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Abstract. Industrial adsorption methods for reducing sulphur content in hydrocarbon streams were investigated
with an emphasis on their engineering efficiency and technological adaptability in oil refineries. A comparative
analysis of the use of zeolites, activated carbons, metal-organic frameworks, carbon molecular sieves, metal
oxides, polymeric materials, metal sulphides, modified clay and bentonite aimed at reducing the sulphur content
in hydrocarbon streams was conducted. Adsorption using zeolites and metal-organic frameworks was noted to
be highly effective in removing sulphur-containing compounds such as thiophenes and mercaptans, especially
at high sulphur concentrations. However, these methods require significant capital expenditure and a complex
infrastructure to scale.Activated carbons, despite their availability and cost-effectiveness, have demonstrated lower
efficiency in removing sulphur from heavy hydrocarbons and limited regeneration capabilities. Hybrid methods
that combine adsorption with catalytic desulphurisation have proven to be promising for deep sulphur removal
and lower operating costs due to the ability to regenerate the adsorbent. For large plants, hybrid technologies
and methods using zeolites and metal-organic frameworks are optimal, providing high efficiency while meeting
environmental standards. For small and medium-sized refineries, activated carbon technologies are economically
viable. Thus, the choice of adsorption method depends on the specifics of the enterprise, the type of hydrocarbon
flow and the opportunities for introducing innovative technologies
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Introduction

Reduction of sulphur content in hydrocarbon streams  pollution, which leads to additional economic and en-
is the most important task of the refining industry  vironmental risks. One of the most effective methods of
due to strict environmental standards and the need to  removing sulphur-containing compounds is adsorption,
improve fuel quality. High sulphur content in petrole-  which is used to purify hydrocarbon streams at various
um products not only deteriorates their performance refining stages. In 2023, the development of new and
characteristics but also contributes to environmental improvement of existing adsorbents, such as zeolites,
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activated carbons and metal-organic frameworks, as
well as combined methods combining adsorption with
catalytic desulphurisation were prioritised (Yang et
al., 2023). However, the choice of the most effective
method depends on many factors, including the type
of feedstock to be treated, sulphur concentration and
technical features of the plant.

Q. Shi & J. Wu (2021) investigated the use of zeo-
lites in the adsorption processes of sulphur-containing
compounds, noting their high efficiency at high sulphur
concentrations. These materials significantly improved
the quality of hydrocarbon streams and met environ-
mental standards. G. Li et al. (2024) analysed the use
of activated carbons for sulphur removal, pointing out
their availability and economic benefits. However, they
emphasised that for heavier hydrocarbon fractions, this
method had limited effectiveness. B. Saha et al. (2021)
studied metal-organic frameworks as a promising ma-
terial for sulphur adsorption with high selectivity and
modification ability. However, the work pointed out that
the high cost of organometallic frameworks made them
inappropriate for mass application in large refineries.
Y. Pan et al. (2024) emphasised the problems of adsor-
bent regeneration, which was an important aspect of
the long-term operation of these materials in industrial
conditions. They emphasised that the possibility of re-
generation significantly increased the economic attrac-
tiveness of adsorption technologies.

X. Wang et al. (2024) considered the removal of
asphalt-resin-paraffin deposits by chemical methods
in the production of highly paraffinic oil. The authors
optimised the chemical method of oil well remediation
by proposing a technique for selecting the most effec-
tive reagent, stressing the importance of an individual
approach for each specific case.Jumina et al. (2021) in-
vestigated the combination of adsorption and catalyt-
ic desulphurisation, confirming their high efficiency in
sulphur removal. They also observed that such methods
could reduce operating costs by reducing the need for
frequent replacement or regeneration of adsorbents.
S.A. Ganiyu & S.A. Lateef (2021) emphasised the ad-
vantages of combined technologies that provided deep
hydrocarbon purification and minimised waste. They ar-
gued that such approaches could significantly improve
the economic efficiency of refineries.

K.Taghaddom et al. (2023) identified the high level
of capital cost in implementing advanced refining tech-
nologies, which was a serious constraint for Small and
medium-sized enterprises (SMEs). They also investigat-
ed possible ways to optimise the cost when using ac-
tivated carbon for biomass degassing, highlighting the
importance of selecting an efficient adsorbent and pro-
cess parameters to maximise profitability. W. Zhang et
al. (2022) investigated the environmental aspects of
adsorption applications, emphasising the need to se-
lect methods that minimise emissions and waste dur-
ing the purification of hydrocarbon streams. Their study
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emphasised meeting environmental standards and
regulatory requirements. H.A. Al-Jamimi et al. (2022)
proposed a hybrid approach using the support vector
method (SVM) and genetic algorithm (GA) to treat hy-
drocarbons from sulphur. These minimised the sulphur
content, SO, emissions and hydrodesulphurisation
costs and achieved purification efficiency. The authors
also emphasised the benefits of complying with strict
environmental regulations. However, a comprehensive
analysis of all existing adsorption methods concerning
economic feasibility and technological adaptability in
large and small refineries was lacking among scientific
papers, which requires further research.

The study aimed to evaluate and compare different
industrial adsorption methods in terms of their appli-
cability for reducing sulphur content in hydrocarbon
streams in refineries, with a particular focus on the
engineering aspects and the possibility of integrating
these methods into existing processes.

Materials and Methods

The study addressed the situation in Azerbaijan, which
is determined by the availability of significant reserves
of raw materials to produce zeolites and a developed
oil and gas industry, where adsorbents are widely used.
Four main industrial adsorption methods used to re-
duce sulphur content in hydrocarbon streams were
analysed: adsorption on zeolites, the use of activated
carbons, metal-organic frameworks (MOFs) and hybrid
methods combining adsorption with catalytic desul-
phurisation. Sulphur compounds, commonly found in
the feedstock supplied to oil refineries, were analysed:
thiophenes, mercaptans and hydrogen sulphide.

The methods of using zeolites, activated carbons,
metal-organic frameworks, carbon molecular sieves,
metal oxides, metal sulphides, modified clays and ben-
tonites, as well as hybrid technologies and polymeric
materials that demonstrate the effectiveness of remov-
ing sulphur compounds under various technological
conditions were considered. Each method was evaluat-
ed for its effectiveness in removing sulphur from hydro-
carbon streams. The conditions under which the meth-
ods are most effective were determined. An important
aspect of the analysis was the influence of various
parameters, such as temperature, pressure and hydro-
carbon stream composition. This was used to identify
which methods provide the best results for the removal
of light sulphur compounds and which are more effec-
tive for the removal of complex contaminants such as
heavy hydrocarbons.

As part of the analysis of the economic feasibility
of each method, the capital costs of equipment instal-
lation and operation, the cost of adsorbent regenera-
tion, and the cost of replacing them during operation
were estimated. The analysis of the availability of raw
materials, durability and cost of adsorbent production
was prioritised. This was used to identify the most
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cost-effective methods for large refineries, as well as
for small and medium-sized enterprises that may face a
lack of financial resources. The scalability of the meth-
ods was also an important aspect of the study. The pos-
sibility of implementing these technologies at different
stages of production, from small installations to large
production facilities, was assessed. The integration of
the methods into existing refinery process chains, a sig-
nificant aspect in terms of equipment modernisation
and process optimisation, was analysed. The peculiar-
ities of each technology in terms of implementation in
real operation were addressed as well.

