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Abstract: This work is dedicated to adsorption study of Cd (Il) ions by 1-[1-Methyl-2-
(methylamino) ethyl] thiourea modified synthetic rubber. The impact of pH, contact time, initial
metal ion concentration were among the several parameters influencing the adsorption process
that was studied throughout the research. The highest adsorption capacity was achieved with
593.47 mg/g at pH=3 after modification with new thiourea derivative. Five adsorption isotherm
models were examined to explain the adsorption process, and it was found that results are in
agreement with the Redlich—Peterson Isotherm. The Temkin model was examined and found
that there is chemical adsorption occurs in the adsorbent-adsorbate system. Desorption study
are also included in this paper to study regeneration property of the adsorbent. So, 0.5 mol/l
HsPO, has demonstrated the maximum desorption capability over Cd (Il) ions.

Keywords: adsorption, Cd (11), modification, isotherm, modification, thiourea.

INTRODUCTION

Water is a vital natural resource required for the existence of all living species and
the proper functioning of ecosystems [1,2]. However, growing urbanization, expansion
of industry, and agricultural intensification have caused extensive pollution of water
bodies across the world. Heavy metals are particularly concerning among contaminants
due to their non-biodegradability and severe toxicity at extremely low doses [3].
Cadmium is a major representative of this group element since it is both non-essential
and hazardous [4].

The high toxicity and bioaccumulation potential of cadmium make it one of the
most hazardous heavy metals [5]. Despite being extremely rare (0.1-0.5 ppm) in the
Earth's crust, cadmium is frequently released into the environment by human activities
such the smelting of copper, lead, and zinc [6]. Additionally, it is commonly used in
industrial processes including electroplating, the manufacturing of pigments and
plastics, PVC stabilizers, phosphate fertilizers, nickel-cadmium batteries, and other
alloys [7]. The main sources of cadmium contamination in surface and groundwater are

—_—
4

WWW.ajCnews.org


mailto:movsumovisrafil@gmail.com

ASOIU

Azerbajjan State Oil and Industry

wastewater discharges from these businesses and improper disposal of objects
containing cadmium [8]. Because of its high environmental persistence and ability to
pass through food chains, cadmium can have long-term ecological and biological
consequences [9].

Cadmium has no recognized physiological use in the human body, in contrast to
several other metals that are useful as trace elements. Rather, even at very low
quantities, it is very hazardous [8]. Inhaling industrial pollutants, consuming tainted
food, or drinking water can all expose one to cadmium [10]. The buildup of this
substance in the body mostly impacts the kidneys [11], liver [12] and bones [13],
resulting in skeletal deterioration [14], hepatotoxicity [15], and nephrotoxicity [16].
Prolonged exposure is linked to reproductive damage [17], cardiovascular disorders
[18], pulmonary dysfunction [19], and an elevated risk of cancer [20]. Clinical
symptoms include bone softening [21], joint pain [22], respiratory distress [23], anemia
[24], hypertension [25], and gastrointestinal disorders [26]. Owing to its high toxicity,
the World Health Organization (WHO) has set the maximum permissible limit of
cadmium in drinking water at only 0.003 mg/L, reflecting its potential threat to human
health even at trace levels [27].

Given its persistence, toxicity, and widespread occurrence, cadmium removal
from aqueous environments has become an urgent research priority in ecological and
analytical chemistry [28]. Traditional treatment methods, such as chemical precipitation,
ion exchange, membrane filtration, and electrochemical techniques have a number of
disadvantages, including high operational costs, incomplete removal at low
concentrations, and secondary waste generation [29]. In comparison, adsorption has
emerged as one of the most efficient, cost-effective, and versatile methods for cadmium
remediation. This technique offers simplicity, high efficiency at trace levels, reusability
of adsorbents, and adaptability to large-scale applications[30].

Recent advances in materials science have focused on the development of novel
adsorbents with enhanced affinity and selectivity for cadmium ions [31]. Among them,
functionalized polymers and polymer-based composites have gained increasing
attention due to their stability, tunable chemical properties, and potential for
modification with active functional groups [32,33].

The present study aims to investigate the adsorption behavior of Cd (Il) ions from
aqueous solutions using a specially designed resin-based sorbent and it was modified
with a thiourea derivative to improve its sorption capacity. The research focuses on
evaluating the effects of pH, contact time, ionic strength, and initial metal ion
concentration. In addition, desorption studies were performed to identify suitable
regenerating agents. All studies was done in both static and dynamic conditions. To gain
a better understanding of the sorption process, theoretical calculations were also done.

EXPERIMENTAL PART

Devices

The optical densities of the solutions were measured with a BK-UV 1600 Biobase
spectrophotometer. The pH values of the solutions were measured using PHS-3DW
digital pH meter. Distilled water was obtained through Biobase (WD-A10) water
distiller device. The dynamic experiments were leaded by using SK-0O180-Pro Digital
Orbital Shaker.

—_—
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Preparation of solutions

The stock solution of cadmium (102 M) was prepared by dissolving appropriate
amount of Cd(NOs3)> x 4 HxO in 100 ml of distilled water. The equilibrium
concentrations of Cd (Il) ions in the solution were determined with the help of the
xylenol orange (R).

Buffer solutions with pH values ranging from 3 to 8 were prepared by mixing
appropriate proportions of 0.1 M acetic acid (CHs:COOH) and ammonium hydroxide
(NHsxH20) and for pH 2, a hydrochloric acid (HCI) solution was employed as the
acidic medium.

All the reagents that used were analytical grade pure.

Synthesis and identification of sorbent

For the experiment, we have used already synthesized rubber and for
modification the novel thiourea derivative, the synthesis carried out according to the
literature [34].

Synthesis of 1-[1-Methyl-2-(methylamino)ethyl]thiourea

The synthesis of N-substituted thiourea derivative was performed according to the
literature [34,35].

For the reaction 1-(methylamino) propan-2-ol and thiourea were taken in the same
mol ratio with 0.1 mol. So, a three-necked flask is filled with 10.3 g of 1-
(methylamino)propan-2-ol and 7.6 g of thiourea then 10 ml of trifluoroacetic acid is
added while stirring quickly, then the liquid is heated to 40-50° C for completely
dissolve the thiourea. The stirring is ceased after four to five hours. Distillation is used
to eliminate the trifluoroacetic acid. A water pump is used to remove the organic
material from the solution. Precipitation in methyl alcohol yields 72% of 1-[1-methyl-2-
(methylamino)ethyl]-thiourea.

Table 1
Summary of analysis results

Brutto Element

Structure .
formula Analsis

Name Spectral analysis

'H NMR (300 MHz,
CDCls, 8, ppm): 9.53
(s, 2H, NHy), 7.31 (s,
IH, NH), 2.47 (d, 3H,
CH3), 2.0 (M, *H, NH),
2.64-2.89 (t, 2H, CH,),
3.03 (d, *H, CH), 1.13

NMR

1-[1-Methyl-2-
(methylamino)ethy
] thiourea

/CH3

=

HN_ _NH,

CsH13NsS

C 40.82%,
H 8.84%,

N 28.57%,
S 21.77%.

(s, 3H, CH3). 13C NMR
(75 MHz, CDCls, 9,
ppm): 18.6, 53.3, 57.6,
36.2, 184.7.

v(NH_) = 665, 711, 742,
847, 878 smL, v(R.NH)
= 1562 sm™, v (CH,) =
2925, 2855, 1462 sm?,
v(C=S) = 1129, 1168,
1243, 1313, 1365, 1377
sm, v (CHs) = 1462,
1377 sm™.
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As it is seen from the table 1, all desired functional groups are found in new
thiourea derivative.We could predict from this data that the metal will be strongly
bounded with this functional groups based on previous theoretical and experimental
analysis.

Sorption experiments

Batch sorption experiments for Cd (Il) were carried out at ambient temperature
(25 °C). In each run, 2 mL 5 x 10° mol-L? concentration of cadmium solution was
transferred into 100 mL glass reagent bottle with screw cap. Subsequently, 30 mg of the
sorbent was added and the pH of the suspension was adjusted to the desired value. The
mixtures were left for 24 h to attain equilibrium, then the solid phase was separated
from the aqueous phase by using filter paper. Dynamic sorption experiments were led
by same order by using automatic orbital shaker.

The equilibrium concentration of metal ions in the solution was determined by
known spectrophotometric method using Xxylenol orange as organic reagent (pH 6;
A=575 nm) [36].

The degree of sorption and removal percentage of metal ions are calculated by the
following formulas:

Co-Ce
Ce

Ry, =-22¢100 (1)

(G-CV
()

Here, Co is the initial concentration of the metal ion (mol-'L?), C. is the
equilibrium concentration of the metal ion (mol-L), V is the volume of the solution
(L), and m is the mass of the sorbent (mg).

Regeneration studies

The preparation process of the synthetic adsorbents generally involves multi-step
procedures that are both time and energy-intensive [37]. Except from that this process
often requiring expensive and scarcely available reagents. For this reason, in the
research of novel sorbents investigation of regeneration potential of them has great
importance. In the literature, there are approaches exist for adsorbent regeneration,
including biological techniques employing microorganisms, thermal methods via
oxidative treatment, and chemical regeneration in which the retained adsorbate is
released by treatment with suitable solvents [38]. In the present work, we used chemical
regeneration method by investigating the influence of different acids.

Desorption experiments were performed using 0.5 mol-L™' aqueous solutions of
HNOs, HCI, H2SOs, H3POs and CHsCOOH. The first step of experiment is the
preparation of sorbents. For this 30 mg of the sorbent was weighted and added to each
5 experiment bottles then 2 ml 102 M metal solution then 18 mL of a pH 3 buffer
solution was added onto them. The suspensions were maintained for 24 h to reach
equilibrium then the solid phase was separated from the liquid by filtration.

In the next step, for the controlling desorption potential of each acids, 20 mL of
0.5 mol-L™' solutions of acids were added onto dry sorbent samples and kept for 24
hours. After it, each sample measured and desorption capacity calculated.

—_—
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RESULTS AND DISCUSSION

Effect of pH on the sorption of Cd (11)

The pH of the solution is one of the most critical factors affecting the sorption of
Cd (I1) ions, since it controls both the ionization state of functional groups on the
sorbent surface and the stability of cadmium in aqueous systems. At low pH values (pH
< 4), the high concentration of H* ions compete strongly with Cd*" for the active
sorption sites, resulting in reduced uptake. In the range of pH 4-8, Cd?" remains the
predominant soluble species and electrostatic repulsion is minimized, thereby favoring
sorption. However, at higher pH values (pH > 8), cadmium undergoes hydrolysis,
leading to the formation of Cd(OH)*, Cd(OH)2", and Cd(OH)s’, Cd(OH)4,Cds(OH)4
which can precipitate from solution [39]. To avoid precipitation effects and ensure that
the removal process is attributable solely to surface sorption, the initial solution pH was
adjusted between 2.0 and 8.0.

The experiment was carried out by weighing and collecting 30 mg of sorbent in
different reagent bottles, adding 2 ml of 102 M metal ion solution and 18 ml of the
proper pH, and then letting it remain for 24 hours.

The effect of the pH of the solution on the sorption of cadmium in static and
dynamic condition is shown in the figure below (fig 1). As a result of the measurement,
it was found that the capture of Cd (Il) ions with the highest percentage from the
solution was at pH 3 in all three conditions but with different sorption capacity.
Therefore, this value of pH was used in all subsequent experiments.

Effect of time on the sorption of metal ions

To investigate the time-dependent nature of sorption, 30 mg of sorbent was mixed
with 2 ml of 102 M metal solution, followed by 18 ml of pH 3. The rate of metal ion
sorption in the solution was then monitored for 30 to 270 minutes. It was found that the
sorption has already became stable and attained the equilibrium condition after 60
minutes, as shown in figure 2.

One may say that the metal ion was no longer drawn out of the solution after this
point. When 1-[1-Methyl-2-(methylamino)ethyl] thiourea was absorbed into the
sorbent, the same thing happened but with higher sorption capacity. In other words, the
sorption hit the plateau after 60 minutes in both static/dynamic condition for pure
sorbent and after modification. The picture below provides a graphical depiction of the
experiment's result (fig.2).

—— Sratic namic —@— Modification

Fig.1. Effect of pH on the sorption of cadmium

—_—
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Effect of initial concentration of Cd (11) ions on adsorption capacity.

