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Abstract: Contamination of groundwater by petroleum hydrocarbons is a widespread environmental
problem in many regions. Contamination of unsaturated and saturated zones could also pose a
significant risk to human health. The main purpose of the study was to assess the efficiency of
biodegradation of total petroleum hydrocarbon (TPH) in situ, in an area with loam and sandy
loam soils, and to identify features and characteristics related to groundwater treatment in an area
with a persistent flow of pollutants. We used methods of biostimulation (oxygen as stimulatory
supplement) and bioaugmentation to improve water quality. Oxygen was added to the groundwater
by diffusion through silicone tubing. The efficiency of groundwater treatment was determined by
detailed monitoring. Implementation of the applied measure resulted in an average reduction in
TPH concentration of 73.1% compared with the initial average concentration (4.33 mg/L), and in the
local area, TPH content was reduced by 95.5%. The authors hope that this paper will contribute to a
better understanding of the topic of groundwater treatment by in situ biodegradation of TPH. Further
studies on this topic are particularly needed to provide more data and details on the efficiency of
groundwater treatment under adverse geological conditions.

Keywords: groundwater; contamination; total petroleum hydrocarbon (TPH); biodegradation;
oxygen diffusion; field test

1. Introduction

Environmental protection measures in the oil industry contribute a certain component
to the concept of sustainable development. Implementing these measures leads to the
prevention or decrease in pollution in the environment. However, petroleum hydrocarbon
contamination in groundwater is still a common ecological challenge in many regions of
the world [1,2].

The formation of petroleum hydrocarbon contamination in unsaturated and saturated
zones may represent a risk to human health and have an extremely negative impact on
components of the environment: groundwater, surface water, soil and bottom sediments,
vegetation, etc. [3]. Additionally, it leads to the degradation of large areas and significantly
complicates the use of natural resources.

The main cause of this contamination is accidental leakage from tanks and pipes used
in the oil industry. In an emergency, hydrocarbons usually form persistent contamination
(non-aqueous phase liquids (NAPLs)) [4], which spreads from the point source downward
into the soil, frequently reaching groundwater. Subsequently, dissolved hydrocarbon
plumes form, with relatively fast transport along with the groundwater flow [5–7]. In
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some cases, the spreading of the dissolved phase can continue for a long time [8] even
after the implementation of environmental protection measures, such as pumping out
the non-aqueous phase liquid [9–11]. Therefore, it is especially important to improve
and apply technologies aimed at preventing the spread of dissolved hydrocarbon plumes
in groundwater.

Environmental activities in the oil industry involve the implementation of various
methods and technical means [12–14]. In general, the methods of preventing pollution
can be divided into several groups: mechanical, physical, chemical, biological, and a mix
of these, for example, constructed wetlands [15,16]. In the case of dissolved petroleum
hydrocarbons, the biological destruction of contamination is one of the most effective and
common approaches applied in industry [17–19]. The biological treatment (bioremediation)
of contaminated groundwater and soils is based on the natural capability of microor-
ganisms to degrade hydrocarbons [20–22]. Along with bioremediation under monitored
natural attenuation (MNA), for faster results, additional solutions are often applied. Bios-
timulation and bioaugmentation approaches are applied to degrade hydrocarbons in the
environment [23]. Biostimulation is based on the principle of creating optimal conditions
for the growth of native hydrocarbon-destroying microflora. This growth can be limited
by low temperature, excess acidity, and a lack of oxygen and other elements (for exam-
ple, nitrogen and phosphorus) necessary for microorganisms [24,25]. Bioaugmentation
involves the addition of microorganisms to the environment [26–28] and can be used as a
separate method of reducing petroleum hydrocarbon contamination, and is also often used
in conjunction with biostimulation [29]. Numerous studies have shown that hydrocarbons,
such as alkanes, aromatic hydrocarbons, polycyclic aromatic hydrocarbons, ethers, acids,
and various mixtures of hydrocarbons, can be destroyed by microorganisms inhabiting
groundwater and soil [30–32].

Hydrocarbon contamination can be treated ex situ, i.e., on special sites [33,34], or in situ,
i.e., at the place of contamination [35]. In situ methods are in many cases more affordable
and efficient compared with methods that require the extraction and transportation of
contaminated components to the place of treatment [22].

The research objective of the study was to assess the efficiency of TPH biodegradation
of in situ, in an area with loam and sandy loam soils, and to identify features and charac-
teristics related to groundwater treatment in an area with a persistent flow of pollutants.
Examples of successful application of in situ cleaning methods are shown in many stud-
ies [36–38], including biostimulation activity with oxygen accelerating the destruction of
contamination in the saturation zone [39–41]. In this way, the median rate of treatment from
aromatic hydrocarbons was shown to be 85–96% [42]. Oxygen biostimulation, together
with bioaugmentation, has been particularly successful against methyl tert-butyl ether
(MTBE) contamination [43–45].