An important part of the study was the sustainabili-
ty of the selected methods and their environmental im-
pact. This analysis analysed the possibility of adsorbent
regeneration,which reduces the amount of waste and re-
duces the cost of replacing adsorbents during operation.
The extent to which each method affects the ecosystem
was also investigated, addressing the long-term oper-
ation of the equipment and the possible environmen-
tal risks associated with the use of these technologies.

The study also developed recommendations for re-
fineries on the selection of optimal adsorption meth-
ods. For this purpose, the needs of large and small
refineries were analysed, as well as possible ways to
improve existing desulphurisation processes. The rec-
ommendations cover both technical characteristics as
well as economic and environmental aspects aimed at
optimising processes, addressing all factors affecting
refinery efficiency and long-term sustainability.

Results

Adsorption of sulphur-containing compounds is crucial
for the purification of hydrocarbon streams, providing a
reduction in sulphur emissions and improving the qual-
ity of the fuel produced. High sulphur content in hydro-
carbons not only degrades their performance charac-
teristics but also contributes to increased emissions of
toxic compounds into the atmosphere. Therefore, the
main objective of adsorption is to improve the quality of
fuel.In the process of sulphur removal, fuel performance
is significantly improved: the harmful effect on engines
is reduced, the service life of equipment is increased,
and operating costs are reduced. In addition, improve-
ment of fuel quality leads to its more efficient utilisa-
tion, which contributes to saving energy resources and
reducing the cost of hydrocarbon materials processing.

In the adsorption process, sulphur compound mol-
ecules adsorb on the surface of the adsorbent material,
which significantly reduces the concentration of sulphur
in the fuel. This method of sulphur removal is highly
efficient, which allows the production of fuel following
the environmental standards Euro-5, Euro-6 and Azer-
baijan standards (Griffiths, 2023). To ensure compliance
of the implementation of adsorption technologies with
international standards, as well as to minimise emis-
sions and comply with environmental regulations, the

company needs an environmental management system.
The basis for its development and implementation is
provided by ISO No. 14001 (2015) standard, with the
help of which the requirements for fuel quality,norms of
sulphur level reduction to minimum values, and meth-
ods of adsorbent selection are established. For instance,
biochar is an effective and inexpensive means of re-
moving gaseous pollutants from combustion flue gases,
including SO, and volatile organic compounds. It is a
cheaper alternative to solid sorbents such as activated
carbon, zeolites, carbon nanotubes, carbon molecular
sieves and metal-organic frameworks (Wen et al., 2023).

Adsorption on zeolites is one of the most effec-
tive methods of purification of hydrocarbon streams
from sulphur-containing compounds. Zeolites have a
unique microporous structure, which can be used to
provide high selectivity to various sulphur-containing
substances, such as thiophenes and mercaptans (Lee &
Valla, 2019). These substances are major contaminants
in hydrocarbon streams, and their removal by zeolites
significantly improves fuel quality. The selectivity of
zeolites to thiophenes and mercaptans is due to their
size, polarity and structural feature, which allows effec-
tive retention of molecules of these compounds on the
adsorbent surface (Pérez-Botella et al., 2022). An impor-
tant advantage of zeolites is their ability to regenerate.
After saturation of the adsorbent with sulphur-contain-
ing molecules, it can be subjected to the regeneration
process, restoring its adsorption properties. Depending
on the type of adsorbent, it can be regenerated 3-10
times: activated carbon up to 5 times, biochar and met-
al-organic frameworks up to 10 times, provided the
optimum conditions are met. This reduces operating
costs, allowing the adsorbent to be reused many times
without the need to replace it. Regeneration of zeolites
is usually carried out by a thermal method, which re-
moves all accumulated contaminants and returns the
material to its original state. This process is a key factor
in making the use of zeolites in industry more econom-
ically attractive.

However, there are several limitations in the use of
zeolites. One of them is a decrease in adsorption effi-
ciency at high sulphur concentrations in hydrocarbon
streams (Chai et al., 2021). In such conditions, the zeo-
lite can be saturated quickly, which leads to the need
for frequent regeneration or replacement of the mate-
rial. Zeolites are also susceptible to contaminants, such
as particulate matter or other organic matter, which
can block the pores and reduce the overall efficiency
of the adsorption process. These limitations need to be
addressed in designing treatment systems to ensure
stable operation of the adsorption unit under variable
loads and hydrocarbon stream composition.

Activated carbons are one of the most popular and
economically available materials for the removal of sul-
phur-containing compounds from hydrocarbon streams.
This adsorption method is suitable for the removal of
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hydrogen sulphide (H,S) and light sulphur compounds
such as alpha-methylthiophene or methylmercaptans.
Due to their highly porous structure, activated carbons
provide a large surface area for adsorption, rendering
them effective for the adsorption of gas or soluble sul-
phur-containing molecules, especially in the early stag-
es of the purification process (Paucar et al., 2021).

One of the main advantages of activated carbons is
their economic availability. The material has a relative-
ly low cost and is available in various forms, which can
be used in a wide range of industrial processes.Activat-
ed carbons, in contrast to organometallic frameworks
and zeolites, are used in cases where sulphur purifica-
tion depth requirements are less stringent, such as in
small or medium-sized plants where savings on capital
investment are key. This may apply to cases such as
treating a hydrocarbon stream with sulphur content
as low as 500 parts per million (ppm), which meets
less stringent requirements than for deep purification
requiring significant investment in higher quality ad-
sorbents such as metal-organic frameworks, which can
operate effectively at sulphur contents as low as 10-
50 ppm. In such cases, activated carbons can perform
effectively despite their higher tendency to saturate,
making them an attractive choice if purification depth
requirements do not exceed 500-1,000 ppm.This is also
true for processes where economic efficiency is more
important than ultra-purification. However, despite the
economic benefits, the use of activated carbons has
several limitations. One of them is their low efficiency
in the treatment of heavy hydrocarbon streams. For the
removal of sulphur from heavy oil fractions, activated
carbons do not always provide the required degree of
purification, as their porous structure may not be able
to cope with large molecules or high concentrations
of contaminants. In addition, the regeneration pro-
cess of activated carbons is labour-intensive and ex-
pensive. Due to the saturation of the adsorbent with
sulphur-containing compounds, the process of regen-
erating the adsorbent requires significant energy and
time, which increases operating costs. In most cases,
activated carbons lose part of their adsorption capacity
after several regeneration cycles, which leads to the
need for their frequent replacement.

MOFs are innovative materials that have attract-
ed much attention due to their high selectivity in the
adsorption of various sulphur-containing compounds.
These materials are composed of metals bonded with
organic ligands, which provides them with unique po-
rous structures with a large surface area. MOFs can se-
lect and adsorb specific molecules such as thiophenes,
mercaptans and other sulphur-containing organic com-
pounds, making them extremely effective for sulphur
purification of hydrocarbon streams. Their high selec-
tivity allows achieving a significant reduction of sulphur
concentration with relatively low energy and time con-
sumption for the purification process (Yu et al., 2024).
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One of the main advantages of MOFs is the abili-
ty to modify their structure depending on the specific
needs of the refinery. The porous structure of these ma-
terials can be adapted by changing the type of metals
or organic ligands, which can be used for optimised
adsorption properties for specific types of hydrocarbon
streams. This flexibility makes MOFs promising for cre-
ating customised solutions, which is especially impor-
tant when dealing with different types of oil and gas.
In contrast to traditional adsorbents such as activated
carbons or zeolites, MOFs open new opportunities for
improving treatment efficiency and reducing costs.