The impact of concentration on the degree of adsorption by the synthesized
sorbent was investigated throughout the experiment. Cd (I1) ion concentrations ranging
from 2 x10* mol/L to 8 x10° mol/L were employed for this purpose. This was
accomplished by weighing 30 mg of sorbent and adding the proper amount of metal ion
solution and pH 3.0. The experiment's outcome is showen in figure 3 below.

Desorption process.

The study of the opposing process, desorption, is also included in the present
work. Having the eluents needed to desorb the metal ion is a crucial task. So, by
employing several inorganic acids of the same concentration as 0.5 mol/L solutions of
HNO3, HCI, H2SO4, CH3COOH and HsPO4 to carry out this procedure. According to
the study's findings, 0.5 mol/L H3POs solution has the highest desorption capability for
Cd (1) ions.

—e— static
—e— Dynamic
—&— Modification

Sorbtion capacity (mg/g)

L

Fig.2. Effect of time to sorption process

Concentration

Fig.3. Effect of initial concentration on adsorption capacity

Adsorption isotherm

In these types of studies, it is necessary to have a deeper comprehension of the
adsorption process. For that aim, utilizing the appropriate adsorption equilibrium
reaches our help. Adsorption equilibrium describes the nature of the interaction between

—_—
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the adsorbent and the adsorbate. The Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin, Redlich—Peterson isotherms were used to examine the equilibrium data in this
study.

Langmuir Isotherm

The Langmuir isotherm is one of the most widely applied models for describing
adsorption equilibrium. It is based on the fundamental assumption that the surface of the
adsorbent is homogeneous, meaning all adsorption sites are energetically equivalent.
According to this model, adsorption takes place at specific sites on the surface in a
monolayer fashion, with no lateral interactions between adjacent adsorbed molecules.
Furthermore, the probability of adsorption at a given site is independent of the
occupancy of neighboring sites [40].

The mathematical representation of the Langmuir isotherm is given as:

—9mKCe
Q=7 — ~
1+ K;Ce

where Ce (mmol/L) is the equilibrium concentration of the adsorbate in the
solution, ge (mmol/g) is the equilibrium adsorption capacity, gm represents the maximum
adsorption capacity corresponding to complete monolayer coverage, and K is the
Langmuir constant related to the affinity of the binding sites (L/mmol).

Experimentally, the model can be linearized by plotting 1/ geagainst 1/ Ce. From
the slope and intercept of the resulting straight line, the values of qm and K. can be
determined, respectively.

An additional parameter used to characterize the Langmuir isotherm is the
dimensionless equilibrium factor, R expressed as:

1

R =
L 1+ bCy

where b is the Langmuir constant (L/mmol) and Co is the initial concentration of
the adsorbate (mmol/L). The value of R. provides insight into the favorability of the
adsorption process. Specifically, 0 < R_ < 1 indicates favorable adsorption, while values
outside this range signify unfavorable, linear, or irreversible adsorption.

Calculations show the correlation coefficients (R2) are 0.0282, 0.6619 and 0.4996,
respectively for static, dynamic and modification cases. The results indicate that the
separation factor (RL) ranges from 0 to 1 is favorable but in our case the values are
minus for all cases. So, it shows that this model doesn’t fit (fig. 4).

Freundlich Isotherm

The Freundlich isotherm is an empirical model that describes adsorption on
heterogeneous surfaces with non-uniform distribution of adsorption heat and affinities.
Unlike the Langmuir model, which assumes surface homogeneity, the Freundlich model
accounts for the presence of multiple adsorption sites of varying energies [41].

The isotherm is expressed by the logarithmic form:

1
Inge = INKg+ - In Ce

where ge (mmol/g) represents the adsorption capacity at equilibrium, Ce
(mmol/L) is the equilibrium adsorbate concentration, Kr is the Freundlich adsorption

—_—
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constant indicative of adsorption capacity, and 1/n is the heterogeneity factor that
reflects the adsorption intensity.

0.03 @

y = -0.0004x + 0.0129
2204996

y =-3E-05x + 0.0032
z=00282

—&8— Static —®— Dynamic —®— Modification

Fig. 4. Langmuir isotherm model

The parameter n provides important insight into the favorability of adsorption.
Values of 1 < n < 10 generally indicate favorable adsorption conditions. A higher n
value (corresponding to a smaller 1/n) suggests stronger binding interactions between
the adsorbent and adsorbate, while 1/n =1 corresponds to linear adsorption, which
implies uniform adsorption energies across the surface. Linear adsorption is typically
associated with low solute concentrations and minimal adsorbent coverage. In our the
values of 1/n is -1.545, 5.782, 2.790 for static, dynamic and modification cases,
respectively (fig.5).

y = 27906x + 1.961
R® = 0.7946

Inge

y = 1545 + 10853
R'= 00465 ¥ .

—&®— Static —®— Dynamic —®— Modification

Fig. 5.Freundlich isotherm model

Dubinin—-Radushkevich (D-R) Isotherm

The Dubinin—Radushkevich (D-R) isotherm model is frequently employed to
evaluate adsorption properties such as porosity, sorption energy, and the mechanism of
interaction. Unlike the Langmuir model, it does not assume a uniform surface or

11
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constant adsorption potential, making it more suitable for describing adsorption on
heterogeneous surfaces [42]. The general form of the DR isotherm is expressed as:

2
Ine=Ings-kpre

where ge (mmol/g) is the equilibrium adsorption capacity, gs represents the
theoretical maximum adsorption capacity (mmol/g), kor is the D—R constant related to
adsorption energy, and ¢ is the Polanyi potential.

The Polanyi potential is defined as:

&=RT In (1+)

where R is the universal gas constant (kJ-mol™-K™), T is the absolute temperature
(K), and C., is the equilibrium concentration of the adsorbate (mmol/L).

A significant feature of the D—R isotherm is its ability to distinguish between
physical and chemical adsorption processes. The mean free energy of adsorption (E) can
be calculated from the constant kp-r obtained from the slope of the plot, according to:

o1
V2kpgr

where E (kJ/mol) indicates the type of sorption mechanism. Typically, values of E
< 8 kJ/mol suggest physical adsorption driven by weak Van der Waals forces, whereas
values of E > 8 kJ/mol are indicative of chemisorption involving charge transfer or
chemical bonding.

The obtained R2 values are 0.8275, 0.8634,0.917 and the calculated adsorption
energy (E) is 1 and 5 kJ/mol for static and dynamic studies. According to the
established criteria, an E value in the range of 8-16 kJ/mol suggests chemisorption,
whereas values below 8 kJ/mol are indicative of physisorption. Therefore, in both cases,
the E value being less than 8 kJ/mol suggests that the adsorption process is
predominantly physical in nature (fig.6).

10000000 20000000 30000000 40000000 S0000000 &O0O0D0O000 TFOOOOOOO &0O00D00O
—&8— Static —®— Dynamic —®— Modification

Fig. 6. Dubinin-Radushkevich (D-R) isotherm

Temkin Isotherm
The Temkin isotherm model considers the effects of indirect adsorbate—adsorbate
interactions on the adsorption process. Unlike the Langmuir model, which assumes
= — — — _—— ——
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constant adsorption energy, the Temkin model proposes that the heat of adsorption
decreases linearly with increasing surface coverage due to these interactions [43]. This
assumption provides a more realistic description of adsorption behavior, particularly at
intermediate concentrations.

The Temkin equation is expressed in both its general (1) and linearized forms (I1):

6=, In (K1Co) (1)
qe:’;—ﬁn(KT)#;—TTln(Ce) (I

where e (mmol/g) is the adsorption capacity at equilibrium, Ce (mmol/L) is the
equilibrium adsorbate concentration, Kr (L/g) is the Temkin isotherm constant, R
(8.314 J-mol '-K™) is the universal gas constant, T (K) is the absolute temperature, and
bt (J/mol) is a constant related to the heat of adsorption.

¥ =73955x + 2070.6
R* = 0.9159

&
y = -330.9¢ - 509.28
R® = 0.9387

InCe

—&— Static —®— Dynamic —®— Modification

Fig.7. Temkin isotherm model

As shown in figure 7, static condition Bt value is 759.55 kJ/mol ; following in the
dynamic case , this value rises to 1035.8 kJ/mol. Since Bt values below 8 kJ/mol are
generally linked to physisorption, this suggests that the adsorption process is primarily
physical before functionalization. In both cases, Bt value marginally surpasses 8 kJ/mol
that indicating chemisorption. In terms of the Kt value, it changes from 15.27 to 3.757
in static and dynamic absorption conditions and 6.305 after modification.From this
values we can say that in the static condition adsorbant surface has highest affinity.

Redlich—Peterson Isotherm

The Redlich—Peterson (R—P) isotherm is a hybrid model that incorporates features
of both the Langmuir and Freundlich isotherms. It is widely applied because of its
ability to describe adsorption over a broad concentration range, including both
homogeneous and heterogeneous surface conditions [44]. Unlike strictly empirical
models, the R-P isotherm provides a semi-empirical framework that bridges the
assumptions of ideal monolayer adsorption and multilayer adsorption on heterogeneous
sites.

—_—
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The non-linear form of the R—P equation is expressed as:

where ge (mmol/g) is the adsorption capacity at equilibrium, Ce (mmol/L) is the

equilibrium concentration of the adsorbate, Kr (L/g) is the R—P constant related to
adsorption capacity, ar (L/mmol) is a constant, and B is an exponent with a value
between 0 and 1.

The parameter B plays a crucial role in determining the model’s behavior. When
B = 1, the R—P equation reduces to the Langmuir form, suggesting adsorption on a
homogeneous surface. Conversely, when < 1, the equation resembles the Freundlich
model, indicating adsorption on heterogeneous surfaces.

Due to this flexibility, the R—P isotherm is particularly valuable for systems
where neither the Langmuir nor the Freundlich models alone adequately describe
adsorption, thus making it a powerful tool for interpreting experimental sorption data.

y = 2.545¢ - 10855

In(Ce/qe)

InCe

—&— Static —®— Dynamic —®— Modification

Fig.8. Redlich—Peterson Isotherm

These results show that (fig.8) the three systems differ from one another. Stronger
interactions under altered conditions were observed by the modified cases with larger
a/K ratio and greater slope g = 2.545. On the other hand, both the dynamic and static
systems showed negative values of g, which are beyond the range of 0 < g < 1 that
theoretically acceptable.

CONCLUSION

To sum up, our research yielded encouraging and significant findings that
demonstrate the effectiveness of this innovative functionalized sorbent in removing
cadmium from water. Adsorption capacity rises by around 20% after sorbent’s
modification with novel thiourea derivative in static coundition and almost same results
were observed in dynamic condition. Several isoterm models were used to study
adsorption process and the Redlich—Peterson Isotherm model was determined to
provide the greatest match. From the Temkin isoterm, it was calculated that there is
chemisorption.
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Abstract: This research on the synthesis of composite materials based on heavy oil residues
possesses scientific novelty in several aspects. In the contemporary stage of industrial
development, the increasing waste load of the oil refining industry, along with the growing
demand for high-performance and durable materials, necessitates new approaches for scientific
and technological advancement. For the first time, polymer composites have been developed
based on petroleum porphyrins isolated from asphaltene—resin—paraffin residues. A new
synthesis method for polymer composite materials based on petroleum porphyrins isolated from
the asphaltene—resin—paraffin residues of the Buzovna field has been proposed. This approach
contributes to solving the environmental problem associated with the utilization of heavy oil
residues. The observed spectroscopic changes can be explained by the fact that the
immobilization of the porphyrin occurs through the formation of ionic bonds between the
functional groups of the porphyrin and the positively charged nitrogen atoms of chitosan,
resulting in the formation of an insoluble polyelectrolyte complex. Thus, the results indicate that
only chitosan effectively binds to the porphyrin, whereas methylcellulose remains inert.

Keywords: composite material, oil residues, chitosan, methylcellulose, biocompatible polymer.

INTRODUCTION

The effectiveness of drugs can be enhanced through their immobilization in
polymer carriers. The use of polymers enables the imparting of important properties to
already known drugs, such as increased stability, controlled solubility, and reduced
toxicity. In the future, applied studies on the physiological activity of polymers should
lead to the development and introduction into practical medicine of a new generation of
pharmaceuticals characterized by prolonged action, controlled pharmacokinetics, and
targeted delivery to specific organs.

