk 0 t 1 2
: % _” u(t,x))sin2m kx - [1 g mRy(- T)dedr
T 5 V3
><|:“’e_(2” k' (=0) ~F(u(c,x))Y2k1(x)dxdG}dr + 00
00 (k=1,2,..; t€[0,T]). (20)

0 Thus, after applying a method similar to

- j J'[l—e‘(z”")z(“”}-F(u(r,x))sz(x)dxdr the Fourier method, the solution of problem

00 (1)-(3), i.e. finding the functionu(t,x), is re-

(k=1,2,..; t€[0,T]), (17)  duced to solving a system (relative to un-

If in system (15)-(17) instead of functions ~ known functions #(t) (k=0,1,..) (18)-(20) of

Y. (x) (k=0,1..) we substitute their values de- nonlinear integro-differential equations,

termined by relation (6), then system (15)-  while it is necessary to keep in mind the nota-
(17) will take the form: tion (4) and relations (7), (8).

" Qrk)
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Abstract

This paper presents a study of the use of iridological analysis in forensic medical practice to
identify suicidal risk. The relationship between specific changes in the iris and the psychoemo-
tional state predisposing to suicidal behavior is considered.

A mathematical model for assessing suicidal risk based on iridological markers, as well
as software for automated iridogram analysis, has been developed. The results indicate the
potential of using iridodiagnostics in comprehensive forensic medical examination of suicide
cases, which can help improve preventive measures for at-risk groups.

Keywords: iridology, suicidal risk, forensic medical examination, automated diagnostics,
psychoemotional state, iris, neural network analysis

Introduction

The problem of suicide remains one of the
most acute in modern society. According to the
WHO, more than 700,000 people die from sui-
cide every year, making this phenomenon a key
public health problem. Despite the develop-
ment of preventive psychological and psychiat-
ric methods, there is a need for objective bio-
markers to assess the risk of suicidal behavior.

Iridology — a diagnostic method based on
the study of the iris — is of particular interest

in the context of forensic medical examina-
tion. In contrast to traditional approaches,
iridodiagnostics allows detecting potential
neurological and psychological disorders by
recording changes in the iris that correlate
with functional and structural changes in the
central nervous system.

However, until now, there have been no
systematic studies aimed at identifying spe-
cific iridological markers of suicidal risk, as
well as developing methods for their analysis
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in forensic medical practice. This study aims
to fill this gap by comprehensively studying
changes in the iris in individuals with suicid-
al behavior and developing a methodological
basis for the practical application of iridodi-
agnostics in forensic medicine.

Objective
The main objective of the study is to de-
velop and validate a comprehensive iridodi-
agnostic technique for identifying suicidal
risk in forensic medical practice, including:

1. Identification of specific iridological
markers of suicidal risk.

2. Creation of a mathematical model for
predicting suicidal behavior based on
iris analysis.

3. Development of software for auto-
mated processing of iridograms and
identifying risk factors.

4. Evaluation of the effectiveness of the
technique in clinical and forensic
medical practice.

Materials and methods

Study design

A retrospective cohort study was con-
ducted using archival data from forensic
medical examinations of the Tashkent Re-
gional Branch of the Republican Scientific
and Practical Center for Forensic Medicine
of the Ministry of Health of the Republic of
Uzbekistan and a prospective study of at-risk
groups based at the Tashkent City Clinical
Psychiatric Hospital. The data collection pe-
riod was 5 years (2019-2024).

Study groups

1. Main group: 157 cases of completed
suicide (confirmed by forensic medi-
cal examination). Inclusion criteria:
availability of high-quality intravital
or postmortem (within 6 hours) iri-
dophotographs.

2. High-risk group: 89 psychiatric hos-
pital patients with documented sui-
cide attempts in their history in the
past 12 months.

3. Control group: 210 subjects, matched
for sex and age, with no suicidal
tendencies in their history and cur-
rent mental disorders (according to
screening data).

Section 4. Medial science

Methods
1. Iridological analysis
A digital iridoscope with a resolution of
24 megapixels and standardized lighting was
used to obtain images. The following param-
eters were analyzed ["7]:

« Structural changes: Stromal density,
depth and localization of radial fur-
rows, condition of the pupillary zone
and autonomic ring;

« Pigment changes: Presence, local-
ization and nature of pigment spots
(toxic, pigmentary), lacunae, general
uniformity of pigmentation;

« Vascular changes: Assessment of
vascularization, presence of tortuous

vessels, microaneurysms, assess-
ment of the state of radial-circular
blood flow.

The analysis was carried out by two State
Experts (Iskandarov A. 1., Yadgarova Sh.Sh.)
with subsequent assessment of consistency
(Cohen’s kappa > 0.85).

2. Psychological testing

In the high-risk and control groups, test-
ing was conducted using validated Russian-
language versions of:

« Beck Depression Inventory (BDI-II);

» Beck Hopelessness Scale (BHS);

o Suicidal Risk Questionnaire (Razu-

vaeva’s modification)

3. Biochemical research
In patients of the high-risk group and
part of the control group, the following were
determined (with informed consent):
« Cortisol level in saliva (morning and
evening) by ELISA;
« Serotonin level in platelets by HPLC;
e IIOKa3aTeJN OKUCJIUTEIIBHOTO CTpecca
(MaJIOHOBBIN AUAIBAETH/T, AKTHUBHOCTD
CYIIEPOKCHU/IJTUCMYTA3bI).
Indicators of oxidative stress (malondial-
dehyde, superoxide dismutase activity).