However, implementation of groundwater treatment occurs mostly at sites with sandy
soil. These methods are rarely applied at sites with loam and sandy loam soils, and are
of high interest to potential consumers and researchers. In this study, we tested the in
situ technology of groundwater treatment of dissolved petroleum hydrocarbons using
biostimulation and bioaugmentation. The authors hope that this paper will contribute to a
better understanding of groundwater treatment by in situ biodegradation of TPH.

Waterloo emitters were used to introduce oxygen into the groundwater as stimu-
lating additives. These emitters have been successfully used to stimulate the growth of
hydrocarbon-destroying microorganisms [46,47]. In our case, to increase the efficiency of
groundwater purification, we also performed bioaugmentation with indigenous microor-
ganisms isolated from the soil and groundwater of the contaminated site.

2. Study Area

Test trials of the water treatment were carried out at the site close to the oil refinery
plant located in the Volga Federal District, Russian Federation. The plant has been operating
for more than 50 years. During its long operation, petroleum hydrocarbon contamination
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has formed in the unsaturated and saturated zones. In accordance with the specifics of the
plant, the contamination is a mixture of various petroleum hydrocarbons: products of oil
refining, gasoline, diesel fuel, engine oils, etc. Despite the successful measures taken to
pump NAPL (and water) and the operation of a drainage system to intercept contaminated
groundwater, the spreading of a dissolved hydrocarbons plume can be traced. The test trial
area (remediation site) was located between the drainage system and a river, into which
contaminated groundwater is discharged (Figure 1).
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Figure 1. Concept view of contaminant transport in groundwater at test site.

Hydrology and climate. The test site is located 100 m from a small river and has a
slightly sloped surface toward the stream. The river is 22 km long, the contribution of
snowmelt to streamflow in the river reaches 60–65%, and the rate of streamflow near the
remediation site varies from 0.311 m3/s (August) to 0.708 m3/s (May). The hydrochemical
type of the river water is HCO3-Ca, and TDS ranges from 0.36 to 0.82 ppm. Anthro-
pogenic activities in the river basin area impact water quality: three petrochemical industry
plants are located here. The concentration of total petroleum hydrocarbon (TPH) reaches
0.51 mg/dm3, caused by the discharge of contaminated groundwater to the river. This
issue required the removal of contaminants from the groundwater using bioremediation as
a treatment method and led to the designed test site.

The climate of the study area is temperate continental with cold snowy winters, late
spring frosts, warm and relatively short summers, and early autumns. The average annual
temperature is +2.1 ◦C and the average annual precipitation is 616–634 mm.

Geology and hydrogeology. The local geological section consists of (from top to
bottom) technogenic, alluvial, and alluvial-deluvial deposits of Quaternary age, with
bedrock deposits of Lower Permian age. Technogenic deposits are widespread here, and
their thickness reaches 2.0 m. Alluvial and alluvial-deluvial deposits forming the river
bank section, floodplain, and slopes mainly consist of loam, sandy loam, sand, and gravel,
and the thickness of the layer is 4.5–14 m. Bedrock underlies the Quaternary deposits and
consists of weathered sandstone, mudstone, and siltstone.

Field tests were carried out in the area of the river floodplain, where the groundwater
table is variable and can range from 0.5–2.7 m depending on the local topography and
the season. This unconfined aquifer is mainly composed of sandy clay loam and sandy
loam. The contaminated aquifer is recharged predominantly by infiltrating precipitation,
and an additional source is water inflow from the underlying aquifer. The groundwater
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flow is directed toward the river with flow velocity 0.2–0.6 m/day. In general, the chemical
composition of the groundwater in the treatment wells was quite homogeneous (as shown
in the diagram in Figure 2), with hydrochemical type HCO3-Ca and TDS of about 1000 ppm.
Elevated values of total hardness, Fe, Mg, and trace elements (Mn, As, Pb, etc.) were
revealed in water samples from several wells.
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The average concentration of TPH in the groundwater near the remediation site
reaches 5.8 mg/L (maximum 9.0 mg/L) and depends on the season and local features. It
is also important to note that according to previous studies, the maximum permissible
concentration (MPC) of this contamination is exceeded here constantly. To prevent the
distribution of pollution, environmental protection facilities were constructed, including a
drainage system and collectors, to intercept the NAPL and pump it out. As a result, the
main part of the pollution was successfully withdrawn, and discharging of NAPL into the
river is not currently observed. However, there is persistent dissolved phase contamina-
tion that requires the implementation of additional measures. Bioremediation methods
are considered to be efficient environmental measures and could accomplish additional
groundwater treatment. It should be noted that petroleum hydrocarbon contamination
in groundwater remains relevant; today, there are many similar cases in the oil industry
around the world [48,49], which prompts further research to solve this issue.