An important application area of porphyrins and their analogues is medicine.
Based on their preferential accumulation in tumor cells and their photoluminescent
ability to generate cytotoxic oxygen, research on porphyrins as sensitizers for the
photodynamic therapy of oncological diseases is developing intensively.

However, despite their many positive qualities, porphyrins exhibit only short-term
therapeutic effects, which necessitates frequent administration. To achieve prolonged
drug action, viscosity regulators are employed, and the use of a new polymer form in
the shape of a film, based on biologically active substances containing pharmaceuticals
derived from petrochemical synthesis, has been proposed.

In ophthalmology, the most commonly used dosage forms are eye drops
(solutions, suspensions), ointments and gels, as well as ocular films. The search for new
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drug forms that allow reduced administration without diminishing therapeutic efficacy
is of great scientific and practical interest. The use of long-acting drug formulations
decreases the likelihood of overdose and mitigates the adverse effects of frequent
instillations, while also relieving patients and medical staff from repeated
manipulations. In this regard, the development and application of ocular drug films
would represent a rational solution to the problem of achieving prolonged therapeutic
effects and ensuring the targeted delivery of effective antibiotics to ocular tissues.

The use of drugs in the form of ocular films reduces both ocular toxicity and
systemic side effects, since the drug is gradually released from the films and delivered
to the conjunctiva and cornea in a prolonged and uniform manner, while minimizing the
amount lost through lacrimal drainage into the nasal cavity. The valuable properties of
ocular drug films also include their stability, allowing storage for up to two years, high
sterility, reduced risk of infection, ease of placement on the conjunctival membrane, and
lower drug consumption due to less frequent administration compared to eye drops.
Furthermore, immobilization of drugs within films eliminates disadvantages such as the
unpleasant taste of bitter or nauseating medicines, ensures their targeted delivery to the
desired area of the body, and provides the basis for the development of various
diagnostic products. A wide range of synthetic and natural polymers is widely used as
materials for the production of such films.

Porphyrins are included in the composition of many drugs; however, as is well
known, all drugs have a limited duration of action after which they are eliminated from
the body. Moreover, the smaller the molecular weight of the drug, the faster it is
excreted. For prolonged pharmacological effects, it has been proposed to graft
physiologically active compounds with hydrolyzable ester bonds, salts, and other
functional groups onto carrier polymers.

One of the rapidly developing areas in recent years is the fixation of active
metalloporphyrins into polymer matrices. A review of the literature shows that the mode
of attachment of porphyrins to polymer matrices is diverse. In several studies, the
immobilization of porphyrins and their complexes was achieved through coordination
bonds. The interaction of porphyrins with polymers occurs via the formation of
secondary amines, esters, and other functional groups as a result of the interaction
between the functional groups of polymers and porphyrins. In these works, the
immobilization of porphyrins and metal complexes was confirmed using electronic and
IR spectroscopy, elemental analysis for nitrogen, as well as spectrophotometric methods
to determine the mass fractions of metals in polymer metalloporphyrins.

The analysis of the literature indicates that polymer-bound porphyrins are
significant in terms of their therapeutic effects. Nevertheless, research on the synthesis
of porphyrins and their metal derivatives remains limited. Therefore, the development
of new methods for immobilizing porphyrins and their metal derivatives in polymer
matrices, along with expanding their application fields, is undoubtedly of great interest.

Furthermore, the potential modification of metalloporphyrins derived from heavy
petroleum residues may stimulate the advancement of more efficient and cost-effective
technologies for the production of effective pharmaceuticals.

EXPERIMENTAL PART

The research object was the ASPO collected from the Buzovna field of “Tagiyev
Operating Company” Intertek Azeri LTD. The content of asphaltenes, resins, and
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paraffins in the field samples was determined according to GOST 11851-85 “Oil.
Method for the determination of paraffin.”

X-ray fluorescence analysis of solid deposits was carried out using an X-ray
fluorescence spectrometer to determine the presence and quantitative composition of
metals in ASPO. Sample measurements were conducted in the range of 0.0-16.0 keV.

IR spectroscopy analysis was performed at 20 °C using a NICOLET 5700 FT-IR
Fourier transform infrared spectrometer in the range of 400-4000 cm™. Paraffin,
asphaltene, resin, and composite samples were pressed into KBr pellets. The baseline
correction was conducted using the OPUS software.

UV spectrometry analysis of free porphyrins, collected in 10 ml fractions at the
outlet of the cylinder, was performed on an Evolution 300 UV/VIS spectrophotometer
(USA) using quartz cuvettes with a thickness of 10 mm at 700 nm. The spectral type of
porphyrins was determined by the ratio of the intensities of the I, II, IlI, and IV
absorption bands.

The UV spectra of aqueous solutions of drugs were also recorded on an Evolution
300 UV/VIS spectrophotometer (USA) using 10 mm quartz cuvettes. The drug
concentrations were determined using calibration curves based on the absorption
maxima characteristic of each drug.

For the preparation of a chitosan/methylcellulose composite material based on
petroleum porphyrins, chitosan and methylcellulose were used as raw materials, and the
process was carried out using the methods described below.

Chitosan (Chitosan, Practical Grade from Crab Shells) with a molecular mass of
3.5-250 kDa and a degree of deacetylation of 70 (fig.1.) was produced by Sigma (USA)
and used without additional purification.

CH.0

H

Fig. 1. The chemical structure of chitosan
Methylcellulose (MC) (fig.2.) was produced by Sigma (USA) and used without
additional purification.

O—CHj HsC
HaC_ 0
._\O e) e O"-—
HO O o
o)
/
HsC OH

Fig. 2. Chemical structure of methylcellulose

Polyvinyl alcohol (PVA) with a molecular weight of 90 kDa, produced by Sigma
(USA), was used without additional purification. It has a degree of hydrolysis of 86.7—
88.7 mol% and a residual acetate group content of 10.0-11.6%. PVA dissolves in water
when heated up to 60 °C.

A 2% chitosan solution was prepared in 0.1 M acetic acid in a beaker, which was
then placed on a magnetic stirrer until the chitosan was completely dissolved.
—_—
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Separately, a 1% methylcellulose solution was prepared by dissolving it in distilled
water. The polymer ratio was set at 75:25. The calculated amount of porphyrin (150
mg/g) was added to the filtered polymer solution under stirring. The resulting polymer
solution was poured into Petri dishes and dried at room temperature for 2—3 days. The
dried biopolymer samples were carefully removed from the Petri dishes and placed in a
5% NaOH solution to neutralize residual acetic acid, followed by washing with ethanol
to remove excess alkali. The modified samples were then rinsed with distilled water and
dried in air.

Method for the preparation of polymer composites containing Mitomycin-C:

Upon heating, a 1.5% chitosan solution was prepared by dissolving chitosan in 0.1
M hydrochloric acid. The solution was placed on a magnetic stirrer until the chitosan
was completely dissolved. Separately, an 8% PVA solution was prepared in distilled
water. The cooled 1.5% chitosan solution was then combined with the PVA solution.
The polymer ratio was set at 75:25. The calculated amount of immobilized Mitomycin-
C (125 mg/g and 250 mg/g) was added to the filtered polymer solution under stirring.
The resulting solution was poured into Petri dishes and left on a horizontal surface at
room temperature for 2-3 days. The obtained dry composite samples were carefully
removed from the molds, immersed in a 5% NaOH solution to neutralize residual acid,
and subsequently washed with ethanol to remove excess NaOH.

To obtain cross-linked films, 2% chitosan was dissolved in an aqueous 1%
hydrochloric acid solution upon heating and then stirred on a magnetic stirrer for 4-5
hours. The calculated amount of immobilized Mitomycin-C (125 mg/g) was added to
the filtered polymer solution under stirring. For subsequent cross-linking, an aqueous
0.05% glutaraldehyde solution was added to the polymer solution containing
Mitomycin-C. The resulting polymer solution was poured into Petri dishes and dried at
room temperature for 2-3 days. The dried biopolymer composites were carefully
removed from the Petri dishes, immersed in a 5% NaOH solution to neutralize residual
acetic acid, and then washed with ethanol to remove excess alkali.

A 1.5% chitosan solution was combined with an 8% polyvinyl alcohol solution.
The polymer ratio was set at 75:25. The anticancer drug Mitomycin-C (125 mg/g and
250 mg/g) was then added to the resulting polymer solution.

RESULTS AND DISCUSSION

One of the approaches to enhancing the effectiveness of cancer chemotherapy,
particularly in the treatment of malignant neoplasms, is the use of new polymer
composite systems in the form of films containing immobilized anticancer drugs. The
implantation of such systems at the tumor site allows for the sustained generation of
high concentrations of the drug directly in the vicinity of cancer cells.

The current arsenal of oncological agents is limited, and many of these drugs have
several drawbacks, including a short duration of antitumor effect and systemic toxicity.
One approach to overcoming these limitations is the use of fundamentally new polymer
composite systems in the form of films based on petroleum porphyrins. These systems
are employed in the treatment of cancers of various organs, including the lungs, eyes,
ovaries, mammary glands, stomach, pancreas, and bladder, with their antitumor effects
exerted directly on malignant tumor cells. Porphyrins are widely used as
photosensitizers in the photodynamic therapy of cancer. These drugs are highly active
but are characterized by a short duration of action (3—4 hours) and rapid elimination
from the body. Among polysaccharides capable of forming films, chitosan is one of the
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most widely used in the pharmaceutical industry.

Chitosan (poly(1-4)-2-amino-2-deoxy-fB-D-glucan)) is a natural polymer obtained
through the alkaline deacetylation of chitin—a linear aminopolysaccharide composed of
N-acetyl-2-amino-2-deoxy-D-glucopyranose—and protein compounds derived from
other natural sources.

The mechanical and physical properties of biodegradable chitosan films can
potentially be enhanced by the addition of suitable polysaccharides such as
methylcellulose. This water-soluble cellulose derivative is widely used in the
pharmaceutical, cosmetic, and food industries as a binder, thickener, or film stabilizer.
Methylcellulose films are less rigid but more flexible compared to chitosan films,
whereas chitosan—methylcellulose composite films exhibit intermediate mechanical
strength characteristics.

In this study, a comprehensive physicochemical investigation of polymer
compositions based on petroleum porphyrins was conducted. To assess the potential
chemical interactions among the functional groups of chitosan, methylcellulose, and
porphyrin, the infrared spectra of the samples (fig.3 and fig.4) were recorded and
analyzed.

\
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Fig. 3. IR spectra of the chitosan film
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Fig. 4. IR spectra of porphyrin-containing biopolymer film

Bands characteristic of chitosan were observed at 896, 948, 1034, 1076, 1152,
1324, 1378, and 1420 cm™. In the 1500-1700 cm™ region, some changes occurred due
to the binding of porphyrins. Specifically, two chitosan bands at 1586 cm™ (NH2) and
1651 cm™ (Amide I) shifted to 1592 cm™ and 1647 cm™, respectively.

The observed spectroscopic changes can be explained by the fact that the
immobilization of porphyrin occurs through the formation of ionic bonds between the
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functional groups of porphyrin and the positively charged nitrogen atoms of chitosan,
resulting in the formation of an insoluble polyelectrolyte complex.

Thus, the results indicate that only chitosan binds effectively to porphyrin,
whereas methylcellulose remains inert. The UV-visible (300-700 nm) absorption
spectra of porphyrin and porphyrin-containing polymer films are shown in figure 5.
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Fig.5. UV absorption spectra: porphyrin (solid), porphyrin-containing polysaccharide
film

As seen from the figure, upon interaction with the polymer, the Soret band at 410
nm and the Q-bands of porphyrin (500, 535, 565, and 620 nm) are significantly shifted,
indicating the formation of a complex. SEM images of the polymer composite systems
are shown in figures 6 a and b.

SEM analysis confirmed that chitosan and chitosan—methylcellulose films possess
smooth, uniform surfaces. This is attributed to the porphyrin molecules filling surface
voids and smoothing the film surface.

