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Abstract

The bioremediation and restoration of soils damaged by military operations constitute a
critically important and complex challenge. It has been shown that the bacterial strain
Pseudomonas sp. PS-17 is capable of growing on media containing various hydrophobic
carbon sources (diesel fuel, gasoline, crude oil, hexadecane, sunflower oil, kerosene, and
liquid paraffin) while synthesizing rhamnolipid biosurfactants. The resulting rhamnolipids
exhibit no phytotoxic effects on the growth of the test plant at concentrations ranging from
0.005 to 0.05 g/L. Emulsions of rhamnolipids with liquid paraffin, kerosene and hexadecane,
formed within a pH range of 6-11, remain stable for three months. The efficacy of oil
sorption by glauconite was confirmed through luminescent-petrographic analyses. An
application of biosurfactants enhanced the glauconite sorption properties. This modification
also improved the barrier’s protective function by localizing spilled petroleum products at
the surface. It prevented the further penetration of water-soluble oil fractions into the soil
and groundwater.

Keywords: rhamnolipids; glauconite; bioremediation; oil-contaminated soils

1. Introduction

Oil products are widespread and dangerous industrial pollutants. They promote toxins
formation in soil, air, surface and groundwater. The primary toxins formed and accumu-
lated in the soil are polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds
(the BTEX group), and the products of their partial oxidation—phenols, resins, and fatty
acids [1,2]. Due to military operations in Ukraine, uncontrolled spills and soil contamination
by oil products is particularly urgent. Advanced methods for eliminating oil pollution are
bioremediation (phyto- and microbial remediation), agricultural methods, physical meth-
ods (excavation and burning) and chemical methods (oxidation and photocatalysis) [1,3-5].
The effectiveness of each method varies depending on pollutant type, contamination de-
gree, climatic conditions and duration of action [3]. Direct biological degradation of some
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components of petroleum products in the environment is possible [2,4,5]. Therefore, in situ
bioremediation is a cost-effective and environmentally safe direction for the restoration of
contaminated soils and groundwater [4-6]. An important condition for microbial or plants’
degradation of hydrophobic compounds is to increase their bioavailability [6]. The addition
of surfactants, which improve permeability through microbial cell membranes, could be a
good solution to this issue. In this case, biodegradable microbial biosurfactants that are
stable at extreme temperatures, pH and salinity could be better candidates than synthetic
ones [7]. Biosurfactants affect all stages of the soil bioremediation process. They contribute
to pollutants’ desorption from soil, solubilization, and transport into microbial and plant
cells, as well as the stimulation of bioremediators’ growth and metabolic activity [8,9].
Rhamnolipids are promising biosurfactants in aiding bioremediation. Their effectiveness in
soil and water remediation from toxic coal tar, dodecylbenzene, pristane, phenanthrene,
and polychlorbiphenils have been described. For example, when rhamnolipids were added
to water contaminated with coal tar, the degradation of pollutants increased by 5-8 times,
depending on the concentration of the rhamnolipids [10]. The effectiveness of integrated
approaches (biosurfactants, autochthonous oil-destructing microorganisms and plant re-
mediators) for the remediation of soils contaminated with heavy oil fractions has also been
shown [11]. The combined use of microorganisms, rhamnolipids, and the oxidizer CaO,
reduced the amount of oil products in the soil from 9.5% to 1.3%. Furthermore, a combined
strategy utilizing microorganisms, rhamnolipids, and plants (field peas, sorghum) reduced
soil contamination by oil to 1.4% [11]. An additional advantage of biosurfactant use in
remediation processes is the ability to vary the ways of introducing them to the environment.
This may involve using biosurfactant-producing microorganisms as a starter culture for
bioremediation. Another option is to treat contaminated sites with biosurfactant solutions
to solubilize hydrocarbons, which stimulate the growth of indigenous microflora. For the
remediation of heavily contaminated areas, washing the soil with biosurfactant solutions in
reactors is proposed [11].

