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ABSTRACT
The study was carried out to assess the effectiveness of using local waste from coal processing facilities (Kemerovo region, Russia) to remove heavy metal ions and petroleum products. To increase the adsorption efficiency, coal mining waste was modified with silver nanoparticles. Isotherms and adsorption kinetics curves of sorption-catalytic sample materials in relation to petroleum products and heavy metal ions were studied. Sorption equilibrium on the developed samples is reached after 8 h for petroleum products and for iron ions, after 10 h for copper, manganese, and cadmium ions, and after 12 h for lead ions, which confirms a fairly rapid sorption. The best efficiency was observed for petroleum products. No toxic effect of the studied samples of the sorption-catalytic materials has been established. The tested samples of the sorption-catalytic materials can be recommended for purification of aqueous solutions.
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1. INTRODUCTION
Pollution with heavy metals and oil products has a long-term impact on both human health and the environment through toxic effects on plants, animals and birds (Adekanmi 2021; Alengebawy et al. 2021; Ore and Adeola 2021; Dyshlyuk et al. 2020b). Industrial effluents and sometimes natural waters may contain toxic pollutants such as heavy metals (arsenic, cadmium, chromium, lead, mercury, etc.), oil products, pharmaceutical derivatives, etc. (Aziz et al. 2023; Fulke et al. 2024; Pandey and Kumari 2023). If ingested in excess of the permissible concentration, these components accumulate in the human body which leads to serious diseases. All these compounds must be removed from wastewater or natural water before being released into the environment and/or prior to use. Pollution of the atmosphere with toxic compounds is currently the most dangerous form of environmental degradation in Russia. The environmental situation and emerging environmental problems in some areas of the Russian Federation are caused by local natural conditions as well as the nature of the impacts from industries, transportation, utilities, and agriculture. In general, the magnitude of air pollution relies on the degree of urbanization, anthropogenic modification of the terrain, and meteorological variables that affect the capacity for atmospheric pollution (Bakaeva and Le 2021). Another study showed that mining operations in the Kovdorsky District, Murmansk Oblast, have resulted in significant pollution of water, sediments, and soils, primarily due to manganese. This study evaluated geochemical changes from open-pit mining and predicted future environmental impacts influenced by industrial activity and climate instability. The study revealed dangerously high levels of toxic elements, especially manganese, which pose health risks through drinking water (Matveeva et al. 2022). According to Bobylev et al. (2023), an estimated 2.3 – 6.1% of Russia's GDP is spent on environmental harm to the country's population's health, which is mostly caused by pollution of the air and water.
[bookmark: bb0035][bookmark: bb0040][bookmark: bb0045]Traditional water purification methods include chemical precipitation, flocculation, membrane filtration, adsorption, etc. (Abd El-Salam et al. 2017; Ayach et al. 2024). Adsorption technologies have a potential of being applied due to their sustainability, cost-effectiveness and high efficiency without formation of by-products (Bonilla-Petriciolet et al. 2019; Selvaraj et al. 2020). According to Tran (2023), by first treating sepiolite with acid-base (HCl and NaOH) and then impregnating it with FeCl3, scientist created a novel composite from a sepiolite mineral (magnesium-enriched silicate clay) which was used in adsorbing Antimony (Sb). He also reported that scientist applied utilized graphite to create magnetic graphene oxide (M-GO) and then used M-GO as an adsorbent to remove captopril from wastewater. The magnetic graphene oxide was synthesized using the co-precipitation technique of graphene oxide with FeCl2 at pH 9.0. Scientist also explored the use of machine learning to optimize and predict the quantity of phenol absorbed by commercially available powdered activated carbon in an aqueous solution. Studies also explored the use of natural clay, and algae and hydrophytes for bioremediation.
