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Abstract. Twelve bacterial strains were isolated from Saudi crude oils and formation waters. Experimental
work was conducted 1o identify the baclerial isolates. determine the compositions of the appropriate nutrients
and carry out surface phenomena measurements. Based on the resuits obtained, three bacterial strains (O,
0y, Q) were selceted for displacement tests.

The eifects of nutrient type. bacterial type, permeability. API and salinity on oil recovery were investi-
gated. Results show that the bacterial strains (), and Qg, were found to produce biogases and biosurfactants.
Biopolymers were produced by Og. The greatest oil recovery was obtained from activation of the indigenous
bacteria by 1% molasses concentration, Injection of the bacterial strains 0, and O, in glucose or sucrose media
resulted in a higher recovery of oil. No effects on oil recovery was observed upen changing permeability from
453 to 3736 md and salinity from 4.2 to 10% of total dissolved salt.

Introduction

Microbial enhanced oil recovery (MEOR) technology is the process of introducing
or stimulating viable microorganisms in an oil reservoir for the purpose of enhancing
oil recovery. Bacteria are the only microorganisms that have been proposcd for
enhanced oil recovery processes. They are small in size, grow exponentially and pro-
duce metabolic compounds such as gases, acids, surfactant and polymers. Bacteria
also tolerate harsh environments, such as high formation water salinity, high pres-
sure and high temperature.

In 1983, Bubela [1] found that the optimum metabolic temperature and rate of
growth of rod-shaped bactcria increased with an increase in pressure. Moses and
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Springham (2] (1982) observed that bacteria have been found to be catalytically
active at high pressure. Grula ez /. [3] (1983) readily grew clostridium in up to 75000
ppm salt concentrations.

The earliest realization that bacteria are beneficial to the production of oil was
suggested by Backman [4] (1926). Zo Bell [5] (1946) presented a process for the sec-
ondary oil recovery using anaerobic, sulfate reducing bacteria in situ. Zo Bell [6]
(1953) used other types of bacteria to enhanced oil recovery in laboratory tests.

In 1963, Kuznetsov era/. [7] found that bacteria discovered in some oil reservoirs
in the Soviet Unton produced 2 gm of CO, per day per ton of rock. Later, Synyukov
et al. [8] (1970) employed microorganisms to aid the recovery of oil.

The laboratory study of specific microorganisms is done either for the surface pro-
duction of various compounds or for the injection of cells into a reservoir for in situ pro-
duction of metabolic compounds. Both will enhance oil recovery. Grula ef al. [9] (1985)
carried out laboratory tests to isolate salt-tolerant strains of some type of bactcria and
then conducted field tests using them. Donaldson and Grula [10] (1985) found that some
species of bacteria produce emulsifiers in salt concentrations up to 75000 ppm. Labora-
tory results of Torbati et al. {11] (1986) showed that the larger pores of Berea sandstone
are plugged by the bacteria which caused a reduction of permeability leading to increasing
oil recovery due to improvement in mobility ratio. Another laboratory research con-
ducted by Bryant and Douglas [12] (1987) presented crude oil displacement mechanisms
by microorganisms.

A review of many field applications of MEOR was presented by Bryant ez al.
[13] (1989). Bryant [14] (1991) found that MEOR screening criteria fit 27% of
United States oil reservoirs. Recently MEOR field applications were presented in
the proceeding of the international conference on MEOR edited by Donaldson [15]
(1990). Hitzman [16] (1987) recently published a review un MEOR field testing.

Although several attempts [17-22] have been made to describe the MEOR pro-
cess, no model has yet fully incorporated all factors that strongly affect the
mechanisms of oil displacement, growth and transport of bacteria in porous media.

The main objectives of this study were to separate and classify bacteria that can
be obtained from Saudi crude oils and formation waters and carry out displacement
tests to investigate the effect of nutrient, bacteria type, permeability, salinity and
API gravity on displacement elfici¢ncy.
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This study is an original contribution to Saudi Arabia in the field of enhanced oil
recovery. This method has not been investigated before in the Arabian arca in gen-
eral and in Saudi Arabia in specific. Tt is evident to note that some of the Saudi reser-
voirs are characterized by high salinity of interstitial water which reaches as high as
30%. However, in our case study, 4.2 and 10% salinities were chosen.