Other promising remediation strategy is addition of chemical sorbents to immobilize
pollutants from soil [12]. The main limitation of using this method is the impossibility of
removing the sorbent with the stored pollutants from the soil. Due to the short lifespan of
the sorbent—pollutant complex, the stored toxins are released back into the environment
over time [12,13]. Therefore, to prevent the spread of oil pollution in soils, we propose the
use of integrated glauconite sorbents, which are sources of essential chemical elements for
plants and microorganisms, in combination with biosurfactants. Glauconite is a natural
composite of three minerals—glauconite (up to 70%), quartz (up to 40%) and montmoril-
lonite (up to 20%). Glauconite has a high sorption capacity, which determines its use for
ecological barrier protection from industrial pollution migration. It has the capacity to sorb
a wide range of petroleum products, phenols, etc. [13].

The aim of this work is to determine the effectiveness and expediency of glauconite sor-
bent and biosurfactants Pseudomonas sp. PS-17 for the remediation of oil-contaminated soils.

2. Materials and Methods
2.1. Materials
Glauconite is an iron—potassium phyllosilicate (mica group) mineral with a general
formula (K,Na) (Fe**,Al, Mg),(Si,Al),0;0(OH), [14]. In the work, glauconite grains of
1 mm size were used. The mineral was obtained from a deposit in the Khmelnytskyi region
(LLC “EKORESURS”, Kyiv, Ukraine) according to a governmental technical specification
(Ukrainian Technical Specifications for Glauconite Sorbent 02497915.001-2001).
Rhamnolipids were isolated from Pseudomonas sp. PS-17 strain from the collection of the
Department of Physical Chemistry of Fossil Fuels InPOCC, National Academy of Sciences
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of Ukraine. Microorganisms that degrade petroleum products were isolated from soils
with old petroleum contamination (Oil and Gas Production Department “Dolynanaftogas”,
Dolyna, Ukraine). The consortia of microorganisms were obtained by the enrichment
culture method using petroleum products as carbon sources [11].

All chemicals used at all stages of bacteria cultivation, metabolite isolation and chem-
ical characterization were purchased from Sigma-Aldrich (Burlington, MA, USA). The
petroleum products used for this study were obtained from the Oil and Gas Producing
Department “Dolynanaftogaz” (Dolyna, Ivano-Frankivsk region, Ukraine).

2.2. Methods

Rhamnolipids biosynthesis: Cultivation of Pseudomonas sp. PS-17 strain was carried
out using the following liquid nutrient medium with composition (g/L): NaNO;—4.0;
K,HPO, x 3H,0—2.0; KH,PO,—1.2; MgSO, x 7H,0—0.5 and C3;H,(OH) (COONa);—4.0.
Distilled water—up to 1 L. diesel fuel, gasoline, oil, hexadecane, sunflower oil, kerosene,
vaseline oil were used as a carbon and energy source (1% w/v). One-day culture of the strain
Pseudomonas sp. PS-17 grown on the same medium (primary inoculum was added at 5% of
the medium’s volume) was used as an inoculum [15]. Microorganisms were cultivated in
750 mL Erlenmeyer flasks with 150 mL medium on the rotary shaker (220 rpm) at 28-30 °C
for 5 days. The biomass was separated via centrifugation of the cultural broth (6000 rpm,
20 min).

Rhamnolipids isolation: Biocomplex of rhamnolipids (RBC) was precipitated from
culture liquid supernatant (CLS) on pH = 3 with cooling (4 °C), centrifugation and dry-
ing [16]. Rhamnolipids were isolated from RBC by extraction with ethanol. The extract was
separated and the solvent was evaporated in a vacuum. Qualitative analysis of the lipid
extracts was controlled by thin-layer chromatography (TLC) (Merck Silica gel 60, Germany)
with a mobile phase: chloroform:methanol:water (65:15:2). Identification was carried out
using 5% ethanolic solution of phosphomolybdic acid [17].

Physicochemical study: Biosurfactant solutions’ surface tension (o) was determined
by the Du Noiiy method with a platinum ring on the Tensiometer KRUSS K6 (“KRUSS”
Gmbh, Germany). Biosurfactants emulsification index (E,;) was determined after 24 h
with sunflower oil [18]. To determine emulsions stability over time, emulsification index
was measured after 1, 6, 18, 20, 46, and 100 days (E;, E¢, Ei5, Ex, Ey, and E;q, respectively)
with sunflower oil, diesel fuel, gasoline, crude oil, hexadecane, kerosene, and vaseline oil.
Emulsifying activity was determined depending on the pH of biosurfactant solutions in
the range from 5 to 11. pH value was adjusted with 10% solutions of hydrochloric acid
or sodium hydroxide. Emulsions structure (diameter of microdroplets) was investigated
by microscopic methods and evaluated by comparison with emulsions based on synthetic
surfactant Tween-80.