[bookmark: bbib0020]Different adsorbents (activated charcoal, ash, peat, alginate, chitosan, etc.) are used to remove heavy metals, dyes, and organic components (Ihsanullah et al. 2016; Selvaraj et al. 2020). Activated charcoal is a popular adsorbent for extracting impurities from water. However, it is known that it either has a low adsorption capacity and removal efficiency, or it is difficult to regenerate. There is a constant ongoing search for new adsorbent materials that are free of these issues. 
[bookmark: bbb0125][bookmark: bbb0135][bookmark: bbb0120][bookmark: bbb0130][bookmark: bbib0355][bookmark: bbib0670][bookmark: bb0050]Some progress has been made in the use of various nanomaterials immobilized on a solid adsorbent (carbon carrier, for example, activated charcoal), which initially concentrate many harmful substances on their surface (Pal et al. 2020; Wu et al. 2019). Metal nanoparticles are often included in the hydrocarbon carrier as potential and cost-effective nanoadsorbents/catalysts. Precipitation and loading of nanoparticles on activated charcoal increase the reactive center and adsorption capacity (Louis et al. 2023). Various extraction tests have shown that heavy metals are firmly retained in sorbents based on low-grade coal (Janoš et al. 2007). Any cheap material with a high carbon content and a relatively low ash content can be used as a raw material for the production of activated charcoal (Simate et al. 2016). Therefore, it is particularly interesting to create sorption-catalytic materials from coal mining waste in which metal nanoparticles (of silver, gold, platinum, etc.) determine the unique properties and multifunctionality (Dastkhoon et al. 2017; Dil et al. 2017; Dyshlyuk et al. 2020a). However, it is necessary to establish appropriate technological conditions for higher sorption efficiency (Abd El-Salam et al. 2017; Park et al. 2019; Queraltó et al. 2018). Nanoparticles are also relevant as remediators, they can be used to perform photocatalysis and disinfection on pollutants of diverse and concentration. They also play roles as disinfectants since they are not time-consuming, easy to use, have less toxicity, and have a wide range of antimicrobial activities. Nanoparticles can also be used in magnetic separation to remove solids, heavy metals, dyes etc (Azeez et al. 2023). Among noble metals, silver nanoparticles (AgNPs) are particularly promising for water purification composites due to their strong antimicrobial properties, high surface-to-volume ratio, and proven efficacy in catalytic oxidation processes. The incorporation of AgNPs into a carbon matrix can create a multifunctional sorbent capable of not only adsorbing contaminants but also catalytically degrading organic pollutants and inhibiting biofilm formation on the sorbent surface, which is a common issue that reduces the longevity of filtration systems. The catalytic activity of silver is highly dependent on its size, shape, and dispersion within the carrier matrix.
Few studies have systematically examined the development, characterization, and use of sorption-catalytic materials made directly from unprocessed coal washing waste and functionalized with AgNPs, despite the fact that prior research has examined the use of coal for adsorption or the use of nanosilver on commercial activated carbon (Ahmed et al. 2022). This work aims to evaluate the potential of carbon structures modified with nanosilver to purify natural and waste water from heavy metal ions and oil products.

