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Abstract

Biodegradation of a model mixture of hydrocarbon (dodecane and hexadecane, 1:1 w/w), as well as 
hydrocarbon emulsified by synthetic and natural emulsifiers, and their mixtures were analyzed in the pres-
ence of Pseudomonas spp. and Bacillus spp. bacterial strains. Changes in surface tension were measured by 
the static and dynamic methods during biodegradation processes. 

During the biodegradation processes of hydrocarbon and emulsified hydrocarbon, various changes in 
surface tension were observed. In some systems, the initial decrease of surface tension after the addition 
of an emulsifier was greater after a few days of biodegradation. Decrease in the surface tension does not 
seem to be related to the degree of hydrocarbon biodegradation, both for the hydrocarbon and emulsified 
hydrocarbon systems.
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Introduction

Pollution of the environment, despite significant in-
crease of ecological consciousness, is still a big problem. 
In recent years biodegradation has become one of the 
methods used in restoration of oil-polluted sites. Many 
different microbial species such as bacteria, yeast and 
moulds are involved in a biodegradation process [1, 2, 3, 
4]. Bacterial strains use chemical compounds as a carbon 
source for amino acid synthesis.

The surfactants have applications in the biodegrada-
tion processes of organic compounds, especially crude oil 
substances. Leakage of crude oil from tankers in harbours 
still remains a major environmental problem. With the 
newest generation of emulsifiers it is possible to maintain 
the oil near the surface, thus making it more accessible 
to microorganisms which can then degrade the oil. Some 
bacterial strains can produce active agents, which are able 

to emulsify oil in water assisting biodegradation of com-
pounds with limited water solubility [1,5,6,7,8]. Biosur-
factants could be a useful instrument in the bioremadation 
and control of crude oil pollution. 

The biological role of biosurfactants has not been fully 
explored. One of its functions could be participation in the 
increasing degradation of compounds with limited water 
solubility. A larger degree of biodegradation may follow 
the following mechanisms: 
• Natural surfactants increase the solubility of hydrocar-

bon, which in turn increases its bioaviability to micro-
organisms [9].

• Interaction between biosurfactant and degrading cells 
leads to an increase in the hydrophobic surface [10]. 
Maier and Soberon-Chavez proposed an interaction be-
tween rhamnolipides and surface cells of Pseudomonas, 
causing the secretion of lipopolysaccharides (LPS). This 
leads to an increase in the hydrophobic surface [11]. 
A larger quantity of emulsifiers is required to in-

crease the solubility of hydrocarbon in water more than 
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to change surface properties of cells. Biosurfactants may 
also be a source of carbon for microorganisms. However, 
an increase in concentration does not always improve bio-
degradation. This could mean that an effect of surface cell 
hydrophobicity is probably more important than a con-
centration of biosurfactant. 

The aim of this research was to analyze changes in 
surface tension during biodegradation of hydrocarbon and 
emulsified hydrocarbon, as well as to find the correlation 
between changes in the surface tension and the degree of 
hydrocarbon biodegradation. Synthetic emulsifiers, bio-
surfactant and a mixture of natural and synthetic emulsifi-
ers were used to emulsify the model mixture of hydrocar-
bon (dodecane-hexadecane). Biodegradation tests were 
done in the presence of Pseudomonas spp. and Bacillus 
spp. bacterial strains. 

Experimental Procedures 

Biodegradation tests were done with the model mix-
ture of hydrocarbon: dodecane and hexadecane (1:1, w/w) 
as well as an emulsified mixture of hydrocarbon. The fol-
lowing bacterial strains were used (biochemical profile): 
Pseudomonas aeruginosa: Pa 10 (20573067072), Pa TK 
(20573067073), Pseudomonas putida (42072067073), as 
well as Bacillus subtilis (1706165255761100). Biochemi-
cal tests ID 32 GN and API 50 CHB (prod. bio-Merieoux 
France) were used for Pseudomonas spp. and Bacillus spp. 
identification. Bacterial strains were isolated from biopre-
parate, from food industry sewage and from soil contami-
nated by crude oil. The time of experiments was 7 days. 
Samples were incubated in Erlenmeyer flasks (250mL) at 
20-30oC in a shaker. Bacterial suspension (42 mL) was 
added to a solution of 100 cm3 water with 1.5 g of the 
model mixture of hydrocarbons. The number of bacteria 
was 105-106 CFU/mL (Colony Forming Unit/mL). 

