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Abstract

An opportunity for bioremediation of ground water polluted by oil products through a system of obser-
vation wells was studied. The activity of bioremediation processes was assessed by a change in the content
of nitrogen (ammonia, nitrate, and nitrite) in water, the number of aerobic and anaerobic microorganisms
and oil products. Microbial growth was stimulated by the introduction of mineral fertilizers into ground
water as sources of N and P. Prior to treatment, the number of ammonifying and hydrocarbon oxidizing
microorganisms in water collected from wells at polluted sites did not exceed 10° CFU/mL and 10° [10°CFU/
mL, respectively. In response to nutrients feeding that limits the growth, the number of aerobic microor-
ganisms increased by 3—4 orders. The number of ammonifying microorganisms increased to 1.8 (108 CFU/
mL, hydrocarbon oxidizing — 2.3 (107 CFU/mL. An increase in the concentration of ammonia nitrogen (to the
values above 50 mg/L) happened in ground water with delay of 2—6 weeks. Dynamics analysis of the
chemical composition of ground water by the data of all wells demonstrated that a concerted fluctuation of
the activity of nitrification and denitrification processes proceeded in oil products biodegradation in the
active phase, and accordingly, of ammonium and nitrate concentrations. Predicting the chemical composi-
tion of ground water using a neural network confirmed the same. The content of oil products in ground
water decreased by 65—97 %.
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INTRODUCTION

Petroleum hydrocarbons relate to common
pollutants of surface and underground ecosys-
tems. This type of pollution is typical for ground
in the region of large cities and industrial ob-
jects. In comparison with soils, the application
of a number of efficient measures, such as hoe-
ing, aeration, surface treatment with sorbents,

microbial preparations, etc. for purifying polluted
ground and ground water is strictly limited.
Research in this area is relevant due to a lack
of knowledge in substance transformation pro-
cesses in soils and in the practice of holding
reconstruction. Among the whole number of
reconstruction methods of polluted natural ob-
jects, bioremediation methods based on using
microorganisms are widespread. Biodegradation
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intensification of organic pollution is reached by
the introduction into these objects of nutrients
(as a rule, nitrogen and phosphorus) limiting the
development of destructors microorganisms, as
well as microbial preparations, in the composi-
tion of which selectively selected strains are in-
cluded. The whole range of physiological groups
of microorganisms capable of degrading hydro-
carbons at low temperatures under aerobic and
anaerobic conditions is observed in the compo-
sition of the natural microflora of ground wa-
ter polluted by hydrocarbons. Herewith, the
contribution of microorganisms into pollution
degradation is quite considerable (to 60 %) [1],
which should be considered when planning and
holding bioremediation measures. In many in-
stances, when pollutants are natural compounds,
and there are destructors in the composition of
the natural microflora, their activity stimula-
tion without microbial preparations may be ef-
ficient enough [2]. This is a less costly, at the
same time, a more available and technological
approach to ground cleaning.

The oxygen transfer rate in ground is limit-
ed. Therefore, the space distribution of areas of
aerobic and anaerobic bioremediation processes
happens in the zone of aeration and the zone of
saturation depending on the concentration of
organic pollutions, soil permeability, the filtra-
tion rate of ground water, and the activity of
microorganisms [3]. In the anaerobic region, de-
pending on the red-ox potential of the medi-
um, bacteria use nitrate, iron (III), sulphate and
carbonic acid as electron acceptors for decom-
position of organic compounds in nitrification,
iron- and sulphate-reducing, methanogenesis,
respectively [2, 4]. Thus, the chemical composi-
tion of ground water and the activity of vari-
ous physiological groups of microorganisms are
interrelated [5]. Cleaning of soils and ground
water in the whole volume of the polluted un-
derground medium can be carried out under
condition of the active growth of all microor-
ganisms, aerobic and anaerobic.

Oxidation of organic compounds by anaero-
bic microorganisms is associated with a decrease
in the concentration of dissolved oxygen and
the release of bound nitrogen into a soluble form.
Appearance of ammonium stimulates the
growth of nitrifying bacteria that oxidize it to
nitrate. The latter initiates the growth of deni-

trifiers that decrease the medium potential and
contribute to the formation of growth zones of
iron and sulphate reducing bacteria at low ox-
ygen concentrations. Decomposition intensity of
contaminations in these interrelated processes
is low because of the imbalance of feed supply
of the microflora (ratio of C,,, N and P). By a
change in the chemical composition of ground
water and the number of various physiological
groups of microorganisms, one can judge their
activity [6, 7]. The results of this analysis may
serve as a basis for carrying out these or those
specific actions on the recovery of polluted objects.
The work purpose is the study of bioreme-
diation of ground water polluted by oil prod-
ucts by introducing nutrients (nitrogen- and
phosphorus-containing fertilizers) through a
system of observation wells and by stimulating
the development of the aboriginal microflora.