However, despite their advantages, the use of MOFs
faces several limitations. One of the main factors is the
high cost of these materials. The production of MOFs
requires complex synthetic processes and expensive
starting materials, which makes their use expensive,
especially in large-scale production where significant
amounts of adsorbents are required. In addition, MOFs
have low stability in aggressive industrial environments
such as high temperatures, humidity and the presence
of various contaminants. Therefore, in refineries, these
materials can lose their effectiveness due to structural
degradation, which limits their durability and requires
additional replacement or regeneration costs.

Carbon molecular sieves (CMS) are an important
component of modern hydrocarbon stream treatment
technologies. Their application covers a wide range of
refinery and gas industry applications, as they reduce
sulphur compounds to environmental standards. CMS
demonstrates high efficiency in the removal of hydro-
gen sulphide, thiols and light mercaptans from natu-
ral gas and hydrocarbon streams (Nezhad et al., 2023).
For instance, they are used in feedstock pretreatment
stages, where adsorbents placed in columns or reactors
reduce the sulphur content before the main refining
processes. This not only improves feedstock quality but
also protects subsequent stages from contamination.

In large refineries, hydrotreating is the standard
method for desulphurisation of heavy fractions such as
diesel and petrol. CMS can be used as a supplement,
providing fine purification after the main treatment.
This is particularly important for achieving ultra-low
sulphur concentrations, making them indispensable to
produce high-quality petroleum products. Hydrogen
used in hydrotreating can contain hydrogen sulphide,
which contaminates the catalysts. CMS effectively re-
move these compounds, increasing the productivity
and durability of the equipment.

CMS offers several key advantages. They are flex-
ible in terms of customisation to specific streams and
compounds, environmentally friendly as they meet
Euro 5 and Euro 6 standards, and cost-effective due
to reduced catalyst wear and regeneration capabili-
ties. These characteristics make them a competitive
solution for modern refineries. Nevertheless, there are
technical limitations: large volumes of adsorbent are
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required to process large volumes of feedstock, which
increases costs. In addition, wear and tear during regen-
eration cycles and extreme conditions at some refining
stages require additional solutions.

Hybrid methods, combining adsorption and catalyt-
ic desulphurisation, represent an innovative strategy for
deep sulphur removal from hydrocarbon streams. This
approach combines the advantages of the two process-
es: adsorption effectively removes sulphur-containing
substances such as thiophenes and mercaptans, while
catalytic desulphurisation breaks down more complex
sulphur compounds into less harmful substances. The
combined use of adsorption and catalysis techniques
can provide deeper purification of hydrocarbons, al-
lowing sulphur levels to be achieved to meet the most
stringent environmental standards. For instance, the
Euro-6 standard for automotive fuels requires a sulphur
content of no more than 10 mg/km, which is signifi-
cantly lower compared to less stringent standards such
as Euro-5, where the allowable sulphur level is 50 mg/
km. Such low sulphur levels can be achieved by using
advanced technologies, such as hybrid methods, and
more efficient adsorbents that provide purification at a
deeper level. This combination of processes is particu-
larly effective when dealing with heavy hydrocarbons
where standard purification methods are insufficient
(Hassan et al., 2022).

One of the key advantages of hybrid methods is
increased cost efficiency, due to the possibility of re-
generation of both adsorbent and catalytic material.
Materials such as activated carbon, zeolites, carbon
molecular sieves and metal-organic frameworks are
often used for adsorption of sulphur-containing com-
pounds. These adsorbents effectively remove sulphur
in the purification stage of hydrocarbon streams and
can be subjected to multiple regeneration. Catalysts

used for catalytic hydrodesulphurisation are metal
oxides (e.g., vanadium oxides, molybdenum oxides),
metal sulphides and aluminosilicates, which promote
a chemical reaction that removes sulphur from hy-
drocarbons at high temperatures and pressures. Im-
portantly, both adsorbents and catalysts can be re-
generated, significantly reducing operating costs and
improving the durability of the purification process.
The regeneration of adsorbents allows for 3-10 times
of use, depending on the type of material and pro-
cess conditions. Catalytic materials, such as sulphides
and metal oxides, can be recovered 3-5 times using
thermal or chemical methods (Ismailov & Gashi-
mov, 2010). The combination of these processes not
only improves fuel quality but also reduces long-term
operating costs for hydrocarbon treatment.

However, the use of hybrid methods also has its
limitations. One of the main obstacles is the difficul-
ty of implementing such technologies into the exist-
ing refinery infrastructure. Integrating adsorption with
catalytic desulphurisation requires complex equipment
upgrades as well as staff training, which can require sig-
nificant capital expenditure. In addition, such systems
require fine-tuning of the processes to ensure their syn-
chronised operation and avoid a reduction in overall
purification efficiency. As a result, despite the high po-
tential of hybrid methods, their implementation can be
difficult, especially in the case of the limited financial
and technological capabilities of the enterprise. Refin-
ers face a variety of factors when selecting technolo-
gies for removing sulphur from hydrocarbon streams,
including the efficiency, cost-effectiveness, scalabil-
ity and sustainability of the methods used (Table 1).
Each of the existing technologies has its strengths and
weaknesses that must be assessed in the context of the
specific operating conditions of the refinery.

Table 1. Comparative analysis of adsorption methods

Sulphur removal Economic - Regeneration Suitable petroleum
Method efficiency (ppm) profitability Scalability capability (times) products
Zeolites 10-50 High High 5-6 Light hydrocarbon flows
Activated carbons 50-100 Average Average 2-3 AS a supplemgnt
in hydrotreating
Metal-organic . . .
frames <10 Low High 5-6 For high-purity products
. ) For the fine purification
Hybrid methods <10 Average Average 3-4 of heavy hydrocarbons
Carbon' molecular <10 Average High 4-5 For high-purity products
sieves
Metal oxides <10 High High 5-6 Light hydrocarbon flows
Polymeric ) ) As a supplement
materials 10-20 Average Average 1-2 in hydrotreating
Metal sulphides 10-50 High Average 2-3 Light hydrocarbon flows
Modified clays and 10-50 High High 3.4 Light hydrocarbon flows

bentonites

and diesel

Source: compiled by the authors based on V.C. Srivastava (2012)
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Methods based on the use of metal-organic frame-
works and hybrid technologies show the best results
in terms of efficiency. MOFs are highly selective and
can be used to effectively remove sulphur-containing
compounds, even at high sulphur concentrations, such
as those found in primary and secondary refining stag-
es such as hydrotreating and hydrodesulphurisation.
High levels of sulphur are often encountered in these
stages, requiring effective purification methods. Hybrid
methods, combining adsorption with catalytic desul-
phurisation, can be effectively applied to hydrotreating
and hydrodesulphurisation in refineries. For instance,
in the hydrotreating stage of diesel or petrol where
sulphur-containing compounds are in high concen-
trations, the use of hybrid methods can provide deep
purification and high sulphur removal rates, reducing
the need for continuous replacement of adsorbents and
catalysts. It also helps maintain process stability under
high temperature and pressure conditions. Activated
carbons and zeolites are effective in the purification
of hydrocarbons from sulphur, but their effectiveness
is limited at high sulphur concentrations (greater than
1-2%) or complex sulphur-containing compounds such
as thiophenes. Under such conditions, MOFs and carbon
molecular sieves are more effective, providing better
selectivity and high capacity.