Oxyethylated alcohol (L-10 prod. Sigma Aldrich Che-
mie GmbH), alkylpolyglicosides (Lutensol GD 70 prod. 
BASF AG Ludwigshafen), a mixture of oxyethylated al-
cohol and ester (AT 7 prod. ECO Atlantol Belgium) and 
the biosurfactant JBR 425 (prod. Jeneil Biosurfactant 
Company USA, mixture of rhamnolipides R1 and R3) and 
a mixture of synthetic emulsifiers and the biosurfactant 
were used as emulsifiers. The concentration of emulsifi-
ers in tested systems was 8.5 · 10-3% below critical mice-
lar concentration (CMC). CMC of emulsifiers were the 
following: AT 7 – 0.03%, L-10 – 0.02%, Lutensol GD 70 
– 0.051%. In relation to the hydrocarbon the concentra-
tion of emulsifiers was 0.8%.

During hydrocarbon and emulsified hydrocarbon bio-
degradation surface tensions were estimated using the dy-
namic and static methods. For the static method a Kruss 
K 12 tensometer was used. For the dynamic method sur-
face tensions were measured using the maximal vesicles 
pressure method. The surface tension was measured with 
a SITA apparatus. In this method non-equilibrium values 
of surface tension (lifetime of bubbles was 40 s) were 

estimated. The weight of hydrocarbon before and after 
biodegradation was measured to calculate the degree of 
hydrocarbon biodegradation, using an extraction of hy-
drocarbon by diethyl ether. The values of surface tension 
are an average of 5 measurements with a precision of  
± 0.09. In hydrocarbon biodegradation the following con-
centration of emulsifiers were used: 4.2 · 10-3%, 2.1 · 10-3%, 
4.2 · 10-3%, 8.5 · 10-3% and 13 · 10-3%.

Results and Discussion

Results of the surface tension, measured by the static 
method, after seven days of biodegradation indicate that 
both bacterial strains (Pseudomonas aeruginosa Pa 10 
and Bacillus subtilis) used in experiments, reduced the 
surface tension of water (Figs. 1 and 2). This effect is 
advantageous for the Pseudomonas aeruginosa Pa 10 
strain. After seven days of biodegradation the surface 
tension of water was reduced 18.5%. The Pseudomonas 
aeruginosa strain is able to produce rhamnolipides bio-
surfactants. These biosurfactants reduce the surface ten-
sion of water [12,13]. Fewer changes in the surface ten-
sion were observed for the Bacillus subtilis strain (6%). 
This strain is able to produce surfactin as biosurfactant, 
but only when it grows in a water-soluble carbon source 
[14]. Analysis of changes in the surface tension during 
biodegradation of AT 7 alone showed that the biggest in-
crease in surface tension was during day 2. These values 
in comparison to initial values were lower by 8.6% and 
3.5% lower for Pseudomonas aeruginosa Pa 10 and Ba-

Fig. 1. Changes in surface tension (estimated by the static meth-
od) of water, water solution of hydrocarbon and emulsified hy-
drocarbon by AT 7, Lutensol GD 70 and L-10 in systems with 
the Pseudomonas aeruginosa Pa 10 strain during seven days of 
biodegradation.
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cillus subtilis, respectively. A gradual increase in surface 
tension was later observed. The reason for this could be 
the slow biodegradation of emulsifiers. The analysis of 
surface tension did not indicate the biodegradation of the 
Lutensol GD 70 emulsifier by Pseudomonas aeruginosa 
Pa 10 strain. These values were only 2.2% higher than 
initial values after day 7. In the case of the Bacillus sub-
tilis strain, the drop was observed on day 2 (11.8%) and 
later oscillations were noticed. For both bacterial strains 
oscillation in the surface tension were observed when 
L-10 emulsifier was used.