4. Statistical analysis
Data were processed using the STSS Sta-
tistics v.26.0 package. Methods of descrip-
tive statistics, x2 test, Mann-Whitney U-test,
Spearman correlation analysis, ROC analysis
were used. Differences were considered sta-
tistically significant at p < 0.05.
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5. Development of software
and mathematical model

Based on the data obtained, a mathemat-
ical model and algorithm were developed for
the software “IridoSuicideAnalyzer” using
machine learning methods (logistic regres-
sion, support vector machine). The soft-
ware was developed by S.Z.Nasriddinov,
a 9" grade student of the Specialized School

named after Muhammad al-Khorezmi.

Section 4. Medial science

Results

1. Iridological markers of suicidal
risk

The study revealed specific changes in the
iris that were statistically significantly more
common in individuals with a high suicid-
al risk compared to the control group (p <
< 0.001 for all listed markers).

Figure 1. Structural changes in the iris in high suicidal risk: deep radial
furrows in the CNS area and weakening of the density of the pupillary zone

Structural changes (see Figure 1):

« Deep radial furrows in the area corre-
sponding to the central nervous sys-
tem (frontal lobes, limbic system);

+ Weakening of the density and “split-
ting” of the stroma of the pupillary
zone;

« Atrophic changes, thinning and de-
pigmentation of the autonomic ring.

Pigment changes (see Figure 2):

« Presence of dark, toxic pigment de-
posits in the upper sector of the iris
(projection of the brain);

« Pronounced unevenness of pigmenta-
tion with a predominance of hypopig-
mented areas (“empty” iris);

« Presence of multiple closed lacunae,
especially in the ciliary zone.

Figure 2. Pigment changes in the iris in high suicidal risk: dark pigment deposits
in the upper sector and uneven pigmentation with hypopigmented areas

Vascular changes (see Figure 3):

« Pathological tortuosity and dilation of

the iris vessels;

« Presence of microaneurysms and vas-
cular “glomeruli”, predominantly in the
projection zone of the limbic contour;
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Figure 3. Vascular changes in the iris in high suicidal risk: pathological
tortuosity of vessels, microaneurysms and impaired radial-circular blood.

 Signs of impaired radial-circular blood
flow (stasis, blurred vascular pattern).

The frequency of the main markers
is presented in Table 1.

Table 1. Main iridological markers of suicidal risk and their frequency

Frequency Frequency in

Type of
© marker in the main the control p-value
marker
group (%)  group (%)
Structural Deep Radial Sulci (CNS Zone) 81.5 15.2 <0.001
Att tion of pupill irdl
enuation of puptiary girdie 76.2 18.1 <0.001
density
Atrophic changes in the autono-
) 68.9 12.4 <0.001
mous ring
Pigment Dark deposits (brain sector) 83.4 10.5 <0.001
U i tati h ig-
neven. pigmentation/hypopig 77.1 21.9 <0.001
mentation
Specific lacunar pattern 64.3 14.8 <0.001
Vascular Pathological vascularization 71.2 16.7 <0.001
Microaneurysms (limbic circuit) 68.5 9.5 <0.001
Impaired radial-circular blood flow 59.8 11.0 <0.001

2. Mathematical model

for risk assessment
Based on the identified markers and
their diagnostic significance, a multifacto-
rial mathematical model was developed to
calculate the integral indicator of suicidal
risk (SB - Suicide Risk), taking into account
the contribution of structural (S), pigmen-
tary (T), vascular (V) markers and, option-

ally, biochemical correlates (R*):

SB = B1*S + B2*T + B3*V + B4*R* + a
where 1, B2, B3, P4 are weighting coeffi-
cients determined by logistic regression, a is
a constant. Coefficients S, T, V are calculated

48

as a weighted sum of scores for the presence
and severity of the corresponding markers.
The range of SB values is from O to 1, where
values > 0.7 are interpreted as high risk.

3. Software “IridoSuicideAnalyzer”
Software “IridoSuicideAnalyzer” has been
developed for automated analysis.
Functional capabilities of the software:
« Import and processing of digital
iridograms;
« Automatic segmentation of the iris
and isolation of diagnostically signifi-
cant zones;
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« Identification and quantitative as- « Report generation with visualization
sessment of structural, pigmentary of the identified markers on the irido-
and vascular markers; gram and textual interpretation of the

« Calculation of the integral indicator of results.

suicidal risk (SB) according to the laid
down mathematical model;

Loading iris image

Image preprocessing (normalization,

segmentation)
Analysis of structural Analysis of pigment markers Analysis of vast.:ula.r Entering biochemical data
markers (grooves, belt (spots. lacunae, uniformity) markers (vascularization, (optional)
density, ring) aneurysms, blood flow)
Pacuet koathdmumenta SM Calculation of the PM coefficient Calculation of the VM caefficient Calculation of the BC coefficient

