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ABSTRACT 
 

Soil contamination with oil products remains a pressing environmental issue, particularly in regions with extensive oil production. Promising 

approaches to remediating such soils include the use of humic substances, which bind pollutants and promote microbiological degradation. 

This study aimed to evaluate the effectiveness of oil-contaminated soil remediation using basic potassium humate and its modified forms at 

concentrations of 1% and 10% over a 60-day experimental period. Oil-contaminated soil collected at the "Zhetybai" oil field (Mangistau region, 

Kazakhstan) was used as the study object. The following humate formulations were used in the experiments: humic acid (1% and 10%), basic 

potassium humate (1% and 10%), potassium humate modified with silicon (Si), calcium (Ca), magnesium (Mg), and a macronutrient complex 

(NPK) in the same concentrations. A total of 12 test samples and a control without additives were studied. Oil product concentrations were 

determined on days 5, 10, 20, 30, and 60. Structural changes were assessed using Fourier transform infrared spectroscopy. The highest 

purification rates by day 60 were demonstrated by basic potassium humate 10% (77.12%), potassium humate + NPK 10% (74.69%), and 

potassium humate + Si 10% (68.68%). The modified forms were found to enhance both sorption and biological mechanisms of hydrocarbon 

degradation. IR spectra confirmed the destruction of oil components and the restoration of humus structures. Humic preparations, especially 

in combination with nutrient and structure-forming components, are an effective means for accelerated bioremediation of oil-contaminated 

soils. These findings demonstrate strong potential for field-scale application in the remediation of petroleum-contaminated arid soils. 
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INTRODUCTION 
 

Oil production and refining are critical to the national economy 

but impose significant environmental burdens, particularly soil 

degradation caused by spills, pipeline ruptures, and blowouts 

(Trofimov et al., 2023; Svensson & Lindberg, 2026). Petroleum 

pollutants alter soil physicochemical properties, reduce fertility, 

and contaminate the atmosphere and groundwater; therefore, 

biological restoration methods, including humic substances, are 

increasingly important for soil detoxification and recovery 

(Vasilyeva et al., 2022; Hao et al., 2025). Oil contamination 

generally progresses through surface accumulation, vertical 

infiltration, and lateral subsurface migration (Cook et al., 2002). 

Effective reclamation consequently combines a technical stage 

of physical soil management with biological treatment using 

organic amendments and fertilizers to restore microbial activity 

and productive capacity (Holliger et al., 1997; Kondrashina et 

al., 2018; Shadrin et al., 2020). 

Humic substances are natural organic complexes, including 

humic acids, fulvic acids, and humin, that can be obtained from 

sources such as lignite (Viruel et al., 2011; Vaccari et al., 2019; 

Manucharova et al., 2021; Morgan et al., 2025). Their high 

sorption and ion-exchange capacities enable the binding of 

hydrocarbons and heavy metals, while their stimulation of 

indigenous microorganisms promotes pollutant degradation 

and beneficial soil microflora (Clarholm et al., 2015; Cong et al., 

2020; Di Fiore et al., 2024; Mishra et al., 2025). Humic 

substances also improve soil structure by promoting water-

stable aggregation, increasing macroporosity, reducing 

compaction, and regulating the soil water-air regime (Nagesh et 

al., 2025; Kassenova et al., 2025). Accordingly, they may be 

applied directly, combined with microorganisms, or used as 

biological fertilizers in contaminated soils (Santos et al., 2011; 

Damaševičius et al., 2025). 

The remediation effect of humic substances is based on both 

physicochemical interactions with pollutants and the 

restoration of soil structure (Yang & Antonietti, 2020; 

Kassenova et al., 2024; Kowalski et al., 2024). By promoting 

stable aggregates and porous soil structures, they improve 

water retention, aeration, and resistance to compaction (Yang et 

al., 2019; Novak & Dvorak, 2025), as illustrated in Figure 1. 

https://doi.org/10.51847/ebdOngEMzN
https://creativecommons.org/licenses/by-nc-sa/4.0/
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Figure 1. Schematic representation of the influence of humic substances on the physicochemical properties of soil (A: soil structure; 

B: water-holding capacity; C: cation exchange capacity) 

Humic substances also interact with heavy metals through 

complexation, ion exchange, physical adsorption, and redox 

reactions (Figure 2). Metal-humic complexes are formed 

mainly through carboxyl (–COOH) and phenolic (–OH) groups; 

stronger complexation has been reported for Pb and Cu than for 

Cd, Zn, and Ni under acidic to moderately acidic conditions 

(Yang et al., 2021; Huber et al., 2025). 