2. MATERIALS AND METHODS
2.1. Materials
Five samples of sorption-catalytic materials which composition is presented in Table 1 were the objects of the research. A suspension of coal waste (10.0 wt. %) and Ag nanoparticles (0.25 wt. %) was prepared in polydimethylsiloxane and dimethylsulfoxide. The resulting suspensions were irradiated with infrared light at a wavelength of 1200 nm for 60 min.
Coal-washing waste provided by coal processing facilities in Kemerovo region in years 2018-2019: I – filter press mud (Pervomayskaya mine, average diameter 0.23±0.01 mm); II – filter press mud (Tomusinsky open-pit mine; average diameter 0.21±0.01 mm); III – filter press mud (Antonovskaya mine; average diameter 0.27±0.01 mm); IV – spiral separator waste (Pervomayskaya mine, average diameter 0.71±0.04 мм); V – filter press mud (Beryozovskaya mine, average diameter 0.34±0.02 мм).
Silver nanoparticles were prepared by reducing silver nitrate with ethylene glycol in the presence of polyvinylpyrrolidone. The average diameter of silver nanoparticles was 3-4 nm.
All chemicals, solvents and reagents used in this study were of analytical grade and were purchased from Fluka/Sigma-Aldrich (Sigma-Aldrich Rus, Moscow, Russia).

2.2. Physical and Chemical Characteristics of the Samples
Chemical composition of the surface of sorption-catalytic sample materials (Table 1) was studied using the IR spectroscopic method (IR spectrometer with the Fourier transform function IRPrestige21 SM, Shimadzu, Japan). The absorption spectra of samples in the IR region were determined by the method of incomplete internal reflection according to the recommendations of the equipment manufacturer.
Phase composition of the samples was studied using the x-ray phase analysis with XRD-7000S diffractometer (Shimadzu, Japan). The data was obtained under the following conditions: Target Cu; Voltage 40.0 kV; Current 30.0 mA; receiving slit 0.15000 mm; drive axis - Theta-2Theta; scan range 10.000 - 70.000; scan mode - Fixed Time; sampling pitch (2 ) 0.0300 deg; preset time 0.80 sec. The obtained x-ray data were used to calculate the content of amorphous (carbon component) and crystalline (nanoscale silver) phases. 
The surface relief of sorption-catalytic sample materials was studied using the scanning electron microscopy (SEM) with a multifunctional raster electron microscope with an integrated focused ion beam system Quanta 200 3D (FEI Company, USA).
The total pore and micropore volume (less than 2 or 5 nm in size) was determined by the method based on the obtained isotherms of low-molecular sorption and nitrogen desorption in the NOVA 2200 E gas sorption analyzer (Quantachrome, USA).
Hardness of the sample surface was measured using the DUH-211S nanohardometer (Shimadzu, Japan).
Surface areas of the samples were determined by the gas adsorption method using the Sorbi specific surface meter (META LLC, Russia). 
Sorption capacity of the samples was measured as the mass of calcium hydroxide absorbed by 1 g of the material.

