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a b s t r a c t
Prevention and avoiding growth of microorganisms inside fuel storage tanks is a major concern for the oil industry because the associated problems caused by corrosion, plugging and blockage in storage and dispensing facilities. To effectively control microbial growth in petroleum fractions, assessing new treatments and acquiring
deepen knowledge about existing treatments must be performed. In the present work, we compare and evaluate
the efﬁciency of several chemical and physical treatments on the growth of microorganisms found in real samples of diesel fuel from different storage tanks from petrol stations in Spain. The treatments include the use of
ten organic biocides with different functional active groups, hydrogen peroxide and ultrasounds. The better results were obtained with water-soluble biocides, especially those with an oxazolidine group in the active compound, although the effectiveness of different biocides very much relies on biodiversity and physicochemical
properties of the media.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The use of petroleum fractions by some microorganisms as energy
and carbon sources has been known for years. This property has been
applied mainly for bioremediation of soils polluted with hydrocarbons.
Nevertheless, this natural degradation of hydrocarbons mediated by microorganisms has become a serious problem for the oil industry, since
microbial growth has been observed to occur inside fuel storage tanks.
This fact is causing serious problems such as corrosion, ﬁlter plugging
or blockage of pipes [1]. However, the presence of microorganisms in
storage tanks causes no signiﬁcant changes in the physicochemical
properties and quality of fuels [2].

diesel fuel improvers, detergents, dispersants, metal deactivators, antifoam or antioxidants for the elimination of free radicals [4]. The
presence of some additives can be a nutrient resource for microorganisms promoting microbial growth in the amount of water and sludge
formation.
Both diesel fuel (C16–C22) and kerosene (C9–C15) are prone to
cause problems related to microbial growth [5]. It was found that
C10–C18 is the optimum range for microbial metabolism while
shorter-chain hydrocarbons inhibit microbial growth [4].
Moreover, worldwide increasing environmental restrictions in sulphur content in fuels contributes to microorganisms development [4].
1.2. Factors enhancing microbial growth

1.1. Fuel characteristics
Table 1 shows the main fuels derived from fractionation of petroleum. Properties of different types of fuels are controlled in terms of
density, distillation, viscosity, lubricity, volatility, octane number, cetane
number or stability, among others [3]. With this regard, several types of
additives can be included in fuel formulations such as antiknock agents,
corrosion inhibitors, lubricity modiﬁers, cetane number and cold ﬂow
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Underground fuel storage tanks are exposed to microbial contamination due to limitations in the design and maintenance. Moreover, serious pollution problems derived from fuel contamination can be
generated because of corrosion and possible leakage from tanks. Therefore, buried tanks are being replaced by outdoor above-ground tanks in
some areas, although higher ﬁre risk is associated to this tank
conﬁguration.
Possible routes of entry of microorganisms into the tanks can be
from the ground (buried tanks), through faulty seals or cracks in the
tank; from the air, during loading operations and through the vents;
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Table 1
Range of number of carbon atoms in main petroleum fractions [4].
Fraction