3. Materials and Methods

The implementation of the groundwater treatment was divided into several stages:

− Preparatory stage (field measurements and sampling);
− Project development for the installation of emitters and planning of treatment operations;
− Laboratory microbiological investigation;
− Preparation of a treatment system on the site (drilling of wells, installation of emitters

and the necessary equipment) and implementation of groundwater remediation;
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− Monitoring of the processes of control over groundwater;
− Processing of the data received.

As part of the preparatory stage, an initial field survey of the site was carried out, and
samples of groundwater were taken to determine the chemical composition and assess
petroleum hydrocarbon contamination. The geological and soil property data were clarified
and updated (the main initial characteristics of the study area are presented in Section 2).
Moreover, samples of groundwater and soil were taken for laboratory microbiological
investigation.

Hydrochemical and soil studies. Sampling of groundwater and soil was accom-
plished at 3 boreholes (inner diameter 60 mm); water samples were taken from the river,
and samples of NAPL and contaminated groundwater were gathered from the drainage
system. At the same time, a field express analysis of water was carried out to determine the
parameters of pH, Eh, total dissolved solids (TDS), electrical conductivity, and temperature
using an HI 98129 Combo water analyzer (HANNA Instruments, Nus, falău, Romania),
an HI 98201 ORP meter (HANNA Instruments, Nus, falău, Romania), and a MARK-302M
dissolved oxygen analyzer (Vzor, Nizhny Novgorod, Russia).

The water samples were assessed according to the following components and indi-
cators: HCO3

−, CO3
2−, SO4

2−, Cl−, NO3
−, NO2

−, Ca2+, Mg2+, Na+, K+, NH4
+, total Fe,

hardness, TDS, pH, and total petroleum hydrocarbons (TPH). The following equipment
was used: Kapel-104-T capillary electrophoresis system (Lumex, Saint-Petersburg, Russia),
Expert-pH pH meter (Econix, Moscow, Russia), UNICO-1200 spectrophotometer (United
Products and Instruments, Dayton, NJ, USA), Fluorat 02-3M liquid analyzer (Lumex, Saint-
Petersburg, Russia), and auxiliary equipment and devices. The mass concentration of TPH
was determined by the fluorometric method on a Fluorat-02-3M liquid analyzer, and the
extraction was performed with hexane.

Soil samples were tested to determine the properties of natural moisture, water satura-
tion coefficient, soil density, porosity coefficient, particle size distribution (granulometric
composition), and filtration coefficient. The granulometric composition of soils was deter-
mined by sieve and hydrometric methods in accordance with state standard 12536-2014
(soils: methods of laboratory granulometric (grain-size) and microaggregate distribution).
Physical properties of soils (natural humidity, soil density, porosity, water saturation co-
efficient, and filtration coefficient) were determined in accordance with state standard
5180-2015 (soils: laboratory methods for determination of physical characteristics). Addi-
tionally, existing data about permeability properties determined in past field tests were
included in the research.

Microbiological research. To isolate active cultures of aboriginal aerobic oil-oxidizing
microorganisms, a water sample with sediment taken from the drainage system was used.
The sample was kept for an hour, after which the precipitate was separated from the water
by decantation into a sterile flask, then 100 mL of sterile 0.1% sodium pyrophosphate solu-
tion was added to the precipitate and it was sonicated on a SONOPULS device (Bandelin
electronic Gmbh & Co. KG, Berlin, Germany) at a frequency of 20 kHz and a power of
70 W for 1 min. The precipitate was settled for 2 min and the resulting solution was used
for inoculation.

For this procedure, 0.3 mL samples of water and 0.3 mL samples of sediment solution
were inoculated in Petri dishes with Raymond’s medium for oil-oxidizing bacteria [50].
Inoculated dishes were incubated in oil vapor in a desiccator. The incubation was carried
out in a thermostat at 28 ◦C for 2 weeks. The individual colonies of grown microorganisms,
differing from each other in color, edge shape, or texture, were streaked onto new dishes
with Raymond’s medium and cultured in petroleum vapor in a thermostat at 28 ◦C for
2 weeks. A total of 5 cultures of oil-oxidizing microorganisms were obtained, 3 from a water
sample and 2 from a sediment sample. The culture that showed the highest oil-oxidizing
activity was used to obtain the biomass.