Cost-effectiveness is essential, especially for busi-
nesses with limited budgets. Activated carbons are a
more affordable option due to low material costs and
ease of implementation. This solution is ideal for small-
er refineries or temporary situations, such as equipment
refurbishment or short-term peaks, where full modern-
isation of sulphur treatment processes is not feasible.
While MOFs and hybrid methods offer high efficiency,
their cost and complexity of implementation can be
significant, making them less economical in the short
term. However, when considering the long-term bene-
fits of improved fuel quality and compliance with en-
vironmental standards, more expensive methods may
justify the investment.

Scalability is also an important criterion, especially
for large refineries where large volumes of hydrocar-
bons need to be processed. Zeolites and MOFs have a
high potential for scalability. This makes them prom-
ising for large plants where methods capable of op-
erating efficiently at high flow volumes are required.
These technologies offer high levels of purification

down to sulphur levels, for instance, in the range of
10-50 ppm, making them attractive to large plants that
need to meet stringent environmental standards and
handle more complex hydrocarbon streams. Adoption
of technologies such as catalytic hydrodesulphurisa-
tion requires significant capital investment, which can
range from USD 5 to USD 10 million, depending on the
scale and complexity of the plant. This limits their use
to small refineries that cannot justify such costs. Small
refineries typically have a capacity of up to 50,000 bar-
rels of oil per day and are limited in resources. These
facilities often opt for more affordable and easily scal-
able technologies, such as adsorption using activated
carbons. These techniques allow the solution to be
quickly integrated into existing systems without signif-
icant installation and maintenance costs.

The sustainability of technological solutions is im-
portant for long-term application. Hybrid technologies,
which combine adsorption and catalytic desulphurisa-
tion, are the most environmentally friendly option, as
they allow for the reuse of adsorbents and catalysts,
which reduces waste and minimises environmental
pollution. This approach contributes to the overall
sustainability of the process. MOFs, despite their high
efficiency, require further research to optimise their
stability and durability in industrial applications. This
limits their widespread use, although their sustaina-
bility prospects remain promising. Activated carbons,
although easily regenerated, can pose environmental
problems due to the need for frequent replacement and
disposal of the material.

Thus, the choice of method for sulphur removal
from hydrocarbon streams depends on many factors. For
large refineries focused on high efficiency and scalabil-
ity, MOFs or hybrid methods are preferred. For plants
with limited financial resources or those that need to
implement solutions quickly, activated carbons will be
more suitable. The choice should be based on a com-
prehensive assessment of all factors, including efficien-
cy, cost, scalability and environmental sustainability of
the technologies (Cako et al., 2022). Technological ad-
aptability is a key factor in the selection of sulphur re-
moval methods for refineries, as the successful integra-
tion of new technologies must address both economic
viability and environmental standards (Table 2). In this
context, scalability, integration into existing processes
and environmental sustainability are important aspects.

Table 2. Technological adaptability of adsorption methods

Aspect Zeolites Activated carbons Metal-organic frames  Hybrid methods
Integration Complex Simple Complex Average
Environmental sustainability Moderate Limited High High
Initial costs Average Low High Average

Hydrogen sulphide,
organic sulphur-
containing compounds

Sulphur-containing
substances

SO,, hydrogen sulphide,
volatile organic
compounds

S0,, hydrogen
sulphide, organic
compounds

S0,, volatile organic
sulphurous compounds

Source: compiled by the authors based on K. Chen et al. (2020)
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The integration of new technologies into existing
processes is another key aspect. Activated carbon, due
to its relatively low cost and ease of use, can be easily
integrated into existing treatment systems. This tech-
nology does not require fundamental process changes,
which greatly simplifies its implementation and reduc-
es the capital cost of modernisation. In the case of zeo-
lites and MOFs, the integration process may require not
only significant financial investment but also a redesign
of some equipment, making their application complex
and requiring careful preparation. Thus, for plants that
already have functioning plants, activated carbons are
a better option in terms of technological adaptability.

Environmental aspects are substantial in the long-
term sustainability of technologies. In the face of in-
creasing environmental demands, adsorbent recovery is
becoming an important mechanism for reducing waste
and increasing material efficiency. Hybrid methods that
combine adsorption with catalytic desulphurisation
have significant environmental potential, as they allow
for multiple regeneration of adsorbents and catalysts,
thus reducing waste. Activated carbons, although they
have limitations in terms of regeneration frequency,
such as reduced efficiency with multiple regenerations
and possible accumulation of contaminants in the po-
rous structure, can also reduce environmental impacts
due to the possibility of material reuse. These limita-
tions relate to the loss of adsorption capacity and the
need to use additional methods, such as thermal or
chemical regeneration, to maintain their efficiency at
the required level. While MOFs, despite their high ef-
ficiency, require further research in terms of their sus-
tainability and regeneration, which limits their wide-
spread use in industrial plants.

Thus, when choosing technologies for removing
sulphur from hydrocarbon streams of refineries, it is
necessary to consider their technological adaptability.
For large enterprises with the possibility of significant
capital investments, it is advisable to introduce more
efficient but expensive technologies, such as zeolites
and MOFs. For smaller or temporary solutions, methods
that can be easily integrated into existing systems, such
as activated carbons, are more suitable, especially if the
focus is on cost optimisation and minimising environ-
mental impact.

With environmental standards constantly evolving
and the desire to improve fuel quality, refineries are
faced with the need to select effective technologies
for sulphur removal from hydrocarbon streams. Recom-
mendations for selecting adsorption methods for such
plants depend on a variety of factors, including refin-
ery size, technical capabilities and financial resources.
For large refineries, hybrid methods or metal-organic
frameworks are appropriate. These require significant
upfront costs but provide high sulphur removal effi-
ciencies to achieve the desired environmental stand-
ards even when treating complex hydrocarbon streams.

Hybrid systems incorporate adsorption and catalytic
desulphurisation to provide deep purification, making
them attractive to large plants with long-term environ-
mental and economic goals. At the same time, MOFs
can be used to optimise purification due to their high
selectivity and ability to be modified to suit specific re-
finery conditions.

Activated carbons are suitable for smaller refin-
eries, those with limited financial resources, and for a
quick or temporary solution to a treatment problem:
they are low-cost, easy to use and readily available. Al-
though activated carbons are not as effective for deep
removal of sulphur in complex hydrocarbons, they can
be used for pretreatment, making them a good option
for refineries that cannot afford to implement more ex-
pensive technologies.

The choice of technology should be preceded by an
analysis of economic viability and environmental com-
pliance. It is necessary to address the cost of installa-
tion and operation of technologies, their durability, the
possibility of material regeneration, and the impact on
the environment. Therefore, refineries should select
technologies with a view to long-term benefits, opti-
mising costs and achieving maximum efficiency in the
treatment of hydrocarbon streams from sulphur.