No of C atoms

Gas
Gasoline
Kerosene
Diesel

1–4
5–8
9–15
16–22

or introduced along with water during the washings of tanks [6]. Once
the microorganisms are in the tank, they adhere to the walls or settle
in the fuel-water interface at the bottom of the tank [6]. If the presence
of water inside the tank is above 1% (v/v), microbial growth is developed [7]. The presence of water inside diesel storage tanks may be due
to several causes such as the water content allowed by regulations, condensation of the air humidity that enters the tank through the vents or
faults during the ﬁlling or draining of the tanks. Moreover, sometimes it
is possible the entry of water in the tank during the operations needed
for purging pipes as well as the formation of water as the end product
of cellular respiration as a consequence of the metabolic activity of microorganisms [4].
The quantity of water that fuels contain in their composition is regulated. As an example, in the European Union, water content in automotive diesel fuel is limited to 200 mg/kg (EN 590 European Standard [8]).
Moreover, water content should not exceed 500 mg/kg in biodiesel
(FAME), which is regulated by the EN 14214 European Standard [9].
On the other hand, the presence of oxygen also affects the microbial
growth. Although many of the species found inside the oil storage tanks
are anaerobic or facultative anaerobic, the presence of oxygenated compounds facilitates their oxidation as they are more easily assimilated by
the present microorganisms [4].
Another factor to take into account for microbial growth is the presence of additives, devoted to improve fuel properties, containing chemical compounds or elements which are nutrients for microorganisms [4,
7]. Finally, both temperature and optimum pH for microbial growth are
within usual the range of fuel storage tanks conditions, promoting again
the proliferation of microorganisms [7].
1.3. Microorganisms inside the oil storage tanks
Most microorganisms are developed in the bottom of the tank
where sediments and water are accumulated forming a sludge. Many
species of microorganisms able to grow in the presence of hydrocarbons
have been described and identiﬁed inside fuel storage tanks, some of
them are shown in Table 2 [10–12].
Although water phase or water-organic interphase are the main
environments where microorganisms are grown inside diesel fuel
storage tanks, their corrosion effect is not limited to the submerged
materials and dispensing infrastructure. The production of volatile
and corrosive compounds, such as acetic acid, by bacteria of the family Acetobacteraceae can induce corrosion even in the headspace of
the tanks [13,14].
In the group of sulfate-reducing bacteria (SRB) several species of
bacteria are included, such as Desulfovibrio sp., Desulfobacterium sp.
and Desulfomicrobium escambium, among others [15]. They use organic
compounds by reducing the sulfate anion to hydrogen sulﬁde, which is
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highly corrosive and presents a signiﬁcant risk human health. Davidova
et al. [16] demonstrated that the reduction of sulfate to sulﬁde decreases
in a half when high concentration of nitrates are present. The intermediates of nitrate reduction, nitric oxide and nitrous oxide, increase the
temperature and inhibit the production of sulﬁdes and therefore reduce
SRB populations but encourage the growth of denitrifying bacteria.
The presence of microorganisms in the storage tanks of petroleum
fractions is completely related to the corrosion problems present in
both tanks and pipes [17,18]. There are products that are used to overcome this problem, but some microorganisms are able to degrade
them [19]. In addition, another factor to take into account is that microorganisms can form ﬂocs when they are washed from the tank producing problems such as obstruction in the ﬁlters [20].
1.4. Alternatives to prevent microbial growth
Several alternatives have been studied to avoid and prevent microbial growth in storage tanks of petroleum fractions. A possible alternative
in order to solve this problem consists in the development of a controlled drainage system, with good maintenance practice and frequent
cleaning [2]. Nevertheless, other methods under study to prevent microbial growth are ultraviolet radiation treatment, sonication, or chemical attacks with hydrogen peroxide and biocides.
Ultraviolet radiation has been used in many applications as a disinfectant of water or air as it produces photobiochemical reactions in microorganisms [21]. UV radiation causes alterations in DNA producing
the bases intersection in the structure. Thymine and pyrimidine dimers
are formed producing mutations that disable the cell replication leading
to the microorganism death [22]. Studies of this effect on the bacterium
Escherichia coli, reveal that the decrease in the population is proportional to the intensity of UV radiation received. This technique has some environmental advantages, such as the absence of chemicals without
residual compounds reducing the environmental impact. Nevertheless,
UV radiation treatment has some disadvantages such as an increase in
the temperature of the medium and proliferation of more colonies of
microorganisms. It is also known that microorganisms overshadow
each other blocking UV and reducing the effectiveness of the technique
[22].
Sonication is another treatment that has been studied in last decades
to eliminate microorganisms as an alternative to conventional techniques [23,24]. It consists of applying ultrasonic waves in a liquid medium generating acoustic cavitation. Air bubbles are generated and they
liberate a variable amount of energy when collapse, causing damage
to the cell structure. Furthermore, highly reactive radicals, such as ·OH
and ·H, are formed inside the bubbles are released to the medium,
attacking the microorganism structure and causing cell death [25].
Hydrogen peroxide is a compound with a high oxidizing power. It
produces free ·OH radicals that attack organic matter by destabilizing
the cell wall and other structures such as DNA, causing cell death. This
chemical disinfectant is more effective with anaerobic organisms because they lack of the enzyme catalase, which decomposes hydrogen
peroxide into molecular oxygen and water. Although the disinfection
capacity of ultrasonic and hydrogen peroxide treatment in aqueous environments is known, their use in a hydrocarbon medium could cause
concern due to the ﬂammability of diesel fuel and the oxidizing properties of hydrogen peroxide. However, recent literature [26–29] addresses
the save use of ultrasonic treatment and addition of hydrogen peroxide

Table 2
Microorganisms identiﬁed in oil storage tanks.
Bacteria

Fungi

Yeast

Actinetobacter, Bacillus sp., Clostridium sporogenes,
Flavofacterium diffusum, Micrococcus sp., Pseudomonas
sp., Pseudomonas aeruginosa, SRBa, etc.

Acremonium sp., Aspergillus sp., Aspergillus fumigatus, Cladosporium
sp., Fusarium oxysporum, Penicillium sp., Penicillium citrinum,
Penicillium funiculosm, Trichiderma sp., etc.