2.3. Ecotoxic Properties of the Samples
Impact of the samples on phyto- and zooplankton was studied (FR.1.39.2011.10993 "Method for determining the environmental toxicity index of concentrated water dispersed systems of nanoparticles for inhibiting the growth of test culture of Chlorella algae"; FR.1.39.2010.09102 "Method for determining the toxicity index of nanopowders, products made of nanomaterials, nanocoatings, waste and sewage sludge containing nanoparticles, by mortality of the Daphnia magna Straus test organism" with the STO TGU 137-2015 modification "Nanomaterials and highly dispersive materials, waste and sewage sludge containing nanoparticles. Toxicity index determination by mortality of Daphnia magna Straus").
Method 1. A daily culture of Chlorella vulgaris Beijer algae (2 ml) was added to six glasses each containing 50 ml of control and test samples. The samples were poured into reaction flasks, 5 ml in each. The algae was cultivated for 22 h. After that, the optical density of the test culture was measured and the daily increase in the number of algae cells in the control and experimental versions was compared.
Method 2. Lower crustaceans were used as a test culture. The experiment lasted for 72 h. Death of at least 50% of crustaceans in the test sample within 48 h was the acute toxicity criterion, provided that all species in the control sample were fully viable. Mortality of test organisms was recorded every 24 h. Motionless crustaceans were considered dead if they did not start moving within 15 s after a slight swaying of the test tube. In addition, we took into account the behavior of Daphnia (activity and movement pattern), the degree to which intestines were filled with food, and the number of dropped ephippiums.

2.4. Structural and Adsorption Characteristics of the Samples
The study determined structural and adsorption characteristics of sorption-catalytic materials to the natural and waste water components (oil products, iron, lead, copper, manganese, and cadmium ions). 
The sorption capacity of the developed sorption-catalytic materials was determined under static conditions at room temperature. Solutions containing natural and waste water components in the concentration range of 10-1000 mg/l were prepared, 1g of sample No. 1 of the developed sorption-catalytic materials was added to each solution. The contents of all the flasks were subjected to continuous stirring for 24 h with the components concentration in the clarified solutions being measured every 2 h.
The mass concentration of oil products in water was determined by column chromatography with a gravimetric finish (PND F 14.1:2.116-97. Quantitative chemical analysis of water. Procedure of oil product mass concentration measurement in natural water and waste water samples using column chromatography with a gravimetric finish). The oil product mass concentration measuring method is based on the extraction of oil products from the analyzed waters with an organic solvent, separation of other classes from polar compounds by column chromatography on aluminum oxide, and quantitative determination by the gravimetric method. The error of method at the detection limit level is 25%.
[bookmark: i67521]The mass concentration of iron, lead, copper, manganese, and cadmium in water was determined by the Atomic absorption spectroscopy (PND F 14.1:2:4.139-98. Quantitative chemical analysis of water. Methods for measuring mass concentrations of cobalt, nickel, copper, zinc, chromium, manganese, iron, silver, cadmium, and lead in drinking water, natural water, and wastewater samples by atomic absorption spectroscopy). The method is based on measuring the resonance absorption of light by free atoms of the given metal when light passes through the formed in the flame atomic vapor of the test sample. The measurement range is from 0.01 mg/dm3. The error of method at the detection limit level is 30%.
The sorption capacity qe (mg/g) of the developed materials was calculated using the formula:
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	(1)



where С0 and Сe are the initial and equilibrium concentrations of the component in solution, respectively, mg/l;
m – sample mass of the sorption-catalytic material, g;
V – sample volume, L.
Sorption isotherms of natural and wastewater components were analyzed for compliance with known theoretical models (Abd El-Salam et al. 2017; Neris et al. 2019; Syafiuddin et al. 2018). Kinetic characteristics of natural and waste water components sorption in order to identify the contribution of the diffusion and chemical components to the overall mechanism of sorbate-sorbent interaction. On each isotherm, the curve slope at the point with zero sorbate concentration was measured using the approximation equation (Langmuir isotherm).
Provisional stability constants of complexes formed between the functional groups of the developed carbon sorbents and the sorbed components of natural and waste water were calculated at a single wavelength and using spectral ranges on the Shimadzu UV-1800 spectrophotometer in quartz cuvettes with a thickness of l = 1.0 cm, in the range of 320-750 nm with a scan step of 0.2 nm.
The Langmuir equation was used as the basis for modeling:
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where K is the adsorption equilibrium constant.
From this equation, the adsorption constant was graphically determined for all tested components of natural and waste water.