Use of glauconite for soil protection against petroleum product spills: The experi-
ment was conducted on 1 x 1 m plots. The grass cover had been removed. Glauconite was
thoroughly mixed with a rhamnolipid solution (concentration 0.05 g/L; 50 mL per 1 kg
of sorbent) and the culture liquid of oil-degrading microorganisms (50 mL of microbial
suspension—>5 x 10° CFU/mL—per 1 kg of sorbent). The soil surface was evenly covered
with a 4 cm thick layer of glauconite, poured with crude oil (50 g/kg). All studies were
carried out on natural plots during the autumn season at an average daily temperature of
10 °C. Moisture was supplied solely by atmospheric precipitation. Samples were collected
from depths of 5 and 10 cm and from the upper glauconite layer. The experiment lasted for
two months. An identical plot without grass cover served as the control.

Petroleum product content in the glauconite samples and the soil beneath the glauconite
layer was determined following extraction with tetrachloroethane and the subsequent
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separation of polar compounds on activated aluminum oxide, using a SPECORD-80 IR
spectrometer (Zeiss, Jena, Germany).

Petrographic studies using fluorescence microscopy: The distribution of petroleum
hydrocarbons on glauconite was investigated using a ZEISS Axio Imager M2m fluorescence
microscope (Carl Zeiss Microscopy GmbH, Germany) configured for reflected-light fluores-
cence microscopy. The presence and distribution of petroleum components were assessed
based on color, relative fluorescence intensity, and the spatial distribution of luminescent
areas. Glauconite samples were pressed into pellets to create a flat, homogeneous surface
suitable for imaging. The prepared surfaces were examined under fluorescence illumi-
nation, enabling the visualization of the spatial distribution of fluorescent components
on the mineral surface. The results were interpreted as a qualitative or semi-quantitative
indicator of the distribution of petroleum components on the glauconite. The prepared
surfaces were examined under fluorescence illumination, allowing for the visualization of
the spatial distribution of fluorescent components of petroleum origin adsorbed onto the
mineral surface [19,20].

In situ bioremediation of soils contaminated with petroleum products: Soil contain-
ing long-standing petroleum contamination from the industrial zone of OJSC NPK “Haly-
chyna” (Drohobych, Ukraine, petroleum product concentration: 6.5%) was used. Experi-
ments were conducted during the spring—summer period, with an average daily temperature
of 18 °C. The experimental site was divided into 1 m? plots. The topsoil was tilled to a depth
of 25-30 cm, and ammonium nitrate (3 g/m? of soil) was applied to stimulate the growth
of indigenous microflora (in all experimental variants except the 8th). A suspension of
hydrocarbon-degrading microorganisms (HDM; 50 mL; 5 x 108 CFU/mL) and a solution of
a rthamnolipid biosurfactant (50 mL; 0.05 g/L) were evenly sprayed onto the soil surface and
incorporated. Glauconite (1kg/m? of soil) was evenly spread over the soil surface and incor-
porated. Treatment variants: 1. Biosurfactant; 2. Glauconite; 3. Biosurfactant + Glauconite;
4. Biosurfactant + HDM; 5. Biosurfactant + Glauconite + HDM; 6. Glauconite + HDM; 7.
HDM; 8. Untreated soil. The content of petroleum products in the experimental soils was
determined after 35 and 90 days of the remediation process.

Biosurfactants phytotoxicity was evaluated using a seed germination and root elonga-
tion assay, with some modifications according to [21-23]. Wheat seeds (Triticum aestivum L.)
were purchased from a local seed supplier (AGROGURT, SEED SHOP, Lviv, Ukraine). Prior
to the phytotoxicity assay, the germination capacity of the seeds was assessed at 20 £+ 2 °C in
the dark. Seeds with a germination rate of >90% were selected for the experiment. Ten seeds
were placed on Petri dishes with filter paper soaked in 4 mL of cell-free culture supernatant
or distilled water (control). The Petri dishes were incubated at room temperature (20 + 2 °C)
in the dark. Seed germination and root elongation were assessed after 5 days of incubation.
The test response of plant performance was evaluated in terms of seed germination and
root length. Equations (1) and (2) were used to determine the seed germination rate (G, %)
and phytotoxic effect (PE, %):

G =2 «100% 1
_NX o, ()

where G, % is seed viability, n is the number of seeds germinated normally by the end of
the bioassay and N is the total number of seeds used in the experiment.