EXPERIMENTAL

Groundwater of combined heat and electric
power plant (HEPP) fuel oil facilities polluted
by oil products (mixtures of fuel oil, diesel fuel
and process oils) was a research object. Ground
is built from gravel-pebble sandy rocks, on the
surface of which the technogenic layer (0.5 m)
is found. The level of ground water during a
year varies from 4 to 7 m. The temperature in
winter is 4 °C, in summer +7-9 °C. By the chem-
ical composition, groundwater relates to sulphate-
hydrocarbonate and hydrocarbonate sodium-
potassium and a mixed cationic composition with
mineralization of 0.37—1.5 g/L. The type of
groundwater may change to the side of hydro-
carbonate-sulphate. At the site of fuel oil facili-
ties, pH of ground water is changed from 6.6 to
8.5. Soils have low moisture content (2—7 %),
moreover, it decreases with the increase in depth.

Ground water samples for analysis were col-
lected from observation wells; the layout scheme
of the wells is given in Fig. 1. Wells Nos. 159,
160, 238, 239, 589 are located in the area with
high levels of contamination (highlighted by
shading); the content of oil products in ground
water at the initial stage reached 350—400 mg/L
of water. Well No. 237 is located on the border
of the polluted area, and wells Nos. 161 and
240 — outside its limits.
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Fig. 1. Location of wells at the territory of HEPP fuel oil
facilities.

From 2005 to 2008 at the territory of the
HEPP fuel oil facilities, the authors jointly with
the Minusinsk Hydrogeological Party carried out
tests of an opportunity to stimulate the microf-
lora and bioremediation of the geological medi-
um polluted by oil products. Biogenic elements
(as nitrogen and phosphorus fertilizers) in rela-
tively small amounts were introduced through
observation wells to exclude migration of the
former outside the limits of the contaminated
site. Wells Nos. 237 and 159 were selected to
treat soils. Well No. 237 is located at the bor-
derline of the petroleum product plume in con-
taminated soil and above along the current of
ground water relatively to well No. 159. The
latter is located in the central part of the prob-
lem site. The removal from the lower border-
line of the spot and the maximum rate of ground
water movement (0.17—-0.27 m/day in the area
of the well No. 159) minimized the risks for
groundwater outside the pilot site.

The activity of bioremediation processes was
assessed by a change in the chemical composi-
tion of ground water, the number of aerobic
and anaerobic microorganisms and the content
of oil products in water. Ground water samples
for chemical and microbiological analysis were
collected after washing wells. Chemical analy-
sis of ground water was carried out by the stan-

dard techniques using a KFK-3 Photometer; the
permitted value limit of the basic absolute er-
ror is 0.5 % [8, 9]. The content of oil products in
water was determined by fluorometric tech-
niques (Fluorate-02-2M); the measurement er-
ror for the studied ranges is 25 %. Samples for
microbiological analysis were stored at a low
temperature (not higher than 10 °C). For ac-
counting the number of aerobic microorganisms,
the method of limited dilutions with seeding
on agarised medium was used [10]. Determin-
ing the number of denitrifiers was carried out
using Mac-Kredy’s tables (Pg5). Denitrifiers
were isolated on the medium of the following
composition: peptone agar (1.35 %), KNO; (0.5 %)
and an indicator (bromthymolblau). Account-
ing for the number of microorganisms was per-
formed at a temperature of 20 °C.

Processing of microbiological data was car-
ried out using Poissonian statistics [10] and the
Excel 2007 package for statistical analysis. The
neural network implemented as a Microsoft Ex-
cel expansion pack was used to analyze a large
volume of data of the hydrochemical composi-
tion in ground water [11, 12]. The chain was stud-
ied on the base of the algorithm of dual func-
tioning to detect the dynamics in a change of
the content of ammonia and nitrate nitrogen that
is typical for the denitrification process.

RESULTS AND DISCUSSION

The nitrogen content in samples of ground
water collected from wells during bioremedia-
tion works is demonstrated in Fig. 2. The con-
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Fig. 2. Content of ammonium, nitrite and nitrate forms of

nitrogen in groundwater prior to the introduction of mineral
fertilizers.
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TABLE 1