Candida sp., Candida famata, Candida lypolytica,
Candida silvícola, Candida tropicalis, Rhodotorula
sp., Saccharomyces sp., etc.

a

SRB: sulfate-reducing bacteria.
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Table 3
Classiﬁcation of functional groups in biocides by solubility.
Partition in diesel and water phase

Mainly soluble in water

Isothiazolones
Organoboranes
Pyridinthiones
Hexahydrotriazines
Imidazole carbamates
Morpholines
Thiocyanates

Thiocarbamates
Oxazolidines
Halides
Aldehydes
Phenols

of diesel fuels for the removal of sulphur compounds and other applications. In addition, some changes in fuel composition have been reported
[30] after sonication in heavier oil fractions than diesel only at severe
conditions (high temperature, long time and presence of speciﬁc
promotors) not found in diesel storage conditions.
Biocides are chemicals with a high disinfecting power. Although
they are highly toxic organic compounds, biocides are commonly used
to remove microorganisms from an environment. However, a responsibly selection of them is recommended taking into account different
properties in order to develop an efﬁcient disinfection [4]. Biocides
must not alter fuel speciﬁcations as well as they must be chemically
and physically compatible with the fuel and additives [31]. In addition,
biocides should not have negative effects on pumps or pipes and they
should be safe, easy to manage and store. In any case, biocides must
be handled with caution. Another important property to consider is
the solubility of biocides in both organic and aqueous phases. The functional groups present in some biocides are shown in Table 3 [4].
In this work, we present the effect of ten biocides with different
functional groups in the growth of microorganisms found in diesel
fuel samples from different storage tanks. We also present a comparative study using as alternative treatments with hydrogen peroxide and
sonication.

2. Experimental
2.1. Diesel fuels, culture media, reagents and biocides
Diesel fuel samples from storage tanks were supplied by Repsol from
different petrol stations in Spain. Because it is uncommon to have a signiﬁcant amount of water in the bottom of diesel fuel storage tanks, it
was necessary to carry out an intensive sampling program to get the
samples required for this study. Organic phases were separated from
aqueous layers and they were analyzed following standard fuel procedures and techniques. All of them complied with EN 590 European Standard. Main requirements of European automotive diesel fuel are shown
in Table 4. It was concluded that the presence of microorganisms in
aqueous phases did not alter any of diesel fuels properties.
Table 4
Main requirements of automotive diesel fuel samples (EN 590).
Property

Density at 15 °C
Viscosity at 40 °C
Distillation
% (v/v) recovered at 250 °C
% (v/v) recovered at 350 °C
95% (v/v) recovered at
Sulfur content
Polycyclic aromatic hydrocarbons
Fatty acid methyl ester (FAME) content
Cetane number
Flash point
Copper strip corrosion
Lubricity

Unit

Limits

3

kg/m
mm2/s
% (v/v)
% (v/v)
°C
mg/kg
% (m/m)
% (v/v)
°C
Rating
μm

Minimum

Maximum

820.0
2.000

845.0
4.500
b65

85
360
10.0
8.0
7.0
51.0
N55.0
Class 1
460

Fig. 1. Sonication equipment.

LB (lysogeny broth) was used as culture media. EDTA (ethylenediaminetetraacetic acid) was supplied by Panreac (Barcelona, Spain) and
PBS buffer (Phosphate Buffered Saline), D-glucose and the FDA (ﬂuorescein diacetate) were provided by Sigma-Aldrich (Steinheim, Germany).
All material used as well as culture media and solutions were sterilized
in an autoclave at 121 °C for 20 min prior to use.
Ten biocides were used to avoid microbial growth in diesel samples. The corresponding functional groups in their structure were
isothiazolone, oxazolidine, thiocyanate, morpholine, thiocarbamate
and oxaborinane.
2.2. Experimental design
2.2.1. Sample preparation
Diesel fuel samples containing both organic and aqueous phases
were centrifuged to allow phase separation. Samples were prepared in
a 2 mL vial by introducing 100 μl of organic phase (diesel fuel) and
400 μl of its own aqueous phase. Before vials were tightly closed, air
was displaced by N2 blowing. Then, samples were stored in a chamber
at 17 °C in darkness for 4–5 days before starting the treatments.
2.2.2. Sonication
The equipment used is a Misonix sonicator 3000, with a titanium
probe of 13 cm diameter with a working frequency of 20 kHz [32]. As
shown in Fig. 1, the probe was placed in a container in which the
amount of water required for each treatment was added.
Three factors were studied: application time (t), volumetric power
(P) and number of applications (n). The seven tests developed with all
samples are shown in Table 5.
2.2.3. H2O2 and biocides
Ten biocides have been tested in order to prevent the growth of microorganisms in the samples from oil storage tanks. The corresponding
Table 5
Sonication tests.
Test

Time (t)

Volumetric power (P)

Number of applications (n)

1
2
3
4
5
6
7

t1
t2
t3
t2
t2
t2
t2

P2
P2
P2
P1
P3
P2
P2

n2
n2
n2
n2
n2
n1
n3

t1, t2, t3: 1, 5 and 10 min; P1, P2, P3: 100% in 100, 200 and 500 mL; n1, n2, n3: 1, 2 and 3.
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Table 6
Chemical functional group in the active compound of each
biocide.
Biocide

Functional group

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10

Isothiazolone
Oxazolidine
Thiocyanate
Oxazolidine
Morpholine
Thiocarbamate
Oxaborinane
Oxazolidine
Thiocarbamate
Thiocyanate
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In addition, in a parallel study which examined the effectiveness of
biocides on the aqueous phase and considering both aqueous and diesel
phases, 100 μl samples were plated in dipslides (Microkit Laboratories)
to observe the abundance of microorganisms in each phase.