2.5. Statistical Analysis
Each experiment was repeated three times and data were expressed as means ± SE. Data processing was carried out by standard methods of mathematical statistics. Homogeneity of the sampling effects was checked using the Student’s t-test. Differences between means were considered significant when the confidence interval was smaller than 5% (P≤ 0.05).

3. RESULTS AND DISCUSSION
3.1. Results of the Study of Physical and Chemical Properties and Ecotoxicological Characteristics of the Samples
At the preliminary stage, we worked out the silver nanoparticles synthesis technology, synthesized by the method (Dyshlyuk et al. 2020a, 2020b). Initially, carbon materials were modified by introducing noble metal nanoparticles (silver, gold, platinum, rhodium, and palladium) into the matrix. Suspensions of coal waste (5.0 – 25.0 wt. %) and nanoparticles (0.05 – 0.5 wt. %) in polydimethylsiloxane and dimethylsulfoxide were irradiated with infrared light with a wavelength of 1200 nm for 60 min (the surface area of the samples increased to 18%, the sorption capacity rose to 54% compared to the original carbon carriers). The best indicators (surface area, sorption capacity) were achieved in the samples with a coal waste concentration of 10.0 wt. % and a concentration of silver nanoparticles of 0.25 wt. %. Silver is able to catalytically oxidize organic compounds on its surface and induces more efficient catalytic oxidation than other metals due to its large specific surface area (Fu et al. 2022; Nakatsuji et al. 1997). In addition, it was noted that this ability also depends on the size and/or shape of the nanoparticles (Al-Onazi and Abdel-Lateef 2022). 
In his research, Jain et al. (2021) pointed out that a number of toxic elements were removed from drinking water using nanosilver. The author also shows that nanometals are considered highly effective adsorbents for the removal of heavy metals and radionuclides. Singh et al. (2022) also revealed the potential of using noble metal nanoparticles to absorb pollutants and bacteria. Having a high adsorption capacity, nanoparticles successfully absorb mercury, for example.
The results of the study of physical and chemical properties and ecotoxicological characteristics of sorption-catalytic materials are presented in Figures 1-4 and Tables 2-4.
Mineral component (Fig. 1, Table 2) of the surface of sorption-catalytic materials is mainly represented by silicon dioxide (75.4-77.0 %), aluminum oxide (9.5-10.1%) and iron oxide (8.5-8.9%).
Similar results were obtained by other researchers (Kotsiopoulos and Harrison 2017; Letina and Letshwenyo 2018). The following compounds present in different types of coal mining waste are dominant: iron oxide Fe2O3 from 5% to 45%, silicon oxide SiO2 from 15% to 70%, and aluminum oxide Al2O3 from 3% to 15%. Content variations are determined by the characteristics of coal formations from the deposits under consideration. It is known that both iron oxide and silicon oxide influence the efficiency of adsorption of heavy metals from aqueous solutions (Rezaee et al. 2019; Tang and Lo 2013), so our samples have a certain adsorbent potential that requires additional research.
The results of calculating the content of amorphous (carbon component) and crystalline (nanoscale silver) phases of sorption-catalytic sample materials are presented in Figure 2. The figure shows a peak with a higher intensity at 2=20 in the spectrum of samples No.No.1-3, which determines their greater crystallinity vs. samples No.4 and No.5.
Figure 3 shows the crystal size distributions in the studied samples. It was found out that 3-4 nm crystallites dominated in all tested samples. Although there exist a level of disparity among silver nanoparticles size. Numerous studies reported on using silver nanoparticles which are above 10nm. On the contrary, the study highlights the increased potential of reduce size particle, it also aligns with the study of Menichetti et al. (2023) who concluded that silver nanoparticles at sizes below 5nm performed better than other tested samples.
X-ray images of the samples' surface relief (Figure 4) showed that silver nanoparticles are evenly distributed in the amorphous carbon matrix. This aligns with the study of Streletskiy et al. (2022) who attributed the stability of nanoparticles and its effective oxidation and reduction reaction to its even distribution or monocrystallinity.
In terms of quality characteristics (Table 2), all samples of the developed sorption-catalytic materials exceed the control sample (the original nanostructured carbon carrier) by total pore volume by 3.32 times, by micropore volume of up to 2 nm by 4.04 times, and by size of up to 5 nm by 4.87 times. This fact indicates the possibility of using the developed materials as highly effective sorbents.
The microhardness values of the developed sorption-catalytic materials vary from 1.42 to 1.60, which is 1.9 times higher than the microhardness of the control sample.
The developed materials are characterized by high surface area and sorption capacity values to Ca (OH)2 (Table 3).
[bookmark: bbib0180]For coal mining waste samples No.3 - No.5, the surface area change did not exceed 5%, which is in the margin of statistical error. For samples No.1 and No.2, the increase in quality characteristics was 22% and 17%. The sorption capacity of all carbon carrier samples increased from 57% to 80% after the modification with silver nanoparticles. In (Mishra and Ghosh 2020; Poornima Parvathi et al. 2020; Rengga et al. 2017), immobilization of activated charcoal with silver nanoparticles provided more effective adsorption characteristics by increasing the surface area. It is known that almost any carbon-containing material can be converted into activated charcoal. However, the raw material from which this activated charcoal is obtained often has a huge impact on the distribution of its porosity, total surface area, carbon density, particle size distribution, and adsorption capacity. As a result, activated charcoal obtained from different raw materials can have different adsorption properties. For activated charcoals, the specific surface area is determined within 500-1500 m2/g (Bonomo 2008; Cuhadaroglu and Uygun 2008; Yeganeh et al. 2006).
The study (Gonçalves et al. 2016) points at environmental risks (toxic effects on the aquatic organism Hydra attenuate and inhibition of the Lycopersicum esculentum root development) from activated charcoal materials modified with silver nanoparticles.
There was no toxic effect of our tested sorption-catalytic sample materials detected (Table 4). By the environmental impact (toxicity against the components of natural biocenoses), they belong to the 5th hazard category (non-hazardous substance; GOST 12.1.007-76 Occupational safety standards system. Noxious substances. Classification and general safety requirements).