=

Calculation of the integral
risk indicator (SR) using
the formula

v

Report generation (marker
visualization, SR value,
interpretation)

v

Saving to database

Displaying the result to the user

4. Diagnostic accuracy of the method  agnostics + software) using ROC analysis
Evaluation of the diagnostic accuracy showed high results (see Table 2).
of the developed complex method (iridodi-

Table 2. Indicators of diagnostic accuracy of the method

Indicator Value (%) 95% Confidence Interval (%)
Sensitivity 87.3 83.2-91.4
Specificity 85.8 81.9-89.7
Positive predictive value 84.1 79.8-88.4
Negative predictive value 88.6 84.9-92.3
AUC (Area Under ROC Curve) 0.893 0.867-0.919

The area under the ROC curve (AUC) was 0.893, which corresponds to a very good quality
of the diagnostic model
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5. Correlation with psychological
and biochemical markers

A statistically significant positive cor-
relation was found between the integral in-
dicator of suicidal risk (SB), calculated from
iridological data, and the scores on the Beck
Depression Inventory (r = 0.68, p < 0.001)
and the Beck Hopelessness Scale (r = 0.72,
p <0.001). A correlation was also established
between SB and the level of cortisol in saliva
(r =0.59, p < 0.001) and an inverse correla-
tion with the level of serotonin in platelets
(r=-0.63, p < 0.001).

Discussion

The results of the study confirm the pres-
ence of specific and reproducible changes in
the iris in individuals with high suicidal risk.
These changes likely reflect chronic stress,
neurochemical imbalance, and structural
and functional disorders in the central ner-
vous system associated with suicidal behav-
ior. The identified iridological markers can
serve as objective biomarkers that comple-
ment subjective data from psychological test-
ing and clinical assessment.

The proposed mathematical model and
software “IridoSuicideAnalyzer” allow stan-
dardizing and objectifying the process of
iridodiagnostics of suicidal risk. High diag-
nostic accuracy (AUC = 0.893) indicates the
potential of the method both for screening in
risk groups and for use in forensic medical
examination in retrospective analysis.

The established correlation of iridological
data with known psychological and biochem-
ical markers of suicidal risk further confirms
the validity of the method and its biological
rationale. This opens up prospects for using
iridodiagnostics not only to ascertain risk,
but also to monitor the condition of patients
in dynamics, for example, when evaluating
the effectiveness of therapy.

Limitations of the study include the need
for validation on independent samples and
in different populations. Further study of the
influence of concomitant somatic diseases
and medication intake on iridological param-
eters is also required.

A promising direction is the integration
of iridological data with genetic and neuro-
imaging markers to build more accurate pre-
dictive models.

Section 4. Medial science

Conclusion

The study demonstrated the significant
potential of iridodiagnostics as an objective
method for assessing suicidal risk in foren-
sic medical and clinical practice. Specific
structural, pigmentary and vascular mark-
ers of the iris associated with a high risk of
suicide were identified. The mathematical
model and software “IridoSuicideAnalyzer”
developed on their basis showed high diag-
nostic accuracy (sensitivity 87.3%, specificity
85.8%, AUC 0.893).

The method can be used:

1. In forensic medical examination for
retrospective assessment of the psychoemo-
tional state and suicidal risk of the deceased.

2. In clinical practice (psychiatry, psycho-
therapy) for screening and monitoring pa-
tients from risk groups.

3. In scientific research to study the bio-
logical mechanisms of suicidal behavior.

Further research should focus on multi-
center validation of the method, refinement
of markers for various subgroups of patients,
and integration of iridodiagnostics into com-
prehensive suicide prevention systems.
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Appendix 1: Conceptual interface of the software “Irid/Suicide Analyzer”

UML code layout.

flowchart TD

A[“Loading iris image”] —> B{“Image preprocessing (normalization, segmentation)”};
B —> C{“Analysis of structural markers (furrows, belt density, ring)”};

B —> D{“Analysis of pigment markers (spots, lacunae, uniformity)”};

B —> E{*Analysis of vascular markers (vascularization, aneurysms, blood flow)”};

C —> F[“Calculation of coefficient S47];

D —> G[“Calculation of coefficient T4”];

E —> H[“Calculation of coefficient V4”];

I[“Input of biochemical data (optional)”] —> J[“Calculation of coefficient R*”];

F & G & H & J —> K{“Calculation of the integral risk indicator (SB) using the formula};
K —> L[“Report generation (visualization of markers, SB value, interpretation)”];

L —> M[“Saving to database”];

M —> N[“Output of result to user”].
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Abstract

The lymphatic endothelial receptor LYVE-1 plays a crucial role in the uptake of hyaluro-
nan (HA) from the extracellular matrix and facilitates the transit of leukocytes and tumor
cells through lymphatic vessels. Furthermore, the conserved oligomeric state of LYVE-1 was
confirmed. This study was conducted using bioinformatic approaches, including structural
modeling via the SWISS-MODEL platform.
Keywords: Hyaluronic acid, LYVE-1, lymphatic endothelial cells, SWISS-model service,

bioinformatic methods

Introduction

Human lymphatic vessel endothelial hy-
aluronic acid receptor 1 (LYVE—1) has been
extensively utilized as a marker to distinguish
lymphatic endothelial cells (LECs) from blood
vascular endothelium (Patnam et. al., 2023).
As a receptor for hyaluronic acid, LYVE-1
plays a pivotal role in essential biological
processes, including lymphatic trafficking of
immune and malignant cells, as well as the
development of lymphatic vasculature. Re-
cently, there has been proposed a novel mech-
anism termed “lymphatic mimicry,” where-
in LYVE-1-expressing tumor cells acquire
LEC-like characteristics and leverage this re-
ceptor to facilitate lymphatic dissemination.