3. Results and discussion
3.1. Physicochemical parameters

functional groups in their structure were isothiazolone, oxazolidine,
thiocyanate, morpholine, thiocarbamate and oxaborinane (Table 6).
According to preliminary experiments, three different concentrations of H2O2 and biocides 10, 50 and 100 mM have been tested. All
treatment experiments were performed in triplicate.

2.3. Biological analyses
Samples were measured at 3 different times (1, 15 and 45 days),
after both sonication and biocide treatments. Most probable number
(MPN) was determined at each time in order to observe the persistence
and effectiveness of each treatment.
The microbial density was estimated using the MPN technique. This
technique determines the number of heterotrophic microorganisms
present in the samples. In order to assess the capacity for growth of microorganisms as a function of each treatment, heterotrophic microorganisms were estimated by a miniaturized MPN technique in 96-well
microtiter plates with eight replicates per dilution [33]. Total heterotrophic microbial population was estimated in 180 μl of LB medium with
glucose (15 g·l−1) and 20 μl of the sample. A battery of dilutions was
prepared from a mixture of the sample and phosphate buffer, adding
LB-glucose under darkness and N2 atmosphere at 24 °C during
15 days. Finally, the number of microorganisms present in each sample
was estimated by the MPN calculator program, taking into account the
initial dilution concentration, the number of replicas per dilution and
the number of dilutions.

In order to characterize the aqueous phase of ﬁve diesel fuel samples
(named S4, S18, S19, S21 and S23), different parameters were measured
in triplicate. As shown in Table 7, pH, conductivity, anions (Cl−, SO2−
4 ,
3−
−
NO−
3 , PO4 , NO2 ) and elements (Al, Ca, Fe, K, Mg, Mn, Na, S and Si) composition and both organic and inorganic carbon were determined by
using the corresponding equipment. In addition, most probable number
(MPN) was determined to quantify the presence of microorganisms.
All samples showed pH values near 5.6, except sample S23 that
showed a slightly higher value (8.6). Sample S23 showed the highest
conductivity due to the presence of higher amount of some anions, especially Cl− and NO−
2 . These physicochemical properties depend on
the different environmental conditions of diesel fuel tanks according
to the geographic location of stations. Another important factor was
the different chemical composition found in each sample. As a result,
high calcium contents were observed in S18 and S19 while S21 was especially rich in sodium, sulphur and silicon. Moreover, high silicon contents were found in S4, S18 and S23 too. This variety in the metal
content depends basically on the soil properties where oil tanks are
located.
Total carbon concentration in water samples ranged between 8 and
19,000 ppm. Organic carbon is derived from the solubility of diesel fuel
in water enhanced by the presence of additives used for its stabilization
(water solubility of octadecane increases from 0.006 to 250 mg/l due to
the presence of additives [34]). Moreover, up to 7% approximately of
total diesel fuel can be biodiesel, contributing to the amount of organic
carbon. Therefore, both additives and biodiesel are readily available carbon sources for microorganisms promoting microbial growth in the
water phase with the consequent sludge formation. As a result, additional organic and inorganic carbon is formed as a consequence of the
metabolic activity.
Finally, Table 7 shows the MPN of the samples which reveal their microbial density. In all samples, the presence of heterotrophic

Table 7
Physicochemical properties of the samples.
Sample No

S4

S18

S19

S21

S23

pH
Conductivity (μs/cm)
Cl− (mg/l)
(mg/l)
SO2−
4
NO−
3 (mg/l)
3−
PO4 (mg/l)
NO−
2 (mg/l)
Ctotal (mg/l)
Corganic (mg/l)
Cinorganic (mg/l)
Al (mg/l)
Ca (mg/l)
Fe (mg/l)
K (mg/l)
Mg (mg/l)
Mn (mg/l)
Na (mg/l)
S (mg/l)
Si (mg/l)
MPN (cell/ml)

5.59 ± 0.04
9070 ± 23
190 ± 11
0.7 ± 0.2
1.9 ± 0.2
0.14 ± 0.05
97 ± 7
9298 ± 166
9247 ± 165
50.8 ± 0.8
0.21 ± 0.02
52.9 ± 0.9
95.6 ± 0.3
n.d.
17.73 ± 0.08
32.7 ± 0.2
192 ± 2
99 ± 3
226 ± 3
7.3·104 ± 1·104

5.59 ± 0.07
9800 ± 88
107 ± 43
31 ± 2
5.0 ± 0.7
0.14 ± 0.07
77 ± 3
19,383 ± 212
19,340 ± 209
40.8 ± 0.1
4.18 ± 0.03
472 ± 7
197 ± 4
92.6 ± 0.9
48.2 ± 0.3
7.13 ± 0.09
n.d.
98 ± 4
420 ± 8
3.0·107 ± 4·106