 

  
Figure 2. Mechanism of interaction of humic substances with heavy metal ions 

Due to their polycarboxylic nature, humic substances adsorb 

strongly onto aluminum and iron oxides and can modify mineral 

surface charge, metal bridging, water-holding capacity, and 

compound solubility (Huang et al., 2016; Salem et al., 2025). 

They also influence iron availability. Although soil iron occurs 

mainly as Fe(III) (Farley et al., 2004; Xu et al., 2013; Li et al., 
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2019; Novak & Jelic, 2025), humic substances can promote its 

conversion to the more plant-available Fe(II), including through 

photocatalytic and redox processes involving their 

chromophoric groups (Dobbss et al., 2007; Olaetxea et al., 2018; 

Zhu et al., 2018; Kajanova & Badrov, 2024) (Figure 3).

 

 
Figure 3. Increases in Fe (II) content include the redox properties of humic substances and their participation as a medium for redox 

reactions under anaerobic conditions 

 

Thus, humic substances can simultaneously promote 

microbiological and chemical degradation of petroleum 

components, stabilize metals and other pollutants, reduce their 

toxicity, and support the restoration of soil fertility (Mora et al., 

2014; Kwatra et al., 2024). 

This work aims to evaluate the remediation performance of 

different modified humic-acid formulations in petroleum-

contaminated soils and identify the optimal formulations and 

treatment conditions. Different concentrations and mineral 

modifications were examined to determine the most effective 

preparations for accelerated soil restoration. 

MATERIALS AND METHODS  

A laboratory-scale experimental study was conducted to 

evaluate the effectiveness of humic preparations for the 

remediation of oil-contaminated soils from arid regions of 

Kazakhstan. The experiment included the analysis of untreated 

oil-contaminated soil, soil treated with basic potassium humate, 

and soil treated with various modified forms of potassium 

humate. 

All experimental investigations were carried out under 

controlled laboratory conditions during a single incubation 

cycle following the simultaneous application of all treatment 

variants. The objective of the study was to assess the efficiency 

of petroleum-contaminated soil remediation using potassium 

humate and its modified forms and to identify the most effective 

compositions and treatment conditions. 

Sampling and preparation of humic preparations 

Oil-contaminated soil samples were collected from the Zhetybai 

oil field (Mangistau region, Republic of Kazakhstan) in areas 

with visually confirmed petroleum contamination. Sampling 

was performed under dry weather conditions from the topsoil 

layer (0–20 cm). Composite samples were prepared by 

combining several point samples, and at least three 

independent composite samples were obtained. Before the 

experiment, soils were cleared of plant residues and stored in 

sealed containers at room temperature. 

Potassium humate was obtained from oxidized brown coal from 

the Sarykol deposit (Republic of Kazakhstan), preground to a 

particle size of less than 0.5 mm. The coal characteristics (wt.%) 

were as follows: Ad - 66.09; Wr - 5.73; Vd - 17.78; Std - 0.71; Сtd - 

21,01; Нtd - 1,68; Ntd - 2.09; Na - 0.61; Al - 0.89; K - 0.58; Ca - 0.31; 

Ti - 0.22; Fe - 1.11; Zr - 0.08. The particle size distribution was 

2.95 μm (10%), 63.8 μm (50%), and 452 μm (90%). 

Humic preparations were produced using a rotary-pulsation 

apparatus and an ultrasonic reactor with an air supply, 

promoting coal oxidation and increasing the yield of humic 

substances. The particle size after treatment ranged from 19.2 

nm to 3.57 μm. The process temperature did not exceed 50–55 

°C, which is suitable for oxidation by atmospheric oxygen and 

extraction of humic and fulvic acid salts. As a result, a finely 

dispersed humic system with submicron particles was formed 

using cavitation dispersion based on electrophysical action. 

For different experimental variants, humic preparations were 

obtained by stirring the solutions on an IKA RH basic 2 magnetic 

stirrer for 30 min, followed by ultrasonic treatment in a GRAD 

ultrasonic bath for 30 min at 55 °C and subsequent cooling 

(Yermagambet et al., 2021) 

Laboratory experiment 

The experiment included thirteen variants, including a control 

(untreated contaminated soil). Experimental treatments 
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involved soil amendment with potassium humate solutions at 

concentrations of 1% and 10%, as well as modified forms 

containing Si, NPK, Ca, Mg, and humic acid. Each treatment was 

performed in triplicate. 

Soil treatment was carried out by uniform application of the 

corresponding solutions, followed by thorough mixing. 

Incubation was conducted at 20–25 °C with soil moisture 

maintained at 60–70% of field capacity. Aeration was ensured 

by periodic loosening. Indigenous microbiological activity was 

not suppressed. 