The growth of the biomass of the culture of oil-oxidizing microorganisms for treatment
of the experimental site was carried out in a liquid medium composed of 10 g/L glucose
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and 1.5 g/L dry meat-peptone broth. Incubation was carried out for 3 weeks at room
temperature and under aeration using an Atman At-A7500 compressor (Yangzhou Anipet
Co., Yangzhou, China) at an air flow rate of 3 L/min. At the end of incubation, 20 L of
liquid culture of oil-oxidizing microorganisms, containing 20 g of crude bacterial biomass,
was obtained for treatment of the experimental site, and 2 L of culture were introduced into
each treatment well.

It is known that the development of hydrocarbon-degrading microorganisms is in-
fluenced by the availability of nitrogen and phosphorus sources [6]. Yaniga et al. (1985)
showed that the addition of nitrogen- and phosphorus-containing substances to the aquifer
favorably affects the life of hydrocarbon-oxidizing bacteria and increases their number up
to 1000 times, while maintaining the concentration of water-dissolved oxygen at a level of
5–10 mg/L [51]. Therefore, an additional 20 L of solution containing NH4Cl and KH2PO4
(330 and 44 g/L, respectively) was prepared, and 2 L of solution was introduced into
each treatment well. It should be noted that the polymer material in the emitters used for
saturating the groundwater with oxygen is very poorly permeable to substances that form
ions in solution [52]; therefore, the liquid culture of oil-oxidizing microorganisms and the
solution of nitrogen- and phosphorus-containing substances was introduced into the wells
directly, and not through the diffusion tubes of the emitters.

Construction of the field trail site. The emitters determined the parameters of well
construction in this project (Figure 3). These devices were designed to disperse various
substances through permeable tubular materials. In this test we used Waterloo emitters
(Solinst, Georgetown, ON, Canada).

Water 2022, 14, x FOR PEER REVIEW 6 of 17 
 

 

The growth of the biomass of the culture of oil-oxidizing microorganisms for treat-
ment of the experimental site was carried out in a liquid medium composed of 10 g/L 
glucose and 1.5 g/L dry meat-peptone broth. Incubation was carried out for 3 weeks at 
room temperature and under aeration using an Atman At-A7500 compressor (Yangzhou 
Anipet Co., Yangzhou, China) at an air flow rate of 3 L/min. At the end of incubation, 20 
L of liquid culture of oil-oxidizing microorganisms, containing 20 g of crude bacterial bi-
omass, was obtained for treatment of the experimental site, and 2 L of culture were intro-
duced into each treatment well. 

It is known that the development of hydrocarbon-degrading microorganisms is in-
fluenced by the availability of nitrogen and phosphorus sources [6]. Yaniga et al. (1985) 
showed that the addition of nitrogen- and phosphorus-containing substances to the aqui-
fer favorably affects the life of hydrocarbon-oxidizing bacteria and increases their number 
up to 1000 times, while maintaining the concentration of water-dissolved oxygen at a level 
of 5–10 mg/L [51]. Therefore, an additional 20 L of solution containing NH4Cl and KH2PO4 
(330 and 44 g/L, respectively) was prepared, and 2 L of solution was introduced into each 
treatment well. It should be noted that the polymer material in the emitters used for satu-
rating the groundwater with oxygen is very poorly permeable to substances that form 
ions in solution [52]; therefore, the liquid culture of oil-oxidizing microorganisms and the 
solution of nitrogen- and phosphorus-containing substances was introduced into the 
wells directly, and not through the diffusion tubes of the emitters. 

Construction of the field trail site. The emitters determined the parameters of well 
construction in this project (Figure 3). These devices were designed to disperse various 
substances through permeable tubular materials. In this test we used Waterloo emitters 
(Solinst, Georgetown, ON, Canada). 

 
Figure 3. Construction of treatment well with emitter. 

Emitters were installed in the treatment wells to supply oxygen to the underground 
space. A central tube (14 mm in diameter) was used for the dosed supply of oil-oxidizing 
cultures of microorganisms and reagents, as well as sampling. Taking into account the 
hydrological regime of the territory, the thickness of the aquifer, possible changes in 

. 

. 

Figure 3. Construction of treatment well with emitter.