The obtained data demonstrate the feasibility of using chitosan and
methylcellulose polysaccharides to develop porphyrin-based film drug formulations.
The characterized samples allow for the prediction of drug efficacy and the design of
polymer materials that deliver the required amount of porphyrin to the body.

a)

Fig. 6. SEM images of the polymer composites

a) Chitosan containing porphyrins; b) Porphyrin-containing chitosan/methylcellulose
Furthermore, the results of the physicochemical studies indicate that natural

polysaccharide chitosan and the water-soluble polymer methylcellulose are highly

effective as matrices for the development of new film materials for the treatment of
oncological diseases.
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A method has been developed for obtaining highly efficient extractants for the
separation of metalloporphyrin concentrates from heavy petroleum products using
highly selective bifunctional organic compounds (ketone alcohols) toward metal
porphyrins. The best results were demonstrated by 2-hydroxycyclohexanone. Based on
the results of spectral absorption in the visible region, it was established that in all
obtained extracts the disappearance of characteristic absorption bands of vanadyl and
nickel porphyrins and the appearance of bands characteristic of free porphyrin bases
occurred, confirming the demetallization of metalloporphyrins during the extraction
process.

The results of physicochemical studies demonstrated the high efficiency of using
the natural polysaccharide chitosan and the water-soluble polymer methylcellulose as
matrixs for the preparation of new composite materials.

The interaction mechanism of porphyrins with biocompatible polymers has been
investigated in connection with the necessity of developing new effective anticancer and
therapeutic drugs. Spectroscopic analysis revealed that porphyrin molecules exhibit
strong affinity only toward chitosan, while methylcellulose remains inert, showing no
interaction.

CONCLUSION
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Abstract: The research work shows the advantages of recycling pomegranate peels, which are
considered environmental waste. The possibility of obtaining valuable bioactive substances
from them has been shown. The substances obtained during extraction are biologically active
compounds with a wide range of applications. Ethyl acetate, which is widely used in the food
industry, was chosen for the extraction process of pomegranate peels. The extraction process
was carried out by the Soxhlet method at 60-77 <C. After removing the solvent from the obtained
extract, a dark brown resin was obtained. The solubility of pomegranate peel in ethyl acetate
was 64.7% according to the results. The main purpose of this work is to identify the functional
groups belonging to the bioactive compounds in the composition of the ethyl extract of
pomegranate peel. The ethyl acetate extract of pomegranate peel was studied using an IR-
FURYE spectrometer. In the spectrum, 4 peaks corresponding to the wavelength of the aliphatic
CH bond in alkyl groups were observed in the region of 2984.41 - 2878.28 cm™. The absorption
band at 1738.58 cm* was attributed to the broad OH group in carboxylic acids.

Keywords: biomass, recycling, pomegranate peel, extraction, ethyl acetate, IR spectra.

INTRODUCTION

Azerbaijan is rich in various types of pomegranate fruit. In recent years,
pomegranate production has increased slightly in line with demand. While pomegranate
production was 3 million tons in 2018, this figure increased to 4.8 million tons in 2020.
Considering the volume of pomegranate production and its juice processing, 500
thousand tons of solid waste are generated worldwide annually. Pomegranate peel and
seeds constitute approximately 54% of the fruit and are discarded as waste after the
pomegranate is squeezed. Pomegranate fruit waste is considered food waste [1, 2].
Pomegranate fruit consists of 43% peel, 11% seeds, and 46% juice [3]. Pomegranate
peel is rich in polyphenols, and polyphenols are cancer-preventing agents, which
explains the pharmacological ability of pomegranate [4]. Literature shows that the peel
contains more bioactive compounds than other parts of the fruit [5-7].

All parts of the pomegranate have been used as a medicinal product since ancient
times. Modern scientific research has revealed that pomegranate has antioxidant, anti-
inflammatory, antitumor, immunomodulatory, antibacterial, antiviral, hypoglycemic,
antiphrastic, detoxifying, wound healing and other beneficial properties [8]. These
beneficial properties are associated with the unique chemical composition of various
parts of the plant. The juice and pulp of pomegranate fruit contain up to 20% sugars,
organic acids, up to 6% citric and malic acid. Pomegranate juice is rich in Mn, P, Mg,
Si, Cr, Ca, Cu salts, vitamins C, B1, B2, B6, B15 [9,10]. The juice of wild and sour
pomegranate varieties has a lower sugar content, and an acid content of more than 10%.
Pomegranate juice also contains up to 2% proteins, amino acids, up to 12% starch, up to
22% cellulose, polysaccharides and anthocyanins [11, 12]. Pomegranate peel contains
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high amounts of carbohydrates (59.60%), moisture (5.40-5.95%), protein (4.90-8.97%),
ash (3.40-4.22%), fiber (16.30-19.41%) and fat (0.85%) [13].

Flavonoids, especially catechins, epicatechins, quercetin, anthocyanin, and
procyanidins, are the main bioactive components of pomegranate peel. According to
studies, the flavonoid content in pomegranate peel is approximately 12.4 times that of
juice and seedstimes higher [14, 15]. There has been an increased interest in the
synthesis of polymers based on natural and renewable raw materials. According to
estimates, the depletion of oil reserves has increased interest in alternative sources. It is
known that 5-hydroxymethylfurfural (5-HMF) and its derivatives are used in the
synthesis of polymers. In the synthesis of many polymers, polysaccharides, vegetable
oils, terpenes, furan-containing derivatives, etc. have been used from various natural
macromolecules and renewable monomers [16-18].

It has been used to extract 5-HMF from pomegranate peel and study its physical
and chemical properties using modern methods [19].

The presented work deals with the extraction of various bioactive compounds as a
result of recycling waste from pomegranate juice production. The composition and
structure of the extraction products obtained from the waste of the pomegranate juice
production plant are shown using modern analysis methods. The results of the studies
on the functional groups, element atoms, and molecular structures in their composition
are given.

EXPERIMENTAL PART

An extraction method was used to recycle waste from pomegranate juice
production and obtain various bioactive compounds. Ethyl acetate was used as the
extractant. The solvent from the extraction process was fractionated by distillation at
boiling temperature. The physical and chemical characteristics of the solvent used were
- p= 0.9003 g/cm®, nd?® = 1.3723, Thoil. = 77.1°C, Tme. = -83.6°C, Tign. = -4°C. The
pomegranate peels used as the starting material were washed and dried. They were
ground into powder in a grinder (fig.1). The powdered form of the pomegranate was
analyzed by XRD

Extraction process 60-77°C for 8 hours in a Soxlet apparatus. 13 grams of
pomegranate peel and 260 ml of ethyl acetate were used during the process. According
to the results, the amount of soluble substance was 64.7%, and the amount of remaining
residue was 35.2%.

Fig. 1 Used as raw materials

IR spectra of the used pomegranate peel and its extracted products were recorded
at the Institute of Petrochemical Processes. These samples were recorded on an IR-
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FURYE spectrometer. The IR-FURYE spectrometer is made in Germany and records in
the wavelength range of 400 - 4000 cm™. It is a Bruker FTIR brand ALPHA Spectral
ATR module and its dimensions (WxDxH) are 220 x 330 x 260 mm.

The absorption of infrared radiation at a specific wavelength by each substance
provides information about its chemical structure. This method has identified the main
functional groups in the extracts, thus clarifying the chemical properties of the bioactive
components.

RESULTS AND DISCUSSION

The XRD spectrum of the pomegranate used during the experiment is shown in
figure 2. The pomegranate peel powder used was amorphous (fig.2).
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Fig. 2 XRD spectrum of pomegranate peel

The spectra of the ethyl acetate extract of pomegranate peel were recorded using an IR-
FURYE spectrometer. The functional groups belonging to the bioactive compounds in
its composition were identified (fig.3).
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Fig. 3 IR spectrum of ethyl acetate extract of pomegranate peel extract sms

In the spectrum, 4 peaks corresponding to the wavelength of aliphatic CH bonds
in alkyl groups were observed in the region of 2984.41 - 2878.28 cm™ [20, 21]. The
absorption band of the C=C-C aromatic bond was observed in the region of 1466 - 444
cm? and the absorption corresponding to the CO bond was observed in the region of
1372 - 1043 cm? [22]. Accordingly, the absorption corresponding to the C=C-C
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aromatic bond in the pomegranate peel extract was 1466.07 cm™, 1447.12 cm™ and the
absorption corresponding to the CO bond was 1372.41 cm?, 1300.61 cm?®. The
absorption band of 1738.58 cm™ was found to be present in carboxylic acids.lt has been
attributed to the broad OH group.

CONCLUSION

The extraction process of pomegranate peel, which is a suitable raw material, was
carried out. The main functional groups in the extract were studied by IR spectroscopy.
In the ethyl acetate extract of pomegranate peel, an absorption corresponding to the
C=C-C aromatic bond was observed at 1646.94 cm™. At the same time, absorption
corresponding to the CO bond was observed at 1372.41 cm, 1300.61 cm™ and a broad
OH group band in carboxylic acids was observed at 1738.58 cm™.
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Abstract:The paper presents the results of studying the accumulation of organometallic
compounds on the surface of a zeolite-containing catalyst (ZCC) during the catalytic
oxycracking of heavy hydrocarbon raw materials. The aim of the study was to determine the
nature and degree of accumulation of trace elements that can affect the activity and stability of
the catalyst. The experiments were carried out at a temperature of 500 °C, an oxygen
concentration of 1 %, a contact time of 1.2-2 s, and a process duration of 900 s. The elemental
composition of the catalyst surface before and after catalysis was studied by energy-dispersive
microanalysis (EDM). It is established that during the process, the accumulation of trace
elements Fe, Ni, Cr, and Ca occurs on the surface of the catalyst Ca, due to their migration
from the raw material. As the contact time increases, the Fe content increases to 2.3%, Cr to
0.1%, Ni to 0.04%, and Ca to 0.02 %. The obtained values are significantly lower than the
known critical levels at which the active sites of the catalyst are deactivated. This allows us to
conclude that the accumulation of metals on the surface of ZCCs is not the main reason for the
decrease in its activity during catalytic oxycracking, and decontamination is associated with
other factors that require further study.

Keywords: catalytic oxycracking, zeolite-containing catalyst, organometallic compounds,

energy dispersion analysis, iron, nickel, chromium, calcium, catalyst deactivation.
INTRODUCTION

Heterogeneous catalysts allow efficient use of scarce raw materials, both
renewable (for example, biomass, polymer waste and household waste) and non-
renewable (for example, crude oil, coal and natural gas), in a variety of hydrocarbon and
carbohydrate conversion processes. Although the popular definition of catalysts
suggests that they are not used in the chemical reaction itself, this does not mean that
the catalysts have eternal life. Unfortunately, in fact, various chemical and physical
processes most often lead to deactivation of solid catalysts. Examples of such processes
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are loss of function due to sintering and poisoning of metal, as well as structural
degradation processes such as dealuminization of zeolite and destruction of the zeolite
framework [1-5]. Another example of catalyst deactivation is the formation of carbon
deposits that clog the pores of the catalyst or otherwise prevent access to the catalytic
centers. Thus, catalyst decontamination is an important area of both academic and
industrial research. The mechanisms of deactivation of new or industrial catalysts are
studied both in in situ and operando. The fact that catalysts are usually deactivated over
time makes it difficult to determine the appropriate time in the life of the catalyst to
determine activity (or speed (TOF)).

One of the urgent problems of developing the concept of catalytic oxycracking in
the presence of ZCC is understanding the dynamics of its activity and selectivity. It is
reliably proved that the process parameters have different effects on its selectivity and
conversion of VG. In our previous works [6-8], based on the study of the parameters of
the catalytic oxycracking process in the presence of ZCCs of the system, it was shown
that the temperature and degree of oxidation equally strongly determine the conversion
of raw materials and the distribution of products, while the temperature and contact time
show the opposite effect. Similar to traditional catalytic cracking (CC), the key
parameters are the process temperature and the contact time of raw materials with the
catalyst, but their action is multidirectional.

The effect of temperature can be illustrated as follows:

— at 450 °C, the conversion rate reached 54.7 %, the yield of liquid target products
was 29.6 %, and that of gaseous products was 16.1 %,

— when the temperature was increased to 500 ° C, the degree of transformation
increased to 69.4 %, the yield of light fractions increased to 38.6 %, gas — to
17.3 %, and compaction products (CP) - to 13.2 %. This indicates a
simultaneous acceleration of primary and secondary reactions,

— at 550 °C, the conversion reached a maximum of 71.8 %, but the yield of light
fractions decreased (to 21.4 %, which is 8% and 17% less than at 500 °C and
450 °C). Gaseous products increased more than twofold due tore-cracking, while
coking decreased from 13.2 % to 12.1 %.