In addition to the soil treatment experiments, FTIR analysis was 

performed for a model humic organomineral system. The 

commercial humic organomineral fertilizer “Kazuglegumus” 

was combined with activated aluminum alloy at a mass ratio of 

1:1. This system was not applied directly to soil but was 

analyzed separately to investigate the nature of interactions 

between humic substances and mineral components. FTIR 

spectra were recorded to identify functional groups involved in 

humic–metal complex formation and to support the 

interpretation of the soil treatment results (Taran et al., 2013; 

Akhanova et al., 2023). 

Analytical methods 

Elemental analysis of soil samples was performed using the 

Pregl–Dumas method. Humus content was determined 

according to GOST 26213–2021 (Federal Agency for Technical 

Regulation and Metrology, 2021), and soil pH was measured 

following GOST 26483–85 (State Committee of the USSR for 

Standards, 1985; Abdoul-Latif et al., 2025). The mass fraction of 

petroleum products was determined by a gravimetric method in 

accordance with RD 52.18.647–2003. 

Functional group composition of soil organic matter and humic 

compounds was analyzed by Fourier-transform infrared (FTIR) 

spectroscopy using an ALPHA II QuickSnap spectrometer. 

Heavy metal concentrations were determined by atomic 

absorption spectrometry (AAS) using a Shimadzu AA-7000 

instrument (Kuzyakov et al., 1990; Zairkhanova et al., 2024). 

Statistical analysis 

Statistical analysis was performed using standard methods. 

Results are presented as mean ± standard deviation (M ± SD). 

Differences between treatments were evaluated using analysis 

of variance (ANOVA) at a significance level of p < 0.05. Post hoc 

comparisons were conducted using Tukey’s HSD test. 

RESULTS AND DISCUSSION  

The soil reaction remained near neutral across all experimental 

variants, with pH values ranging from 7.10 to 7.32. The 

untreated oil-contaminated soil had a pH of 7.32 and a humus 

content of 7.49%. In soils treated with 1 and 10% basic 

potassium humate, the pH values were 7.29 and 7.20, while the 

humus contents increased to 9.77 and 9.51%, respectively. The 

application of potassium humate modified with Si resulted in pH 

values of 7.30 and 7.18 and humus contents of 8.35 and 8.71% 

at concentrations of 1 and 10%, respectively. The NPK-modified 

variants had pH values of 7.28 and 7.10 and the lowest humus 

contents, amounting to 6.09 and 5.96%. In soils treated with 

potassium humate modified with Ca, the pH values were 7.31 

and 7.24, and the humus contents were 7.30 and 6.69%. The Mg-

modified variants showed pH values of 7.28 and 7.16 and humus 

contents of 7.96 and 8.33%. Humic acid at concentrations of 1 

and 10% resulted in pH values of 7.29 and 7.22 and humus 

contents of 9.05 and 11.42%, respectively. Thus, the highest 

humus content was recorded after the application of 10% humic 

acid, whereas the NPK-modified treatments were associated 

with the lowest humus values. 

The mass fraction of petroleum products was determined on 

days 5, 10, 20, 30, and 60 of incubation. The initial petroleum 

product content in the untreated oil-contaminated soil was 

86,528 ± 1,200 mg/kg, and no purification was observed in the 

control. After five days, the petroleum product concentrations 

in the treated samples remained relatively high, ranging from 

72,000 to 87,450 mg/kg. A gradual decline was subsequently 

recorded, with concentrations ranging from 69,000 to 81,500 

mg/kg on day 10, from 62,500 to 78,000 mg/kg on day 20, from 

61,800 to 74,200 mg/kg on day 30, and from 19,800 to 54,300 

mg/kg on day 60. 

The highest remediation efficiency was achieved with 10% 

basic potassium humate, which reduced the petroleum product 

content to 19,800 ± 540 mg/kg and provided 77.12% 

purification. This treatment was followed by potassium humate 

+ NPK at 10%, with a residual concentration of 21,900 ± 540 

mg/kg and 74.69% purification, and potassium humate + NPK 

at 1%, with 24,400 ± 610 mg/kg and 71.80% purification. 

Potassium humate + Si at 10% reduced the contaminant content 

to 27,100 ± 690 mg/kg, corresponding to 68.68% purification, 

while 1% basic potassium humate and 1% potassium humate + 

Si provided purification efficiencies of 67.18 and 64.17%, 

respectively. 

The Ca-modified formulations demonstrated moderate 

effectiveness, with purification efficiencies of 57.24% at 1% and 

55.51% at 10%. Similar results were obtained for the Mg-

modified formulations, which provided 54.93 and 56.78% 

purification. Humic acid was less effective than potassium 

humate and its modified forms: the residual petroleum product 

concentrations were 54,300 ± 980 mg/kg at 1% and 41,400 ± 

850 mg/kg at 10%, corresponding to purification efficiencies of 

37.25 and 52.15%, respectively. Statistical analysis performed 

separately for each sampling date demonstrated significant 

treatment-related differences at p < 0.05.  