Importantly, silencing LYVE—1 expression in
tumor cells not only attenuated their lymph-
angiogenic potential but also significantly
reduced metastatic spread in vivo. Further-
more, a recent preclinical study demonstrat-
ed that selective depletion of LYVE—1-posi-
tive tumor-associated macrophages impairs
tumor-associated vasculature and delays
disease progression (Lawrance et. al., 2016).
These findings underscore the emerging rel-
evance of LYVE—1 as a potential therapeutic
and prognostic biomarker in aggressive ma-
lignancies, such as breast cancer, where lymph
node metastasis (LNM) plays a critical role in
determining treatment strategies and patient
survival (Nagahara et. al., 2022).
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Although numerous studies have exam-
ined the association between LYVE-1 ex-
pression and clinical outcomes across vari-
ous cancers, results have been inconsistent.
To date, a comprehensive and critical synthe-
sis of the literature evaluating the prognos-
tic utility of LYVE—-1 is lacking. Therefore,
there has been systematically reviewed and
appraised the current evidence to clarify the
prognostic significance of LYVE—1 expres-
sion in human malignancies and to explore
its potential integration into clinical practice
(Hu et. al., 2024).

Nevertheless, the structure of LYVE-1
remains still unknown and undiscovered.
Therefore, the purpose of the current scien-
tific work was to build and describe the struc-
ture of LYVE—1 of human with the help of the
SWISS-model.

Materials and Methods

Primary amino acid sequences for which
templates were searched and models were
built:

MARCFSLVLLLTSIWTTRLLVQGSL-
RAEELSIQVSCRIMGITLVSKKANQQLN-
FTEAKEACRLLGLSLAGKDQVETALKAS-
FETCSYGWVGDGFVVISRISPNPKC-
GKNGVGVLIWKVPVSRQFAAYCYNSS-
DTWTNSCIPEIITTKDPIFNTQTATQTTE-
FIVSDSTYSVASPYSTIPAPTTTPPAPAST-
SIPRRKKLICVTEVFMETSTMSTETEP-
FVENKAAFKNEAAGFGGVPTALL-
VLALLFFGAAAGLGFCYVKRYVKAFP-
FTNKNQQKEMIETKVVKEEKANDSN-
PNEESKKTDKNPEESKSPSKTTVRCLEAEV.

Template Search

Template search with BLAST and HH-
blits has been performed according to the
SWISS-MODEL template library (SMTL, last
update: 2025-03-19, last included PDB re-
lease: 2025-03-14) (Bienert, 2017).

The target sequence was searched with
BLAST against the primary amino acid se-
quence contained in the SMTL. A total of 21
templates were found.

An initial HHblits profile has been built
using the procedure outlined in, followed by
1 iteration of HHblits against Uniclust30.
The obtained profile has then been searched
against all profiles of the SMTL. A total of
373 templates were found.

Section 4. Medial science

Template Selection

For each identified template, the tem-
plate’s quality has been predicted from fea-
tures of the target-template alignment. The
templates with the highest quality have then
been selected for model building.

Model Building

Models are built based on the target-
template alignment using ProMod3 (Studer
et al., 2020). Coordinates which are conserved
between the target and the template are cop-
ied from the template to the model. Insertions
and deletions are remodelled using a frag-
ment library ProMod3 (Studer et al., 202q).
Side chains are then rebuilt (Waterhouse et.
al., 2018). Finally, the geometry of the result-
ing model is regularized by using a force field.

Model Quality Estimation

The global and per-residue model quality
has been assessed using the QMEAN scoring
function (Studer et al., 2020).

Ligand Modelling

Ligands present in the template structure
are transferred by homology to the model
when the following criteria are met: (a) The
ligands are annotated as biologically relevant
in the template library, (b) the ligand is in
contact with the model, (c¢) the ligand is not
clashing with the protein, (d) the residues
in contact with the ligand are conserved be-
tween the target and the template. If any of
these four criteria is not satisfied, a certain
ligand will not be included in the model. The
model summary includes information on
why and which ligand has not been included.

Oligomeric State Conservation

The quaternary structure annotation of
the template is used to model the target se-
quence in its oligomeric form. The meth-
od (Bertoni, 2017) is based on a supervised
machine learning algorithm, Support Vector
Machines (SVM), which combines interface
conservation, structural clustering, and oth-
er template features to provide a quaternary
structure quality estimate (QSQE). The QSQE
score is a number between 0 and 1, reflecting
the expected accuracy of the interchain con-
tacts for a model built based a given align-
ment and template. Higher numbers indi-
cate higher reliability. This complements the
GMQE score which estimates the accuracy of
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the tertiary structure of the resulting model. Results
accuracy of the tertiary structure of the re- The three-dimensional structure of
sulting model. LYVE-1has been built (Figure 1).

