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Abstract. This work presents the development of an innovative laboratory installation for the
regeneration of spent zeolites used in the purification of natural and wastewater from heavy metal
ions and other pollutants. The technological scheme of the installation is described, enabling
efficient restoration of the dynamic activity of zeolite sorbents, which ensures their multiple reuse
and reduces dependence on imported synthetic sorbents. The possibility of reusing eluates
obtained during regeneration as components of electrolytes for electroplating processes is
considered. The technical characteristics of the installation are provided, and the application areas
of regenerated zeolites are described, including gas stream purification, fuel drying, and
transformer oil dehydration. The expected effect of implementation is the optimization of
regeneration modes, reduction of waste, and an increase in the environmental safety of production
processes.

Keywords: regeneration, natural zeolites, sorption, heavy metal ions, innovative laboratory
installations, environmental safety, gas purification technologies.

1. Introduction

In the modern world, environmental issues have become an integral part of almost every aspect
of human activity. All areas — industry, everyday life, and even leisure — are now closely linked
to ecological problems and the need to protect the environment [1-3]. More and more people
recognize that the issues of rational use of natural resources, minimizing emissions of harmful
substances, and ensuring environmental safety are directly connected to the quality of life for
present and future generations [4].

The existence of living organisms is possible only if the parameters of their environment
remain within ranges that are favorable for each particular species. The ecological characteristics
of a habitat must correspond to the physiological and biochemical needs of the organism, without
provoking stress or pathological reactions. While the optimal environmental parameters vary for
different species, a fundamental requirement is that concentrations of harmful and hazardous
factors should not exceed permissible threshold values. Exceeding these values often results in
deteriorating health, decreased biological productivity, and even the extinction of certain
populations [5].

The quality of inhaled air is of particular importance for the survival of all living beings. It is
crucial not only to maintain the optimal ratio of basic atmospheric components — nitrogen, oxygen,
and carbon dioxide — but also to monitor the content of impurities such as dust, soot, sulfur and
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nitrogen oxides, chlorine compounds, dioxins, volatile organic compounds, and other pollutants
[6]. This problem is especially acute in large cities and industrial centers, where anthropogenic
pressure leads to an unfavorable ecological situation, and air quality often fails to meet the
established sanitary standards necessary for comfortable and safe living [7, 8].

With the growth of urbanization and industrial production, the need for regular air purification
and disinfection in public and industrial buildings has become increasingly relevant. Various types
of filters are used today: from absolute filters for fine purification to carbon and bactericidal
filtration systems. However, despite their widespread use, each technology has certain
technological and operational limitations, such as the need for frequent replacement of filter
materials, a limited range of captured pollutants, and high maintenance costs [9].

Modern requirements for environmental protection and the growing volume of waste dictate
the need for new technological solutions that provide not only effective treatment of emissions
and wastewater but also the utilization of various types of waste. The most promising approaches
include the transition to low-waste or zero-waste technologies, optimization of resource-saving
processes, and improving the efficiency of treatment facilities. The implementation of such
technologies significantly reduces anthropogenic impact on the biosphere by lowering raw
material consumption, decreasing the volume of pollutants released into the environment, and
enhancing the environmental safety of production processes [10].

A review of current scientific literature demonstrates the high demand for research aimed at
improving methods for the regeneration of molecular sieve adsorbents, especially natural zeolites.
Particular attention is paid to their use in purifying natural gas from sulfur compounds, as well as
finding new areas for the application of regenerated zeolites, which is especially relevant in the
context of increasing the efficiency of purification processes and promoting resource reuse
[11-14]. Addressing these issues is of both scientific and practical importance for modern
industries focused on the implementation of innovative and environmentally safe technologies.

2. Results and discussion

Based on the results of our previous research and literature analysis, it has been determined
that the decrease in the adsorption capacity of zeolites during their use in adsorption units for
natural gas purification is caused by the accumulation of high-molecular-weight products and
carbonaceous deposits on the surface and within the pores of the sorbents. These deposits are
formed as a result of cracking and pyrolysis of components present in raw gas on the acidic sites
of the sorbents [15, 16].

At gas processing plants in Uzbekistan, zeolites are widely used for hydrogen sulfide removal
and natural gas dehydration. Once their adsorption capacity declines, the zeolites are discharged
and disposed of as waste. The lack of domestic production of synthetic zeolites in the Republic,
along with the limited service life of these materials, significantly increases the cost of the process
due to the need for annual purchases of imported sorbents.

Therefore, the development of technology for producing new, efficient sorbents based on
zeolitic waste from the petroleum refining industry of the Republic is a relevant issue for the
dehydration and purification of natural gas.

In line with the above considerations, a technological scheme of a new innovative pilot
laboratory installation for the regeneration of zeolitic waste has been developed, which is shown
in Fig. 1.