Ly—Ly
=T

PE x 100%, (2)
where L cm is a length of the root in the control sample, and Ly cm is a length of the root
in the experimental sample. All experiments were repeated three times.

Data and Statistical Analyses. The experimental results were expressed as the mean
+ standard deviation (SD). Statistical analyses were performed using Microsoft Excel
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2010 and Statistica 12.0 software (StatSoft, Tulsa, OK, USA) [24]. Differences between the
experimental groups were assessed for statistical significance, with p < 0.05 considered
statistically significant.

3. Results
3.1. Effectivity of Biosurfactants in Petroleum Product Degradation

Cultivation of Pseudomonas sp. PS-17 on hydrophobic carbon sources provided to
obtaining culture liquid supernatants with different contents of rhamnolipids and polysac-
charides, surface tension, emulsifying ability and emulsions stability based on supernatants
with hydrophobic substances in dynamics. These results are gathered in Table 1.

Table 1. Growth of Pseudomonas sp. PS-17 strain on hydrophobic carbon sources and its metabolite
characteristics.

Carbon Source Biomass, g/L Rhamnolipids, g/L Polysaccharides, g/L E,y, % o, mN/m

Diesel fuel 0.81 2.49 0.04 20 38
Gasoline 0.72 0.35 0.43 50 33
Crude oil 1.03 0.28 1.99 60 38
Hexadecane 2.64 1.27 0.83 50 32
Sunflower oil 2.15 6.50 1.49 65 32
Kerosene 1.01 0.9 0.18 55 34
Mineral oil 1.2 0.46 0.23 55 34
Glycerol 3.52 4.89 1.20 45 29

It is shown that the maximum lipid amounts are synthesized on a medium with
sunflower oil (6.5 g/L) and glycerol (4.89 g/L). The maximum polysaccharide amount was
synthesized on medium with crude oil as carbon source (1.99 g/L). CLS obtained on crude
oil is characterized by the highest emulsification index of sunflower oil (65%). Such an
emulsion was the most stable in dynamics (E;,; = 25%). Rhamnolipid presence in lipid
extracts was proven by TLC (see Figure 1).

(A) (B)

Figure 1. TLC of Pseudomonas sp. PS-17 biosurfactants obtained by cultivation on hydrophobic
substrates. Mobile phase is chloroform:methanol:water (65:15:2) mixture, with visualization prepared
with a reagent based on phosphonomolybdic acid. (1A)—diesel fuel, (2A)—gasoline, (3A)—crude
oil, (4A)—hexadecane, (5B)—sunflower oil, (6B)—n-paraffins, (7B)—kerosene, (8B)—mineral oil,
(9B)—glycerol.
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Thus, the Pseudomonas sp. PS-17 strain is able to assimilate a wide range of hydrophobic
substrates, which creates the prospect of their practical implementation in environment
protection. The phytotoxicity of biosurfactants of Pseudomonas sp. PS-17 cultivated on
hydrophobic substrates was determined. The main characteristics were seed germination
and phytotoxicity with wheat seeds (Triticum aestivum L.) as test plants. The results are
presented in Figure 2.
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Figure 2. (A) Germination of wheat (Triticum aestivum L.) seeds and (B) phytotoxicity of Pseudomonas sp.
PS-17 lipids.