Figure 1. Three-dimensional structure of LYVE—1

Discussion Conclusion
As folding-analoges of LYVE—1 protein Accordingly to results of the fulfilled re-
there was found CD44 antigen and Tumor search, the three-dimensional structure of
necrosis factor-inducible protein TSG-6. LYVE-1 of human had been constructed. Li-

Information about three-dimensional gands and domains of LYVE—1 were detect-
structure and partial analogy can help to un-  ed. The concept of its structure may be ap-
derstand properties and spatial configura- plied for prediction of the human evolution.
tion of LYVE-1.
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Abstract

The article presents the results of a survey of road bridges and the calculation of the span
on the possibility of passing A14 and NK100 loads. It is given that the actual bearing capacity
of the beams of the superstructures is insufficient for the passage of loads A14 and NK100.
Keywords: Road Bridge, survey results, carrying capacity, durability

The main objective of inspecting operat-
ing bridges is to assess their technical condi-
tion and verify their compliance with estab-
lished requirements.

The road reinforced concrete bridge we
inspected is located at kilometer 1333+14
on the M39 highway “Tashkent — Termez”.
The bridge is a three-span structure with
a 3x16,5 m layout. The year of construction
is unknown (SaatovaN.Z., 2019).

The following was established as a result
of the inspection of the superstructure:

During the planned reconstruction, a sep-
arate bridge is to be constructed.

The superstructures of the bridge consist
of ribbed beams, which, based on their geo-
metric dimensions, correspond to standard
design inventory No. 56D.

Numerous damages were found in the su-
perstructures, which reduce their load-bear-
ing capacity and durability:

Due to prolonged use and the faulty con-
dition of the waterproofing and expansion
joints, water from the roadway has been
constantly seeping onto the superstructure
and supports. As a result, there are signs of
leaching and corrosion on the surface of the
beams and the concrete monolith between
them (Photo 1);

The ends of the outer beams in spans
No. 1 and 2 are damaged due to concrete cor-
rosion (Photo 2);

In the middle of the outer beam of span
No. 1, a critical through-crack was identi-
fied, extending into the compressed con-
crete zone. The width of this crack reaches
up to 5 mm (Photo 3). The bottom part of
the beam is almost completely destroyed.
Strengthening or replacement of this beam
is required;

All beams exhibit diagonal and vertical
cracks with widths up to 0,2 mm, while in the
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outer beams the diagonal crack widths reach
up to 0,3 mm;

The concrete of the crossbeams is corrod-
ed, and the surfaces of the structures are cov-
ered with a network of cracks (Photo 4);

Photo 1. Traces of leaching and corrosion
on the surface of the beams and the
monolithic concrete between them

Section 5. Technical sciences in general

Based on the results of measuring the
longitudinal profile of the bridge along the
roadway, it appears that the river piers have
settled by 30—40 cm due to scouring of the
foundation (Photo 5).

Photo 2. Concrete corrosion at
the ends of the outer beams

Photo 3. Through-crack in the middle
of the outer beam of the span, with
a crack width of up to 5 mm

Photo 4. Corrosion of the
crossbeam concrete and a network
of cracks on its surface

Photo 6. Damage to the lower
part of the beam rib
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Table 1. Results of Concrete Strength Testing of Superstructures and Supports

Location of the  Experimental strength Average
Name of the  Span
No. element (Beam values, MPa. strength
structure number
number) 1 2 3 4 value, MPa.
1. Intermediate 1 28 31 40 36 33.7
structures 1 2 36 36 34 39 36.25
8 28 36 36 29 32.25
2. 1 34 29 39 36 34.5
4 4 40 38 38 36 38.0
8 28 29 36 29 30.5
3. Monolithic 1 1-2 24 25 23 27 24.75
concrete 7-8 26 24 25 27 25.5
4 1-2 22 24 23 26 23.75
5-6 27 22 25 23 24.25

For the calculation of the superstructures,
the concrete strength is taken as:

— For the outer beams — 30.5 MPa;

— For the middle beams — 36.25 MPa.

Calculation of the superstructure
for the ability to withstand
loads A14 and NK100

Here are the initial data for the calcula-
tion:

Bridge layout: 3x16.5 m, span [, =17.4m,
superstructure: ribbed beams 56D, Number
of beams: 8, Actual concrete strength
R, =13.0MPa.