Emitters were installed in the treatment wells to supply oxygen to the underground
space. A central tube (14 mm in diameter) was used for the dosed supply of oil-oxidizing
cultures of microorganisms and reagents, as well as sampling. Taking into account the
hydrological regime of the territory, the thickness of the aquifer, possible changes in
groundwater levels, and the recommendations of the manufacturer, emitters with an
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appropriate diameter, 95.6 mm, and a length of 2.6 m (assembled from two 1.3 m units)
were used in the project. The diameter of pipes for the well casing was 125 mm, and
the material of the diffusion tube was silicone. The depth of the wells (about 5.3 m) was
determined by the parameters of the saturated zone and the groundwater level. The casing
is a single system of unplasticized polyvinyl chloride (PVC-U), including a conductor,
lowered to a depth of 2 m to cover the upper free-flowing horizons, with a filter column
installed over the entire thickness of the aquifer for effective groundwater treatment.

The front of the treatment area presented a row of 10 wells (Figure 4a), with an
interval of about 2 m between them, located almost perpendicular to the direction of the
groundwater flow (Figure 4b).
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The wells were connected with an oxygen supply mainline, and the mainline and wells
with emitters installed inside were connected with PVC pipe, using stop valves. At the
final stage of system assembly, a test run of oxygen was carried out to check the tightness.

Treatment of contaminated water using emitters. Degradation of petroleum hydro-
carbons in the environment occurs under both aerobic and anaerobic conditions. However,
the destruction under aerobic conditions is much faster; therefore, it is preferable to use
oxygen as an oxidizing agent [24]. At the same time, although physicochemical processes
play a significant role in the self-cleaning of biocenoses from oil and oil products, complete
destruction of oil hydrocarbons is possible only with the participation of hydrocarbon-
oxidizing bacteria [13]. Since oxygen is consumed during the oxidation of petroleum
hydrocarbons, its concentration must be maintained at the level required for the survival
of hydrocarbon-oxidizing bacteria. Yaniga et al. (1985) showed that the concentration of
dissolved oxygen in groundwater should be maintained at a level of at least 5–10 mg/L
for the degradation of petroleum hydrocarbons [50]. In this regard, the main criterion for
monitoring during the work was to maintain the oxygen concentration in the water not
lower than the optimal level.

Groundwater monitoring and efficiency of treatment. Groundwater monitoring
aimed at assessing the treatment rate and general observations of the situation in the study
area were among the main parts of the project.

The basic controlled parameters were changes in the concentrations of dissolved
oxygen (DO) and total petroleum hydrocarbons (TPH). Taking into account a relatively
widespread approach to assessing the effectiveness of bioremediation [53], the rate of
groundwater treatment was determined according to the TPH content. We also used this
parameter because the TPH is most often used by national MPC standards and regulatory
authorities to assess petroleum hydrocarbon contamination. Additionally, during each
stage of monitoring, the following parameters were determined: TDS, pH, temperature,
electrical conductivity, and groundwater level.

Assessment of groundwater treatment efficiency was conducted after 30, 45, 60, 75,
and 90 days of treatment. To obtain the initial data, water samples were taken from the
study area and analyzed according to the given parameters before the start of groundwa-
ter treatment.

4. Results and Discussion

The observation data of the main parameters of groundwater made it possible to
identify the following patterns in the study area. TDS, which characterizes the total content
of dissolved particles in water, changed insignificantly during the experiment and averaged
593.9–765.0 ppm, so the water at the test site was classified as fresh, which is typical for
a treated aquifer. The pH of the water remained practically unchanged throughout the
experiment and averaged 6.57–7.02, which made it possible to determine the water as
neutral. The measurement results are presented in Table 1.

Table 1. Results of field measurements of groundwater parameters.

Date Parameter Well
1-o

Well
2-o

Well
3-o

Well
4-o

Well
5-o

Well
6-o

Well
7-o

Well
8-o

Well
9-o

Well
10-o

05/28/20

TDS (ppm) 847 765 735 608 591 680 610 627 563 615
Conductivity

(µS/cm) 1734 1487 1470 1240 1185 1355 1225 1253 1121 1212

pH 6.48 6.92 6.75 6.42 6.70 6.73 6.93 6.81 6.82 6.78
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Table 1. Cont.