Discussion

The study determined that adsorption methods demon-
strate high efficiency for removing sulphur compounds
from hydrocarbon streams, but each technology has its
limitations. Activated carbons, despite their effective-
ness in removing sulphur, are limited in their applica-
tion at high sulphur concentrations in the stream and
are sensitive to heavy hydrocarbon contamination. This
limits their use in complex hydrocarbon streams.
Zeolites are reliable adsorbents due to their se-
lectivity to thiophenes and mercaptans. B. Bulut et
al. (2022) conducted studies on LPG desulphurisation
using modified zeolites. These zeolites were treated
with metal ions (Cu%, Zn?* and Cu?-Zn?*) through lig-
uid phase ion exchange. The study confirmed that these
modified zeolites were effective in removing dimethyld-
isulfide and thiophene from the gas stream, showing
high efficiency.T.Yu et al. (2022) also demonstrated that
the main problem with the use of zeolites is a decrease
in their selectivity and sorption capacity at high sulphur
concentrations in the treated stream. Contamination of
zeolites with hydrocarbons or other substances can
block the active centres, which significantly reduces
their efficiency. To solve this problem, methods are be-
ing developed to regenerate zeolites and increase their
resistance to contamination, such as the use of addi-
tional modifiers or combinations with other sorbents.
It is worth noting that the efficiency of zeolites
in removing thiophenes and mercaptans depends not
only on their structure but also on process conditions,
such as temperature, pressure and composition of the
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processed mixture. An important area of research is
the development of modified zeolites with improved
catalytic and sorption properties capable of handling
high sulphur concentrations. The creation of technol-
ogies that minimise zeolite degradation and facilitate
their regeneration are prioritised to ensure sustainable
operation in industrial conditions. The use of activated
carbons has confirmed their economic affordability and
ease of integration into existing production processes
(Kosogina et al., 2019). However, their low efficiency in
handling heavy hydrocarbons and the impossibility of
multiple regenerations made them less suitable for
deep sulphur removal tasks. This confirms the need to
use activated carbons only in combination with other
technologies or for temporary solutions.

S.Z. Naji & C.T. Tye (2022) investigated the use of
activated carbon as a precursor and catalyst in biodies-
el production. They concluded that activated carbon
can be easily integrated into technological processes
due to its availability and ease of use. This makes it an
attractive option for improving refinery operations with
minimal modification of existing equipment. K.L. Tan &
K.Y.Foo (2022) determined that, despite their economic
availability, activated carbons have several limitations
inthe treatment of refinery wastewater. Their adsorption
capacity can decrease at high pollutant concentrations,
requiring frequent regeneration or replacement of the
material (Hulevskyi & Postol, 2022). In addition, activat-
ed carbons are less effective at removing more complex
or high molecular weight organic compounds, which
limits their use in more severe processing conditions.

X.Wang et al. (2021) confirmed the results of the
study that activated carbons can be successfully in-
tegrated into existing processes without the need for
significant technical changes. This underscores their
attractiveness as a cost-effective solution that allows
petrochemical plants to quickly adapt to the require-
ments of purification. At the same time, these carbons
provide a sufficiently high level of adsorption for most
common pollutants, which confirms their wide appli-
cability in current technologies. Metal-organic frame-
works, despite their high selectivity and flexibility in
structure tuning, have demonstrated insufficient resist-
ance to industrial conditions. The high cost of synthesis
and the need to develop more stable structures are the
main obstacles to their widespread use. Nevertheless,
their potential in the long term is high, making them an
attractive target for further research.

The study by J. Guo et al. (2021), which determined
that metal-organic framework materials have several
advantages, such as high selectivity in the sorption of
various pollutants and the possibility of modifying their
structure to improve properties, is noteworthy. This al-
lows MOFs to effectively remove specific pollutants,
such as sulphur compounds, even at low concentrations
in the stream. In addition, the ability to modify structure
parameters such as pore size and chemical environment
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opens additional opportunities for their application in
various fields, including petrochemicals. S.G. Yunusov et
al.(2023) noted that desulphurisation of coke oven gas-
oline and diesel fraction blends by alternative meth-
ods (adsorption, extraction, oxidative desulphurisation
using hydrogen peroxide and alkyl peroxides) is an
important task to reduce sulphur emissions, cheapen
refining, and improve fuel performance. For instance,
the authors proposed to use adsorbents to prevent the
loss of octane fuel. However, their proposed methods
require further improvement to ensure stability and
efficiency under industrial conditions. The results of
Z.Zaidi et al. (2023) concur with the results of this study
as they confirm the effectiveness of alternative desul-
phurisation methods in reducing the sulphur content
of fuel fractions. The application of such methods as
adsorption and catalysis can significantly improve the
quality of coke oven petrol and diesel fraction blends,
reducing their harmful impact on the environment.

Hybrid methods combining adsorption with cata-
lytic desulphurisation showed the best results in terms
of sulphur removal depth. In addition, the ability to re-
generate adsorbents reduced operating costs. However,
the complexity of their integration into the existing in-
frastructure and the high initial cost of the equipment
limits their use in some cases. These aspects require
further optimisation to ensure greater technological
adaptability. S. Gooneh-Farahani & M. Anbia (2023)
also conducted a study, the results of which confirmed
that hybrid methods combining different approaches
to remove sulphur from hydrocarbon streams show
high efficiency in achieving deep purification. The use
of technologies such as the combination of adsorption
with catalytic process or membrane filters can increase
the degree of sulphur removal with less energy and
feedstock. These methods can significantly improve the
quality of petrochemical products while meeting strin-
gent environmental standards.

A. Asghar et al. (2022) determined that the intro-
duction of hybrid technologies into biorefinery infra-
structure faces several challenges, including the need
to modernise existing equipment and the high cost of
new systems. One solution may be to introduce hybrid
technologies in a phased manner, allowing them to be
gradually integrated into existing processes. Equally, an
important step is to develop flexible and economically
feasible schemes for the regeneration and replacement
of the materials used, which will help to reduce initial
costs and improve system longevity. Their study con-
firms that hybrid methods do provide significant im-
provements in the efficiency of sulphur removal from
hydrocarbon streams. By combining different tech-
nologies, the limitations of each can be compensated
for, providing deeper purification and lower operating
costs. This confirms the potential of hybrid solutions
as a key element in modernising refining processes to
meet modern environmental requirements.
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Comparison of the methods showed that the choice
of technology depends on several factors, including
sulphur concentration, hydrocarbon stream compo-
sition, economic viability and equipment availability.
This demonstrates the need for an integrated approach
when planning desulphurisation systems. Integration
of several methods may prove to be the most effective
strategy to meet both environmental and econom-
ic requirements. D.C.C. da Silva Medeiros et al. (2022)
concluded that when selecting adsorption technology
for the treatment of hydrocarbon streams, process ef-
ficiency, economics and the composition of the stream
itself are key factors. Efficiency depends on the ability
of the adsorbent to selectively remove pollutants with
minimum energy and material consumption. It is also
important to consider the composition of the hydrocar-
bon stream, as the presence of various impurities can
significantly influence the choice of adsorbent and the
optimisation of the treatment process.