Self-weight of the beam g, =11.7 kN /m,

Self-weight of the beam per span width
e =q, 1 =702kN/m
Weight of the sidewalks with a width of 1
= 0.75 m and the median strip
p =25kN /m=12.5
Weight of the superstructure across the
entire width
Qpe =45 +9, =82.7kN /m
Weight of the road pavement: asphalt
concrete 6 =0.07m
— on the roadway g, =5-6-23 =17.42kN/m
— on the pedestrian part of the sidewalk
qr =0.04-6;-23=0.4kN/m
Total weight of the pavement and side-
walks
q, =4, +qr =38.9kN/m
Protective layer g, =h-6-25=76.7kN/m
Waterproofing g, =0.04-6-15 = 3.8kN/m
Cement screed g, =0.03-6-21=15.9kN/m

Total weight of the protective and leveling
layers

q,=q;+qr +q, =18.82kN/m

Load on one slab from its own weight

g, =L =10.75kN/m
n

Load from the roadway pavement and
sidewalks g, =2 =1.15kN/m
n

Load from the leveling, insulating, and
protective layers

q; = 95 _ 3 85KkN/m.
n
Coefficients

Reliability coefficient for the self-weight
of structures y, =1.1m

Reliability coefficient for the pavement
layer y, =1.5m

Reliability coefficient for the leveling, in-
sulating, and protective layers y, =1.3m

Reliability coefficient for strip load
Y, = 1.2m

Reliability coefficient for the trolley
Vi, = 1.5-0.011 =1.33m

Reliability coefficient for pedestrian load
on the sidewalk y, =1.2m

Reliability coefficient for NK100 load
Y= 1.0m

Dynamic coefficients

45—

(1 =1 =1.2
For Al4: (1+pu), =1+ o 1
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For NK100: (1+u), =1.1

Intensity of strip load A14: g, =14kN/m

PressureontheaxlefromAl4: P, =140-kN

Intensity of uniformly distributed crowd
load: P, =4-0,022kPa

Pressure on the axle of special machinery
NK100: p, = % =140kN

Transverse installation coefficients

A14 is as close as possible to the curb:
KITY, = 0,133; KIIY,,=0,176; KIIY,_ = 0,076

Area of influence line for the middle of

l
the span: w,, = 111, L =37.845m’
27 4
Area of influence line at the support:
w, = %lp =8.7m

Bending moments at the middle of the
span.

From permanent loads
M, = n +7 129 +7 £395)Wy =702.2kNm

A-14 positioned as close as possible to the
curb:

M=+ .u)A (}/qunoﬂKHyA Wyt

2
+V parPar - KILY 1 DY, =407.25kNm
1

4
NK100: M= 1+ ,u)Kyﬂ(PKKHYKzl:Yi =

=405.25kNm

Maximum bending moment from perma-
nent and temporary loads for strength calcu-
lation M, = M, +M, =1109kNm

Ultimate bending moment M,,,, =1110kNm

Verification M,,, <M, 1110~1109kNm

Results of the superstructure
calculations

The calculation was performed according
to SHNK 2.05.03-12 “Bridges and Culverts”
with consideration of the recommenda-
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tions (SHNK 2.05.03-12; KMK 3.06.07-96;
MSHN 4-2004).

The analysis of the calculation shows that
the calculated loads from external influences
exceed the ultimate bending moment values,
calculated considering the actual condition
of the superstructure beams.

Conclusions:

Prolonged Operation and Damage:
During the extended operation of the rein-
forced concrete road bridge on the 1333+14
km section, continuous wetting of the su-
perstructures occurred due to the failure of
the waterproofing layer. As a result, signs of
leaching and concrete corrosion were found
on the surface of the beams.

Failure of Expansion Joints: Due to the
failure of expansion joints over many years,
surface water constantly affected the ends
of the beams and supports. The ends of the
outer beams in spans No. 1 and 2 have been
destroyed due to concrete corrosion.

Beam Condition: The outer beam of span
No. 1, with unacceptable through-cracks in
the middle of the span, requires either re-
placement or reinforcement.

Cracking on All Beams: All beams of the
superstructure have diagonal and vertical
cracks, with the width of the diagonal cracks
reaching up to 0.3 mm.

Geodetic Survey Recommendations: It is
recommended to conduct detailed geodetic
studies to determine the potential settlement
of support No. 3.

Insufficient Load-Bearing Capacity: The
actual load-bearing capacity of the super-
structure beams is insufficient to accommo-
date the loads from A14 and NK100 (MSHN
32-2004). The load-bearing capacity can
be increased through reinforcement of the
beams using known methods.
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Abstract

This study explores the effect of incorporating Glauber’s salt, sourced from the Tumryuk
deposit and processed at the KKRASI CHEMICAL plant, into ammonium nitrate (AN) melt in
ratios ranging from AN: GS = 100:(0.25-3.0). The final compositions were characterized by
nitrogen content varying from 34.28% to 33.25%, sodium oxide (Na20) from 0.02% to 1.11%,
and total sulfur trioxide (SO3) from 0.074% to 1.73%. The resultant granules were examined
in terms of their elemental composition, strength, dissolution rate in water, and rheological
parameters of their melts.
Keywords: ammonium nitrate, Glauber’s salt, anti-caking, granule strength, melt viscosity,

solubility, composition

Introduction

Feeding the rapidly growing global pop-
ulation remains a fundamental challenge for
many countries. As of the 19" century, the
global population was about 1 billion (1830),
rising to 4.9 billion by 1986, surpassing 6.1
billion in 2000, and reaching approximate-
ly 8 billion by 2015. Projections suggest the
number will exceed 9 billion by 2050 (Dys-
on, T., 1995). Parallel to this population
growth, the amount of arable land available
per person has sharply decreased — from
0.24 hectares in the mid-20 * century to just
0.1 hectares by the century’s end. By 2050, it
may drop further to 0.08 hectares. This de-
cline in agricultural resources is driven not

only by demographic pressures but also by
ecological degradation such as soil erosion,
acidification, deforestation, desertification,
and freshwater contamination (Kurban-
ov, E., Kuziev, R., 2001).