Analysis of the data obtained indicates a significant decrease in 

the mass fraction of petroleum products (PP) in the soil when 

using various forms of humic substances and their modified 

compositions. The initial concentration of PP in the 

contaminated soil was 86 528 mg/kg. During the experiment, a 

gradual decrease in the content of PP in samples treated with 

various humate compositions was observed for 60 days.  

All experimental data are expressed as mean values with 

corresponding standard deviations (mean ± SD) obtained from 

replicate measurements. Statistical analysis was performed 

separately for each sampling time (5, 10, 20, 30, and 60 days). 

The significance of differences between the treatments was 

evaluated using one-way analysis of variance (ANOVA). When 

statistically significant differences were detected, the means 

were further compared using Tukey’s honest significant 

difference (HSD) post hoc test. Superscript lowercase letters (a–

f) indicate the results of the multiple comparison analysis: 

values marked with different letters within the same column 

differ significantly from each other at a confidence level of 95% 
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(p < 0.05), whereas values sharing at least one identical letter 

do not show statistically significant differences.

 

 
Figure 4. The content of the mass fraction of petroleum products in soils 

 

 

 
Figure 5. Determination of the degree of soil purification depending on the modification 

 

Heavy metals play an important role in the processes of 

contamination and subsequent analysis of petroleum products 

in the soil. In oil pollution conditions, they can form stable 

complexes with organic petroleum compounds, changing the 

physico-chemical properties of the soil system and complicating 

the extraction process of petroleum products. This, in turn, may 

affect the accuracy of determining their mass fraction. 

The use of humic substances in such systems not only 

contributes to the decomposition and leaching of petroleum 

products, but also has a sorption and complexing effect on heavy 

metals. Humic acids are able to bind metal ions (for example, 

Pb2⁺, Cd2⁺, Cu2⁺, Zn2⁺), reducing their mobility and toxicity. Thus, 

humic preparations not only improve the degradation of 

petroleum products but also reduce the interfering effect of 

heavy metals in their analytical determination, contributing to a 

more accurate assessment of the degree of contamination and 

the effectiveness of remediation. Table 1 below shows the 
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results of determining the content of heavy metals in the initial 

and treated soil.

 

Table 1. Content of mass concentration of heavy metals in the soil before and after treatment with humic substances 

No. Name of the sample Cd Pb Zn As 

Initial sample of oil-contaminated soil (without treatment) 

1 Passing oil-contaminated soil Not detected Not detected 36.66 4.16 

Oil-contaminated soil treated with humic preparations. 

2 Humic acid 1% Not detected Not detected 34.76 Not detected 

3 Humic acid 10% Not detected Not detected 33.76 2.58 

4 Potassium Humate+Si 1% Not detected Not detected 37.00 6.25 

5 Potassium Humate+Si 10% Not detected Not detected 33.00 6.12 

6 Basic Potassium Humate 1% Not detected Not detected 30.00 10.80 

7 Basic Potassium Humate 10% Not detected Not detected 27.00 6.20 

8 Potassium Humate+Ca 1% Not detected Not detected 24.45 Not detected 

9 Potassium Humate+Ca 10% Not detected Not detected 34.76 Not detected 

10 Potassium Humate+Mg 1% Not detected Not detected 30.44 2.58 

11 Potassium Humate+Mg 10% Not detected Not detected 33.76 Not detected 

12 Potassium Humate+NPK 1% Not detected Not detected Not detected 9.35 

13 Potassium Humate+NPK 10% Not detected Not detected 33.39 3.00 

14 Permissible limit (maximum permissible concentration, etc.) 0.5-1 6.00 23.00 4.16 

 

The spectral data obtained from the studied soils are presented 

in Table 2, providing a comparative overview of the key 

vibrational features identified in each treatment scenario.

 

Table 2. IR spectra of the obtained samples 

No. Name of samples Interpretation 

1 

Passing oil-contaminated soil 

 

3500–3200 cm⁻¹ — O–H (hydrogen-bonded hydroxyls, water, phenols) 
2950–2850 cm⁻¹ — C–H (alphatic CH₂/CH₃, petroleum hydrocarbons) 

1700–1500 cm⁻¹ — C=O, C=C, COO⁻, amides (organics; oxy- and aromatic 
structures) 

1300–1000 cm⁻¹ — C–O, Si–O, polysaccharides, silica 
<1000 cm⁻¹ — "mineral" region: silica, carbonates, aromas (out-of-plane C–H 

vibrations). 