5.41 ± 0.01
4445 ± 31
52 ± 7
8±2
1.8 ± 0.4
107 ± 3
30 ± 4
13,720 ± 196
13,677 ± 195
42.2 ± 0.2
0.26 ± 0.2
242 ± 3
3.3 ± 0.4
16.0 ± 0.1
21.39 ± 0.04
0.806 ± 0.003
51.95 ± 0.06
36 ± 5
56.4 ± 0.9
2.8·105 ± 5·104

5.61 ± 0.06
3939 ± 37
117 ± 27
4.5 ± 0.7
0.2 ± 0.1
6.2 ± 0.7
54 ± 3
11,677 ± 158
11,630 ± 156
44.9 ± 1.1
2.4 ± 0.2
n.d.
109 ± 2
41.1 ± 0.4
190 ± 35
11.8 ± 0.1
320 ± 3
234 ± 11
241 ± 4
1.4·106 ± 8·105

8.61 ± 0.01
14,126 ± 95
593 ± 45
257 ± 26
2.5 ± 0.6
190 ± 11
732 ± 19
82,640 ± 1367
81,680 ± 1362
961 ± 16
8.9 ± 0.2
44.0 ± 1
n.d.
21.1 ± 0.4
5.25 ± 0.07
17.8 ± 0.2
129 ± 2
68 ± 3
233 ± 2
1.0·103 ± 9·101

n.d. not detected.
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Fig. 2. Inﬂuence of sonication on the evolution of MPN in sample 18 (■ 1 day,

microorganisms was evidenced, highlighting the metabolic activity of
microorganisms in the water phase at the bottom of the oil tanks. Turbidity observed in S18 is in agreement with the high value of MPN
(3·107 cell/ml).
This sample was selected as the one with a high load of microorganisms in order to study both the sonication and biocides treatments to
prevent microbial growth in the diesel oil tanks.
3.2. Effect of sonication
A series of experiments (Table 5) were undertaken in which an ultrasonic source of 20 kHz was used to sonicate the contaminated samples, with times of exposition and number of applications ranging
from 1–10 min and 1–3, respectively.
Fig. 2 shows the variation of MPN during 1, 15 and 45 days in the
seven sonication experiments developed. As it is shown, results demonstrated that ﬁnal microbial density was similar to that observed in the
control assay for all the experiments except for treatment 4. In this
test, a complete depletion of microorganisms was achieved 24 h after
the treatment. In addition, there was no growth of microorganisms
after 45 days, so that the sonication effect was persistent over time.
Consequently, looking at the sonication conditions of the only effective experiment, reduction of microbial density was achieved by using
the maximum sonication power density (20 kHz in 100 mL), after two
applications of 5 min. These results are consistent with the evaluation
of ultrasound for the treatment of bacterial suspensions [35,36]. The
study of the effect of frequency, power and sonication time reveals
that high frequencies and high power densities are needed to remove
microbial contamination and avoid further growth.
The above results showed that scaling-up the process to treat contaminated diesel fuel storage tanks (usually ranging from 20 to 50 m3)
in petrol stations is not viable due to the high energy required.

15 days, □ 45 days). (*MPN = 0).

and oxaborinane (B7) functional groups in their structure are soluble
in both organic (diesel fuel) and aqueous phases. Moreover, hydrogen
peroxide was also tested since its well-known oxidant behaviour gives
biocidal properties.
Fig. 3 shows the reduction of MPN along the time in S18 after biocide
treatments. As it was expected, the effects of biocides evaluated were
maxima in the case of those presenting higher solubility in water
where microorganisms grow in the optimum media, compared with
the corresponding biocides soluble in both phases. As it is shown in
Fig. 3, no reduction in the number of microbial density along the time
was found when biocides B1 and B5 were tested. Only when sample
S18 was treated with biocide B7 there was completely reduction of
MPN after 45 days. Results obtained are in agreement with solubility
of biocides, since B1 and B5, with oxazolidine and morpholine as organic
functional groups in their structures respectively, are completely soluble in both water and fuel phases. Nevertheless, B7 with oxaborinane
as functional group is more soluble in water than in organic phase.
Nevertheless, results of the percentage reduction of most probable
number in sample 18 were better in general when water soluble biocides where tested. As shown, the usage of biocides presenting thiocyanate groups (B3 and B10) and also hydrogen peroxide do not cause the
microorganisms death, probably due to this organic group is not appropriate to disinfect water with different types of microorganisms.
The behaviour of water soluble biocides with oxazolidine groups
(B2, B4 and B8) was similar. A reduction of 80% was achieved after
15 days when B2 was tested and total reduction of MPN occurred for
these three biocides after 45 days. Biocides B6 and B9 with
thiocarbamate functional groups in their structure, presented reduction
MPN values similar to B2, B4 and B8, except B6 at 45 days where new
growth of microorganisms was observed after the reduction reached
at 15 days.
In addition, B3 and B10 with thiocyanate in their structures are
completely soluble in both water and fuel phases, whereas both