Scheme of the introduction of fertilizers into wells

I. V. TRUSEY et al.

Time Fertilizer Mass, kg
of the introduction Number of wells
159 237 238
July of 2005 NPK 155 3.0 -
Ammonium sulphate 11.0 2.0 -
September of 2006 NPK 6.0 - -
Ammonium sulphate 4.5 - -
August—September NPK 3.75 - 3.75
of 2006 Ammophos 1.5 - 15

tent of ammonia nitrogen is much higher in
water of the polluted site (wells Nos. 159, 239,
589) than outside its limits (wells Nos. 161, 240).
The availability of three forms of mineral ni-
trogen and their ratio indicates the fact that
nitrification and denitrification processes pro-
ceed in the underground medium, but their in-
tensity is low. The concentration of dissolved
oxygen in ground water outside contamination
spots (wells Nos. 161, 240) is sufficient for oxi-
dation of organic compounds, including hydro-
carbons at low concentrations and of ammoni-
um by nitrifying bacteria. Under these condi-
tions, nitrification maintains the low concentra-
tion of ammonium that is oxidised it to nitrate.
Since, oxygen supply rate into the underground
medium is limited, oxidation of aromatic com-
pounds by aerobes, including hydrocarbon oxi-
dizing, in polluted water leads to exhausting of
dissolved oxygen. The nitrification process is
reduced, herewith, accumulation of nitrite hap-
pens (wells Nos. 159, 239 and 589) that inhibits
the second phase of nitrification (its oxidation
to nitrate). Electron donors for denitrifying bac-
teria are organic compounds, but their biodeg-
radation does not happen, since the nitrate con-
centration is very low.

There is much more organic carbon avail-
able to microorganisms than nitrogen and phos-
phorus in water polluted by oil product. It is
known that petroleum contains about 1-2 % of
nitrogen [13]. It is mainly found as heavy pe-
troleum fractions. Upon biodegradation, they can
act as nitrogen source for microorganisms.
Sources of additional arrival of phosphorus into
water polluted by oil products are absent ex-

cept for the background content in ground wa-
ter. On the assumption of analysis of the nu-
tritional balance of microorganisms, additional
sources of nitrogen and phosphorus nutrition
were introduced. Fertilizers were introduced by
the scheme given in Table 1.

Based on analysis of the initial data (see
Fig. 2) and transformation regularities in soils
of oxygen, carbon and biogenic elements, the
accent in backfeed was made for phosphorus,
since the phosphorus concentration in ground
water have a pronounced trend of reduction in
the direction of water flow and was 0.1 mg/L.
This is a limiting concentration for the growth
of microorganisms. Control measurements per-
formed in a month after the introduction of fer-
tilizers into wells did not detect the exceeding
limit values of the content of ammonia and ni-
trate nitrogen in ground water.

Carried out treatment influenced the num-
ber of natural microorganisms. Preliminary mi-
crobiological analysis demonstrated that there are
aerobic (ammonifying, hydrocarbon oxidizing)
and anaerobic (denitrifiers, sulphate reducer, iron
reducer) microorganisms in water of the ground
polluted with oil products. The number of am-
monifiers varied in the limits of 10°—10° CFU/
mL, hydrocarbon oxidizing — 10*~10° CFU/mL
[14]; and that of denitrifiers relatively to other
groups of microorganisms was by 2—3 orders of
magnitude higher (10°-10° CFU/mL) than that
of other anaerobes, which points out at their
dominating part upon anaerobic degradation of
organic compounds in this ecosystem.

The most intensive treatment was carried
out in well No. 159. The maximum increment
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TABLE 2

Number of aerobic and anaerobic microorganisms in the water of wells

Physiological groups Well Sampling dates
of microorganisms No. 2005 2006 2007
June October May October March September
Aerobic n [10°> CFU/dm?
Ammonifiers 159 15+0.05 21%+6.5 1790+904 208+133 0.23+0.04 —
237 0.1+0.04 380%22 6.7+2.7 12.2+10.2 0.18+=0.06 0.24=+0.02
239 0.34=+0.02 - 34+19 171+98 0.6+0.2 0.1+0.03
589 0.5+0.05 - 1.1+0.96 0.8+0.5 0.22%+0.16 0.1+0.04
Hydrocarbon oxidizing 159 1.26+0.25 31.6=18 231=+140 141+90 0.16=0.09 -
237 0.044=+0.02 31.6=18 3414 102+89 0.17+=0.07 0.13%=0.07
239 0.082+0.02 - 1.42+0.69 15.5%6.5 0.16%=0.12 0.37%=0.09
589 0.028+0.004 - 0.24%0.14 0.43%0.3 0.0021+0.002 0.005%0.003
Anaerobic n [10* CFU/dm?
Denitrifiers 159 n/d 45 0.007 9.5 - -
237 n/d 20 0.02 0.15 0.02 0.25
239 n/d - H.o. 0.006 0.35 11
589 n/d - H.o. 0.004 0.75 0.007

Note.n/d — not detected, dash — not determined.

in the number of all groups of microorganisms
(ammonifying, hydrocarbon oxidizing denitrifi-
ers) was observed precisely in ground water
samples (Table 2). Already in two months after
remediation actions, the number of ammonifi-
ers increased by an order of magnitude from
1.45 (10° to 20.5 (010° CFU/mL; hydrocarbon
oxidizing — by two orders of magnitude. The
number of ammonifiers in water was higher in
two orders of magnitude already in three
months, and differed from the initial number
by three orders in spring of 2006. Herewith, a
change in the number of microorganisms was
also noted in samples of ground water from
wells, in which mineral fertilizers were not in-
troduced. For example, the number of ammon-
ifiers in water of well No. 239 increased by two
orders of magnitude. This points out at gradual
distribution of the introduced biogenic elements
with water current.