Experimental Work

Qil samples were abtained from hottom-hole on the same day of primary culti-
vation on bacteriological media. Samples were transferred in sterile plastic universal
containers (60 ml capacity) and kept tightly closed until used within 1-2 hours.

Sterile cotton-tipped swabs were immersed in oil samples and excess oil was
drained away by pressing against the vessel wall. These were then used to streak over
the entire surface of human blood agar plates and Mueller-Hinton agar plates, For
cach oil sample two plaies were incubated agrobically and anacrobically (in an
anacrobic jar} overnight at 37°C. Plates were examined for growth of bacterial col-
onies in aerobic and anaerobic cultures, Anaerobic plates were reincubated for two
days before discarding as negative cultures.

Isolated bacteria were propagated on MHA plates by the streaking technique
and pure cultures were maintained on MHA slopes at room temperature. Sub-cul-
tures were made every 2-3 weeks. Isolates were then subjected to the following tests:

1) Gram stain

2) Facultative growth

3) Colonial morphology

4)  Type of hemolysis

5) Lactose fermentation

6) Catalase test

7} Oxidase test

8) Nitrate reduction test

9  Oxidation/fermentation test
10)  Triple sugar-iron test
11)  Urease test

The nutrients tesled for growing of bacteria were molasses, glucose and sucrose.
Molasses (canc molasscs) was obtained from the market. If a molasscs solution is
sterilized by autoclaving, it is designated as molasses. The non-sterilized molasses
solution is designated as commercial molasses. The surface phenomena measure-
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ments conducted were surface tension, viscosity, pH-values and acidity. The surface
tension and viscosity of bacterial solutions were measured by the digital tensiometer
(K-10) and Brookfield viscometer, respectively. PH-values of the effluent agqueous
and oleic phases were measured by using the digital pH-meter. The organic aciditics
of crude oils were determined using the Institute of Petroleum procedures [23]. The
properties of Safaniya and Hawtah crude oils are given in Table 1.

Table 1. Properties of Safaniya and Hawtah crude oils

Property Safaniyacrudeoil  Hawtah crude oil
APl gravity 29.39 52.65
Viscosity, cp 34.45 1.811
Organicacidity number, mg KOH/g per sample of oil 1.4 12

Displacement Procedure

The setup uscd in the disptacement experiments is given in Fig. 1. The porous
media employed in the experiments consisted of unconsolidated sand (250 and 500
mesh size). The model used was manufactured from tofelon. The inner dimensions
of the model were 48.38 cm length and 5.0 cm diameter. It was equipped with an
injector and a producer on both ends. Screens were fixed around the bottom part of
the injector and producer to prevent sand movement. Two stainless-steel tanks were
used for oil and water. Two tofelon tanks were used for nutrient and bacterial solu-
tions. Jeffri pump was used to provide a constant rate of injected water in the model
(flow rate ranged from 0.044 to 0.056 ml/s).

The pressure at the inlet of the model was measured by 4 pressure gauge. The
model was packed homogeneously with sand. The sand pack had a permeability of
about (.451 I for 250 um sand pack and 3.736 D for $00 um sand pack. The sand was
first thoroughly washed by tap water, then by a dilute HCI solution and again by dis-
tilled water. After that it was dried. The model was then saturated with brine water
having the TDS of 4.2% or 10%. From the volume of the water used for the satura-
tion process, the effective porosity of the sand was calculated. In all scts of displace-
ment experiments, the effective porosity of the sand pack was in the range of 0.35 for
250 pm sand pack and 0.37 for 500 pm sand pack. Absolute permeability was
obtained by circulating formation water through the sand pack and measuring the
flow rate of water at a given pressure drop across the sand pack. The model was then
saturated with oil by the continuous injection of oil until the water cut in the ¢ffluent
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was less than 1%. At this moment, the initial saturation conditions of the model were
assumed to be achieved, and the seawater was injected into the sand pack, for about
two pore volumes. The liquid produced were collected continuously, and the amount
of o1l and water in the sample were determined. After that nutrient with bacteria was
injected into the sand pack for about 0.4 pore volume, then incubated for 48 hours,
followed by continuous injection of seawater for about onc pore volume. The liquids
produced were collected continuously, and the amount of oil and water in the sample
were determined.