T. Alomar et al. (2024) determined that to achieve
both the environmental and economic goals of refiner-
ies, it is often necessary to combine several treatment
methods. For instance, the use of adsorption in combi-
nation with catalytic processes or membrane technolo-
gies can increase the degree of pollutant removal and
reduce the cost of material recovery. Thus, the integra-
tion of different technologies can achieve an optimal
balance between costs and environmental require-
ments, which is critical for the sustainable operation of
arefinery. Thus, the effectiveness of adsorption technol-
ogies directly depends on the composition of the hydro-
carbon stream and the selected adsorbent. In the case
of multi-component streams, a combination of different
treatment methods can significantly improve the results
compared to a single approach. This confirms the need
for a more careful selection and combination of tech-
nologies to achieve optimal performance at minimum
cost and compliance with environmental standards.

contaminated streams. They remained the optimal
solution for deep treatment of light hydrocarbon frac-
tions. Activated carbons have proven to be the most
cost-effective and affordable option for companies
with limited financial resources. They are effective for
the pre-treatment of low-sulphur hydrocarbon streams,
but their limited regeneration capacity and reduced
efficiency with heavy hydrocarbons reduce their at-
tractiveness for more complex processing conditions.
MOFs represent an innovative method with the highest
selectivity and the ability to be customised to specific
applications. However, their high cost and insufficient
operational stability make them less competitive for
widespread use in current industrial environments.
Nevertheless, they remain a promising area for further
research and technological improvements.

Hybrid methods that combine adsorption and cata-
lytic desulphurisation have shown the highest efficiency
for the deep treatment of complex hydrocarbon streams.
At the same time, they are characterised by high im-
plementation costs and complexity of integration into
existing technological processes. Additional materials,
such as carbon molecular sieves, metal oxides and sul-
phides, modified clays and bentonites, have demonstrat-
ed specific advantages, but their application depends on
individual processing conditions. UMCs are versatile for
optimising desulphurisation processes, making them an
important element in the development of the refining
industry in the face of environmental challenges. The
choice of the optimal adsorption method is determined
by the economic and technical capabilities of the refin-
ery. Large refineries can effectively use hybrid technol-
ogies and MOFs, while smaller refineries can integrate
activated carbons or modified clays to reduce costs. The
main limitation of this study is the lack of experimental
data in refinery conditions, which limits the ability to
accurately assess the effectiveness of the methods. In
the future, a detailed study of the long-term stability
and regeneration of adsorbents such as metal-organic

Conclusions frameworks in real industrial conditions are required.
The results of the study identified the key features and
limitations of various adsorption methods for remov- Acknowledgements
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applicability in different refinery conditions. Zeolites .
have demonstrated high selectivity and efficiency for Funding
removing sulphur compounds such as thiophenes and  None.
mercaptans. However, their sensitivity to heavy hydro- ]
carbon contamination and reduced performance at Conflict of Interest
high sulphur content have limited their use in highly  None.

References

[1] Al-Jamimi, H.A., BinMakhashen, G.M., & Saleh, T.A. (2022). Multiobjectives optimization in petroleum refinery
catalytic desulphurisation using Machine learning approach. Fuel, 322, article number 124088. doi: 10.1016/].

fuel.2022.124088.

[2] Alomar,T.,Hameed, B.H., Al-Ghouti, M.A., Almomani, F.A., & Han, D.S. (2024). A review on recent developments
and future prospects in the treatment of oily petroleum refinery wastewater by adsorption. Journal of Water
Process Engineering, 64, article number 105616. doi: 10.1016/j.jwpe.2024.105616.

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025



https://doi.org/10.1016/j.fuel.2022.124088
https://doi.org/10.1016/j.fuel.2022.124088
https://doi.org/10.1016/j.jwpe.2024.105616

Rahimli & Mamedova

[3] Asghar,A.,Sairash,S.,Hussain,N.,Baqar,Z., Sumrin,A., & Bilal,M.(2022). Current challenges of biomass refinery
and prospects of emerging technologies for sustainable bioproducts and bioeconomy. Biofuels, Bioproducts and
Biorefining, 16(6), 1478-1494. doi: 10.1002/bbb.2403.

[4] Bulut, B.,Isbilen, E., Atakiil, H., & Tantekin-Ersolmaz, S.B. (2022). Adsorptive removal of dimethyl disulfide and
thiophene from liquefied petroleum gas by zeolite-based adsorbents. Microporous and Mesoporous Materials,
337, article number 111924. doi: 10.1016/j.micromes0.2022.111924.

[5] Cako,E.,Wang,Z.,Castro-Munoz, R., Rayaroth, M.P,, & Boczkaj, G. (2022). Cavitation based cleaner technologies
for biodiesel production and processing of hydrocarbon streams: A perspective on key fundamentals, missing
process data and economic feasibility - a review. Ultrasonics Sonochemistry, 88, article number 106081.
doi: 10.1016/j.ultsonch.2022.106081.

[6] Chai, Y., Dai, W., Wu, G., Guan, N., & Li, L. (2021). Confinement in a zeolite and zeolite catalysis. Accounts of
Chemical Research, 54(13), 2894-2904. doi: 10.1021/acs.accounts.1c00274.

[71 Chen, K., Li, W., Biney, BW., Li, Z., Shen, J., & Wang, Z. (2020). Evaluation of adsorptive desulphurisation
performance and economic applicability comparison of activated carbons prepared from various carbon
sources. RSC Advances, 10, 40329-40340. doi: 10.1039/DORA07862).

[8] Da Silva Medeiros, D.C.C., Chelme-Ayala, P., Benally, C., Al-Anzi, B.S., & El-Din, M.G. (2022). Review on carbon-
based adsorbents from organic feedstocks for removal of organic contaminants from oil and gas industry
process water: Production, adsorption performance and research gaps. Journal of Environmental Management,
320, article number 115739. doi: 10.1016/j.jenvman.2022.115739.

[9] Ganiyu, S.A., & Lateef, S.A. (2021). Review of adsorptive desulphurisation process: Overview of the non-
carbonaceous materials, mechanism and synthesis strategies. Fuel, 294, article number 120273.doi: 10.1016/].
fuel.2021.120273.

[10] Gooneh-Farahani, S., & Anbia, M. (2023). A review of advanced methods for ultra-deep desulphurisation under
mild conditions and the absence of hydrogen. Journal of Environmental Chemical Engineering, 11(1), article
number 108997. doi: 10.1016/j.jece.2022.108997.

[11] Griffiths, H. (2023). Euro 5 vs Euro 6 emission standards. Retrieved from https://www.carwow.co.uk/guides/
glossary/eu5-and-eu6-engines-whats-the-difference-0626#gref.

[12] Guo, J., Qin, Y., Zhu, Y., Zhang, X., Long, C., Zhao, M., & Tang, Z. (2021). Metal-organic frameworks as catalytic
selectivity regulators for organic transformations. Chemical Society Reviews, 50(9), 5366-5396. doi: 10.1039/
DOCSO1538E.

[13] Hassan,S.U.,et al.(2022). Designing polyoxometalate based hybrid catalysts for efficient removal of hazardous
sulfur from fuel via heterogeneous oxidative desulfurization. Journal of Industrial and Engineering Chemistry,
116,438-446.doi: 10.1016/j.jiec.2022.09.034.

[14] Hulevskyi, V., & Postol, Yu. (2022). Prospects for improving the treatment of wastewater and technical fluids.
Ecological Safety and Balanced Use of Resources, 13(2), 143-148. doi: 10.31471/2415-3184-2022-2(26)-143-
148.

[15] ISO No. 14001. (2015). Environmental management systems - requirements with guidance for use. Retrieved from
https://www.iso.org/standard/60857.html.