It is shown that wheat seed germination under the influence of Pseudomonas sp. PS-
17 lipids (0.005-0.05 g/L) fluctuates slightly and is practically indistinguishable from the
control variant (Figure 2A). Their phytotoxic effect was low, and biosurfactants synthesized on
media with hexadecane or glycerol even had a stimulating effect on wheat at concentrations of
0.005-0.05 g/L (Figure 2B). However, the phytotoxicity of lipids obtained on kerosene, crude
oil, gasoline, and diesel fuel at 0.2 g/L was average, and on glycerol, it was high (64%), which
is probably due to different ratio of rhamnolipids and fatty acids in lipid extracts. Therefore,
lipids obtained from Pseudomonas sp. PS-17 strain cultivation on hydrophobic substrates did
not exhibit a phytotoxic effect on wheat growth at concentrations of 0.005-0.1 g/L.
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The study of CLS emulsifying properties with various hydrophobic compounds (hy-
drocarbons, petroleum, oils, etc.) is of considerable interest, since organic pollutant emulsi-
fication determines efficiency for ecosystem remediation by biotechnological methods [18].
Microbial hydrophobic contaminate destruction is significantly enhanced when stable fine-
dispersed emulsions are formed [16]. Emulsion structure (diameter of microdroplets) was
investigated by microscopic methods and evaluated by comparison with emulsions based
on synthetic surfactant Tween-80. No significant differences were found between these
emulsions, with the average diameter of microdroplets at 8-10 pym. However, biosurfactants
formed stable emulsions at lower concentrations than Tween-80.

Emulsification processes of hydrophobic substances (diesel fuel, gasoline, crude oil,
hexadecane, sunflower oil, kerosene, mineral oil) by CLS (cultivated on glycerol) and a
rhamnolipid biocomplex over time were also investigated (see Figure 3).
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Figure 3. Emulsifying activity of CLS and the rhamnolipid biocomplex (cultivated on glycerol) on
hydrophobic substances after (A) 1 day, (B) 18 days, (C) 46 days and (D) 100 days.

It has been shown that emulsions of rhamnolipid biosurfactants with vaseline oil,
kerosene, hexadecane, and liquid paraffins were stable for 3 months.

The stability of emulsions with sunflower oil, CLS (cultured on glycerol) and the
rhamnolipid biocomplex was investigated depending on pH over time (see Figure 4).
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Figure 4. Stability of emulsions with sunflower oil, CLS (on glycerol) and rhamnolipid biocomplex
depending on pH after (A) 1 day, (B) 6 days, (C) 20 days and (D) 100 days.

It is shown that the optimal pH of CLS for the formation of long-time stable emulsions
with sunflower oil is 9-11 (emulsions were stable for more than 3 months). For the creation
of stable emulsions with diluted CLS (0.5 g/L of rthamnolipids) and the rhamnolipid solution
complex (0.5 g/L of rhamnolipids), the best were pH = 8 and pH = 6, respectively (Figure 4).
These emulsions were stable for up to 1 month. Thus, rhamnolipid biosurfactants formed
stable fine-dispersed emulsions in the range of pH = 6-11. Due to these properties, the
biosurfactants could be used for the treatment of contaminated soil and water bodies with
different natural conditions, particularly those with different pH.

3.2. Use of Glauconite to Prevent the Spread of Petroleum Products in Soil During Accidental Spills

The primary objective was to contain the contamination within the glauconite layer
and limit the penetration of oil into the soil and groundwater, while comparing the results
with the impact of oil on soil lacking glauconite. Oil was applied at a rate of 50 g/kg onto
the surface of glauconite mixed with a rhamnolipid solution or soil. After four weeks,
the content of petroleum products was measured in the soil layers at depths of 5 cm and
10 cm, as well as in the upper glauconite layer. It was demonstrated that in soil without
glauconite, the concentration of petroleum products was 403.1 mg/kg at a depth of 5 cm
and 126.3 mg/kg at a depth of 10 cm, indicating migration of the products through the
soil. When glauconite was used as a protective barrier, the bulk of the petroleum products
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was localized in the upper layer (667.9 mg/kg). The concentration was 3.41 mg/kg at
a depth of 5 cm, and the products were absent at a depth of 10 cm. Thus, the use of
biosurfactants enhanced the sorption properties of glauconite and improved the barrier’s
protective function by localizing spilled petroleum products on its surface. This prevented
further penetration of oil into the soil and groundwater. Thus, the use of such glauconite
barriers makes it possible to timely contain and remediate contamination.