In the course of studies on the effect of the duration of the OCC process, the
maximum gas Yield (35.1 %) was observed after 300 s, and for target liquid fractions |
and Il - after 600-900 s (up to 38.5-38.6 %). With a further increase in the duration to
1800-2700 s, the conversion decreased to 56.5-55.1 %, which is explained by the
accumulation of products of oxidative compaction and blocking of the active centers of
the catalyst.

The study of the effect of the oxidation state allowed us to establish that with
0.5% oxygen, the conversion was minimal (36.0 %) at lowcoking, at 1% the conversion
increased to 69.0 %, and the total yield of light fractions reached 38.6 %, which is
15.6% higher than with OTC, and only 1.4 % lower than with at 2 %, the conversion
was maximal (74.0 %), but the yield of light fractions dropped to 19.7 %. The amount
of gas and products of oxidative compaction increased almost exponentially. The
unsteady nature of the catalytic oxycracking process was also noted due to the
oscillatory deactivation of the catalyst, which is followed by a period of activity.

The marked decrease in the activity of the catalyst can occur due to the formation
of coke on the surface, which blocks the active centers. In addition, decontamination
can be caused by agglomeration of metals, the action of catalytic poisons entering the
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system, changes in the texture and phase composition under the influence of high
temperatures. When decontaminated with compaction products or temporary poisons,
the activity can be restored by performing appropriate procedures, while in other cases,
decontamination is irreversible and requires periodic replacement of the catalyst with a
fresh one.

EXPERIMENTAL PART

In the course of the study, 2 types of spent catalyst samples were selected: after
catalysis - participation in OCC, and after participation in CC. They were granules with
a diameter of 1-2 mm, differed in dark color, and contained individual granules from
dark gray to black.

Catalytic experiments were performed in a flow-through installation at
atmospheric pressure. A steam-drop mixture of raw materials and oxygen was passed at
a linear rate of 1 ml / min through a quartz glass reactor with a diameter of 2 ¢ mind a
length of 8 cm, into which 5 cm?® of the corresponding zeolite was preloaded in the form
of granules with a diameter of 1-2 mm. Before feeding the reaction mixture, the catalyst
was calcined in a dried air current at 500°C for 2 hours, then the reactor was brought to
the required temperature of the experiment in the He current and kept for 10 minutes.
The temperature in the reactor was 500°C. In the case of OCC, the oxidation state of
raw materials was 1%, and the contact time, equal to the ratio of the catalyst volume
(cm®) to the flow rate of the raw mixture (cm®s), was 1.7 s. In the case of CC, all
parameters remained unchanged except for the presence of an oxidizer.

The elemental composition was determined by energy-dispersion microanalysis
(EDM) on a JEOL JSM-6610 LV electron microscope equipped with a set-top box.

RESULTS AND DISCUSSION

The spent catalyst samples were pellets with a diameter of 1-2 mm. They were
characterized by a dark color, and contained individual granules from dark gray to
black. The samples that took part in the OCC under mild conditions had a brownish-
brown color. This section presents analytical data on the accumulation of
organometallic compounds on the ZCC surface.

As is known, the composition of oil includes many metals, including alkaline and
alkaline earth (Li, Na, K, Ba, Ca, Sr, Mg), metals of the copper subgroup (Cu, Ag, Au),
zinc subgroups (Zn, Cd, Hg), boron subgroups (B, Al, Ga, In, TI), vanadium subgroups
(V, Nb, Ta), many metals of variable valence (Ni, Fe, Mo, Co, W, Cr, Mn, Sn, etc.), as
well as typical nonmetals (Si, P, As, CI, Br, | etc.).

The negligible concentrations of these elements do not allow, given the current
state of analytical technology, to isolate and identify the substances in which they are
included. It is generally accepted that the elements contained in micro-quantities in oil
can be found in it in the form of fine aqueous solutions of salts, fine suspensions of
mineral rocks, as well as in the form of complex or molecular compounds chemically
related to organic substances. The latter, according to V.F.Kamyanov, are divided into:
organoelement compounds, i.e. containing a carbon-element bond; salts of metals
substituting for a proton in acidic functional groups; chelates, i.e. intramolecular
complexes of metals; complexes of several homogeneous or mixed ligands; complexes
with heteroatoms or a -system of polyaromatic asphaltene structures [9].
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In the 70s, research on the composition and physicochemical characteristics of
trace elements was intensified in all oil regions of our country — Azerbaijan, D. I.
Zulfugarli [10-12]. He summarized the extensive data on the content and distribution of
trace elements in oil and sedimentary rocks, organisms and reservoir waters published
in the world literature before 1957, including the results of original studies of
Azerbaijan's inorganic objects obtained by the author himself.

A great deal of work on the study of trace elements in the oils of offshore fields of
Azerbaijan, accompanying and seawater, and the establishment of the relationship of
trace elements in them was carried out by Corresponding Member of the National
Academy of Sciences of Azerbaijan, Doctor of Chemical Sciences F.Samedova [13]. It
was found that the dominant elements in the studied oils are Mn, Mo, Fe (content 91.54-
221.7, 313.3-624.4 and 49.7-373.4 glt, respectively). The studied oils are young and
slightly metamorphosed, they are located at depths of 100-4235 m and, apparently, in
this connection, they are characterized by a high content of manganese. Compared to
the ancient oils of the Mesozoic deposits of the CIS countries, the studied oils of
Azerbaijan contain 2-3 orders of magnitude less zinc (0.001-0.007 wt %). According to
data from [14], vanadium in the form of pentoxide is contained in oils 4-107°-5-10 %,
traces of nickel in the form of oxide.

1000 -
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Fig. 1. The ratio of vanadium and nickel in oils generated by OM of rocks of various
lithophage. Facies oils: marine: 1 — deep — water, Il-shallow-water; continental: Il1-
lacustrine, IV-coal-bearing with a high content of resinite, VV-coal-bearing with a high
content of leuptinite. Regions: 1-California; 2-Belarus; 3-Sakhalin; 4-Japan; 5-
Azerbaijan; 6-Georgia; 7-Ciscaucasia; 8-China; 9 — Western Siberia (Cenomanian); 10
— New Zealand

According to [15], Azerbaijani oils belong to immature oils of the early
generation of the nickel metallogeny, are depleted in ME and formed in immature
source rocks. The distribution of Ni in oil fractions confirms its primacy, its association
with nitrogenous ligands, and explains the nickel specialization of immature fluids. The
transition from fluids generated by OM of marine origin to oils from continental OM
(fig.1) results in a decrease in the VV and Ni contents. Oil is concentrated in the V/Ni
ratio field below unity. Characteristic indicators for Azerbaijani oils are ) (V+Ni) < 10,
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vanadylporphyrin Y V,Vp = 1.7, nickel Ni porphyrin Ni, = 3 g / t; concentration series,
metallogeny - Ni > Fe (V) >V (Fe) Nickel, Ni, Fe, Cu, Pb, Zn, Br, Co, V, As, Au, Ce;
Physical and chemical properties-p = 0.850, S (sulfur content,%) = 0.5, C+A (sum of
resins and asphaltenes,%) = 12; Type of oil in terms of ME concentration - Depleted

(primary).

Table 1
Distribution of metals in fractions
o Content, 10° wt%

Fraction, °C Ni Cu Fe | Mg | Mn | Ca
250-350 0.007 - 0,30 0,49 0,17 0.003 0.02
350-450 0.025 | 0.006 10.57 2,54 1,54 0.006 0.35

>450 57.04 | 24.08 9.12 3.43 4.86 0.009 1.94

As can be seen from the data presented in the table 1, metals in terms of their
content in high-boiling fractions are arranged in a row: for the 250-350°C fraction: Fe >
Cu > Mg > Ca >V > Ni, Mn; for the 350-450°C fraction: Cu>Fe > Mg > Ca>V > Mn
> Ni; for fractions >450°C: V > Ni > Cu > Mg > Fe > Ca > Mn.

The presented results indicate that trace elements in fractions above 350°C can be
divided into two groups: vanadium, nickel (as the main ones) and those that are an order
of magnitude lower — copper, iron, magnesium and calcium.

It is known that during the processing of heavy raw materials, nickel, iron, copper,
cobalt and vanadium compounds poison and destroy the catalyst. Metals are deposited
on the cracking catalyst and increase the formation of hydrogen and coke. Since the
formation of hydrogen and / or coke usually has a negative effect on the production of
target products, both hydrogen and coke are undesirable products of the cracking
process. In addition, metals are not removed during the catalyst regeneration process.
According to the effectiveness of reducing the activity of ZCCs, they can be arranged in
arow: Pb < Cr < Fe<V< Mo < Cu < Co <Ni.

Taking into account the well-known fact that the presence of metals of the first
group leads to a decrease in the catalytic activity of ZCCs under cracking conditions, it
was of undoubted interest to find out how much the decrease in activity, deactivation of
ZCCs under catalytic oxycracking conditions is associated with this factor. Taking into
account that in the course of our research, we found that the minimum conversion value
was recorded during OCC under conditions of 500°C, 1%, a process duration of 900 s,
and a contact time of 2 s, the elemental composition of the spent sample was studied
under these conditions. The initial ZCC and post-catalysis ZCCs were also studied as
controls under conditions of 500°C, 1%, and a process duration of 900 s, but a contact
time of 1.2 s.

The results of our EDM analysis are presented in the form of a graphical
relationship (fig 2). It shows the dynamics of both aluminum, silicon, and oxygen, its
modifier chlorine, as well as natural aluminum silicate impurities in the form of iron and
titanium, and those that appear on the surface of the catalyst after participation in the
process of chromium, nickel and calcium. As can be seen from these data, an increase in
the contact time from 1.2 to 2 s leads to an increase in the iron content by 0.78-2.29%,
chromium by 0.1% by weight, nickel by 0.04% by weight, and calcium by 0.02% by
weight. The presence of chlorine on spent catalysts was not observed, which indicates
its entrainment during the process.
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Fig. 2. Dependence of the trace element content and EDM spectra of ZCC samples on
the contacttime: a-initial, before catalysis; b — contact time 1.7 s; ¢ — contact time 2 s; *
- initial ZCC, before catalysis

Relative to nickel, it enters the raw material in the form of metal porphyrins, etc.
complexes. During the cracking process, they are destroyed and Ni is deposited on the
surface of the catalyst. Probably, under the conditions of oxidative cracking in the
regeneration zone, Ni passes into NiO, interacts with oxygen, and then is reduced again
by hydrocarbons in the reactor. As a result, the catalyst is enriched with active Ni*/Ni°
centers, which are not acidic centers of zeolite, but work as
dehydrating/dehydrogenating centers of oxidative dehydrogenation. The same can be
said about iron. Although it is less active in the dehydrogenation reaction than nickel, its
presence nevertheless leads to an increase in the gas and gas yield. Here you should pay
attention to one nuance — iron, unlike nickel, chromium, is present in the composition of
the initial ZCC (before catalysis). This indicates that its initial concentration is related to
the substances used in the preparation of the catalyst. The subsequent increase in its
concentration (excluding its ingress due to abrasive wear of the surface of the iron
reactor, etc.) is associated exclusively with ingress from raw materials. The increase in
conversion in the presence of nickel- ZCC was noted earlier [6,7]. The presence of
chromium and calcium is secondary to the activity of cracking catalysts.

At the same time, based on the values known in the literature, at which the critical
content of nickel is 2000-3000 ppm, which is 3 times higher than that observed at the
contact time of 2 s of the OCC sample, and for iron its "activity" is more than 4 times
lower than that of nickel, the obtained values allow us to exclude the fact that
accumulation of metals on the surface of the OCC catalyst as the most likely cause of its
deactivation.