3.2. Kinetic Characteristics of Natural and Waste Water Component Sorption
To study the potential of the obtained sorption-catalytic materials for the adsorption of petroleum products and heavy metal ions, experimental equilibrium data were determined using the Langmuir isotherm model. Kinetic characteristics of natural and waste water component sorption (oil products, iron ions, lead ions, copper ions, manganese ions, cadmium ions) for the sorption-catalytic sample material No.1 are shown in Figs 5-7. 
[bookmark: bbb0150]Studying equilibrium time is essential for the development of wastewater treatment technologies (Vaiopoulou and Gikas 2012). In our experiments, rapid sorption was observed within 10 min of the adsorption process. Equilibrium for sorption on the developed samples is reached after 8 hours for petroleum products and iron ions, after 10 hours for copper, manganese, and cadmium ions, and after 12 h for lead ions, which confirms a fairly rapid sorption. In comparison to the study by Sen (2023), where they explored using agricultural solid wastes based adsorbent materials in the remediation of heavy metal ions they obserevd that this adsorbent material could only equilibrium at 240 mins which shows the adsorbing effectiveness of silver nanoparticles. Studies like Raji et al. (2023) highlighted that fungi bioadsorbent displayed rapid adsorption when compared to AgNPs. They further explained that waste beer yeast from the brewing industry could be a promising adsorbent to remove Cu2+ within 30 min.
[bookmark: bbib22] Apparently, at the initial stage, sorption mainly occurred on the surface. The sorption capacity of the sorption-catalytic sample material No. 1 is 236 mg/g, 70 mg/g, 40 mg/g, 65 mg/g, 56 mg/g, 33 mg/g to oil products, iron ions, copper ions, lead ions, manganese ions and cadmium ions, respectively. As the contact time increases, the adsorption efficiency increases until equilibrium occurs (Abd El-Salam et al. 2017). Oil products were removed almost completely with the sorption-catalytic sample materials. The efficiency of removing Fe, Cu, Pb, Mn, and Cd ions was up to 30% (the lowest efficiency for copper and cadmium) after 12 h of reaction (Figure 5). The significant efficiency for oil products is probably due to the presence of silver nanoparticles as catalysts on the sorbent surface. The difference in the number of sorbed heavy metal ions is explained by the differences in their properties (Merdy et al. 2009). Similar results were obtained with slag-based sorbents (Kwon et al. 2010).
A number of studies have shown the ability of coal and sorbents based on it to remove not only solids and organic carbon (Huang et al. 2022), but also heavy metals (Wu et al. 2007), radionuclides (Huang et al. 2022; Wu et al. 2007), cations and anions from water (Ulrikh et al. 2024). The metal adsorption process is well described by the Langmuir and Freundlich isotherm and depends on the contact time, the acidity of the solution, the temperature and the initial concentrations of the sorbate (Javed et al. 2017; Wu et al. 2007). Javed et al. (2017) studies showed that the adsorption capacity of low-grade coal relative to cerium increased significantly with increasing temperature (283-333 K). While previous studies have demonstrated the efficacy of coal-based sorbents for heavy metal removal, the material fictionalized with AgNPs shows a distinct advantage in both adsorption capacity and kinetics relevant to agricultural settings. For instance, compared to agricultural waste-derived biochars which often require longer equilibrium times, the nanoparticle sorbent reaches equilibrium within 8–12 hours, making it more suitable for continuous-flow water treatment systems commonly used in irrigation
In the study (Zhang et al. 2024), low-grade coal was modified using chemical methods and it was proved that in this modification coal is able to adsorb heavy metals and ammonia present in wastewater. Kinetic and thermodynamic experiments have proved that modified low-grade coal is capable of adsorbing Pb2+, Zn2+ ions and ammonia. Adsorption phenomena correspond to the typical Langmuir isotherm. At the same time, it is shown that the adsorption of heavy metals proceeds with the release of heat and is an independent (Zhang et al. 2024) and spontaneous process (Zhang et al. 2023). 
Jaya et al. (2023) proved that activated carbon based on coconut shell (after microwave irradiation treatment) is able to effectively remove copper ions. In the study, the author showed that the absorption capacity of activated carbon depends on the surface area (Jaya et al. 2023), the presence and volume of pores (Jaya et al. 2023; Prosekov et al. 2022). Thus, in the study (Jaya et al. 2023), activated carbon was characterized by a high surface area and pore area, which allowed it to adsorb a significant amount of copper. Our results are comparable with empirical data (Jaya et al. 2023). First of all, this is due to the fact that coal is characterized by a mesoporous structure, and the surface of coal includes several functional groups that allow heavy metals to be sorbed on them. Thus, it is shown that due to the high specific surface area and a more extensive distribution of pore sizes, the modified coal rock has acquired a high adsorption capacity (Jin et al. 2022). At the same time, chemoadsorption occurred between heavy metal ions and the composite, the maximum exchange capacity of Pb2+ reached 268 mg/g (Jin et al. 2022).
[bookmark: bbb0170]Sorption capacity in the qe equilibrium increases with the growing Ce (Figs 6-7), which is associated with an increase in the number of available active areas on the sorbent surface (Abd El-Salam et al. 2017).
Analysis of the presented sorption isotherms (Figs 6-7) indicates that the process of adsorption of oil products, iron, copper, lead, manganese, and cadmium ions can be described from the viewpoint of the Brunauer, Emmett, and Teller polymolecular adsorption theory (BET). All six obtained sorption isotherms belong to type IV, which confirms that macro -, meso -, and micro - range pores are present in the developed sorption-catalytic material based on coal mining waste and nanoparticles of noble metals, thus allowing to perform adsorption following a polymolecular mechanism.
In the study (Chen et al. 2024), carbon fiber modified with nanosilver showed high efficiency in the process of adsorption of iodine anions. Analysis of the kinetics of adsorption and isotherms of adsorption revealed that the adsorption of iodine anions on modified carbon fiber is a chemical adsorption process involving a single molecular layer (Chen et al. 2024). 
A preliminary analysis of the adsorption mechanism and evaluation of the adsorption performance showed that carbon structures modified with nanosilver have significant prospects for the treatment of real wastewater with anions and cations of heavy metals.
Our AgNP-modified coal waste sorbent exhibits a balanced performance when critically compared to adsorbents frequently used in agricultural water purification, such as activated carbon, biochar, clay minerals, and agricultural residues. It offers notable removal efficiency for petroleum hydrocarbons, a contaminant of increasing concern in farmlands close to industrial zones, in addition to matching or surpassing the adsorption capacities for heavy metals reported for these materials. Furthermore, its rapid sorption kinetics and non-toxic nature make it even more suitable for practical agricultural applications (Ariyanti et al. 2023).