Similar conditions are seen in Uzbekistan,
where approximately 25.7 million hectares of
land are used for agriculture, of which only
3.73 million hectares are irrigated (Newspa-
per Narodnoe Slovo. 2016). These irrigated
areas produce over 97% of the country’s agri-
cultural output. Uzbekistan ranks sixth glob-
ally in cotton production and achieved yields
of 2.61 tons per hectare in 2015, producing
3.35 million tons in total. The country also
maintains high levels of grain self-sufficien-
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cy, with 7.5 million tons harvested and an av-
erage yield of 5.5 t/ha (Practical Recommen-
dations on Agriculture. 1996). Meanwhile,
the population continues to rise-14 million
in 1975, over 31 million in 2015-while irri-
gated land per capita has shrunk from 0.22
hectares in 1970 to 0.12 hectares today (Be-
glov, B.M. 2006; Vaccari, D., 2009).

Given this context, optimizing fertilizer us-
age becomes critical for ensuring food securi-
ty. Among essential nutrients, nitrogen, phos-
phorus, and potassium are most crucial. The
availability of these nutrients was instrumen-
tal in supporting the sixfold increase in global
population during the 20" century (Gordeev,
A., Chernyakov, B., 2001). For instance, in
China between 1975 and 1984, mineral fer-
tilizer consumption rose from 6 to 19 million
tons, leading to a grain output of 365 million
tons (Mineeyv, V.G., Bychkova, L.A., 2003).

Uzbekistan’s chemical industry is primar-
ily focused on supporting agriculture. Com-
panies such as Maxam-Chirchiq, Navoiyazot,
and Farg‘onaazot manufacture nitrogen fer-
tilizers (e.g., ammonium nitrate, urea, am-
monium sulfate), while Ammofos-Maxam,
Samarkandkimyo, and the Kokand Super-
phosphate Plant produce phosphate-based
products. The Dehqonobod Potash Plant is
the main producer of potassium fertilizers.

Ammonium nitrate remains one of the
most widely used nitrogen fertilizers world-
wide. Global nitrogen fertilizer production
capacity in 2017-2018 reached 185-187
million tons (Volkova, A.V., 2019). Despite
its advantages, AN has two major drawbacks:
it is hygroscopic — leading to caking — and it
poses a risk of explosion (Gorbovskiy, K., Ka-
zakov, A., Norov, A., Malyavin, A., Mikhay-
lichenko, A., 2017; Levin, B.V., Sokolov,
A.N., 2004; Lavrov, V.V., Shvedov, K.K.,
2004). These issues can be mitigated by
adding stabilizers such as carbonates (e.g.,
limestone, dolomite), potassium salts (e.g.,
potassium chloride or sulfate), ammonium-
based compounds (e.g., ammonium sulfate,
phosphates), and inert bulking agents (e.g.,
gypsum, phosphogypsum) (Levin, B.V,
Sokolov, A.N., 2004).

Although extensive literature exists on
various AN additives, systematic studies in-
volving sodium sulfate (mirabilite or Glau-
ber’s salt) remain limited. Considering its

Section 5. Technical sciences in general

useful nutrient components — Na20 and
SOs—Glauber’s salt appears to be a promis-
ing additive for enhancing both physical and
chemical properties of AN-based fertilizers.

Objectives of the Study:

— To investigate the feasibility of produc-
ing anti-caking AN by incorporating Glaub-
er’s salt;

— To analyze the rheological properties
of AN-GS solutions depending on tempera-
ture and additive concentration;

— To assess the physicochemical proper-
ties (e.g., density, strength, solubility) of AN
granules modified with Glauber’s salt.

Methodology

Glauber’s salt, mined at the Tumryuk site,
was crushed to a particle size of less than
0.25 mm and dried before use. Commercial
ammonium nitrate granules (34.5% N), pro-
duced by Maxam-Chirchiq JSC, served as the
base material.

The synthesis process involved dissolving
GS into molten AN at 170 °C with continuous
stirring. Additive ratios ranged from 0.25% to
3.0%. Following a 1-3 hour reaction period,
the modified melt was granulated and sub-
jected to analysis. Parameters measured in-
cluded chemical composition (total N, Na20,
SO3), granule density, mechanical strength,
water solubility, and viscosity across a 40—
120 °C temperature range.

The experimental data are presented in
Table 1 and Figures 1 and 2.

Results and Discussion

Table 1 shows that in the resulting
non-caking AN, as the AN: GS mass ratio
varied from 100: 0.25 to 100: 3.0, the ni-
trogen content decreased from 34.28% to
33.25%, while the Na20 and total SO3 con-
tents increased from 0.02% to 1.11% and
from 0.074% to 1.73%, respectively.