Based on the developed technological scheme, a technical assignment was issued for the
fabrication of a pilot laboratory installation to conduct experiments aimed at determining the
optimal zeolite regeneration mode.
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Fig. 1. Technological scheme of the pilot laboratory installation: 1) reactor; 2) steam generator;
3) water tank; 4) compressor; 5) control and temperature monitoring panel; 6) air receiver; 7) gas meter;
8) thermocouple pocket; 9) manometer; 10) flask for neutralizing exhaust gases; 11) condenser

: Ly,
Fig. 2. General view of the laboratory unit for oxidative-reductive regeneration of spent zeolites.
The photograph was taken in March-April 2024 at “Neftgazinnovatsiya” LLC, Tashkent,
Uzbekistan, where the prototype of the industrial-scale installation was developed

2.1. Chemical processes during zeolite regeneration

The primary chemical process occurring during operation of the laboratory unit is the
oxidative-reductive regeneration of spent zeolites. Contaminant residues, mainly carbon (C),
hydrogen (H), and sulfur (S) in a coke-like form, react with oxygen from the air to form volatile
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species (CO2, SO,, H,O, CO) that are removed from the transport pores of the zeolite:
C,HpnS,+0; = nCO+mCO,+kSO,+8Ho.

Analysis of the exhaust gas composition shows that these components are typically present in
the following proportions: C — 82-86 %, S —8-12 %, H — 3-4 %. Based on these results, the
mathematical framework of mass-transfer theory can be used to quantify the number and structure
of the transport pores of the zeolite and their role in the adsorption process.

In the course of the research, a technological scheme was developed and a pilot laboratory
installation was fabricated for modeling and thoroughly studying various modes of regeneration
of spent zeolites used in adsorption processes for natural gas purification. The installation makes
it possible to simulate real operating conditions of the sorbents, and its design is intended for
restoring the dynamic activity of zeolitic materials when processing batches of 4-5 kg per cycle.
This solution provides the flexibility to vary process parameters and enables prompt analysis of
the efficiency of selected regeneration modes. The technical specifications and main parameters
of the unit are presented in Table 1, demonstrating that the laboratory model meets the
requirements necessary for practical application of this technology in industry.

Table 1. Technical specifications of the pilot laboratory installation

Technical parameter Value
Regeneration furnace (activation reactor)
Working pressure range, MPa 0-0.06
Reactor operating temperature range, °C 50-850
Temperature setting increment, °C 1
Temperature control relative error, °C +5
Reactor material Stainless steel
Wall thickness, mm 3-4
Power consumption, kW 4
Dimensions (HxD), cm 100x7
Weight, kg 20
Operating mode Cyclic
Water tank for steam generation:
Material Stainless steel
Volume, cm? 1500
Steam generator:
Material Stainless steel
Volume, cm? 1500
Outlet steam temperature, °C 130-140
Steam pressure, MPa 0.02
Capacity, cm*/h 1500
Automatic temperature control device 220 V, error =1 °C
Thermocouple Chromel-Alumel
Manometers Reference (0-0.5 MPa) or digital type
Technical Parameter Value

2.2. Description of installation components

1) Activation reactor (specifications provided in the table).

2) Steam generator made of stainless steel with a volume of 1500 cm? and an outlet steam
temperature of 130-140 °C.

3) Water tank made of stainless steel with a volume of 1500 cm?; A reference manometer for
measuring pressure in the tank and a capillary copper tube for maintaining a precise water feed
rate to the steam generator; steam pressure is maintained at 0.02 MPa.

4) Compressor for supplying air.

5) Control and temperature monitoring panel.

6) Air receiver.
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7) Gas meter for measuring air flow.

8) Thermocouple pocket for temperature measurement.

9) Manometer for pressure measurement.

10) Flask with alkali for neutralizing exhaust gases.

11) Condenser.

Air from the compressor is supplied to the steam generator (2), where it is heated to
280-300 °C. From the steam generator, the heated air flows into the activation reactor (1), which
is filled with the sorbent. The regenerated steam-gas mixture from the reactor passes into the
condenser (11), where the water component is cooled, condensed, and collected in a reservoir,
while the regeneration gases are passed through neutralization flasks (10) and discharged into the
atmosphere.

The installation also provides for regeneration using water steam, which is generated by
feeding water under pressure from the tank (3) through a capillary into the steam generator (2).

The installation, designed according to the developed technological scheme, enables the
acquisition of experimental data and the selection and optimization of process parameters for the
optimal regeneration mode of zeolite. The expected effect of the installation will be determined
after studying the restoration of the dynamic activity of zeolite and after testing various operating
modes, which will help reduce the Republic’s dependence on imported synthetic zeolites.

Areas of application for regenerated zeolite include use as filter-driers, in transformer oil
regeneration, purification of gas streams such as natural and associated petroleum gas from sulfur
compounds, mercaptans, and carbon dioxide, as well as air purification from carbon dioxide
before air separation into nitrogen and oxygen, and drying of jet and diesel fuels.

3. Additional requirements

The installation must be vibration-resistant. The finished product, its components, and both
raw and operational materials must comply with quality and completeness requirements
established by relevant standards or technical specifications.

4. Conclusions

As a result of the research and the development of the innovative laboratory installation, the
possibility of effective regeneration of spent zeolite sorbents with restoration of their dynamic
activity was demonstrated. The proposed technological scheme ensures optimal conditions for
zeolite regeneration, allowing their multiple reuse in various technological processes for water
and gas purification. This not only reduces costs associated with purchasing imported sorbents but
also addresses key environmental challenges related to waste disposal and minimization of
negative environmental impact. The experimental data obtained confirm the prospects and
practical significance of the developed installation for the oil and gas, energy, and other industrial
sectors. The implementation of this technology may become one of the effective solutions for
enhancing the ecological and resource sustainability of industrial enterprises in the Republic of
Uzbekistan.
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