3.3. Luminescent-Petrographic Studies of Glauconites and the Glauconite-Biosurfactant System

Analysis of glauconite, which was saturated with crude oil (see Figure 5A) is char-
acterized by the following features. In pressed preparations, light bitumens, which were
distinguished by a blue glow, were localized around quartz grains, enveloping them with
a continuous oil film. Heavy bitumens were quite evenly distributed among glauconito-
lite grains. Their luminescent glow was distinguished by dark earthy, brown-earthy or
yellowish-green color. Some areas with separate microscopic accumulations of bitumens
(bluish-green, yellowish-green luminescent glow) were observed. These areas were spa-
tially close to quartz grains. In general, the distribution pattern contributed to the largest
accumulations of oil products concentrated around quartz grains. More uniform saturation
occurred in areas of the glauconitolite-montmorillonite composite. A month later, the glau-
conite, saturated with oil and treated with biosurfactants and oil-degrading bacteria, was
again analyzed by the luminescent-petrographic method (see Figure 5B). Bitumens, which
were characterized by a blue glow, were practically not established, with the exception of
isolated microrelicts. Heavy bitumens, judging by the bright yellow-green color, were also
largely destroyed. The saturation of glauconite with oil became much lower and uniform.
Thus, the conducted luminescent-petrographic studies showed that:

1. Glauconite and minerals that make up its composition (glauconitolite, montmorillonite,
quartz) are effective materials capable of adsorbing oil and petroleum products.

2. In the glauconite-biosurfactant—oil-degrading microorganisms system, an active de-
composition of petroleum products occurs in a short amount of time.

(A) (B)

Figure 5. Distribution of various petroleum fractions among the mineral components of glauconite:
(A) initial state; (B) after one month. Sample in a compressed state (30x magnification).

The obtained results open the prospect of using glauconites as environmentally safe
sorbents for various oil organic compounds. It should be suspected that modification of
glauconite rocks with biosurfactants increases the hydrophobicity of the surface and its
affinity for oil pollutants.
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3.4. Degradation of Petroleum Contaminants Using Glauconite, a Biosurfactant, and
Hydrocarbon-Degrading Microorganisms

The need to address the restoration of soils affected by long-standing contamination
is driven by the significant soil pollution present at oil extraction, transportation, and pro-
cessing facilities. Furthermore, over time, contaminants become sorbed onto soil particles,
which complicates the remediation processes. The effectiveness of using glauconite, a
biosurfactant, and hydrocarbon-degrading microorganisms for the remediation of soils
with long-standing petroleum contamination has been investigated (see Figure 6).

35 days @90 days

Petroleum products, %

Biosurfactant Glauconite BiosurfactantBiosurfactantBiosurfactant Glauconite +  HDM Control
+ Glauconite +HDM + Glauconite HDM
+HDM

Remediation variants

Figure 6. Glauconite, a biosurfactant, and hydrocarbon-degrading microorganism effectiveness in the
remediation of the long-standing petroleum contaminated soils.

It has been demonstrated that integrated approaches of utilizing biosurfactants yield
the best results (Figure 6). Depending on the specific approach employed, pollutant levels
can be reduced by half over a period of three months. The optimal method for remediating
soil contaminated with long-standing oil residues involves a combined approach using
a biosurfactant, glauconite, and hydrocarbon-degrading microorganisms (reducing the
concentration of petroleum products to 2.7%) (see Figure 6).

4. Discussion

The remediation and restoration of soils damaged by technological accidents and mili-
tary actions is an extremely urgent and complex problem [1]. At the same time, petroleum
products are common pollutants [1,5]. Such contamination is associated with the extraction,
transportation, processing, and storage of oil and petroleum products (e.g., operational
failures, accidents at oil platforms, drilling rigs, or wells). Their entry into the surface layers
of the lithosphere and hydrosphere negatively impacts the environment by polluting ecosys-
tems [1]. Remediation of such contamination is a long process, making the development of
effective soil cleanup methods a highly pressing task. The use of natural mineral sorbents is
a promising approach to environmental restoration, given their valuable properties (non-
flammability, chemical inertness, low costs and raw-material availability). Typically, the
sorption capacity of mineral sorbents for petroleum products ranges from 0.20 to 0.50 g/g,
while their bulk density is 0.45-0.90 kg/L. The specific properties of clay minerals (such
as sorption, swelling, and ion exchange capabilities) stem from their unique structure,
the presence of surface hydrophilic groups, and weak electrostatic interactions between
their layers/sheets and exchangeable cations [25]. In the study [13], the sorption efficiency
regarding crude oil and diesel fuel was compared for montmorillonite, palygorskite, a
montmorillonite—palygorskite mixture, illite (from the Cherkasy deposit, Ukraine), and
kaolinites from five Ukrainian deposits. It was demonstrated that the amount of oil sorbed
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depends on particle size and the specific surface area of the minerals. Furthermore, in the
presence of these minerals, microorganisms are capable of degrading the oil.