2 

Potassium Humate+Si 1% 

 

3542 cm⁻¹ – stretching vibrations of –OH groups (hydroxyl, humic 
substances, adsorbed water). 

2919 and 2850 cm⁻¹ – stretching vibrations of C–H in –CH₂ and –CH₃ groups 
(hydrocarbons, oil residues, humus). 

1417 cm⁻¹ – deformation vibrations of C–H may also indicate the presence of 
carbonates. 

982 cm⁻¹ – vibrations of Si–O (quartz, clay minerals). 
870 cm⁻¹ – deformation vibrations of carbonates (CO₃²⁻). 

776 cm⁻¹ – vibrations of quartz, silica. 
712 and 692 cm⁻¹ – stretching vibrations of carbonate groups. 509 cm⁻¹ – Si–

O–Si vibrations (clay minerals, silicate matrix). 
461 and 424 cm⁻¹ – deformation vibrations of silica and minerals. 

3 Potassium Humate+Si 10% 

3399 cm⁻¹ – broad –OH absorption (hydroxyl groups of humic substances, 
bound water). 

2919 and 2850 cm⁻¹ – C–H oscillations –CH₂ and –CH₃ (hydrocarbons, 
petroleum residues). 

1415 cm⁻¹ – C–H deformation oscillations or carbonate groups (CO₃²⁻). 
981 cm⁻¹ – Si–O oscillations (clay minerals, quartz). 
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870 cm⁻¹ – carbonate groups (CO₃²⁻ deformations). 
776 cm⁻¹ – quartz, silica. 

711 and 692 cm⁻¹ – carbonates (characteristic calcite/dolomite bands). 
509 cm⁻¹ – Si–O–Si vibrations (silicates, clay minerals). 

458 and 419 cm⁻¹ – deformation vibrations of silica and minerals. 

4 

Basic Potassium Humate 1% 

 

3547 cm⁻¹ – OH stretching vibrations (hydroxyl groups, humus, water). 
2918 and 2850 cm⁻¹ – C–H vibrations –CH₂, –CH₃ (oil hydrocarbon residues, 

organic matter). 
1416 cm⁻¹ – C–H deformation vibrations and/or carbonate groups. 

982 cm⁻¹ – Si–O vibrations (clay minerals, quartz). 
870 cm⁻¹ – carbonates (characteristic CO₃²⁻ peak). 

777 cm⁻¹ – quartz, silica. 
711 cm⁻¹ – carbonate vibrations (calcite/dolomite). 
509 cm⁻¹ – Si–O–Si (clay minerals, silicate matrix). 

462 and 423 cm⁻¹ – deformation vibrations of silica and silicates. 

5 

Basic Potassium Humate 10% 

 

3543 cm⁻¹ – –OH stretching vibrations (humic substances, water, hydroxyl 
groups of minerals). 

2920 and 2851 cm⁻¹ – C–H vibrations –CH₂ and –CH₃ (hydrocarbon 
fragments, oil residues). 

1418 cm⁻¹ – C–H deformation vibrations and/or the presence of carbonates 
(CO₃²⁻). 

983 cm⁻¹ – Si–O vibrations (clay minerals, quartz). 
870 cm⁻¹ – deformations of carbonate groups (typical of calcite). 

776 cm⁻¹ – quartz, silica. 
711 and 692 cm⁻¹ – carbonate vibrations 

(calcite/dolomite). 
512 cm⁻¹ – Si–O–Si bonds (clay minerals, silicate matrix). 

459 and 423 cm⁻¹ – deformation vibrations of silica and minerals. 

6 

Potassium Humate+Ca 1% 

 

3392 cm⁻¹ – –OH stretching vibrations (humus, water, hydroxyl groups of 
minerals). 

2919 and 2850 cm⁻¹ – C–H vibrations –CH₂/–CH₃ (hydrocarbons, organics). 
2360 cm⁻¹ – associated with CO₂ vibrations (adsorbed carbon dioxide, 

carbonates). 
1417 cm⁻¹ – C–H deformation vibrations, possible carbonates (CO₃²⁻). 

982 cm⁻¹ – Si–O vibrations (clay minerals, quartz). 
870 cm⁻¹ – characteristic peak of carbonates (calcite). 

777 cm⁻¹ – quartz, silica. 
711 and 692 cm⁻¹ – carbonate groups (calcite/dolomite). 

510 cm⁻¹ – Si–O–Si bonds (silicates, clays). 

7 

Potassium Humate+Ca 10% 

 

3399 cm⁻¹ – OH stretching vibrations (humic substances, water, hydroxyl 
groups of minerals). 