[16] Ismailov, N.S., & Gashimov, G.A. (2010). Increasing thermal stability of alumosilicates using adsorption and
desorption. Azerbaijan Chemical Journal, 1, 82-86.

[17] Jumina, Kurniawan, Y.S., Purwono, B., Siswanta, D., Priastomo, Y., Winarno, A., & Waluyo, J. (2021). Science and
technology progress on the desulphurisation process of crude oil. Bulletin of the Korean Chemical Society, 42(8),
1066-1081. doi: 10.1002/bkcs.12342.

[18] Kosogina, I.,Klymenko, N., Savchyna, L.,Kyrii,S.,Astrelin, I., & Samsoni-Todorova, 0.(2019). Sorption of sulfanilic
acid and copper ions by activated carbon modified with metal oxides. Bulletin of Cherkasy State Technological
University, 24(3), 83-91. doi: 10.24025/2306-4412.3.2019.178235.

[19] Lee, K.X., & Valla, J.A. (2019). Adsorptive desulphurisation of liquid hydrocarbons using zeolite-based
sorbents: A comprehensive review. Reaction Chemistry & Engineering, 4(8), 1357-1386. doi: 10.1039/
C9RE00036D.

[20] Li, G., et al. (2024). Review on advances in adsorption material for mercaptan removal from gasoline oil.Journal
of Industrial and Engineering Chemistry, 139, 36-55. doi: 10.1016/j.jiec.2024.05.008.

[21] Naji, S.Z., & Tye, C.T. (2022). A review of the synthesis of activated carbon for biodiesel production: Precursor,
preparation,and modification. Energy Conversion and Management: X, 13, article number 100152.doi: 10.1016/].
ecmx.2021.100152.

[22] Nezhad, A.B., Bastan, F., Panjehshahin, A., & Zamani, M. (2023). Adsorptive desulphurisation of condensate
contains aromatic compounds using a commercial molecular sieve. ACS Omega, 8(11), 10365-10372.
doi: 10.1021/acsomega.2c08051.

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025 /%?7;\\


https://doi.org/10.1002/bbb.2403
https://doi.org/10.1016/j.micromeso.2022.111924
https://doi.org/10.1016/j.ultsonch.2022.106081
https://doi.org/10.1021/acs.accounts.1c00274
https://doi.org/10.1039/D0RA07862J
https://doi.org/10.1016/j.jenvman.2022.115739
https://doi.org/10.1016/j.fuel.2021.120273
https://doi.org/10.1016/j.fuel.2021.120273
https://doi.org/10.1016/j.jece.2022.108997
https://doi.org/10.1039/D0CS01538E
https://doi.org/10.1039/D0CS01538E
https://doi.org/10.1016/j.jiec.2022.09.034
https://doi.org/10.31471/2415-3184-2022-2(26)-143-148
https://doi.org/10.31471/2415-3184-2022-2(26)-143-148
https://www.iso.org/standard/60857.html
https://akj.az/uploads/journal/en/Nizami_Hasim1493296019.pdf
https://akj.az/uploads/journal/en/Nizami_Hasim1493296019.pdf
https://doi.org/10.1002/bkcs.12342
https://bulletin-chstu.com.ua/en/journals/t-24-3-2019/sorbtsiya-sulfanilovoyi-kisloti-i-yoniv-midi-aktivovanim-vugillyam-modifikovanim-oksidami-metaliv
https://doi.org/10.1039/C9RE00036D
https://doi.org/10.1039/C9RE00036D
https://doi.org/10.1016/j.jiec.2024.05.008
https://doi.org/10.1016/j.ecmx.2021.100152
https://doi.org/10.1016/j.ecmx.2021.100152
https://doi.org/10.1021/acsomega.2c08051

Industrial adsorption methods for reduction of sulphur content in hydrocarbon streams...

[23] Pan, Y., Huang, W., Liu, Z.H., Yang, Z.Z., Tan, JJ., & Xu, B.M. (2024). Recent progress of metal-organic
frameworks for liquid fuels desulphurisation. Separation & Purification Reviews, 54, 128-148.
doi: 10.1080/15422119.2024.2367646.

[24] Paucar, N.E., Kiggins, P, Blad, B., de Jesus, K., Afrin, F., Pashikanti, S., & Sharma, K. (2021). lonic liquids for the
removal of sulfur and nitrogen compounds in fuels: A review. Environmental Chemistry Letters, 19, 1205-1228.
doi: 10.1007/510311-020-01135-1.

[25] Pérez-Botella, E., Valencia, S., & Rey, F. (2022). Zeolites in adsorption processes: State of the art and future
prospects. Chemical Reviews, 122(24), 17647-17695. doi: 10.1021/acs.chemrev.2c00140.

[26] Saha, B., Vedachalam, S., & Dalai, A.K. (2021). Review on recent advances in adsorptive desulphurisation. Fuel
Processing Technology, 214, article number 106685. doi: 10.1016/j.fuproc.2020.106685.

[27] Shi, Q., & Wu, J. (2021). Review on sulfur compounds in petroleum and its products: State-of-the-art and
perspectives. Energy & Fuels, 35(18), 14445-14461. doi: 10.1021/acs.energyfuels.1c02229.

[28] Srivastava,V.C.(2012). An evaluation of desulphurisation technologies for sulfur removal from liquid fuels. RSC
Advances, 2(3), 759-783. doi: 10.1039/C1RA00309G.

[29] Taghaddom, K., Saadi, MK., Kiani, P., Rahimpour, H.R., & Rahimpour, M.R. (2023). Activated carbon for
syngas purification. In M.R. Rahimpour, M.A. Makarem & M. Meshksar (Eds.), Advances in synthesis gas:
Methods, technologies and applications: Syngas purification and separation (pp. 229-250). Amsterdam: Elsevier.
doi: 10.1016/B978-0-323-91877-0.00007-6.

[30] Tan, K.L., & Foo, K.Y. (2022). The viable role of activated carbon for the effective remediation of refinery and
petrochemical wastewaters. In M.H. El-Naas & A. Banerjee (Eds.), Petroleum industry wastewater: Advanced and
sustainable treatment methods (pp. 185-203). Amsterdam: Elsevier.doi: 10.1016/B978-0-323-85884-7.00016-3.

[31] Wang, X., et al. (2021). Key factors and primary modification methods of activated carbon and their application
in adsorption of carbon-based gases: A review. Chemosphere, 287(2), article number 131995. doi: 10.1016/].
chemosphere.2021.131995.

[32] Wang, X., Gurbanoy, H., Adygezalova, M., & Alizade, E. (2024). Investigation of removing asphaltene-resin-
paraffin deposits by chemical method for Azerbaijan high-paraffin oil production process. Energies, 17(15),
article number 3622.doi: 10.3390/en17153622.

[33] Wen, C,, et al. (2023). Biochar as the effective adsorbent to combustion gaseous pollutants: Preparation,
activation, functionalization and the adsorption mechanisms. Progress in Energy and Combustion Science, 99,
article number 101098. doi: 10.1016/j.pecs.2023.101098.

[34] Yang, H.,Wang, G., Luo, F., Dang, F., & Zhang, Z. (2023). Reactive adsorption desulphurisation of fluid catalytic
cracking gasoline: The effect of promoters (Fe, Mo, and W) on the structural and catalytic properties of Ni/ZnO
adsorbents. Energy & Fuels, 37(7),5025-5033. doi: 10.1021/acs.energyfuels.3c00004.