The glauconite mineral exhibits high sorption capacity for a wide range of petroleum
products, phenols, and other substances. Petrographic and bulk X-ray diffraction analyses of
glauconites from the Kutch Basin (India) revealed that glauconite contains 7.4-8.4 wt% K, O,
while the glauconitic sandstone and shale also contain Zn, Mn, Cu, Co, Mo, and Ni—
elements essential for plants [26]. It was established that during the comprehensive purifi-
cation of coke-oven wastewater—targeting phenols, thiocyanates, ammonia, and resinous
substances—using glauconite clay, acid activation alters the chemical composition of the
glauconite and increases its specific surface area fourfold. Glauconite (2 g/dm?) combined
with a cationic flocculant (0.1% solution, 30 g/L) was used for the comprehensive wastew-
ater treatment, with a process duration of 20-180 min [25]. The adsorption properties of
granular composite materials based on glauconite were investigated. Glauconite-based
materials incorporating a sunflower husk adsorbent proved most effective, achieving a
78% efficiency in removing phosphate ions from water [14]. Glauconite from the Krantau
deposit (Uzbekistan) exhibited high sorption capacity for Ca**, Mg?*, Cl~, and SO,*~ ions.
Consequently, it could serve as a natural water softener [27]. The performance of a sorption—
filtration barrier, designed for installation around the perimeter of gas stations and parking
lots, was investigated. The barrier consisted of a 15 cm layer of a glauconite-sand mixture (in
an 80:20 ratio). The glauconite was modified by adding the supernatant from a Pseudomonas
spp- PS-17, at a proportion of 10 g per 1000 g of glauconite. After 7 weeks, a reduction in
the concentration of petroleum products from 5000 mg/kg to 0 was observed [28]. Next, it
is proposed that the glauconite barrier, containing absorbed petroleum products, be trans-
ferred to storm-water reservoirs, and that the supernatant of the Pseudomonas spp. culture
fluid be added at a ratio of 100 mL per 1 L of wastewater (or 100 L/m> of wastewater).
After 7-10 days, the wastewater can be discharged into the sewer network, through which it
flows to a wastewater treatment plant [28]. Biosurfactants from Pseudomonas bacteria could
promote the biodegradation of petroleum products by soil microorganisms. It has been
shown that Pseudomonas sp. strain isolated from engine oil-contaminated soil degraded
82% of 1% (v/v) waste engine oil after 5 days of aerobic incubation [29]. Biosurfactant
synthesis by Pseudomonas fluorescens cultures was achieved using media containing hex-
adecane, mineral oil, vegetable oils, and glycerol [30]. The data regarding surface and
emulsifying activity are fully consistent with our results. In general, microorganisms of
the Pseudomonas genus have an important role in the degradation of oil in soil. Specifi-
cally, a synergistic role between soil microorganisms and Pseudomonas aeruginosa has been
demonstrated [31,32]. The P. aeruginosa AQNU-1 strain completely utilized alkylcyclohex-
ane, alkylbenzene, and alkyltoluene in crude oil [33]. The effect of pH (3-9) on the emulsi-
fication of hydrophobic substrates (benzene, soybean oil, and kerosene) by rhamnolipids
was evaluated. It was shown that maximum emulsification occurred at pH = 8 [27]. Rham-
nolipids exhibit peak emulsifying activity and maximum emulsion stability under alkaline
conditions (pH 5.9 to 9), reaching up to 71.4% activity with substrates like kerosene at pH
8. Conversely, acidic conditions (pH 3 to 4) cause protonation, precipitation, low activity,
and droplet coalescence [34]. In our studies, the optimal pH value for emulsification was
pH = 9 (using sunflower oil).