2919 and 2850 cm⁻¹ – C–H vibrations of –CH₂ and –CH₃ (hydrocarbons, 
organic matter, petroleum residues). 

2359 cm⁻¹ – CO₂ band (adsorbed carbon dioxide, carbonates). 
1412 cm⁻¹ – C–H deformation vibrations and/or carbonate groups (CO₃²⁻). 

982 cm⁻¹ – Si–O vibrations (clay minerals, quartz). 
870 cm⁻¹ – carbonates (calcite, dolomite). 

777 cm⁻¹ – quartz, silica. 
711 and 693 cm⁻¹ – carbonate groups (characteristic peaks of 

calcite/dolomite). 
509 cm⁻¹ – Si–O–Si (silicates, clay minerals). 

8 Potassium Humate+Mg 1% 3399 cm⁻¹ – O–H stretching (hydroxyl groups, water/alcohols, surface –OH). 
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2919 and 2850 cm⁻¹ – C–H stretching vibrations (–CH₂, –CH₃). 
2360 cm⁻¹ – traces of CO₂ or adsorbed gases. 

1418 cm⁻¹ – C–H deformation vibrations (–CH₂/–CH₃). 
983 cm⁻¹ – possible C–O vibrations or C–H out-of-plane deformations. 

870 cm⁻¹ – C–H deformation vibrations (aromatic or vinylic). 
777 and 712 cm⁻¹ – “fingerprint” of the aromatic ring (characteristic peaks of 

the benzene ring). 
692 cm⁻¹ is also an aromatic system, an indicator 

of mono- or para-substituted rings. 
460 and 420 cm⁻¹ are low-frequency vibrations (metal-oxygen bonds, 

minerals, lattice deformations). 

9 

Potassium Humate+Mg 10% 

 

3402 cm⁻¹ – O–H stretching (hydroxyl groups, sorbed water/alcohols). 
2920 and 2851 cm⁻¹ – C–H stretching (–CH₂, –CH₃). 

1622 cm⁻¹ – C=C stretching vibrations (aromatic rings) or H–O–H bending 
vibrations of water. 

1417 cm⁻¹ – C–H bending vibrations (–CH₂/–CH₃). 
983 cm⁻¹ – C–O vibrations / C–H bending (out-of-plane). 

870 cm⁻¹ – aromatic or vinylic C–H bending. 
777, 712, and 693 cm⁻¹ – aromatic ring imprint (characteristic of benzene 

structures, para-substitution). 
511, 461, and 422 cm⁻¹ – low-frequency vibrations (lattice, metal–O bonds, 

mineral impurities). 

10 

Potassium Humate+NPK 1% 

 

3401 cm⁻¹ — broad O–H band: hydroxyl groups (humus, phenols), bound 
water, surface –OH groups of minerals. 

2919 and 2850 cm⁻¹ — C–H stretching vibrations (–CH₂, –CH₃): saturated 
alkane fragments — oil/fat residues. 

2360 cm⁻¹ — CO₂ signal (adsorbed carbon dioxide or carbonate adsorbates). 
1419 cm⁻¹ — C–H deformation vibrations and/or carbonate components 

(CO₃²⁻). 
983–984 cm⁻¹ — Si–O / C–O vibrations: quartz, silicates, 

polysaccharide/ester groups of organic matter. 
870 cm⁻¹ — carbonate deformation (typical of calcite) or out-of-plane C–H 

vibrations of aromatic systems. 
777 cm⁻¹ — silica/quartz vibrations (Si–O–Si) or specific mineral bands. 

712 and 693 cm⁻¹ — out-of-plane C–H vibrations (aromatic systems) and/or 
carbonate signatures (calcite/dolomite). 

510 cm⁻¹ — Si–O–Si bending (clay minerals, silicates). 
462 and 420 cm⁻¹ — low-frequency mineral deformations (silica, clay matrix, 

metal-oxide bonds). 

11 

Potassium Humate+NPK 10% 
 

 

3399 cm⁻¹ — broad O–H band: hydroxyl groups (humus, phenols), bound 
water, surface –OH of minerals. 

2918 and 2849 cm⁻¹ — C–H stretching vibrations (–CH₂, –CH₃): saturated 
alkane fragments — oil/fat residues. 

2359–2360 cm⁻¹ — CO₂ signal (adsorbed carbon dioxide or carbonate 
adsorbates). 

1419 cm⁻¹ — C–H deformation vibrations and/or carbonate components 
(CO₃²⁻). 

984 cm⁻¹ — Si–O / C–O vibrations: quartz, silicates, possible polysaccharide 
C–O groups. 870 cm⁻¹ — carbonate deformations (calcite) or out-of-plane 

vibrations of aromatic C–H. 
777 cm⁻¹ — silica / Si–O–Si bends (quartz, silicate matrix). 