3.3. Effect of biocides
A set of biocides (Table 6) were used to avoid microbial growth in
the tanks. Biocides were classiﬁed according to their solubility in
water and fuel phases. Taking into account that microorganism growth
is mainly developed in aqueous phase, Table 8 shows the advantages
and disadvantages related to the use of these biocides. Biocides B2, B4
and B8 correspond to different organic compounds with oxazolidine
groups in their structure. These compounds are water soluble as well
as thiocyanate (B3 and B10) and thiocarbamate (B6 and B9) biocides.
On the other hand, biocides with isothiazolone (B1), morpholine (B5)

Table 8
Advantages and disadvantages of water and water/fuel soluble biocides.
Type of biocide

Advantages

Disadvantages

Water soluble biocides

Direct attack on the main
problem
Lower concentration is needed
No degradation with time
Easy required volume
calculation
Attack on all microorganisms

No easy volume
calculation

Water/fuel soluble
biocides

Different concentration
per tank
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Fig. 3. Evolution of MPN in sample 18 (■ 1 day,

15 days, □ 45 days) after treatment with oxygen peroxide and organic biocides. (*MPN = 0).

oxazolidine (B2, B4 and B8) and thiocarbamate (B6 and B9) biocides are
miscible with water but present lower solubility in organic phase. As a
result, reduction of MPN is higher along the time when these last biocides are used due to their complete solubility in the phase where microorganisms are growing. In order to study the growth of
microorganisms in aqueous phase and both aqueous and diesel fuel
phases, another sample was treated with biocides B2 and B9, both organic compounds soluble in aqueous phase. Fig. 4 shows the results of
MPN obtained for initial time and after 45 days when the two biocides
cited were tested.
As shown in Fig. 4, abundance of microorganisms at zero time is
higher in the aqueous phase than in the diesel fuel one. After 45 days
B2 caused a notable reduction of microorganisms, a difference of biocide
B9 where there was a higher MPN at this time.
Fig. 5 shows the photographs related to the aqueous phase (A) and
diesel fuel phase (B) corresponding to the biological analysis where
samples were planted in the dipslides for bacterial identiﬁcation composed by TSA-Neutralized + TTC/PCA + TTC. As it is shown, the abundance of microorganisms in aqueous phase (Fig. 5A) is signiﬁcantly
higher than the abundance in the diesel fuel phase (Fig. 5B).
According to the results obtained, oxazolidine organic functional
groups were the most effective in the reduction of the microbial density
presented in sample S18. Particularly, in this work we raised a study of

Fig. 4. Evolution of MPN in the aqueous and diesel phase in sample S18 at 45 days after
treatment with biocides B2 and B9.

Fig. 5. Dipslides of aqueous (A) and diesel fuel (B) phases.
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Fig. 6. Evolution of MPN in sample S18 (■ 1 day,

15 days, □ 45 days) after treatment with different concentrations of biocide B2 (C1 = 10 mM; C2 = 50 mM; C3 = 100 mM).

the concentration of B2 in the reduction of the MPN, as an interesting
approach to optimize the experimental conditions.

In view of these experimental results obtained, treatment of other
samples (S4, S19, S21 and S23) with the lowest concentration of B2
was the next objective in order to study their microbial activity
evolution.

3.4. Evaluation of the concentration of biocide B2 in sample S18
Three different concentrations of B2 were tested in S18 (C1 =
10 mM, C2 = 50 mM and C3 = 100 mM). Although in most published
papers the concentration of the biocide is referred to the total oil storage
tank volume, we present results taking into account the biocide concentration referred to water phase volume in samples. In this way, we pretend the calculation of real effective amount of biocide needed to avoid
the growth of microorganisms inside the tanks. In Fig. 6 is represented
the percentage reduction of MPN versus biocide concentration after
the experiments calculated at 1, 15 and 45 days.
First, a higher reduction of microorganisms in 24 h, when more biocide concentration was tested, is shown. In addition, results observed
demonstrate again that B2 damaged the cell structure of total microorganisms after 45 days at all concentrations. More reduction of MPN was
achieved with C1 at 15 days (75%) compared with the other concentrations and all of them caused cell death after 30 days more. Therefore,
taking into account environmental and economic aspects, the use of
B2 at the lowest concentration tested was viable in order to avoid the
growth of microorganisms in S18.

Fig. 7. Evolution of MPN in samples S4, S18, S19, S21 and S23 (■ 1 day,

3.5. Effect of biocide B2 treatment in all samples
Reduction of MPN along the time in samples S4, S18, S19, S21 and
S23 after treatment with water soluble B2 at the lowest concentration
is represented in Fig. 7. As it is shown, the oxazolidine biocide effects
were different depending on the sample treated. While the percentage
of reduction of MPN was absolute in samples S18 and S21 after
30 days, B2 achieved the total reduction of microorganisms after
45 days in S23. As a result, it is necessary more exposition time of B2
in S23 than in S18 and S21 to solve the problem. On the other hand,
this biocide tested was not effective when samples S4 and S19 were
treated. In the ﬁrst case, although total reduction of MPN was reached
after 30 days, microbial growth was observed at 45 days again. The behaviour of S19 was similar because, although a reduction of 50% was
achieved after 30 days referred to the initial amount of microorganisms,
new growth was observed at 45 days. In fact, biocide B2 at the lowest
concentration is not effective in S4 and S19 along the time, because
there is a recovery growth of microorganisms after 45 days. In these

30 days, □ 45 days) after treatment with biocide B2 at 10 mM. (*MPN = 0).