The environmental impact of synthetic vs. microbial surfactants is a significant issue.
For instance, SDS inhibits Lolium multiflorum seeds germination. In contrast, rhamnolipids
exhibit low toxicity, particularly toward ryegrass [35]. Rhamnolipids can even stimulate
plant growth. In laboratory and field studies, rhamnolipid concentrations of 5-10 mg/L
promoted wheat seedling growth, increased chlorophyll content, and stimulated root system
development [36]. Our current study established that the phytotoxicity of rhamnolipids
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produced on media containing kerosene, crude oil, gasoline, or diesel fuel (0.2 g/L) was
moderate, whereas it was slightly higher for those produced on glycerol (Figure 2B). This
difference is likely attributable to variations in the composition and ratio of rhamnolipids
and fatty acids within lipid extracts (see Table 1).

In our current study, a strong synergistic effect of natural mineral sorbents (glauconite)
and rhamnolipid surfactants on oil bioremediation processes was observed. Thanks to
its porous structure and large specific surface area, glauconite adsorbs contaminants and
sequesters toxic ions, exchanging them for harmless elements (such as potassium or cal-
cium) [20-23]. Degrading bacteria can attach to the glauconite surface and remain viable
even under adverse environmental conditions. Rhamnolipids enhance the bioavailability of
petroleum products and other hydrophobic compounds for bacteria without harming the
environment, while also stimulating plant growth. Glauconite combined with biosurfac-
tants forms an effective synergistic system for the restoration (remediation) of contaminated
soils (e.g., with petroleum products, heavy metals, etc.). In this system, glauconite acts as a
matrix, since it is natural potassium-bearing layered mineral possessing with effective sorp-
tion properties. Furthermore, glauconite enriches the soil with macro- and microelements
(such as potassium and iron), which promotes the development of soil microorganisms.
Consequently, the combined use of glauconite, rhamnolipids, and degrading bacteria repre-
sents promising and effective approach for modern bioremediation technologies addressing
soil and water contaminated with petroleum products, heavy metals, and other pollutants.
It should be suspected that biosurfactants influence all stages of soil and water remediation:
pollutants desorption from soil, solubilization, increase in bioavailability, transport into
microbial and plants cells, and further stimulation of microorganism- and plant-remediator
growth and metabolic activity. Our results may be potentially useful for the development
of new efficient and low-cost methods for the remediation of soil and water from oleic
pollutants.

5. Conclusions

As a result of systematic experimental studies, the effectiveness of glauconite sorbents
and biosurfactants for the remediation of oil-contaminated soils was shown. It was estab-
lished that the culture of Pseudomonas sp. PS-17 grows and synthesizes biosurfactants and
polysaccharides on nutrient media with hydrophobic carbon sources: diesel fuel, gasoline,
crude oil, hexadecane, sunflower oil, kerosene, mineral oil. However, the maximum amount
of lipids was obtained on sunflower oil (6.5 g/L) and glycerol (4.9 g/L). Obtained lipid
biosurfactants at concentrations of 0.005-0.1 g/L do not exhibit a phytotoxic effect on the
growth of the test plant—wheat. It was determined that pH = 9-11 is optimal for the forma-
tion of stable emulsions of the Pseudomonas sp. PS-17 culture supernatant with sunflower
oil. The emulsions remain stable for more than 3 months. Additionally, pH 8 and 6 were
optimal for CLS dilution (up to 0.5 g/L of rhamnolipids) and rhamnolipid biocomplex solu-
tion (0.5 g/L of rhamnolipids), respectively. Such emulsions were stable for up to 1 month.
Study of the mechanism of oil sorption by glauconite by means of luminescent-petrographic
analysis showed that light and heavy fractions of oil “settle” on quartz grains with a thin
film, and a significant part of heavy and water-soluble compounds is mechanically retained
and sorbed by glauconite and montmorillonite. Glauconite modification with biosurfactants
and cultures of microorganisms—oil-destructors contributes to increase the protective effect
of glauconite against oil spills. This could be explained by oil product solubilization, which
leads to of the intensified destruction of contaminants and regeneration of the sorbent.
Thus, it was established that glauconite sorbents and biosurfactants exhibit potential for
the restoration of urban oil-contaminated soils, especially after military actions.
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