712 and 693 cm⁻¹ — out-of-plane C–H vibrations of aromatic rings and/or 
carbonate signatures (calcite/dolomite). 

509 cm⁻¹ — Si–O–Si bends (clay minerals, silicates). 

12 
Humic organomineral fertilizer “Kazuglegumus” + Activated 

aluminum alloy (weight ratio (1:1)) 

1577 cm⁻¹ — complex absorption band: asymmetric stretching vibrations of 
COO⁻ (carboxylate ion), indicating coordination of carboxyl groups in 

complex compounds. 
2116 cm⁻¹ — new absorption band: characteristic of complex formation, 
associated with metal–ligand interactions in aluminum–humic substance 

complexes. 
2100–2400 cm⁻¹ — broad absorption region: typical for aluminum complexes 
with humic substances, reflecting coordination bonds between Al³⁺ ions and 

functional groups of humic matter. 
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1000–1100 cm⁻¹ — deformation O–H vibrations and C–O stretching: phenolic 
and alcoholic hydroxyl groups, characteristic of humic substances. 

 

13 

Humic organomineral fertilizer “Kazuglegumus” + Activated 
aluminum alloy (weight ratio (1:1)) 

1-oil-contaminated soil; 2-oil-free soil; 3-soil after treatment 
with a complex organomineral reagent 

 

 

2921 and 2852 cm⁻¹ — asymmetric and symmetric C–H stretching vibrations 
(–CH₂, –CH₃): aliphatic hydrocarbon fragments, characteristic of oil 

components. 
1453 and 1376 cm⁻¹ — deformation vibrations of C–H and C–C bonds: 

aliphatic hydrocarbons. 
900–700 cm⁻¹ — out-of-plane C–H bending vibrations: aromatic structures 

typical of petroleum hydrocarbons. 
1428 cm⁻¹ — CO₃²⁻ vibration: carbonate groups in mineral components of 

soil. 
~1630 cm⁻¹ — bending vibrations of adsorbed water and/or aromatic C=C 
stretching: decrease in intensity indicates reduction of oil-related organic 

matter. 
999 cm⁻¹ — Si–O–Si stretching vibrations: silicate minerals. 

780, 688, 533, and 469 cm⁻¹ — metal–oxygen vibrations: Mg–O and Al–O 
bonds in clay and mineral phases. 

 

 

The maintenance of a near-neutral soil reaction across most 

treatments indicates the buffering capacity of modified humic 

preparations. The slight decrease in pH in Mg- and NPK-

enriched variants may reflect ion-exchange interactions 

between macronutrients and functional groups of the organic 

matrix (Yang et al., 2021; Kassenova et al., 2024; Nguyen et al., 

2025), whereas the stability of Si- and Ca-containing treatments 

suggests maintenance of soil chemical equilibrium during 

petroleum degradation (Aksoy & Akaydin, 2024; Kassenova et 

al., 2024). Humic acid and potassium humate also increased the 

stable organic fraction of the soil (Kassenova et al., 2024; Elango 

& Govindaraju, 2025). Silicon and magnesium may further 

stabilize organic matter through organo-mineral complex 

formation (Huang et al., 2016; Yang et al., 2021), while high NPK 

concentrations can stimulate microbial activity and 

simultaneously accelerate mineralization of stable soil carbon 

(Kassenova et al., 2024). Therefore, amendment composition 

should balance enhanced bioremediation with preservation of 

soil organic matter (Jannath et al., 2024; Kassenova et al., 2024). 

The treatment-dependent changes in arsenic concentrations 

shown in Table 1 indicate that humic-based remediation may 

also influence metalloid mobility. Although humic substances 

generally immobilize metals such as Cd and Pb through 

complexation with carboxyl and phenolic groups (Yang et al., 

2021; Kassenova et al., 2024; Chandrasekhar et al., 2025), 

arsenic behavior is more complex because humic substances 

may compete for adsorption sites on iron and aluminum 

oxyhydroxides and thereby enhance As mobility (Moreno-

Jiménez et al., 2011; Xue et al., 2019). They can also act as 

electron shuttles facilitating microbial reduction of As(V) to 

more mobile forms (Qiao et al., 2019). The direction of this effect 

depends on humic composition: different humic fractions may 

either stabilize or enhance arsenic migration (Wang et al., 2022; 

Duan et al., 2024). Consequently, the application of modified 

humic preparations in soils with elevated metalloid contents 

requires monitoring of possible groundwater contamination 

and plant uptake (Moreno-Jiménez et al., 2011; Kondrashina et 

al., 2018; Shadrin et al., 2020; Vikram et al., 2022; Duan et al., 

2024). 