As seen in Fig. 1, the addition of Glauber’s
Salt (GS) to molten ammonium nitrate (AN)
in amounts ranging from 0.25 to 3.0 g per
100 g of AN increases the granule strength
from 3.84 to 7.18 MPa, compared to the
strength of standard AN granules with 0.28%
magnesite additive, which is 1.60 MPa. The
increase in granule strength indicates a re-
duction in porosity and internal specific
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surface area, which in turn leads to decreased
penetration of diesel fuel into the granules
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and consequently lowers the detonation sen-
sitivity of the nitrate.

Table 1. Chemical Composition of Non-Caking AN Granules Obtained by
Interaction of Molten Ammonium Nitrate with Powdered Glauber’s Salt

No Mass ratio of Component content, wt % SO,
- AN: GS Ntotal Nazo S03total SO3water Sostotal’%
1 100: 0.25 34.28 0.02 0.074 0.070 96.48
2 100: 0.50 34.16 0.42 0.194 0.174 89.69
3 100: 0.75 34.11 0.57 0.243 0.2.13 87.80
4 100: 1.0 34.03 0.71 0.412 0.356 85.89
5 100: 1.5 33.74 0.81 0.707 0.592 84.05
6 100: 2.0 33.48 0.98 1.211 0.995 82.12
7 100: 2.5 33.34 1.02 1.613 1.293 80.16
8 100: 3.0 33.25 1.11 1.730 1.351 78.09

Figure 1. Strength of non-caking AN granules containing GS
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The data in Fig. 2 show that the presence
of GS in the composition of the nitrate affects
the granule dissolution rate. The complete
dissolution time of industrial AN granules in
water averages 46.8 seconds, whereas the in-
troduction of powdered GS in amounts from
0.25 to 3.0 g increases the dissolution time
to between 82.29 and 113.15 seconds. This
means that AN granules containing GS dis-
solve more slowly than conventional magne-
sian AN. Consequently, the presence of GS in
the nitrate promotes a more gradual release
of nitrogen from the granule.

We also determined the rheological prop-
erties of the melts of the obtained fertilizers.

64

Density was measured using a pycnometric
method, and viscosity was measured using
a VPZh-2 viscometer. The experiments were
conducted as follows: the nitrate samples
with GS additives were melted, thorough-
ly mixed, cooled to room temperature, and
ground into powder. The resulting powders
were placed into the pycnometer and viscom-
eter, which were then placed in a thermostat
filled with glycerin. The temperature in the
thermostat was raised to the desired level.
The powders in the pycnometer and viscom-
eter melted under these conditions. If the
level of melt in the pycnometer did not reach
the marked line, additional powder was add-
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ed; if the level exceeded the mark, the excess
was removed using a cotton swab attached to
a wire. The temperature was controlled using
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a contact thermometer. The melt was held at
the set temperature for 5-7 minutes, after
which the measurements were taken.

Figure 2. Dissolution rate of non-caking AN granules containing GS
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The results are presented in Table 2. As
seen from Table 2, increasing the proportion
of Tumryuk Glauber’s Salt (GS) from 0.25 to
3.0 results in an increase in the melt density at
165 °C from 1.372 to 1.540 g/cm3 and viscosi-
ty from 9.71 to 12.31 cP. As the melt tempera-
ture increases, both the density and viscosity
decrease. It should be noted that pure ammo-
nium nitrate (AN) does not melt at 165 °C and,

naturally, does not flow. However, the addition
of GS lowers the melting temperature of AN.
The mixture of AN with GS, at mass ratios of
AN: GS from 100: 0.25 to 100: 3.0, starts to
melt at 165 °C, and although the melt has high
viscosity, it flows easily. The liquid state of the
melts of the three-component fertilizers with
GS additives in ammonium nitrate makes it
possible to granulate them in a granulator.

Table 2. Rheological Properties of Non-Caking AN Containing GS

. Density (g/cm3), Viscosity (cP), at
Mass Ratio

of AN: GS at Temperature (°C) Temperature (°C)
165 170 175 180 165 170 175 180
100: 0.25 1.372  1.363 1.355 1.337 9.71 9.88 9.44 9.13
100: 0.50 1.388 1.371 1.362 1.343 10.28 10.11 9.62 9.20
100: 0.75 1.405 1.394 1386 1.357 10.74 10.38 9.71 9.29
100: 1.0 1.431 1.422 1413 1393 11.28 10.75 1043 10.18
100: 1.5 1.450 1.438 1430 1.409 11.61 11.34 10.87 10.72
100: 2.0 1.472 1461 1451 1.440 11.84 1147 11.01 10.87
100: 2.5 1.515 1.492 1.482 1.475 12.16 11.77 11.24 11.02
100: 3.0 1.540 1.528 1.516 1.505 1231 11.86 11.33 11.17

Conclusion caking, adjusts rheological behavior, and

Glauber’s salt is a cost-effective and ag-
riculturally beneficial additive for modifying
ammonium nitrate. Its inclusion mitigates
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improves granule performance — offering
potential for scalable fertilizer production in
arid and semi-arid regions like Uzbekistan.
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