CONCLUSION

Thus, the energy dispersion microanalysis of the surface of the zeolite-containing
catalyst (ZCC) after participation in the catalytic oxycracking process revealed the
accumulation of trace elements Fe, Ni, Cr and Ca. It was found that an increase in the
contact time of the raw material with the catalyst from 1.2 s to 2 s leads to an increase in
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the content of Fe (up to 2.3%), Cr (up to 0.1%), Ni (up to 0.04%) and Ca (up to 0.02%)
on the surface of the ZCC. The data obtained indicate the dependence of the degree of
metal enrichment on the duration of the interaction of the raw material with the catalyst,
which confirms their migration from the feedstock. A comparison of the obtained metal
concentrations with the literature data showed that their level is significantly lower than
the critical limits at which deactivation of the catalyst surface is observed. This
eliminates the accumulation of metals as the main cause of ZCC deactivation during
catalytic oxycracking.
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Abstract: The study of using non-traditional feedstock resources for the catalytic cracking process
enables the processing of a wide range of raw materials, as well as the possibility of regulating
selectivity toward various feedstocks. In this regard, the introduction of a Mo catalyst additive—
prepared by mixing paramolybdate solution (PMS) with an activating ammonium sulfide solution—
into the selected feedstock for the catalytic cracking process leads to the formation of molybdenum
disulfide (MoS:), which is a conventional hydrotreating catalyst component under cracking
conditions. This compound exhibits catalytic activity in hydrogenation and hydrocracking
reactions. In the presence of the additive, the optimal process conditions correspond to a
temperature of 500 °C and an additive concentration of 0.05 wt%. The introduction of the catalyst
additive into the feedstock increases the overall acidity of the catalyst from 23.6 to 47.2 umol during
cracking. Moreover, the acidity level of the catalyst and the ratio of acid sites of different strengths
intensify the cracking of the feedstock, thereby facilitating the effective progression of reactions
during the process.

Keywords: Pyrolysis gas, catalytic cracking, Mo catalyst additive, light gas oil fraction,
regeneration, vacuum distillate.

INTRODUCTION

To meet the current demand for engine fuels, expanding oil production volumes has
nearly exhausted the available oil refining capacities. To address this issue, increasing
fuel resources through deeper and chemically enhanced oil processing, improving the
quality of engine fuels, and incorporating alternative fuels into refining processes have
become areas of significant interest [1-3].

In the deep processing of petroleum residues, the development and implementation
of flexible technological schemes, as well as high-intensity, environmentally benign
thermocatalytic and hydrogenation processes, continue to maintain their relevance [4-6].

In this context, the catalytic cracking process plays a particularly important role in
the deep refining of oil for the production of engine fuels. This process enables the
efficient conversion of easily accessible and heavy feedstocks into high-quality motor
gasoline components. At the same time, the process also yields gas components rich in
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propane—propylene and butane—butylene fractions, which supply the petrochemical
industry. The light gas oil fraction obtained from catalytic cracking is used as a
component of diesel fuel and for producing naphthalene, whereas the heavy gas oil is
considered a high-quality feedstock for the production of premium “needle-like” coke [7-
10].

Taking the above-mentioned factors into account, continuous research has been
conducted to intensify the catalytic cracking process. Studies related to exploring new
feedstocks for the catalytic cracking process and increasing product yields are considered
highly relevant in the field of petrochemistry from both theoretical and practical
perspectives [11,12]. In this regard, the aim of the presented scientific study is to
investigate the main regularities of catalytic cracking of hydrotreated vacuum distillate in
the presence of an additive prepared from a mixture of Mo catalyst precursor—
paramolybdate solution (PMS)—with an activating ammonium sulfide solution, intended
for the synthesis of molybdenum disulfide, as well as to study its effect on the yield of
gases released during the process.

To achieve the desired result, it was necessary to solve the following tasks:

* To study the characteristics of the catalytic cracking process and the composition
of the resulting products depending on the type and amount of the PMS additive;

* To determine the optimal conditions of the catalytic cracking process using the
PMS additive.

EXPERIMENTAL PART

In the process, vacuum distillate obtained from mixed crude oils processed at the
Baku Oil Refinery—specifically from the operating EUDS and AVQ units—was used as
the feedstock. The physicochemical properties of the selected vacuum distillate are
presented in table 1.

As an additive, a Mo-containing catalyst precursor was employed, prepared by
mixing a paramolybdate solution with an activating ammonium sulfide solution. For
preparation, a paramolybdate solution (PMS) dissolved in 20 mL of distilled water was
combined with the activating ammonium sulfide solution. The concentration of
paramolybdate in the resulting mixture was 3%. The prepared additive was introduced
into the vacuum distillate at a concentration of 0.01-0.05 wt% (calculated as Mo), after
which the mixture was dispersed in a laboratory mixer at a rotational speed of 5000 rpm
for 5 minutes. Prior to mixing, the feedstock was thermostated at 60 °C.

Analytical methods: — The fractional composition of the feedstock and reaction
products was determined by gas chromatography using a “Kristallyuks-4000M”
chromatograph equipped with a flame-ionization detector, in accordance with ASTM
D2887.

— Analysis of the feedstock was performed by thermogravimetric analysis using a
“TGA/DSC1 METTLER TOLEDO” instrument.

— Particle size distribution of the dispersed phase in feedstock samples prepared
with Mo-containing additives was measured by laser light scattering using an “N5
Submicron Particle Size Analyzer” (Beckman Coulter).

— The composition of liquid products was analyzed using a Thermo Focus DSQ Il
gas chromatography—mass spectrometry (GC-MS) system.

— The molybdenum content in catalyst samples was determined by atomic
absorption spectroscopy (AAS).
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Table 1

Physicochemical properties of vacuum distillate

Ne | Density,kg/m*® | Sulfur amount, Ppm | Cetane number | Fraction content, °C

1 923 2400 26,8 10% - 238
50% - 272
90% - 318

- _AL__E—’J;]r_j N4
5. 12.
T ﬁ

Fig 1. Laboratory equipment of catalytic cracking process: 1-regenerator; 2-separator; 3-
transportation line; 4- reactor; 5- separator; 6- desorber; 7-slime settling container; 9-
cooler; 10- filter; 11- gas chromatogram ; 12- termostat; 13- vessel; 14- liquid pump; 15-
electronic scale

RESULTS AND DISCUSSION

The influence of the feedstock and the molybdenum catalyst additive (PMS) on the
cracking process (fig.1) was investigated in a laboratory setup within the temperature range
of 480-520 °C. The concentration of the molybdenum-containing additive (PMS) was 0.05
wt%, and the feed rate was maintained at 2 h™'. It was determined that both the pure vacuum
distillate used as feedstock and the added PMS exert a measurable effect on the cracking
performance parameters depending on temperature. Furthermore, the addition of PMS to
the vacuum distillate resulted in a decrease in the average particle size of the dispersed
phase compared with the initial vacuum gas oil (320 nm), yielding a particle size
distribution in the range of 150-180 nm. The obtained emulsion remained stable for several
hours without phase separation, indicating that PMS was uniformly distributed within the
feedstock. Thus, once the prepared feed enters the reactor, molybdenum sulfide formed
from the decomposition of the additive is evenly dispersed throughout the reactor
volume.At process temperatures of 480 and 520 °C, the gasoline yield in cracking runs
with and without PMS (fig. 2) was nearly identical; however, at 520 °C, the gasoline yield
in the PMS-assisted cracking process (37%) was significantly lower than that in the process
without the additive, where it reached 40.0 wt%. In both cases, the conversion of the
feedstock remained nearly the same and did not change significantly within the investigated
temperature interval, remaining within 90-92.7%. The yield of light gas oil increased
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slightly with increasing temperature, and in the PMS-modified feedstock, the light gas oil
yield at certain temperatures was lower than that observed in the cracking of the pure
feedstock (fig. 3).In the cracking of pure distillate, increasing the temperature from 480 to
520 °C resulted in an increase in the light gas oil yield from 16.0-16.1% to 16.7-16.8%.
In the cracking of the feedstock containing PMS, the light gas oil yield under the same
temperature conditions increased from 15.2% to 15.6-15.7 wt%.

The yield of gaseous products increases with rising temperature in both cases—
cracking with PMS and without PMS. In the cracking of the pure feedstock, the gas yield
increases from 20.6-20.8% to 26.1-26.6% as the temperature rises from 480 to 520 °C
(fig. 4). It is assumed that, at elevated temperatures, the intensification of cracking
reactions of unsaturated hydrocarbons leads to the increased formation of gaseous
fractions.
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Fig.4. Temperature dependence Fig. 5. Temperature dependence
of cracking gaz yield of hydrogen yield

A decrease in the hydrogen yield within the gaseous products was observed
when PMM was introduced into the process (fig. 5). This indicates an intensification
of hydrogenation reactions, which proceed with hydrogen consumption. At the same
time, during the cracking of the feedstock in the presence of PMS, hydrogen loss
varies depending on temperature. At 480 °C, hydrogen loss is 26%, at 500 °C it
increases to 38%, and at 520 °C it reaches 42%. Based on these results, the optimal
technological parameters for the catalytic cracking of vacuum distillate with PMS were
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determined to be a temperature of 500 °C and a PMS concentration of 0.05 wt% in the
feedstock.

CONCLUSION

. The effect of introducing an additive (PMS)—prepared by mixing a
paramolybdate solution with an activating ammonium sulfide solution—into the
catalytic cracking feedstock (vacuum distillate) in liquid form was investigated.

. The influence of molybdenum-containing additives on product yield, the
hydrocarbon composition of the products, and the acidic properties of the
catalyst was examined. It was established that the introduction of PMS into
hydrotreated vacuum distillate intensifies hydrogenation reactions of
hydrocarbons. This is attributed to an increase in the acidity of the active sites of
the molybdenum catalyst from 23.6 to 47.2 umol, thereby promoting a more
intensive progression of the reactions.

. It is assumed that the preliminary mixing of PMS with vacuum distillate at a
concentration of 0.05 wt% leads to a decrease in the amount of Hz in the gaseous
products at 500 °C. It is believed that a portion of the hydrogen is consumed
through the enhancement of hydrogenation reactions during the process.
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Abstract: This study investigates the influence of different binding agents—petroleum pitch,
coal tar pitch, and bitumen BND 50/70—on the physicomechanical and thermotechnical
properties of shale briquettes produced from fine shale fractions. The results demonstrate that
the nature and amount of the binder play a decisive role in the formation of the structural
framework, mechanical strength, thermal stability, and energy efficiency of the briquetted fuel.
The increase in binder content from 5 to 15 wt.% leads to a consistent rise in density,
compressive strength, and calorific value, alongside a decrease in porosity, water absorption,
and ash content. Coal tar pitch was found to be the most effective binder, providing the highest
mechanical strength (3.0-5.5 MPa), lowest water absorption (8-16%), reduced abrasiveness,
and the maximum lower heating value (11.2-13.4 MJ/kg). Its high aromaticity and tendency
toward carbonization contribute to the formation of a dense coke residue, ensuring long-lasting
and stable combustion. Petroleum pitch exhibited moderate performance in both mechanical
and thermotechnical parameters and can serve as a balanced and economically feasible
binding agent. Bitumen BND 50/70 resulted in briguettes with the lowest strength, highest
porosity and water absorption, and the least stable combustion behavior due to its high volatile
content and limited carbonization capability. The obtained results confirm a strong correlation
between the chemical nature of the binder, its thermal decomposition behavior, and the
resulting performance characteristics of shale briquettes. These findings allow for the targeted
optimization of briquette formulations depending on their intended application—ranging from
high-strength, thermally stable industrial fuel to low-cost, rapidly igniting briquettes for
domestic use.

Keywords. shale briquettes; binder; petroleum pitch; coal tar pitch; bitumen BND 50/70;
physicomechanical properties; thermotechnical characteristics; thermal stability; energy
efficiency; briquette structure.

INTRODUCTION

In recent years, against the background of the global energy transition, increasing
demand for resources and the need to diversify sources of carbon raw materials, there
has been a growing interest in technologies for processing unconventional energy
resources,in particular, shale. According to the data of geological exploration carried out
by the State Committee for the Use of the Subsoil of Azerbaijan and confirmed by a
number of scientific publications, the total reserves of oil shale in the country are
estimated at about 18-20 million tons, while the main deposits are concentrated in the
areas of Guba, Dzhangychai and Diyally [1-3]. Despite this, industrial development of
these resources remains limited, due to both technological and environmental factors.
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Oil shale is a type of solid fossil fuel containing a significant amount of organic
matter-kerogen, which can be converted into liquid, gaseous and solid hydrocarbon
products under thermal influence. Due to its wide distribution, including on the territory
of Azerbaijan, oil shale is considered as an alternative and affordable raw material for
the fuel and energy and chemical industries [4-6].