Petroleum hydrocarbon concentrations changed little during 

the first five days, whereas a clear reduction became evident 

from day 10 and was most pronounced between days 10 and 30. 

By day 60, degradation slowed, probably because readily 

degradable hydrocarbon fractions had been depleted. The 

untreated control showed little evidence of effective self-

purification, while all humic treatments enhanced petroleum 

removal. Basic potassium humate at 10% produced the highest 

purification efficiency (77.12%), followed by NPK-modified 

humate at 10% (74.69%) and Si-modified humate at 10% 

(68.68%). Ca- and Mg-modified humates showed moderate 

effects, whereas humic acid was less effective than potassium 

humate and its most efficient modifications. Overall, the final 

performance followed the general order: potassium humate 

10% > humate + NPK > humate + Si > Ca- and Mg-modified 

humates > humic acid > control. The temporal dynamics and 

final purification efficiencies are presented in Figures 4 and 5. 

These differences can be attributed to the mechanisms of the 

additives. Potassium humate can adsorb and emulsify 

petroleum compounds, increase their bioavailability, bind toxic 

intermediates, and stimulate hydrocarbon-degrading 
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microorganisms. NPK additionally compensates for nitrogen 

and phosphorus limitations, supporting microbial growth and 

explaining the high performance of NPK-enriched humate. 

Silicon may improve soil structure, aeration, and hydrocarbon 

sorption, whereas magnesium supports microbial enzymatic 

processes. Calcium humate may be less effective because of its 

lower solubility and mobility, while the comparatively poor 

solubility of humic acid can delay the release of active fractions. 

Thus, nutrient and structure-forming modifications can 

substantially enhance humate-mediated remediation, as 

demonstrated in Figures 4 and 5. 

Humic treatments also influenced heavy-metal behavior (Table 

1). Zinc concentrations varied among treatments, indicating 

differences in metal–humate interactions, while arsenic showed 

greater treatment-dependent variability. Cadmium and lead 

remained below detection limits in the analyzed samples. These 

findings support the capacity of humic substances to modify 

metal mobility but also emphasize the need to consider 

metalloid behavior when evaluating the environmental safety of 

remediation. 

FTIR results summarized in Table 2 provide additional 

evidence of structural changes in treated soils. The spectra 

retained characteristic bands of hydroxyl groups (3400–3550 

cm⁻¹), aliphatic C–H vibrations (2919–2850 cm⁻¹), carbonate 

and silicate structures (1400–1000 cm⁻¹), and mineral lattice 

vibrations below 800 cm⁻¹, indicating preservation of the 

mineral framework. At the same time, potassium humate 10% 

and the NPK- and Si-modified treatments showed attenuation of 

hydrocarbon-related bands in the 2920–2850 and 900–700 

cm⁻¹ regions and near 1630 cm⁻¹, consistent with petroleum 

degradation or immobilization. 

These FTIR changes agree with published data on humic-based 

organomineral systems (Taran et al., 2013; Akhanova et al., 

2023). The “Kazuglegumus”–activated aluminum system shows 

carboxylate vibrations at 1577 cm⁻¹ and metal–ligand 

interaction bands near 2116 cm⁻¹, supporting the involvement 

of carboxyl, phenolic, and hydroxyl groups in the formation of 

stable humic–mineral complexes (Taran et al., 2013; Akhanova 

et al., 2023). Overall, the combined chemical and spectroscopic 

results indicate that 10% potassium humate and its NPK- and 

Si-modified forms provide the most effective remediation by 

promoting hydrocarbon removal while supporting the 

formation of a stable organomineral matrix (Akhanova et al., 

2023). 

CONCLUSION 

The study confirmed the effectiveness of humate preparations 

for remediating oil-contaminated soil. The highest purification 

efficiencies were achieved with 10% basic potassium humate 

(77.12%), potassium humate + NPK (74.69%), and potassium 

humate + Si (68.68%). FTIR analysis showed a decrease in 

hydrocarbon-related absorption bands while signals associated 

with humic and mineral components were retained, indicating 

both petroleum degradation and preservation of the soil 

organomineral structure. Overall, potassium humate, 

particularly when combined with nutrient and structure-

forming additives, accelerated hydrocarbon removal and 

supported restoration of degraded soil properties. 

The main limitations are related to the laboratory-scale design, 

the absence of microbial community analyses, and the lack of a 

techno-economic assessment. Soil heterogeneity, 

environmental variability, and mixed contamination may affect 

treatment performance under field conditions. Future studies 

should therefore include pilot- and field-scale validation, 

analysis of microbial diversity and degradation pathways, and 

engineering and cost–benefit assessments to determine the 

feasibility of large-scale application. 
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