The values of surface tension after day 7 of hydrocar-
bon biodegradation were similar to initial surface tension. 
It is interesting that the increases in surface tension in the 
initial days of hydrocarbon biodegradation accompanied 
the drop in surface tension in the system with bacteria and 
emulsifier. The addition of  the AT 7 emulsifier generated 
a reduction in surface tension of 16.3% and 11.3% for the 
Pseudomonas aeruginosa Pa 10 strain and the Bacillus 
subtilis strain, respectively, after day 7 of biodegradation. 
In the case of Lutensol GD 70 emulsifier no significant 
changes in tension were  observed for the Pseudomonas 
aeruginosa Pa 10 strain after day 7. However, for the Ba-
cillus subtilis strain the surface tension was less after day 
7 (9.3%). The increase in surface tension was measured 
for day 7 of the biodegradation for both bacterial strains 
where L-10 was used in the system. 

When surface tensions were measured by the dynamic 
method, no significant changes in surface tension were 
found during the biodegradation process in the system 
with hydrocarbon as well as in the system with the Pseu-

domonas aeruginosa Pa 10 strain alone (Table 1). For sys-
tems where microorganisms were with emulsifiers (AT 7,  
L-10), a decrease in surface tension was observed after 
day 4 of biodegradation. In the days following, oscilla-
tions were observed. In this case, emulsified hydrocarbon 
fluctuations in surface tension were observed for all emul-
sifiers. Surface tension results obtained by the static and 
dynamic methods, for biological systems, indicate that 
values from the dynamic method are always higher (Ta-
ble 1). The dynamic method only allows the estimation 
of non-equilibrium values of surface tension (lifetime of 
bubbles was 40s). Therefore, in some examined systems 
we could not observe the same trend. 

During all experiments the quantities of bacterial 
strains (CFU) were analyzed. Analysis of the changes in 
surface tension, measured by the dynamic method, and 
the activity of microorganisms displays no simple rela-
tionship between these parameters.

Changes in surface tension, measured by the static 
method, were compared with the degree of biodegrada-
tion after 7 days (Table 2). The highest level of biodeg-
radation for the  Pseudomonas aeruginosa Pa 10 strain 
was observed for the system with AT 7 emulsifier (42.9%) 
and without emulsifier (44.6%). The greater drop of the 
surface tension for the system emulsified with AT 7 ac-
companied, an insignificant, smaller degree of hydrocar-
bon biodegradation in comparison to the system without 
emulsifier. For the Bacillus subtilis strain, the smallest 
surface tension was observed after day 7 in the system 
with AT 7  emulsifier where hydrocarbon biodegradation 
was the highest (48.4%). 

When the hydrocarbon systems were emulsified with 
the biosurfactant (rhamnolipides) a large decrease in sur-
face tension (estimated by the dynamic method) was ob-
served in all systems with the Pseudomonas aeruginosa 
Pa TK strain (Fig. 3). The addition to the system with 
rhamnolipides of synthetic emulsifier permits an extra 
reduction in surface tension of 4-5 mN/m. After day 7 of 
biodegradation, a considerable change in surface tension 
was observed only for the system with L-10 emulsifier 
when the lowest degree of hydrocarbon biodegradation 
was obtained. 

Lower values in surface tension after the addition of 
synthetic emulsifier did not result in a greater biodegra-
dation of hydrocarbon in comparison to the system with 
rhamnolipides. This shows a limited relationship between 
a decrease in surface tension and  biodegradation.

Considerable differences in the degree of hydrocarbon 
biodegradation for systems with similar initial values in 
surface tension could be explained by different interac-
tions of individual surfactants with bacterial cells.

Effects of the emulsifier concentrations (AT 7, Luten-
sol GD 70, L-10 and JBR 425) on the biodegradation of 
hydrocarbon in the presence of Bacillus subtilis were 
analyzed (Table 3). The obtained results indicated that 
the various concentration emulsifiers was the best for 
hydrocarbon biodegradation. All tested concentrations of 
emulsifiers were below CMC, where micellarization has 

Fig. 2. Changes in surface tension (estimated by the static 
method) of water, water solution of hydrocarbon and emulsi-
fied hydrocarbon by AT 7, Lutensol GD 70 and L-10 in the 
systems with the Bacillus subtilis strain during seven days of 
biodegradation.
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Table 1. Results of surface tension (σ) estimated by the dynamic (dyn.) and static (stat.) method during the biodegradation process by  
Pseudomonas aeruginosa Pa 10 strain.