[35] Yu, S., Li, J., Du, Y., Wang, Y., Zhang, Y., & Wu, Z. (2024). Sulfur-modified MOFs as efficient electrocatalysts
for overall water splitting. Coordination Chemistry Reviews, 520, article number 216144. doi: 10.1016/].
ccr.2024.216144.

[36] Yu, T,, Chen, Z., Liu, Z., Xu, J., & Wang, Y. (2022). Review of hydrogen sulfide removal from various industrial
gases by zeolites. Separations, 9(9), article number 229. doi: 10.3390/separations9090229.

[37] Yunusov, S.G., Andryushchenko, N.K., Mirzoyeva, L.M., & Babayeva, Z.B. (2023). Desulphurisation of coking
gasoline and diesel fraction mixture by alternative methods. Processes of Petrochemistry and Oil Refining, 24(2),
310-320.

[38] Zaidi, Z., Gupta, Y., Gayatri, S.L., & Singh, A. (2023). A comprehensive discussion on fuel combustion and
desulphurisation technologies. /norganic Chemistry Communications, 154, article number 110964.doi: 10.1016/.
inoche.2023.110964.

[39] Zhang, W, Li, G, Yin, H., Zhao, K., Zhao, H., & An, T. (2022). Adsorption and desorption mechanism of aromatic
VOCs onto porous carbon adsorbents for emission control and resource recovery: Recent progress and
challenges. Environmental Science: Nano, 9(1), 81-104. doi: 10.1039/D1EN0Q0929..

/f///1‘057:\\ Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025


https://doi.org/10.1080/15422119.2024.2367646
https://doi.org/10.1007/s10311-020-01135-1
https://doi.org/10.1021/acs.chemrev.2c00140
https://doi.org/10.1016/j.fuproc.2020.106685
https://doi.org/10.1021/acs.energyfuels.1c02229
https://doi.org/10.1039/C1RA00309G
https://doi.org/10.1016/B978-0-323-91877-0.00007-6
https://doi.org/10.1016/B978-0-323-85884-7.00016-3
https://doi.org/10.1016/j.chemosphere.2021.131995
https://doi.org/10.1016/j.chemosphere.2021.131995
https://doi.org/10.3390/en17153622
https://doi.org/10.1016/j.pecs.2023.101098
https://doi.org/10.1021/acs.energyfuels.3c00004
https://doi.org/10.1016/j.ccr.2024.216144
https://doi.org/10.1016/j.ccr.2024.216144
https://doi.org/10.3390/separations9090229
https://www.ppor.az/jpdf/15-Yunusov-2-2023.pdf
https://www.ppor.az/jpdf/15-Yunusov-2-2023.pdf
https://doi.org/10.1016/j.inoche.2023.110964
https://doi.org/10.1016/j.inoche.2023.110964
https://doi.org/10.1039/D1EN00929J

Rahimli & Mamedova

MpomucaoBi aacopOLiiHi METOAM 3HH)KEHHA BMICTY CipKH
Y BYTA€BOAHEBHX NOTOKaX

®dasin Paximai

Kanamaat Hayk 3 HadToXiMii

A3epbaioKaHCbKMIA fepXKaBHWIA YHIBEPCUTET HADTM | NPOMMCIOBOCTI
AZ1010, npocn. Azagnuka, 20, M. baky, AsepbanaxaH
https://orcid.org/0009-0006-3970-308X

Hirap MamepoBa

[oktop dinocodii, noueHT

A3epbaloKaHCbKWUA AepXKaBHWIA YHIBEpCUTET HADTM | NPOMMUCIOBOCTI
AZ1010, npocn. Azagnuka, 20, M. baky, AsepbanaxaH
https://orcid.org/0000-0001-8508-8192

AHoTaujia. [JocnigkeHo nNpoMMCIoBi aAcopbUiliHi METOAM 3HUXKEHHS BMICTY CipKM Y BYIJI€BOLHEBMX MOTOKAX 3
aKLEHTOM Ha iX TeXHiYHy edeKTUBHICTb Ta TEXHOMOTYHY aAaNTUBHICTb HA HadTonepepobHMx 3aBomax. lpoBeneHo
NMOPIBHANIbHWUI aHaNi3 BMKOPWUCTAHHS LLEONITiB, aKTMBOBAHOIO BYriAA, METANOOPraHiYHMX KapKacis, BYrneLeBmx
MONEeKYNSIPHUX CUT, OKCMAIB MeTanis, NONiMepHUX MaTepianis, cynbdiais MeTanis, MOgMQPiKOBAHUX MNH | BEHTOHITY
0N 3HUXKEHHS BMICTY CipKM Yy BYrneBoAHEBMX NOTOKaX. ALCOPOLIS 3 BUKOPUCTAHHSM LLEONITIB Ta METAN00PraHiYHMX
KapKaciB BMSBUNACS BUCOKOEDEKTUBHOK A5 BUAANEHHS CIPKOBMICHMUX CMONYK, TAKMX 9K TiopeHM Ta MepKanTaHu,
0C06/IMBO MPU BUCOKMX KOHLEHTpaLiax cipku. OgHaK Li MeToAM BUMAratoTb 3HAYHUX KaniTaflbHUX BUTPAT i CKNALHOT
iHPpacTpykTypu 019 MaclwTabyBaHHS. AKTMBOBaHe BYTriNNA, HE3BAXAKUM HA MOro AOCTYMHICTb Ta EKOHOMIYHY
edeKTUBHICTb, NPOAEMOHCTPYBANO HMXKYY ePeKTUBHICTb Y BUOANEHHI CIpKM 3 BaXKUX BYINEBOAHIB Ta OOMeXeHi
MOX/IMBOCTi pereHepaluii. [i6puaHi MeToau, Lo NOEAHYIOTb afACOPOLit0 3 KaTaNiTUUHOW AecynbdypaLlieto, BUSBUAUCS
NepcnekTMBHUMU NS IMOOKOr0 BUAANEHHS CipKM i 3HWXKEHHS eKCnayaTauidHUMX BUTPAT 3aBASAKM MOX/IMBOCTI
pereHepaLii afncopbeHTy. Ang BeNMKMX 3aBOLIB ONTUMANbHUMU € TiOPUAHI TEXHONOTiT Ta METOAM 3 BUKOPUCTAHHAM
LLeoNiTiB i MeTanoopraHiYyHMX Kapkacis, Lo 3abe3nevyyioTb BUMCOKY ePeKTUBHICTb MpU OOTPUMAHHI €KOMOoriYHUX
ctanpaprtis.[nga manuxicepegHix HadbTonepepobHMX 3aBOAIB EKOHOMIYHO AOLLINBHUMM € TEXHONOT T 3 BUKOPUCTAHHAM
AKTMBOBAHOTO BYrinng. Takum YMHOM, BUBIp MeToay aacopbuii 3anexuTsb Bif cneundiku nignpueMCTBa, TUMY NOTOKY
BYINIEBOLHIB Ta MOX/IMBOCTEN BNPOBAAXKEHHS iHHOBALIMHUX TEXHONOTIN

KalouoBi cnoBa: LeoniTi; MeTanoopraHiyHi kapkacu; kKaTaniTMyHa necynbdypusais; HadbTonepepobHi 3aBoau;
aKTMBOBAHE BYriNAs
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