Date Parameter Well
1-o

Well
2-o

Well
3-o

Well
4-o

Well
5-o

Well
6-o

Well
7-o

Well
8-o

Well
9-o

Well
10-o

06/30/20

TDS (ppm) 966 697 595 590 593 577 634 624 622 565
Conductivity

(µS/cm) 1933 1394 1190 1184 1181 1154 1272 1248 1243 1167

pH 6.73 6.96 6.94 6.97 6.85 6.87 7.01 6.99 6.93 7.01

07/15/20

TDS (ppm) 933 623 584 589 585 643 597 598 590 603
Conductivity

(µS/cm) 1800 1252 1166 1183 1170 1285 1190 1198 1180 1208

pH 6.78 7.22 6.86 6.85 6.82 6.88 6.90 6.85 6.85 7.12

07/30/20

TDS (ppm) 931 571 574 583 577 625 610 601 590 624
Conductivity

(µS/cm) 1851 1146 1159 1183 1160 1241 1198 1215 1163 1238

pH 6.79 7.15 7.10 7.00 6.95 6.88 7.11 7.00 7.09 7.20

08/13/20

TDS (ppm) 902 587 581 590 582 621 595 594 592 630
Conductivity

(µS/cm) 1797 1171 1168 1177 1165 1240 1192 1226 1185 1259

pH 6.77 7.06 7.05 6.92 6.89 6.90 6.97 7.09 6.99 7.10

08/28/20

TDS (ppm) 584 595 584 581 593 611 591 603 595 637
Conductivity

(µS/cm) 1175 1195 1166 1175 1168 1225 1173 1192 1168 1272

pH 6.67 6.82 6.84 6.80 7.01 7.03 7.07 7.01 7.09 6.99

The groundwater temperature averaged +7.46 ◦C with a tendency to increase caused
by seasonal changes and an insignificant general anthropogenic impact of an industrial site.
The groundwater level gradually decreased (by an average of 0.41 m), which was caused
by the natural hydrological regime in the summer in this region.

Oxygen saturation and DO content. Oxygen saturation and DO content are among
the key parameters of the water used to assess the operation of the emitter system as a
whole. It has been noted that the total flux of supplied oxygen must meet or exceed the total
flux of oxygen demand imposed by the pollutant’s plume [54]. In the case of groundwater
pollution in BTEX, every 1 g decrease in BTEX uses 3 g of oxygen, assuming complete
mineralization of BTEX. “Excess” dissolved oxygen presumably would be available for
further degradation of BTEX downgradient [41,55].

Based on previous experience, it was found that in order to obtain reliable data on the
oxygen content and saturation of water, it is recommended to measure these parameters
directly in the field to avoid possible data distortion when taking and transporting water
samples. The changes of DO in the groundwater during the study are shown in Figure 5.

Initially, the average DO concentration in the research area varied from 1.0 to 2.0 mg/L.
After the installation of the emitter system and the beginning of oxygen delivery, the aver-
age DO concentration increased significantly, with a maximum value of about 45 mg/L.
The maximum average DO concentration was 39.2 mg/L, while the oxygen saturation
reached 321.5%. This amount of DO mostly exceeded the demand for DO to TPH oxidation
in wells: the average TPH content was 4.33 mg/L, and demands in DO were about 13 mg/L.
Accordingly, excess DO (about 26 mg/L) could be available for further TPH degradation
downgradient of the treatment wells. Periods of decreasing and stabilizing oxygen concen-
trations were identified, which could be caused by environmental temperature changes,
dilution of water by atmospheric precipitation, or the technological process of oxygen
delivery through the emitter system. Additionally, one of the factors affecting the supply
of oxygen to groundwater could be the formation of a film on the surface of the emitters
(Figure 6), which prevents oxygen diffusion.
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Figure 6. Newly formed film on emitter tubes during oxygen delivery operation: (A) well 7-o;
(B) well 8-o; and (C) well 10-o.

Figure 6 shows the emitters after 90 days of use. Visually, the most intense film was
formed on the surface of the emitter tube from well 8-o compared with wells 7-o and 10-o.
At the same time, the minimum DO values were found in well 8-o (as shown in Figure 5),
which could be due to the local features of the composition of water and soil caused by
anthropogenic influence in certain areas.

To clarify the composition and distribution of the newly formed film, detailed min-
eralogical studies were conducted, including microprobe analysis and analysis of the
sediment by scanning electron microscopy (JEOL, Tokyo, Japan). The picture at low magni-
fication (×300) clearly shows that the sediment was distributed unevenly on the surface
of the tube, while some areas were not covered with plaque at all. The plaque contained
individual grains and aggregates up to 50 µm in size (Figure 7a). The section of the tube
surface covered with a solid crust was divided by microcracks (width about 1 µm). The size
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of the predominant mass of particles was less than 5 microns, i.e., these particles belonged
to the clay fraction. A large part of the tube surface was covered by aggregates of these
particles. There were voids (such as pores) up to 10 microns in size between the particles
and their aggregates. The pipe from well 7-o had film with lower visual density, and certain
sections were practically free of these particles (Figure 7b).
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The chemical composition of films from the surface of pipes, determined by the
microprobe method using an INCA Energy 350 energy dispersive spectrometer (Oxford In-
struments, Oxford, U.K.), is characterized predominantly by silica and alumina (76–92% of
total content). Oxides of iron, magnesium, and calcium are present in variable but subor-
dinate amounts. Alkali metal oxides are noted in small amounts. The constant presence
of phosphorus and chlorine compounds is typical, probably caused by the biomass and
nutrients added for microorganisms.