One of the most promising areas is their thermal decomposition (pyrolysis, semi-
coking, hydro-pyrolysis, etc.), which results in the formation of liquid hydrocarbons
suitable for the production of fuel, bituminous materials and resinous components, as
well as gaseous products and solid residues potentially applicable in power engineering
and construction.

Along with this, thermal processing of oil shale is accompanied by emissions of
harmful substances, including nitrogen oxides, sulfur dioxide, phenols and polycyclic
aromatic hydrocarbons. For example, when processing 1 million tons of shale in
chamber furnaces, the emission of nitrogen oxides can reach 7 tons per year, and when
burning shale in power plants-up to 500 tons [7,8]. In addition, increased concentrations
of phenols and other toxic compounds are observed in the wastewater of oil shale
processing plants [9].

The legislative framework of Azerbaijan in the field of energy and environmental
protection provides for the regulation of activities related to the extraction and
processing of energy resources. The Law of the Republic of Azerbaijan "On Energy"
defines the basic principles and requirements for energy activities, including the need to
comply with environmental standards [10] In this regard, the relevance of the research
aimed at developing environmentally friendly technologies for thermal processing of oil
shale and efficient use of the resulting products is obvious. This will not only expand
the country's raw material base, but also minimize the negative impact on the
environment, contributing to the sustainable development of Azerbaijan's energy sector.

The aim of the study was to determine the effect of the type and amount of
organic binders (oil pitch, coal pitch, and BND 50/70 bitumen) on the physical,
mechanical, and thermal properties of shale fines briquettes.

EXPERIMENTAL PART

Based on the results of previous studies, the object of this research is selected oil
shales from the lyimishly field (Azerbaijan) - typicalallagite shales with a high kerogen
content [11,12]. Their shale fines up to 6 mm in size were used for briguetting.
Petroleum and coal tar pitch, as well as petroleum road bitumen BND 50/70, were used
as binders (table 1) in the amount of 5-15% by weight.

The composition was briquetted on a laboratory hydraulic press PGL-20 at a
pressure of 10 MPa without wetting. Determination of the strength characteristics of the
obtained shale briquettes was carried out according to the standard method (GOST
21289-75) "Coal briquettes. Methods for determining mechanical strength”. The
briquette was placed between the cylindrical inserts of the press so that the inserts rested
against the centers of its parallel surface, and brought it to destruction. Since oil shales
contain up to 50% mineral impurities, which leads to an increase in the strength of
briquettes, the number of discharges was increased from 4 (according to GOST 21289-
75) to the number leading to complete destruction of briquettes. The thermal stability of
shale briquettes (they do not collapse during heat treatment) was determined at a
temperature of 800-1000 °C in a muffle furnace.
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Table 1

Physical and mechanical characteristics of binders
Parameters Petr_oleum C_oal Bitumen
pitch pitch BND 50/70
Density, kg/ m® 1054 1264 984
Penetration at 25°C, mm 17 1,8 65
Extensibility at 25°C, cm 6 0 144
Cohesion at 25°C, N/m? (1,62)-10° (2,3) -10° -
Softening temperature, °C 74 87 48
Meltingpoint, °C 101 108 -
Extremely broken structure, °C 184 186 -
Flashpoint, °C 218 232 320
Viscosity, Pa - s at 100°C 576 343 361
at 200°C 0.9 0.6 0.4

RESULTS AND DISCUSSION

According to literature data, the extraction and processing of oil shale forms from
30 to 40% of shale fines, which, except for burning at thermal power plants, does not
find industrial use and accumulates in significant quantities on stacks. At the same time,
when producing shale gas in gas generators, up to 12% of heavy high-resinous resin is
obtained. In addition, shale processing is accompanied by the formation of ash (up to
50% of the initial mass of oil shale).

The data presented in table 2 allow us to estimate the influence of the binder type
(petroleum pitch, coal pitch, BND 50/70 bitumen) and its content (5, 10 and 15 %) on
the main physical and mechanical properties of shale briquettes. In all three cases, an
increase in the proportion of binder leads to an increase in density, which is associated
with an improvement in the compaction of the grain structure and the filling of pores
with an organic component. Coal tar pitch is characterized by maximum density values
(1180-1260 kg / m®), which reflects its ability to form the most solid carbonaceous
framework. The BND values of 50/70 are minimal (1120-1170 kg / m®), which is
explained by the lower carbonization and more ductile nature of bitumen. Qil pitch
occupies an intermediate position-the density is from 1150 to 1220 kg / m®.

There is an obvious dependence of the crushing strength - it increases with
increasing binder content, but the growth pattern differs for each type: coal pitch is the
best reinforcing component (strength: 3.0-5.5 MPa), oil pitch - average efficiency
(strength: 2.5-4.5 MPa) and the lowest strength in briquettes with HDPE (strength: 2.0—
4.2 MPa).

The impact strength index reflects the ability of the briquette to retain mass under
mechanical stress. the best results were obtained for briquettes containing coal tar pitch
(85-95 %). It provides the most resistant to destruction of the frame. The indicator was
especially low at 5 % BND, which indicates the weakness of the plastic bitumen frame.

The durability of the briquette was evaluated byits abrasionresistance. Minimal
abrasion was observed when using coal tar pitch (8-15%), while for BND - maximum,
especially when the binder content is low (12-25 %).

Minimal water absorption was provided by the introduction of coal tar pitch (8-16
%), which is most important for storing briquettes. In our opinion, this is due to high
hydrophobicity and carbonation. Unlike pitches, bitumen does not create a solid carbon
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frame, remains soft and elastic, so it does not completely fill the pores between
particles. As a result, the maximumwater absorption of BND is observed (13-22 %).

Table 2

Influence of the binder type and quantity onphysical and
mechanical parameters of briquettes

Binder type and quantity
Index 5% | 10% | 15 %
Petroleum pitch
Density, kg / m® 1150 1200 1220
Compressive strength, MPa 2.5 4.0 4.5
Impact strength, % saved weight 80 90 92
Abrasionresistance, % weight loss 18 12 10
Water absorption in 24 hours, % 18 13 10
Type of compression failure brittle transition Visco-viscoelastic
Coal pitch
Density, kg / m® 1180 1230 1260
Compressive strength, MPa 3.0 4.8 55
Impact strength, % retained 85 93 95
weight
Abrasionresistance, % mass loss 15 10 8
Water absorption in 24 hours, % 16 11 8
Type of compression failure brittle transition vw;):;;e;lt?gtlc
BND 50/70

Density, kg / m® 1120 1150 1170
Compressive strength, MPa 2,0 3,0 3,8
Impact strength, % saved weight 70 82 88
Abrasionresistance, % weight loss 22 16 12
Water absorption in 24 hours, % 20 18 13
Type of compression failure Brittle ductile-brittle ductile

The structural evolution of the frame as the binder increases for all binders is as
follows: brittle — transient — visco-plastic (or ductile). Coal and oil pitch form the
most durable and carbonaceous coke frame. While bitumen forms a plastic matrix, it
weakly resists destruction.

Thermal engineering indicators are the key characteristics of fuel briquettes, since
they determine the energy value, combustion efficiency and the possibility of industrial
use of the resulting fuel. Table 3 shows comparative data on the most important heat
engineering indicators of briquettes of the studied compositions.

Data analysis shows that an increase in the binder content from 5 to 15 % leads to
an increase in both the lowest and highest calorific values in all the systems studied.
This is due to an increase in the proportion of the organic component in the briquette
structure and a decrease in the relative content of the mineral part. The highest values of
calorific value were observed for briquettes on coal-fired pitch (13.4-14.5 MJ / Kkg),
which is explained by the high content of aromatic carbon structures and a high degree
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of carbonization of pitch during heating. Petroleum pitch shows moderate values of
calorific value, while BND 50/70 bitumen provides the lowest values.

Table 3
Influence of the binder type and quantity on heat
engineering parameters of briquettes
Figure Type and amount of binder
5% | 10 % \ 15 %
Petroleum pitch

Lower heat of combustion, MJ/kg 10,5 11,5 12,5
Higher heat of combustion, MJ/kg 11,5 12,6 13,6
operating humidity, % 6 5 4
Total ash, % 52 50 48
Content of volatile substances, % 44 46 50
Flash point, °C 430 420 410

me_dium steady
Character of combustion with a more stable pronounéed

tendency to uniform

coke residue
agglomerate

Coal tar pitch

Lower heat of combustion, MJ/kg 11,2 12,4 13,4

Higher heat of combustion, MJ/kg 12,2 13,5 14,5

operating humidity, % 6 5 4

Total ash, % 51 49 47

Content of volatile substances, % 39 37 35

Flash point, °C 450 440 430
dense,

stable, smooth long burning;

Character of combustion moderate; e
burning; dense pronounced
tendency to . .
coke residue coke residue
agglomerate
BND 50/70
Lower heat of combustion, MJ/kg 10,8 11,6 12,2
Higher heat of combustion, MJ/kg 11,8 12,7 13,4
operating humidity, % 7 6 5
Total ash, % 53 51 49
Content of volatile substances, % 46 48 50
Flash point, °C 410 400 390
. quick start, | smoother, with sustained
Character of combustion o ;
a moderate | the stabilization | combustion,
burning of combustion | coke soft phase

The working humidity decreased with increasing binder content, which is
explained by an increase in the hydrophobicity of briquettes and a decrease in capillary
porosity. However, an important pattern is observed between binders: bitumen
briquettes have the highest humidity (7-8 % at 5% of the binder), which is associated
with the softness of bitumen and the saturation of the material with open pores,
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briquettes on coal pitch are characterized by the lowest real availability of moisture,
which confirms a high degree of hydrophobization of the structure.

Ash content is one of the key parameters that determine the energy efficiency of
shale briquettes and their behavior during combustion. The mineral part, which is part
of shale fines and binders, does not participate in the combustion process, so an increase
in its share leads to a decrease in the real calorific value of fuel and an increase in the
inertial heat balance. In addition, high ash content contributes to the formation of a
significant amount of solid residues, which can lead to slagging of furnace devices,
reduce heat exchange and increase operating costs. Theobtained data show that as the
binder content increases, the relative ash content decreases, which is associated with an
increase in the organic phase and better binding of mineral particles. The lowest ash
content values are typical for briquettes in coal-fired pitch, which further explains their
higher calorific value and combustion stability. Thus, reducing the ash content is an
important criterion for improving the quality of briquettes and is directly related to the
effectiveness of the selected binder type. Among the samples under consideration, the
ash content naturally decreases with an increase in the proportion of the organic part,
while the minimum ash content corresponds to coal pitch (47-53 %), the maximum-to
bitumen, which, as noted in table 2 is associated with less completecarbonization and a
large relative contribution of the mineral part.

The content of volatile substances is fundamentally different by the type of binder
and reflects the thermal decomposition and structure of the organic matrix. Rapid
ignition, low ignition temperature and a less stable combustion zone are associated with
the maximum volatility of bitumen-containing briquettes (46-52 %). Oil pitch has
average volatile values (44-50%), which ensures a more uniform combustion process.

The values of the ignition temperature fully correlate with the content of volatile
substances: bitumen - minimum temperatures (390-420 °C), which ensures a quick start
of combustion, but leads to instability of the process; oil pitch is characterized by
moderate values (410-440 °C), which creates balanced ignition conditions and
reproducible combustion mode; coal pitch has the highest ignition temperatures (430-
465°C), which is a sign of high temperature resistance and the formation of a strong
coke residue.

The nature of combustion also fully confirms this pattern: bitumen provides rapid
ignition, but a soft and unstable coke phase; oil pitch provides a transition from
moderate to stable combustion with an increase in the binder content; coal pitch forms
the longest, stable combustion with a developed strong coke frame.

CONCLUSION

The obtained results on the study of physical, mechanical and thermal
characteristics of shale briquettes with various types of binders (oil pitch, coal pitch,
BND 50/70) allow us to identify patterns that determine the formation of the structure,
strength and energy properties of composite fuel. The comparative analysis shows that
the nature and amount of binder have a decisive influence on the macro - and
microstructure of briquettes, their performance and thermal behavior during
combustion.