Results and Discussion

The characteristics of the twelve bacterial strains that were isolated from Saudi
crude oils and formation water are given in Table 2. The values of surface tension and
viscosity of the bacterial culturcs are given in Table 3. Tables 2 and 3 show that the
bacterial strain-Og, and strain-O, in glucose media produce surface active com-
pounds such as alkaline and surfactant by which the values of the surface tension
were reduced to minimum values. In addition, the highest value of the visCosity was
obtained from the bacterial culture of strain-O,. This means that the bacterial strain-
O, produces polymers. Thus, the bacterial strain-Oy,, strain-O and strain-O,, were
selected for displacing tests. Fourteen displacement runs werc conducted, and the
data of these runs are given in Table 4. This table shows that activating the indigen-
ous bacteria in Safaniya oil with molasses using the bacterial strain-Oy in sucrose to
recover Hawtah oil result in the greatest oil recovery.

Effect of nutrient type

The effect of nutrient types (sucrose, glucose and molasses) on the efficiency of
the indigenous microbial displacement was studied. Figures 2 and 3 show the vari-
ation of percentage of il in sample produced, cumulative oil recovery, and percen-
tage of oniginal oil in place with nutrient type at 23°C. Under the experimental condi-
lions used, the most attractive performance is the use of commercial molasses as nut-
rient. It gives the highest oil recovery (as seen in Fig. 3) and a large oil-water bank
as shown in Fig. 2. This result does correlate directly with the behavior of pH and
pressure as shown in Figs. 4 and 5, respectively. Figure 4 shows the pH-values of
effluents using different types of nutrient. It is clear that, bacteria consume commer-
cidl molasses (1% concentration) and produce alkali. Figure 5 shows the pressure
mcasurements during incubation period at which the pressure builds up due to gases
production. The pressurc increases with increasing time. It also shows that the high-
est pressures are obtained when bacteria consumc glucose. It is evident to note that
the production of gases may account for incremental oil recovery by bactcria.
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Table 3. Surface tension and viscosity for different type of bacteria

Surface tension (dyne/cm?) Viscosity ¢at shear rate 73.4sec )} (cp)}
Type of bacteria

Glucose media Sucrose media Glucose media Sucrose media
Pure media 55.91 55.91 1.19 1.14
W, 61.60 60.55 1.12 1.10
W, 61.15 61.45 .1 1.18
0., 60.80 61.30 1.12 1.12
Q, 55.05 60.20 1.11 1.145
Oy, 61.30 60.80 1.49 1.10
O, 61.45 62.40 1.09 1.09
O, 34.35 62.15 1.31 1.08
Oy 56.14 35.15 1.245 1.58
O 61.10 60,60 .15 111
O 62.33 58.73 IN] 1.10
Oy 31.80 31.60 1.35 14
O 60,20 59.20 .12 1.10
Effect of bacterial type

The effect of bacterial types (O,. Oy and O,,) on the displacement efficiency
was studied. Figures 6 and 7 show the percentage of oil produced in sample and
cumulative oil recovery percentage of original oil in place with pore volumes pro-
duced for different types of bacteria. It is seen from these experiments that most of
the bacterial types tested in this study recover more oil in the testing process as indi-
cated from Fig. 7. However, the ability of the microorganism O,, in glucose to lower
intertaciai tension was not a reflection on the ahility of these surfactant to extract or
mobilize crude oil. This may be due to the incompatibility between the microor-
ganism and the indigenous organisms.