In general, the monitoring data allow us to conclude that throughout the field test,
groundwater was saturated with oxygen, and its concentration was maintained at the
required level. The average content of dissolved oxygen in groundwater in the treatment
zone during the test was 28.55 mg/L, indicating that the system was operating properly
during the testing of the groundwater treatment complex.

The content of total petroleum hydrocarbons (TPH) in groundwater in the treatment
zone is also one of the main parameters describing the operation of the system. In the
monitoring framework, prior to the start of bioremediation, groundwater sampling of
the study area was carried out. Initial sampling (28 May 2020) was carried out within
the minimum possible time from the start of system operation in order to obtain reliable
initial values. According to the results of the initial sampling, the average content of
TPH for the site was 4.33 mg/L, and this amount required about 13 mg/L DO to be
completely degraded.

Subsequently, samples for analysis were taken from the wells according to the monitor-
ing plan (described above). A decrease in TPH in the treatment zone began to be revealed
in the first 30 days (Figure 8) of implementation of the cleaning system, with a general
trend toward a decreased concentration of the contaminant.
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Figure 8. Total petroleum hydrocarbon concentration in groundwater during field test (well 1—(a);
well 2—(b); well 3—(c); well 4—(d); well 5—(e); well 6—(f); well 7—(g); well 8—(h); well 9—(i); and
well 10—(j)).

A relatively distinctive minimum of average TPH concentration (0.84 mg/L; average
rate of purification 79.3%) was observed at the 47th day (sampling on 15 July 2020) after
starting the operation. We suppose it was probably caused by the most intense phase of
the vital activity of the introduced biomass. The subsequent increase in TPH content could
have been caused by the influx of a new substance of hydrocarbons from a permanent
source of pollution, while infiltration from atmospheric precipitation or from soils with
significant residual oil saturation occurred. At the end of the treatment (28 August), the
DO concentration in the treatment wells exceeded the demand for DO to complete TPH
degradation, except for in well 8-o (Table 2). Therefore, the remediation of groundwater
could be continued downgradient from outside the wells.

However, based on the obtained data, it is clear that the treatment system is potentially
able to cope with the inputs of new contaminants. It is worth noting that the tendency of
decreasing content of pollutants in the treatment zone continued throughout the test, and
the revealed features, in general, may be typical for most real objects where a pollution
source has been formed and a persistent contaminated flow is observed at the site. The fact
that the system continued to operate effectively in such conditions is its clear advantage.
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Table 2. Groundwater parameters at final stage of treatment system testing (28 August).

Well TPH
(mg/L)

DO
(mg/L)

Demand for DO
(mg/L)

Excess DO
(mg/L)

1-o 0.62 11.7 1.86 9.84
2-o 0.46 10.3 1.38 8.92
3-o 1.15 12.2 3.45 8.75
4-o 1.92 10.8 5.76 5.04
5-o 1.68 9.7 5.04 4.66
6-o 0.47 12.8 1.41 11.39
7-o 1.88 8.6 5.64 2.96
8-o 2.67 4.7 8.01 −3.31
9-o 0.77 15 2.31 12.69
10-o 0.01 9.9 0.03 9.87

At the final stage of testing (day 90), the rate of cleaning (reduction in TPH) was
estimated similar to the method in [55]. The average concentration of TPH in the treatment
zone was 1.16 mg/L, i.e., the reduction in TPH after treatment was 73.1%. In addition,
it was demonstrated that decreased hydrocarbon pollution during TPH biostimulation
and bioaugmentation was accompanied by reduced toxicity as well as genotoxicity [56,57].
During the technology testing period, the highest reduction was noted in well 10-o, where
it was 95.5%, with a maximum of 99.7% noted at the final stage (Table 3). This could
be due to the favorable location of well 10-o relative to the entire treatment system and
groundwater flow. For the studied area, certain zones (wells 3-o, 4-o, and 8-o) with reduced
treatment rates were also found, which may have been caused by irregular distribution of
contaminants and micro-local technogenic (or natural) features of the area.

Table 3. Efficiency estimates of groundwater treatment in relation to initial TPH concentrations.

