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Abstract The air-assisting microbial enhanced oil recovery is a new technology of tertiary recovery, which
microbe can grow and metabolize better by help of oxygen. Experiments of microbe growing and oxygen
consuming as well as oil-removing were performed under the different dissolved oxygen. Experiments showed
that the time of microbial proliferation arriving the period of logarithmic phase was reduced in the oxygenated
environment relative to the oxygen-deprived environments. The content of light hydrocarbons of biodegraded
oil increased more than 5% in the oxygenated environment. What is more, the microbial de-oiling efficiency
was obtained more than 80% after having added dissolved oxygen. Based on laboratory data, it is believed that
the air-assisting microbial enhanced oil recovery is a promising new front of oil-displacement.
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1. Introduction

Microbial enhanced oil recovery is one of the tertiary recovery methods, which using the bacteria and
metabolites as oil- displacing agent ['3l. Throughout the past several generations, MEOR has become highly
developed €. However, an examination of the literature shows that MEOR generally does not recover as much
remaining oil in place as other chemical enhanced oil recovery (EOR) processes [8l. A more likely explanation
is that microbial growth and reproduction is subjected to the reservoir environment such as high temperature and
lack of oxygen. Much more speculative is the possibility of fingering of bacterial suspension along the dominant
flow channel because of low viscosity 19 Air-assisting microbial enhanced oil recovery is a promising
branch oil displacement technology, which could provide enough oxygen to maintain microbial growth and
reproduction 12, Meanwhile, because of the Jamin effect, the bubble produced by the injected gas is very
conducive to form gas-resistance in high permeability strata to enhance the swept volume and conformance
efficiency of microbial driving ['3%51. In this respect, it has important implications for the improvement of EOR
technique to study on the air-assisting microbial enhanced oil recovery [16-18],

2 Materials and Methods
2.1 Experimental Cultures
A group of petroleum-degrading bacteria were obtained from the sludge samples that collected from the
Triassic reservoir rock in 2009. Three bacteria were isolated by the plate methods and enrichment cultured at
formation temperature 44.4°C. In addition, the isolated bacteria were inoculated to agar slant culture-medium,
stored at -4°C until use*®l, The identification result of the tested bacteria strains’16S rDNA was shown in table 1.
Table 1 Blast result of the tested bacteria strains’16S rDNA

Tested bacteria Strain Reference strain
Strain ACCession Accession Homology/% Identification result
Genus species

name No. No.

Cq3-1  KJ782614 Peeudomonas veronii 1P ¢1p 104663 99.93 Pseudomonas

Cq3-2 KJ782615 Enterobacter xiangfangenis 10-17 99.78 Enterobacte_r
10-17 xiangfangenis

Bacillus licheniformis ATCC Bacillus
Cq 3-3 KJ782616 14580 ATCC 14580 98.86 licheniformis
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The oil used in the experiment was obtained from an Oil production of China Petrochemical Corporation. The
artificial brine used in the experiment was prepared according to the salinity of the oilfield brine, the physical

property of which is shown in Table 2.
Table 2 Physical property of oil and water

Physical property of oil Physical property of water
Viscosity(mPa.S) freezing _
Viscosity underground viscosity of gas-free point( ) PH value Salinity(ppm) water type
1.91 14.15 20.77 6.08 112920 CaClz

2.2 Determination of microbial growth and oxygen consumption curve

Most of the oil displacement strains are facultative anaerobes in order to adapt the reservoir environment, that
is, the microorganisms can survive in anoxic condition and rapidly multiply in oxygen-rich condition. The
microbial growth and oxygen consumption curve was determined by incubation experiments of bacteria of
different dissolved oxygen concentration.

The initial bacterial suspension was created by first put the artificial brine in a culture flask, then add the
culture and stir until the culture have dissolved. Then the air was led continuous into the culture flask using
accurate monitoring of detector until the dissolved oxygen concentration reaches a required level. After this 3%
of bacterial cell was pour in the flask and incubated at 44.4°C. The bacterial counts and dissolved oxygen
concentration were respectively measured by plate count and LDOTM at a particular point.  The flowchart of
bacterial culture experiments was shown in Fig.1.
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Fig.1 Flowchart of bacterial culture experiments

2.3 Gas chromatography of biodegraded oil of different dissolved oxygen concentration

Microorganisms utilize the hydrocarbon of the residual oil as a carbon source to maintain their reproduction
[20-23] Gas chromatography was conducted to measure the compositional change of biodegraded oil. The bacteria
suspension was prepared by mixing appropriate concentration of bacteria and substrate as well as artificial brine
with stirring. Then, the mixture was poured in erlenmeyer flasks, after this the air was led continuous into the
erlenmeyer flask to create different dissolved oxygen conditions. Use another flask containing the same volume
of the artificial brine as control. A certain amount of oil was added to the flasks, and then the erlenmeyer flasks
were incubated at stratum temperature of 44.4°C for 6days. To isolate and determine the constituents of oil
using GC technique, quantitatively analyze their content by area normalization method 24231,

p=—"A_100% )
2 fA

where P; is the relative contents of the components, fiis the relative quality product factor of the components, A;
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is the peak area of the components.
The flowchart of gas chromatography of biodegraded oil was shown in Fig.2.
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Fig.2 Flowchart of gas chromatography of biodegraded oil
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2.4 Microbial de-oiling efficiency of different dissolved oxygen concentration