First of all, attention is drawn to the steady increase in density and compressive
strength with an increase in the amount of binder in all the systems under study. This is
explained by the fact that the organic binder phase acts as a structure-forming
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component that fills interparticle pores, improving the contact between mineral grains of
shale fines and reducing the number of defects in the structure. The most pronounced
increase in mechanical strength is typical for briquettes in coal-fired pitch. Its high
aromaticity and ability to further polycyclize when heated ensure the formation of a
dense carbon frame, which is manifested in the maximum strength values at 10-15 % of
the binder. Oil pitch shows intermediate values, while BND 50/70 bitumen forms the
most plastic, but less strong structure due to insufficient carbonizing ability and
increased residual porosity.

Abrasion and impact strength, which characterize the resistance of briquettes to
mechanical influences, also show the advantages of coal pitch. Minimal abrasion values
with high impact strength values indicate a strong structural grid and high resistance to
destruction. At the same time, bitumen briquettes show the greatest mass loss during
abrasion — which is a consequence of the high plasticity of the binder, weak
interparticle adhesion and a larger number of open pores. These results confirm a close
relationship between the structure of the organic binder, the degree of compaction of the
briquette and its resistance to mechanical loads.

Water absorption is an important operational indicator that determines the
behavior of fuel during storage and transportation. Analysis of the data shows that
briquettes on coal pitches have minimal water absorption, which is due to the high
hydrophobicity and low porosity of the carbon frame. Qilfield briquettes show moderate
values, while bitumen briguettes show maximum values, which is due to the lower
ability of bitumen to compact the structure and the preservation of a significant number
of capillary channels. Thus, the water absorption level clearly reflects the structural
density and hydrophobicity of the binder, which affect the resistance of briquettes to
external moisture.

Thermal engineering indicators also show significant differences depending on
the type of binder. In particular, the heat of combustion increases with increasing
amount of binder, which is explained by an increase in the proportion of organic phase
and a decrease in the relative ash content. Coal tar pitch provides maximum calorific
value due to the high concentration of polycyclic aromatic structures that are prone to
carbonization, and the formation of a strong coke residue, which contributes to long-
term, uniform combustion. Petroleum pitch forms a moderately pronounced coke
residue, ensuring stable combustion, while bitumen gives a soft and less stable coke
phase, which leads to faster burnout and less stability of the process.

The content of volatile substances plays a key role in the ignition mechanism.
Bitumen contains the maximum amount of volatiles (up to 50-52 %), which provides
easy ignition, but leads to less thermal stability and rapid burnout. Qil pitch exhibits
intermediate values of volatility. The lowest values are typical for coal tar pitch, which
corresponds to its high temperature resistance and the need for higher ignition
temperatures. Accordingly, the ignition temperature is a reflection of the depth of
aromatization of the binder and directly affects the nature of the flame and the thermal
mode of combustion.

A combined analysis of thermal engineering and physical and mechanical data
allows us to conclude that coal tar pitch is the most effective binder, providing the
optimal combination of high strength, low porosity, minimal water absorption and
maximum calorific value. Oil pitch forms balanced characteristics and can be
considered as a universal option for the production of medium-strength shale briquettes.
It is advisable to use BND 50/70 bitumen only if there are no requirements for high
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mechanical strength and combustion stability, since it forms the most porous, less
strong structure and has limited heat resistance.

Thus, the discussion of the results demonstrates a close relationship between the

chemical nature of the binder, its quantitative content, and the totality of thermal and
mechanical characteristics of briquettes. The obtained regularities can serve as a basis
for optimizing the composition of shale briquettes depending on the intended purpose:
from BricokoTepmocroiikuxhighly heat-resistant fuel forms to cheap and easily
flammable briquettes for household needs.
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Abstract: The efficient and reliable operation of modern automobile engines directly depends
on the quality of the gasoline used in the fuel system. One of the main technological
characteristics of gasoline is its knock resistance, that is, its resistance to self-ignition under
high compression ratios. The knock process leads to a decrease in engine power, incomplete
combustion of fuel, energy loss, as well as damage to the piston, valves, and cylinder walls.
Therefore, the production of gasoline characterized by a high octane number is of special
importance for extending the service life of engines and ensuring compliance with
environmental regulations. The present study investigated the effect of various oxygenate blends
(MTBE and IBA ) on the octane number of automotive gasoline. The effectiveness of these
oxygenates was increased due to the emergence of a synergistic effect when they were blended.
A synergistic effect was observed with the combined action of a two-component mixture of
MTBE and IBS in ratios of 20-80 and 80-20 wt.%, respectively, resulting in an increase in the
octane number of gasoline fractions to 1.3-2.0 units compared to that of individual oxygenates.
Keywords : automotive gasoline, additives, oxygenates, octane number, synergistic effect.

INTRODUCTION

The modern, intensive development and improvement of equipment that uses
petroleum products as fuel places strict demands on their operational and environmental
characteristics. Despite an increase in production volume and the expansion of the range
of environmentally friendly gasoline, the demand for it is not being fully met today [1-
3]. This is because domestic production of components and additives for automotive
gasoline does not meet more than half of the total demand. Under conditions of limited
imports, ensuring the production of automotive gasoline is of particular importance.

Traditional technologies for producing high-octane gasoline components based on
processes (reforming, catalytic cracking, alkylation, isomerization) are basic, but require
significant investments for their implementation, and the current pace of construction
and modernization of secondary oil refining plants is currently insufficient. Moreover,
the inclusion of components obtained as a result of these secondary processes in
gasoline increases the content of combustion by-products in the exhaust gases [4].

A promising innovative direction for expanding the raw material base for motor
gasoline is the search for new ways to recycle waste and by-products of petrochemistry
and oil refining, which are a source of valuable hydrocarbons. Using these technologies
to produce new gasoline components will reduce exhaust gas emissions and increase
production volumes and product margins [5-7].
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It should be noted that the characteristics of gasoline fuels can be improved by
using various substances or their mixtures. Additives, detergents, and components are of
great importance for improving the operational characteristics of fuels. They improve
the fuels' anti-knock properties, suppress the knock process, improve gasoline
vaporization, and reduce the amount of harmful substances in exhaust gases [8-10].The
purpose of the present study is to investigate the effect of the composition of oxygenates
added to automotive gasoline on the increase in its octane number. For this study, we
have selected isobutanol (IBA) and methyl tert-butyl ether (MTBE) as the oxygenates.

EXPERIMENTAL PART

In this research work, methyl tert-butyl ether (MTBE), isobutyl alcohol (IBA) and
a model fuel mixture (light straight-run gasoline, catalytic cracking gasoline and
isomerate) were used as research objects. The study used standard determination
methods for the analysis of primary and target products.

In the initial sample and the reaction products, the mass fraction of the
components was determined by gas-liquid chromatography on a “Tsvet-800” gas
chromatograph with a thermal conductivity detector. The temperature of the detector
thermostat was 220°C, the temperature of the column was 110°C, and helium was used
as the carrier gas at a flow rate of 50 cm3/min. A 6 m x 3 mm column was packed with
the sorbent. The sorbent was diatomaceous earth impregnated with Triton-100 liquid
phase. The mass concentration of the components was calculated by the internal
standard method.

The octane number was determined by the Research Method (RM) according to
GOST 8226 and by the Engine Method (EM) according to GOST 511, using a standard
single-cylinder engine from a WIT-85 type apparatus.

Gas-liquid chromatographic analysis (GLC) of the samples was performed on a
SHIMADZU "GC-2014" gas chromatograph using GsBP-1msc capillary columns.
Column characteristics: length 30 m and internal diameter 0.25 mm with applied
stationary phase 100% dimethylpolysiloxane, column temperature was changed at a rate
of 5°C/min from 40 to 300°C, FID detector, temperature on the detector 300°C,
evaporator temperature 300°C, carrier gas helium.

RESULTS AND DISCUSSION

The use of oxygenates as additives to improve the properties of automotive
gasoline is considered a global trend. It is known that MTBE and butyl alcohols are
considered effective oxygenates. MTBE has a low boiling point and a high saturated
vapor pressure, which causes it to evaporate during fuel storage in the summer, leading
to a loss of knock resistance and a deterioration of the performance characteristics of
gasoline. Compared to MTBE, butyl alcohols have several advantages. In particular,
they have low vapor pressure and low toxicity, but their production volume is not as
high. Although alcohols, as anti-knock additives, meet the environmental requirements
for automotive gasoline, the increased alcohol content in gasoline leads to excessive
fuel consumption due to their lower heating value (table 1).

In a number of studies [2-4], it has been shown that the effectiveness of these
oxygenates can be increased due to the emergence of a synergistic effect during their
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mixing. Taking the foregoing into account, iso-butyl alcohol (IBA) and methyl tert-
butyl ether (MTBE) were selected by us as the oxygenates for the study.

Individual oxygenate samples and their mixtures were added to the model fuel
blend at 10% (w/w). This amount increases the volume of light gasoline fractions,
which positively affects the fuel's initial properties. In the two-component mixture, the
MTBE/IBA ratio was varied in 10% (w/w) steps. In the resulting fuel compositions, the
octane number was measured by engine and research methods, and the increase in ON
was calculated (table 2).

Table 1
Main physicochemical properties of MTBE and IBS

No Indicator names MTBE IBA

1 |Density at 20°C, kg/m?3 746 802

2 |Boiling point, °C 55 107.7

3 |Octane number by research method 118 108

4 |Saturated vapor pressure, kPa, at 38°C 61 8.5

5 [Solubility in water, %(w/v) 1.3 8.5

6 |Maximum permissible content in gasoline, %(vol.) 15 10

7 |Combustion heat, kJ/g 38220 35520

8 [Mass fraction of sulfur, mg/kg 110 1
Table 2

Dependence of the increase in the octane number of a model fuel mixture on the
composition of a two-component mixture

. Increase in octane number
Ne Additive By engine method | By research method
1 |IBS 5.3 6.9
2 | MTBE 5.9 6.2
3 | MTBE:IBS=90:10 5.9 6.3
4 | MTBE:IBS=80:20 6.0 7.3
5 | MTBE:IBS=70:30 6.6 7.6
6 | MTBE:IBS=60:40 6.8 7.8
7 | MTBE : IBS=50:50 6.9 7.9
8 | MTBE: IBS=40:60 6.9 8.0
9 | MTBE:IBS=30:70 7.0 8.2
10 | MTBE : IBS =20: 80 6.6 8.0
11 | MTBE : IBS=10:90 55 7.0

It has been shown by us that to a model fuel mixture containing 10% (w/w) of
MTBE and IBA, in a ratio of 20:80 and 80:20% (w/w), respectively at ratios of 20:80
and 80:20 (by weight) to the model fuel mixture, respectively, the addition of MTBE
and IBA blends to the fuel mixture provides a greater increase in octane number
compared to the use of individual oxygenates (6.2 and 6.9 for MTBE and IBA,
respectively). The addition of MTBE and IBA to the model fuel blend in a two-
component mixture at ratios of 20:80 and 80:20% (wt.), respectively, provides a greater
increase in the octane number compared to the use of individual oxygenates (6.2 and 6.9
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for MTBE and IBA, respectively).The study of the effect of the MTBE/IBA ratio in the
two-component mixture on the anti-knock activity of the fuel blend revealed a
synergistic effect on the octane number for IBA content in the range from 20% (wt.) to
80% (wt.).

The observed synergistic effect of the binary mixtures under investigation can be
explained by the fact that the boiling point and molecular -mass characteristics result in
their being drawn into all narrow petrol fractions, which leads to a uniform increase and
distribution of knock resistance across all fuel fractions.

Thus, a synergistic effect was observed with the combined action of the two-
component mixture of MTBE and IBA at ratios of 20:80 and 80:20%, respectively
(w/w) ratio, a synergistic effect was observed, which is manifested by an increase in the
octane number of the petrol fractions by 1.3-2.0 units compared to the individual
oxygenates.

CONCLUSION

As a result of research into the complementarity and synergism of oxygenates
(methyl tert-butyl ether (MTBE) and isobutyl alcohol (IBA)), new components and
additives for motor gasolines have been developed using commercially available
domestic raw materials.

A synergistic effect was observed with the combined action of a two-component
mixture of MTBE and IBS in ratios of 20-80 and 80-20 wt.%, respectively, resulting in
an increase in the octane number of gasoline fractions to 1.3—2.0 units compared to that
of individual oxygenates.
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