3.3. Results of Determining the Adsorption Equilibrium Constants for Oil Products, Iron, Copper, Lead, Manganese, and Cadmium Ions
Value of the adsorption equilibrium constant can be used to assess the effectiveness of the sorbent – sorbate interaction. Table 5 shows that these constants for all the studied components get similar values (the K value varies in the range of 11.85-18.85), therefore, the developed sorption-catalytic materials are characterized by high selectivity to oil products, iron, copper, lead, manganese and cadmium ions.
In (Wierzba and Kłos 2019), sorption characteristics of used beer grains to heavy metal ions were evaluated. The conclusion says that the new sorbent is suitable for water and waste water treatment. The calculated values of the sorption equilibrium constant were as follows: Cu 15.6, Pb 26.8, Mn 16.3, Ni 13.9, Zn 16.5, Cd 14.9, which in most cases is comparable to our results.

3.4. Ecological implications of silver nanoparticles in agricultural
Silver nanoparticles have been shown to provide significant benefits such as its impact on seed germination and plant growth, photosynthesis and also its effectiveness as a non-toxic pest management alternative. Irrespective of these benefits, it is imperative that we consider the phytotoxicity of silver nanoparticles. Khan et al. (2023) reported that although AgNPs played vital roles in germination and growth, certain plants displayed toxicity at certain concentrations during application. They also recorded the presence of reduced germination, seed growth, root/shoot length and mass and these phenomena could be attributed to the accumulation of AgNPs in leaves and roots which subsequently activates the defense mechanism at cellular/tissue levels and modifies proteomic expression, antioxidant activities, and metabolism (Khan et al. 2023).
Jangid et al. (2025) highlighted that silver nanoparticles (AgNPs) despite possessing antimicrobial properties they also harbour unprecedented effects such as interference in nutrient cycling patterns and accumulation through food webs. AgNPs can potentially disrupt critical microbial ecosystems involved in nutrient cycling, reduce soil microbial diversity and enzymatic activity, with long-term implications for soil fertility and ecosystem imbalances. Studies also show it has negative impacts on nitrogen fixing and nitrification Nitrosomonas and Nitrobacter and in cases of agricultural runoff, AgNPs is dispersed into the water ecosystem, thus posing a significant risk to aquatic ecosystems.
Studies like Chen et al. (2022) emphasize the need for more research on the effect of silver nanoparticles infiltration into the food chain. Advanced analytical tools with low detection limits are necessary for determining the threshold concentrations of AgNPs that cause hazardous effects. Future research is also recommended to create comprehensive concentration standards for every plant so as to encourage effectiveness and reduce the probability of run offs. Padhye et al. (2023) in a broader study, highlights the importance of source reduction for places with potential silver contamination which may be caused by silver nanoparticles. To encourage ecological sustainability, numerous studies such as Fahim et al. (2024), Husain et al. (2023) and Gong et al. (2023) suggest employing a green synthesis approach which is cost effective, non-toxic and environmentally friendly and basically involves the oxidation/reduction of metallic ions by organic molecules derived from biological sources.

4. CONCLUSION
These days, biotechnologies are being actively developed in various areas of human life, including water treatment. With all the advantages of "green" methods, activated charcoal rightly continues to be used for purifying various water solutions. Coal mining waste can be an environmental and economic alternative to activated charcoal in natural and waste water treatment processes. Modified with silver nanoparticles, coal waste improved its characteristics (adsorption capacity, surface area) without forming an ecotoxic effect on the environment. For the first time, the effect of modifying of carbon carrier with silver nanoparticles (sorption-catalytic materials based on coal waste and nanosilver particles) on the adsorption of heavy metal ions and oil products was studied. A simultaneous decrease in the concentration of heavy metals and oil products in aqueous solutions was observed. 
Thus, the study determines the potential of carbon structures modified with silver nanoparticles in the process of purification of natural and wastewater from petroleum products and heavy metals. The study shows that low-grade coal modified with nanometals has adsorption properties. However, for further development of the direction, it is necessary to study the possibility of presenting sorption-catalytic materials for sampling in a form suitable for collecting oil (fine powders, microcapsules, etc.), as well as restoring sorption characteristics after purification and extraction of petroleum products to reduce the economic and environmental components of the technology for purifying water surfaces and solutions.
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Table 1: Formulation of carbon nanostructure samples modified with silver
	Samples
	Types of coal waste (%)
	Ag nanoparticles (%)

	
	I
	II
	III
	IV
	V
	

	No. 1
	10.0
	-
	-
	-
	-
	0.25

	No. 2
	-
	10.0
	-
	-
	-
	0.25

	No. 3
	-
	-
	10.0
	-
	-
	0.25

	No. 4
	-
	-
	-
	10.0
	-
	0.25

	No. 5
	-
	-
	-
	-
	10.0
	0.25



Table 2: Chemical composition of the surface of sorption-catalytic materials (mass fraction of the component, %)
	Component
	Samples