The formation sand was disposed by sifting, washing and drying, after this, the sands can be mixed with
quantitive oil and then stirred thoroughly and let it sit on the element for 3days before using. The oil sands were
put in water-absorbing and oil discharging equipment, in which, a certain amount of bacteria solution were
poured in. Use another flask containing the same volume of the artificial brine as control. Then the equipment
was cultivated in stratum temperature of 44.4°C for 6days. The amount of expulsion oil was recorded every 12
hours.

3 Results and analysis
3.1 Relationship of microbial growth and oxygen consumption

The bacteria reproduction can be divided into 4 stages, that is, lag phase, ogarithmic growth phase, stationary
phase and declining phase. The measured data was consistent with the typical microbial growth curve (Fig.3).
When the dissolved oxygen concentration is 3.0mg/L, the biggest concentration of bacteria growth is 26 X 108
cells/fmL; When the dissolved oxygen concentration is 5.5mg/L, the biggest concentration of bacteria growth is
33x108cells/mL, indicating that the increase of dissolved oxygen had been exerting great impact on microbial
multiplication.
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Fig.3 Microbial growth and oxygen consumption curve

3.2 Components change of biodegraded oil of different dissolved oxygen concentration
The components change of biodegraded oil of different dissolved oxygen concentration was shown in
Fig.4and Fig.5.
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Fig.4 Carbon distribution curve of biodegraded oil with oxygen concentration of 0.5 mg/L
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Fig.5 Carbon distribution curve of biodegraded oil with oxygen concentration of 5.5 mg/L

As illustrated in Fig.4and Fig.5, the microbial degrading oil efficiency positively correlates with dissolved
oxygen condition. 5.18 percent of C15 of the oil that incubated with 5.5 mg/L dissolved oxygen increases,
compared to a 1.71 percent increase that incubated with 0.5 mg/L dissolved oxygen. On the one hand, the C30
content of oil incubated with 5.5 mg/L dissolved oxygen reduce 5.98 percent relative to 4.77 percent of oil
incubated with 0.5 mg/L. A more likely explanation is that aerobic and facultative bacteria utilize residual oil as
a carbon source in an oxygenated environment. Oxygen atoms are introduced in the long-chain alkane by
alkane oxygenases by means of terminal oxidation and penultimate oxidation. Then the long-chain alkane was

oxidized to corresponding alcohol, aldehyde and fatty acids, which is very conducive to the decreases of oil
viscosity.

3.3 Change of microbial de-oiling efficiency with different dissolved oxygen concentration
The photos of microbial de-oiling after incubating for 6 days were shown in Fig.4, the change of microbial
de-oiling efficiency with different dissolved oxygen concentration was shown in Fig.6.
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Fig.6 Microbial de-oiling rendering after incubating for 6 days

As illustrated in Fig.6, there is hardly any oil released from the flask of artificial brine relative to bacterium
solution, the amount of released oil is positive correlated basically with the dissolved oxygen concentration.
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Fig.7 Change of microbial de-oiling efficiency with time under different dissolved oxygen conditions

The artificial brine is inefficiency in de-oiling at a percentage of only 2 percent of oil been released after 8
days. The oil sand prepared using artificial brine and microorganisms were found to have a fast speed of release
oil in the initial stage, the upward trend slowed down on day 6, after which the efficiency reaches a maximum of
79%. From these data it could be concluded that microorganisms exhibited good abilities of changing crude
properties, and as such, the oil adsorbs on the surface of sand was released to the liquid surface (Fig. 7).

The microbial de-oiling efficiency of different dissolved oxygen conditions has similar variation trend with
the artificial brine and microorganisms. The difference was that the more the concentration of oxygen was, the
higher the efficiency was. When the concentration was 6.5 mg/L, oxygen excessive amount adverse instead,
because of the SOD theory proposed firstly by .M.McCord and I.Fridovich.

4. Conclusions

On the basis of the results, we came to following conclusions: the increase of dissolved oxygen is conducive
to microbial reproduction to some extent. The maximum concentration of microorganisms in oxygenated
environment is about 3 times as much as microorganisms in hypoxia environment. The mass reproductive
microbe makes the oil degradation more efficient in oxygenated environment relative to hypoxia environment.
Furthermore, the degradation rate of C15 in 5.5 mg/L dissolved oxygen environment was 1.21 percent higher
than that in 0.5 mg/L dissolved oxygen environment. The de-oiling ability of microorganisms is far above that of
artificial brine. Of these, it is noteworthy that, the microbial de-oiling efficiency in oxygenated environment was
3~12 percent higher than that in hypoxia environment, indicating that oxygen exhibited huge synergistic effect
of de-oiling. These data support the hypothesis that air-assisting microbial enhanced oil recovery will be
considered as a kind of new drive technology under good development.
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