L.F. Bautista et al. / Fuel Processing Technology 152 (2016) 56–63

cases, a low biodiversity without affecting the total abundance could
keep the problem.
4. Conclusions
According to the results, water-soluble biocides, especially B2 with
oxazolidine group in the active compound, showed higher performance
to control bacterial growth in the diesel fuel storage tanks studied. However, the effectiveness of biocides very much relies on biodiversity and
physicochemical properties of the media.
To control growth of microorganisms in oil storage tanks, preliminary studies, on a case-to-case basis, of the microbial population and
physicochemical characteristics inside tanks and in the surrounding
area where the tank are located (soil composition, environmental conditions, climate, etc.) must be performed. Although growth of microorganisms occurs randomly, this preliminary study may give an idea of the
amount and biodiversity of species. In view of the results obtained in
this work, a promising measure to prevent the microbial growth is the
use of mixtures of biocides, which may cover a broad spectrum of different microorganisms.
Acknowledgements
Authors wish to thank ﬁnancial support from Repsol, S.A.
References
[1] F.M. Bento, C.C. Gaylarde, Biodeterioration of stored diesel oil: studies in Brazil, Int.
Biodeterior. Biodegrad. 47 (2001) 107–112.
[2] C. Rodríguez-Rodríguez, E. Rodríguez, R. Blanco, I. Cordero, D. Segura, Fungal contamination of stored automobile-fuels in a tropical environment, J. Environ. Sci. 22
(2010) 1595–1601.
[3] B.D. Batts, A.Z. Fathoni, A literature review on fuel stability studies with particular
emphasis on diesel oil, Energy Fuel 5 (1991) 2–21.
[4] C.C. Gaylarde, F.M. Bento, J. Kelley, Microbial contamination of stored hydrocarbon
fuels and its control, Rev. Microbiol. 30 (1999) 1–10.
[5] J.C. Hulecki, J.M. Foght, P.M. Fedorak, Storage of oil ﬁeld-produced waters alters their
chemical and microbiological characteristics, J. Ind. Microbiol. Biotechnol. 37 (2010)
471–481.
[6] C.E. Rodríguez-Rodríguez, E. Rodríguez-Cavallini, R. Blanco, Bacterial contamination
of automotive fuels in a tropical region: the case of Costa Rica, Rev. Biol. Trop. 57
(2009) 489–504.
[7] B. Klofutar, J. Golob, Microorganisms in diesel and in biodiesel fuels, Acta Chim. Slov.
54 (2007) 744–748.
[8] European Standard, EN 590:2014 Automotive Fuels – Diesel – Requirements and
Test Methods, 2013.
[9] European Standard, EN 14214:2013 Liquid Petroleum Products – Fatty Acid Methyl
Esters (FAME) for Use in Diesel Engines and Heating Applications – Requirements
and Test Methods, 2013.
[10] M. Bock, K. Bosecker, P. Kämpfer, W. Dott, Isolation and characterization of heterotrophic, aerobic bacteria from oil storage caverns in northern Germany, Appl.
Microbiol. Biotechnol. 42 (1994) 463–468.
[11] F.M. Bento, I.B. Beech, C.C. Gaylarde, G.E. Englert, I.L. Muller, Degradation and corrosive activities of fungi in a diesel-mild steel-aqueous system, World J. Microbiol.
Biotechnol. 21 (2005) 135–142.
[12] J. Heider, A. Spormann, Anaerobic bacterial metabolism of hydrocarbons, FEMS
Microbiol. Rev. 22 (1998) 459–473.
[13] J.W. Sowards, E. Mansﬁeld, Corrosion of copper and steel alloys in a simulated underground storage-tank sump environment containing acid-producing bacteria,
Corros. Sci. 87 (2014) 460–471.