As for anaerobic degradation processes, den-
itrifiers were not registered in ground water at
the initial stage of studies, before treatment.
As noted earlier (see Fig. 2) nitrate ions became
exhausted in ground water, their concentration
was insufficient for maintaining denitrification
processes. The introduction of nitrate with fer-
tilizers stimulated the development of denitri-

fiers (see Table 2). Anaerobes were registered
in ground water samples from wells Nos. 159
and 237, in which biogenic nutrients were in-
troduced directly, right after the first introduc-
tion of nitrate fertilizers. Denitrifiers were de-
tected in all the investigated wells of the pol-
luted site in a year after the second treatment.

Carried out treatment simultaneously affect-
ed the chemical composition of water. Chemi-
cal composition indicators of the composition of
ground water (concentrations of ammonium,
sulphate, alkalinity, etc.) can act as biodegra-
dation indicators of oil products under anaero-
bic conditions [15]. In particular, the ammoni-
um concentration in ground water (over 50 mg/
L) significantly increased through 2—3 months
after the introduction of fertilizers. Since these
changes happened a sufficiently long time, it is
impossible to consider nitrogen-containing fer-
tilizers introduced to wells Nos. 159 and 237 as
the source of elevated concentrations of am-
monium. An increase in the ammonium concen-
tration in ground water testifies biological pro-
cesses of oil products degradation.

Figure 3 demonstrates the dynamics of the
content of ammonium and nitrate ions in well
No. 589. The dynamics is of antiphase nature
and suggests that intensive enough nitrification
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Fig. 3. Dynamics of concentrations of ammonium and nitrate
in groundwater from well No. 589 (period from April of
2004 to October of 2010).

and denitrification processes proceed in well
No. 589. A similar picture was also observed in
well No. 239.

To confirm this suggestion a part of data of
the ground water composition was used to teach
the neuron network to recognize the dynamics
in concentrations of ammonium and nitrate
forms of nitrogen typical for these processes.
Analysis results of the dynamics in concentra-
tions of nitrogen in ground water are demon-
strated in Fig. 4.

Compliance of predictions of the neuronet
with actual data (see Fig. 4) testifies high a ac-
tivity of nitrification and denitrification and their
determinative role for concentrations of ammo-
nium, nitrite and nitrate in ground water of well
No. 589, as well as No. 239.

Thus, despite the fact that biogenic elements
were not introduced into well No. 589, intensi-
fication of nitrification and denitrification pro-
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Fig. 4. Results of studying the neuronet to predict the

concentrations of ammonium/nitrate in groundwater (by
data of well No. 589, 2004—2007).
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Fig. 5. Dynamics of decline in the concentration of oil
products in ground water of fuel oil facilities. Wells Nos.:
159 (1), 238 (2), 239 (3), 589 (4).

cesses occurred in water. The results of study-
ing the neuron network also confirm this con-
clusion. A high quality of studying driven by
the availability of stable regularities is demon-
strated in Fig. 4 demonstrating that nitrifica-
tion and denitrification processes proceed in the
vicinity of borehole. Deviations from the detect-
ed consistency of nitrification and denitrifica-
tion indicate that the balance between carbon,
nitrogen and phosphorus nutrition of the mi-
croflora is violated in ground water of these
wells. Factors of the medium that violate this
interrelation become dominating. First of all,
concentrations of dissolved oxygen, phosphorus
and nitrate nitrogen relate to them.

The efficiency of an increase in the biore-
mediation intensity of the polluted ground wa-
ter by the introduction of biogenic elements is
demonstrated in Fig. 5. The content of oil prod-
ucts in ground water of all the investigated wells
decreased from 350—400 to 1.5—-10 mg/L. The
disappearance of an oil film on the surface of
water was registered visually.

CONCLUSION

A stable decrease in the concentration of oil
products in water in the whole problem site was
observed resulting from stimulation of microf-
lora activity of the polluted ground water dur-
ing three years. Thus, determining the leading
factors of a change in the content of all forms
of nitrogen in ground water enables to select
most important for recovery of the entire ob-
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ject of the well and an option of their treat-
ment. It was demonstrated that efficient biore-
mediation processes of ground water polluted
by organic compounds could be intensified by
stimulating the natural microflora without us-
ing commercial microbial preparations.
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