Day of 
process

Surface tension σ [mN/m] 

Bacterial suspension Bacteria + hydrocarbon 

- AT 7 L-10 Lutensol - AT 7 L-10 Lutensol 
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
σ 

dyn.
σ 

stat.
0 69.7 65.9 56.5 29.2 39.7 34.5 50.7 50.7 71.1 62.7 45.9 38.0 35.0 29.9 51.1 40.9

2 69.3 60.1 48.4 26.7 39.0 35.2 50.3 50.3 72.0 56.5 47.1 30.3 43.0 29.8 50.1 45.0

4 67.8 58.9 41.6 28.7 38.7 33.8 50.9 50.9 69.9 58.4 47.9 36.3 36.7 31.3 52.4 42.3

6 71.9 53.7 49.0 29.7 41.8 35.8 58.8 58.8 70.2 53.8 52.1 36.2 45.9 37.0 55.6 42.4

8 69.1 * 44.3 * 43.5 * 57.8 * 69.9 * 51.3 * 47.3 * 50.3 *

10 68.8 * 49.4 * 40.0 * 58.8 * 70.2 * 47.6 * 47.1 * 47.2 *

12 72.0 * 48.2 * 41.5 * 52.0 * 72.0 * 58.3 * 46.0 * 48.4 *

14 73.4 * 52.7 * 41.7 * 53.4 * 72.0 * 54.5 * 48.5 * 49.6 *
*not measured

Table 2. Changes of surface tension (estimated by the static method) and degree of hydrocarbon and emulsified hydrocarbon biodegra-
dation after 7 days with Pseudomonas aeruginosa Pa 10 and Bacillus subtilis.

System

Ps. aeruginosa Pa 10 B. subtilis
Initial 
surface 
tension

Surface 
tension 

after 7 days

Degree of hydrocarbon 
biodegradation

Initial 
surface 
tension

Surface 
tension 

after 7 days

Degree of hydrocarbon 
biodegradation

mN/m mN/m % mN/m mN/m %

Bacteria + hydrocarbon 62.7 58.7 44.6 67.0 62.2 34.9

Bacteria + hydrocarbon  + AT 7 37.9 31.8 42.9 38.8 34.4 48.4

Bacteria + hydrocarbon  + L-10 29.9 34.2 36.2 29.7 37.1 37.4

Bacteria + hydrocarbon +  Lutensol 40.9 40.0 40.8 40.1 37.3 23.6

Fig. 3. Changes of surface tension (estimated by dynamic 
method) and degree of emulsified hydrocarbon biodegradation 
(synthetic and rhamnolipides) after 7 days of process for the 
Pseudomonas aeruginosa Pa TK strain.
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not occurred but only solubilizations of hydrocarbon in 
the water phase.

Conclusions

During the biodegradation processes of hydrocar-
bon and emulsified hydrocarbon,  various changes in 
surface tension were observed. In some systems the ini-
tial decrease of surface tension after the addition of an 
emulsifier was greater after a few days of biodegrada-
tion. The decrease in surface tension does not seem to 
be related to the degree of hydrocarbon biodegradation, 
both for the hydrocarbon and emulsified hydrocarbon 
systems.

Surface tension results obtained by the static and dy-
namic methods for biological systems, indicate that values 
from the dynamic method are always higher but in some 
examined systems we could not observe the same trend. 
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The analyzed process of hydrocarbon biodegrada-
tion in the presence of synthetic and natural emulsifiers 
is a complex, biological system, where many factors 
have to be considered. The values of surface tension 
depend on various factors, e.g. the type and concentra-
tion of emulsifier and bioemulsifier, the quantity and 
type of bacterial strains and the features of hydrocar-
bons and emulsifier biodegradation products. Their 
resultant influences on water could be expressed as 
changes in surface tension. The obtained results show 
that the changes in hydrocarbon and emulsifier con-
centration do not influence the majority of changes in 
surface tension. Therefore, the measurements of sur-
face tension do not allow the prediction of the degree 
of hydrocarbon biodegradation and to find a correlation 
between these parameters. None of methods used as-
sists in finding such a relationship. 

Also, a decrease in surface tension does not depend 
on an increase in the activity of microorganisms during 
hydrocarbon biodegradation.
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