63

[14] J. Wilson, C. Adair, C. Paul, J. Skander, A. Barbery, L. Thompson, et al., Corrosion in STP
sumps: what causes it and what can be done about it? Pet. Equip. Inst. J. 7 (2013)
26–34.
[15] A. Agrawal, K. Vanbroekhoven, B. Lal, Diversity of culturable sulﬁdogenic bacteria in
two oil–water separation tanks in the north-eastern oil ﬁelds of India, Anaerobe 16
(2010) 12–18.
[16] I. Davidova, M.S. Hicks, P.M. Fedorak, J.M. Suﬂita, The inﬂuence of nitrate on microbial processes in oil industry production waters, J. Ind. Microbiol. Biotechnol. 27
(2001) 80–86.
[17] A. Rajasekar, S. Maruthamuthu, N. Muthukumar, S. Mohanan, P. Subramanian, N.
Palaniswamy, Bacterial degradation of naphtha and its inﬂuence on corrosion,
Corros. Sci. 47 (2005) 257–271.
[18] N. Muthukumar, S. Mohanan, S. Maruthamuthu, P. Subramanian, N. Palaniswamy,
M. Raghavan, Role of Brucella sp. and Gallionella sp. in oil degradation and corrosion, Electrochem. Commun. 5 (2003) 421–425.
[19] N. Muthukumar, S. Maruthamuthu, N. Palaniswamy, Water-soluble inhibitor on microbiologically inﬂuenced corrosion in diesel pipeline, Colloids Surf. B Biointerfaces
53 (2006) 260–270.
[20] American Standard, ASTM D 6469-08: Standard Guide for Microbial Contamination
in Fuels and Fuel Systems, 2009.
[21] T. Wang, S.J. MacGregor, J.G. Anderson, G.A. Woolsey, Pulsed ultra-violet inactivation
spectrum of Escherichia coli, Water Res. 39 (2005) 2921–2925.
[22] V.M. Gómez-López, P. Ragaert, J. Debevere, F. Devlieghere, Pulsed light for food decontamination: a review, Trends Food Sci. Technol. 18 (2007) 464–473.
[23] S.D. Jayasooriya, P.J. Torley, B.R. D'Arcy, B.R. Bhandari, Effect of high power ultrasound and ageing on the physical properties of bovine semitendinosus and
longissimus muscles, Meat Sci. 75 (2007) 628–639.
[24] H. Duckhouse, T.J. Mason, S.S. Phull, J.P. Lorimer, The effect of sonication on microbial disinfection using hypochlorite, Ultrason. Sonochem. 11 (2004) 173–176.
[25] A. Al Bsoul, J.-P. Magnin, N. Commenges-Bernole, N. Gondrexon, J. Willison, C.
Petrier, Effectiveness of ultrasound for the destruction of Mycobacterium sp. strain
(6PY1), Ultrason. Sonochem. 17 (2010) 106–110.
[26] D. Carnaroglio, E.C. Gaudino, S. Mantegna, E.M. Moreira, A. Vicente de Castro, E.M.M.
Flores, et al., Ultrasound-assisted oxidative desulfurization/denitriﬁcation of liquid
fuels with solid oxidants, Energy Fuel 28 (2014) 1854–1859.
[27] A. Akbari, M. Omidkhah, J.T. Darian, Investigation of process variables and intensiﬁcation effects of ultrasound applied in oxidative desulfurization of model diesel over
MoO3/Al2O3 catalyst, Ultrason. Sonochem. 21 (2014) 692–705.
[28] Y. Kojima, H. Imazu, K. Nishida, Physical and chemical characteristics of ultrasonically-prepared water-in-diesel fuel: effects of ultrasonic horn position and water content, Ultrason. Sonochem. 21 (2014) 722–728.
[29] M. Zhang, W. Zhu, S. Xun, J. Xiong, W. Ding, M. Li, et al., Enhanced oxidative desulfurization of dibenzothiophene by functional Mo-containing mesoporous silica,
Chem. Eng. Technol. 38 (2015) 117–124.
[30] Z. Yang, C. Zhang, S. Gu, P. Han, X. Lu, Upgrading vacuum residuum by combined
sonication and treatment with a hydrogen donor, Chem. Technol. Fuels Oils 48
(2013) 426–435.
[31] N. Muthukumar, S. Maruthamuthu, N. Palaniswamy, Role of cationic and nonionic
surfactants on biocidal efﬁciency in diesel-water interface, Colloids Surf. B
Biointerfaces 57 (2007) 152–160.
[32] Y. Segura, R. Molina, F. Martínez, A. Melero J, Integrated heterogeneous sono-photo
Fenton processes for the degradation of phenolic aqueous solutions, Ultrason.
Sonochem. 16 (2009) 417–424.
[33] B.A. Wrenn, A.D. Venosa, Selective enumeration of aromatic and aliphatic hydrocarbon degrading bacteria by a most-probable-number procedure, Can. J. Microbiol. 42
(1996) 252–258.
[34] D. Jiménez Islas, S.A. Medina Moreno, J.N. Gracida Rodríguez, Propiedades,
aplicaciones y producción de biotensoactivos: una revisión, Rev. Int. Contam. Ambient. 26 (2010) 65–84.
[35] E. Joyce, S.S. Phull, J.P. Lorimer, T.J. Mason, The development and evaluation of ultrasound for the treatment of bacterial suspensions. A study of frequency, power and
sonication time on cultured bacillus species, Ultrason. Sonochem. 10 (2003)
315–318.
[36] P. Foladori, B. Laura, A. Gianni, Z. Giuliano, Effects of sonication on bacteria viability
in wastewater treatment plants evaluated by ﬂow cytometry—fecal indicators,
wastewater and activated sludge, Water Res. 41 (2007) 235–243.