Very little 1s known about the exact mechanism of oil release in microbial
enhanced oil recovery. However, growth of microbes in situ may have a number of
potentially important interactions with the inorganic matrix and the oil present in a
porous media. Growth in organic or inorganic substrata can create metabolic prod-
ucts such as acids, gases, surfactant and biopolymers. This shows that the bacterial
inoculum represents the major component injected into the formation. Therefore,
the increase in ultimate oil recovery is evidenced by production of a large oil-water
bank or by delayed oil production as seen in Fig. 6. Urea can be used as a sole nitro-
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Fig. 2. Effect of nutrient type on % of oil produced in sample.
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Fig. 3. Effect of nutrient type on cumulative oil recovery.
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gen source both for growth and for surfactant producton. This s indicated by the high
pH as shown in Fig. 8.
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Fig. 8. Effect of bacterial types on pH of effluents.
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Fig. 10. Variation of model pressure during incubation pericd with time after injecting different
bacterial types.

Figures 8 and 9 show the variation of pH during the displacement process when
using different types of microorganisms. It is clear that the microorganism O, and
urea in glucose solution produce more alkali. This is indicated by the high valuc of
pH as seen in these figures. On the other hand, Fig. 10 illustrates the variation of
pressure with time or different types of bacteria tested in this work. It can be seen
that the presence of organisms Oy in sucrose and glucose solutions resulted in high
pressurc. This indicates that this type of organisms produce more gases.

The effect of surtactant metabolites of different bacteria on the interfacial ten-
sion between crude oil and bacterial solution is demonstrated by interfacial tension
measurcments. Figure 11 shows the interfacial tenston versus time for different types
of organisms. It is clear that microorganism O, in sucorse solution gives the lowest
interfacial tension which may indicate the production of biosurfactant by this
organism.

Effect of permeability variation

Two experimental runs were devoted to investigate the effect of changing per-
meability from 453 to 3738 md. Figurc 12 illustrates the production history for micro-
bial enhanced recovery from 453 to 3738 md sandpacks. It is clear that the ultimate
oil recovery is the same in both cases. However, the percentage of oil produced in
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Fig. 13. Variation of model pressure with time after injecting 0O, in sucrose for different permeabi-
lities,
sample in the case of high permeability is more than that of low permeability. Also,
the pressure was higher in the case of lower permeability as shown in Fig. 13.

* Effect of formation water salinity

‘Two displacement runs were carried out to investigate the effect of increasing
synthetic brine water salinity from 4.2% to 10% by weight TDS. Thc production his-
tory results of these experiments are presented in Fig. 14. The cumulative oil recov-
ery in both cases is almost the same. However, at low salinity the breakthrough of
water bank was delayed. The behavior of pH versus cumulative pore volumes pro-
duced is shown in Fig, 15. This figurc indicates that the pH value of 4.2% salinity is
higher. This may indicate that the microorganism produce more alkali at lower salin-
ity.

On the other hand, the organism O, in sucrosc media produced some gases at
lower salinity value as indicated by the higher pressure shown in Fig. 16.

Effect of APT gravity
Two displacement runs were carried out to investigate the effect of crude oil

type on displacement efficiency. Figure 17 shows the production history and cumula-
tive recovery when using Safaniya and Hawtah crude oils.
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Fig. 14. Effect of salinity on production history for O, in sucrose solution.
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Fig. 15. PH of effluents as a functioin of pore volumes produced for O, in sucrose for different salinities.
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Fig. 16. Variation of model pressure with time after injecting O, in sucrose for different salinities.
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Fig. 17. Production history for Safaniya and Hawtah crude displacement by O,.
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Fig. 19. Variation of model pressure with time after injecting O, in sucrose for different crude oils.
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It is clear that the displacement process is more successful in the case of using
Safaniya crude oil (API = 29.39°) than Hawtah crude (API = 52.65°). This is due to
the effect that the value of the residual cil in using Safaniya crude is approximately
three times that of Hawtah crude. Figures 18 and 19 show the behavior of pH and
pressure with time during the displacement process, respectively. After 40 hours, it
is seen that the pressure almost the same as shown in Fig. 19.

Conclusion

1. Bacteria strains O, and O, produced gases and surfactants, while the bacterial
strain Oy when cultured in sucrose media produced polymers.

2, Using molasses to activate the indigenous bacteria resulted in a higher recovery
of oil.

3. The bacterial strains O, and Og showed the best results in increasing oil recov-
ery.

4. The changes in sandpack permeability or API gravity have no effect on oil
recovery.

5. Averylittle variation in oil recovery was obtained by increasing salinity from 4.2
to 10%.
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