	
	1
	2
	3
	4
	5

	SiO2
	75.4±3.8
	76.2±3.8
	77.0±3.9
	75.8±3.8
	76.5±3.8

	Al2O3
	9.7±0.5
	10.1±0.5
	9.5±0.5
	10.0±0.5
	9.9±0.5

	Fe2O3
	8.7±0.4
	8.9±0.4
	8.6±0.4
	8.8±0.4
	8.5±0.4

	CaO
	0.92±0.05
	0.89±0.04
	0.90±0.05
	0.91±0.05
	0.93±0.05

	MgO
	1.45±0.07
	1.42±0.07
	1.41±0.07
	1.40±0.07
	1.38±0.07

	MnO
	0.030±0.002
	0.028±0.001
	0.032±0.001
	0.031±0.001
	0.030±0.001

	Na2O
	0.25±0.01
	0.25±0.01
	0.24±0.01
	0.26±0.01
	0.25±0.01

	S
	0.41±0.02
	0.39±0.02
	0.40±0.02
	0.42±0.02
	0.38±0.02

	TiO2
	0.93±0.05
	0.90±0.05
	0.91±0.05
	0.88±0.05
	0.87±0.04

	Ag
	0.23±0.01
	0.22±0.01
	0.23±0.01
	0.22±0.01
	0.21±0.01


The data are expressed as mean ± standard deviation (n = 3).

Table 3: Results of determining the surface area and sorption capacity of sorption-catalytic materials
	Sample material
	Surface area (m2/g)
	Sorption capacity (mg/g)

	
	I
	II
	I
	II

	1
	527.5±26.4
	645.6±32.3
	4.8±0.2
	7.7±0.4

	2
	562.0±28.1
	657.8±32.9
	5.6±0.3
	8.8±0.4

	3
	533.1±26.7
	564.9±28.2
	5.3±0.3
	9.5±0.5

	4
	547.2±27.4
	572.3±28.6
	5.8±0.3
	10.3±0.5

	5
	537.0±26.9
	568.9±28.4
	5.5±0.3
	9.9±0.5


I – carbon carrier; II-carbon carrier modified with nanosilver. The data are expressed as mean ± standard deviation (n = 3).

Table 4: Analysts results for ecotoxicity of the tested sorption-catalytic sample materials
	Sample material
	Test-organism
	Test-reaction
	Dilution factor for a safe level
	Hazard category
	General hazard category

	1
	CV
	±
	0.75
	V
	V

	
	DM
	+
	1.15
	V
	

	2
	CV
	±
	1.10
	V
	V

	
	DM
	+
	0.94
	V
	

	3
	CV
	±
	0.90
	V
	V

	
	DM
	+
	1.22
	V
	

	4
	CV
	±
	0.88
	V
	V

	
	DM
	+
	1.15
	V
	

	5
	CV
	±
	1.09
	V
	V

	
	DM
	+
	0.94
	V
	


CV - Chlorella vulgaris Beijer; DM - Daphnia magna;
± - Test-culture growth inhibition; + - Mortality

Table 5: Results of determining the adsorption equilibrium constants for oil products, iron, copper, lead, manganese, and cadmium ions
	Sorbed component
	Sorption equilibrium constant (K)

	Oil products
	18.85

	Iron ions
	12.14

	Copper ions
	15.67

	Lead ions
	11.85

	Manganese ions
	14.34

	Cadmium ions
	16.07





Fig. 1: Absorption spectra of sorption-catalytic materials in the IR region using the method of incomplete internal reflection
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Fig. 2: Diffractograms of sorption-catalytic sample materials: 1 – sample No.1; 2 – sample No.2; 3 – sample No.3; 4 – sample No.4; 5 – sample No.5


Fig. 3: Crystallite size distribution in the sorption-catalytic sample materials: 1 – sample No.1; 2 – sample No.2; 3 – sample No.3; 4 – sample No.4; 5 – sample No.5
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Fig. 4: Microphotographs of sorption-catalytic sample materials obtained by the SEM method (magnification 20,000): (A) sample No. 1, (B) sample No. 2, (C) sample No. 3, (D) sample No. 4, (E) sample No. 5


Fig. 5: Kinetic curves of sorption of oil products (1), iron (2), copper (3), lead (4), manganese (5) and cadmium (6) ions on the sorption-catalytic material (sample No.1)


Fig. 6: Isotherm of oil products sorption with a sorption-catalytic material (sample No.1)


Fig. 7: Isotherm of iron (1), copper (2), lead (3), manganese (4), and cadmium (5) ions with a sorption-catalytic material (sample No. 1).
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