Date
Efficiency of Groundwater Treatment 1

Well 1-o Well 2-o Well 3-o Well 4-o Well 5-o Well 6-o Well 7-o Well 8-o Well 9-o Well 10-o

05/28/20 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
06/30/20 0.960 0.410 0.134 0.016 0.713 0.861 0.446 0.208 0.908 0.931
07/15/20 0.983 0.703 0.470 0.403 0.853 0.917 0.549 0.632 0.957 0.953
06/30/20 0.983 0.022 0.000 0.000 0.625 0.933 0.533 0.066 0.896 0.919
08/13/20 0.999 0.860 0.215 0.000 0.691 0.896 0.498 0.000 0.890 0.977
08/28/20 0.825 0.799 0.228 0.226 0.754 0.932 0.580 0.389 0.840 0.997

1 Groundwater treatment efficiency is evaluated from 0 to 1, where 0 is initial TPH concentration and 1 is complete
cleaning of contaminant relative to initial concentration (i.e., absence of TPH in water or concentration below
detection limit).

A statistical analysis of the obtained data was done by Statistica 7.0 software (StatSoft
Inc., Tulsa, OK, USA). We used the data on TPH and DO content in the treatment wells
obtained during treatment. A statistically significant low to moderate negative correlation
between TPH and DO content was revealed (Spearman’s R = −0.47, p < 0.001), so we
suppose this effect reflects oxidation of TPH with DO. Predominantly more TPH was
oxidized, and subsequently, more DO was considered as “excess”.

Microbial activity in hydrocarbon-polluted groundwater is considered a dominant
process capable of reducing pollution [13,21,28]. Bioaugmentation of polluted sites, based
on re-inoculation of indigenous microorganisms previously enriched under laboratory con-
ditions, enhances microbial activity, thus improving the degradation of hydrocarbons [58].
The addition of indigenous hydrocarbon-oxidizing microorganisms, enriched under labo-
ratory conditions and with the most degradative activity, was used in our study. Crude
bacterial biomass of 2 g wet weight was introduced into each treatment well. It was demon-
strated that successful bioremediation of hydrocarbon-polluted groundwater is reached
when biostimulation by the addition of appropriate nutrients (nitrogen and/or phospho-
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rus) results in improved metabolic activity of indigenous microorganisms [6]. We added
nitrogen as NH4Cl and phosphorus as KH2PO4, in amounts of 660 g and 88 g, respectively,
into each treatment well to stimulate both amended cultures of hydrocarbon-oxidizing
microorganisms and the same microorganisms inhabiting the groundwater. The added
amounts of nitrogen and phosphorus did not affect the eutrophication of the receiving
stream and were not toxic to microorganisms, as they were diluted 100 times immediately
after being added the groundwater, and in total 1000 times until arriving at the stream.

Microbial activity in groundwater requires specific conditions, such as the presence of
electron acceptors [59]. Groundwater is generally devoid of oxygen due to the utilization
of oxygen by aerobic microorganisms, including hydrocarbon-oxidizing ones. Therefore,
remediation techniques require supplying oxygen to polluted groundwater [1]. We used
Waterloo emitters, which provide uniform concentrations of dissolved oxygen in ground-
water over long periods of time, which may encourage more efficient in situ remediation,
as supposed in another study [52]. Another advantage of using emitters is the absence of
bubbling, which prevents significant stripping of volatile compounds from the treatment
wells [55]. According to the study results, overall, the operation of the system was generally
assessed as sufficiently effective and could be used for further treatment.

5. Conclusions

This study shows that in situ biodegradation of TPH using biostimulation (with
oxygen added as a stimulant) and bioaugmentation methods in areas with loam and
sandy loam soils could significantly reduce the total petroleum hydrocarbon pollution of
groundwater in most cases.

Thus, the implementation of environmental protection measures made it possible to
support oxygen saturation of groundwater during the trial. The concentration of total
petroleum hydrocarbons decreased, indicating that the treatment system functioned prop-
erly. The groundwater treatment trend during the testing of the system will most likely
continue in the future.

The described approach applied at the current site could also be applied at other
similar sites, with adjustments depending on the natural and technogenic characteristics
(geological and lithological structure, hydrogeological conditions, geomorphologic and
climatic features, type of pollution, etc.). For successful and effective implementation of
the proposed approach, conducting a preliminary study of the area where groundwater
treatment is planned is particularly important.

It is also worth mentioning that the use of this technology will significantly improve
the overall ecological condition of contaminated areas, which is a socially oriented task
and an important component of the sustainable development concept. Overall, further
studies on this topic are needed in the form of both research and case studies, in order to
provide more details on the context and efficiency of groundwater treatment under adverse
geological conditions and information on challenges and successes of similar approaches at
various facilities.
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