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Introduction

An International Conference on Microbial
Enhancement of Oil Recovery (MEOR) was held
May 16-21, 1982, at Afton, Okla. This Conference
was sponsored by the U.S. Department of Energy,
the University of Oklahoma Energy Resources
Center, and the Engineering Foundation. Its
objective was to bring together microbiologists
and engineers from around the world who are
diligently trying to develop methods for the ap-
plication of microbial systems to the petroleum
industry (32 scientists from 12 foreign countries
attended). This is actually a resurgence of interest
in this field of endeavor that had its beginnings
in the 1930’s with Dr. ZoBell’s pioneering work.

The conference generated 32 papers, nine
poster presentations, and a short course on the
fundamentals of petroleum reservoir geology. It

TITLE OF SESSION

I. Introductory Statements

II. Overall Perspectives

I1I. Microbial Activities

IV. In Situ Approaches

V. Heavy Oils

VI. Bioproducts for Microbial EOR

VIla. Potential Reservoir Damage
VIIb. Potential Approaches

Poster Sessions

showed that a new, more fundamental, approach
is being taken in the search for ways to apply
microbes to oil recovery. Great effort is being
expended by microbiologists to understand the
complex subsurface environment of a petroleum
reservoir in relation to microbial metabolism; and
by engineers to understand the fundamental
activities of microbes before attempting to bring
the two systems together.

The Conference was organized into seven
formal sessions and three informal poster ses-
sions that followed consecutively during the five
days of the Conference. A review of the papers
revealed that they fall naturally into the four
divisions which are used in the organization of
the Proceedings. The seven sessions and their
chairmen were:

CHAIRMEN

Dr. Erle C. Donaldson

U.S. Department of Energy
Dr. J. Bennett Clark

Phillips Petroleum Company

Dr. Roy M. Knapp

University of Oklahoma
Dr. Herman Finke

U.S. Department of Energy

Dr. William R. Finnerty
University of Georgia

Dr. Robert E. Marquis
University of Rochester

Dr. Douglas M. Munnecke
Cities Service Company

Dr. Donalds O. Hitzman
Phillips Petroleum Company

Dr. Edward A. Grula
Oklahoma State University
Dr. J. B. Davis
Mobil Oil Company

Mr. William Galager
Central State University
Dr. Teh Fu Yen
University of Southern California

Mr. Robert L. Huddleston
Conoco Qil Research

Dr. Tom R. Jack
University of Calgary, Canada

Dr. John E. Findley
University of Southern California



The chairmen of each session began the task
of searching for papers to fit their specialized
needs about one year before the Conference was
held and assisted throughout in the organization
and conduct of the Conference.

Some very difficult questions were asked on
both sides that could not be answered at the Con-
ference; however, those questions very vividly
pointed out the areas where research to acquire
new knowledge is necessary before microbes can

iil

be generally applied for petroleum recovery and
processing operations. The unanswered questions
did not dampen the enthusiasm of the partici-
pants, and the Conference ended on a general
note of optimism in the belief that microbial
enhancement of oil recovery, and other appli-
cations of microbial systems in the oil industry,
will become an important part of petroleum
technology. Before the Conference ended, the
groundwork was laid for another Conference to
be held in the Spring of 1984.
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Microbes and Their Metabolites

Numerous microbial cultures (pure and mixed)
are capable of synthesizing a variety of biochem-
ical products from crude petroleum and its distil-
late fractions. The range of metabolic products
from microbial consumption of petroleum is very
broad, depending on environmental conditions
(pressure, temperature, salinity, pH and the pres-
ence or absence of oxygen), supporting nutrients
available for cell metabolism (nitrogen, phospho-
rus, minerals, etc.), and the specific bacteria inter-
acting with the petroleum.

In very general terms the metabolic products
may be gases (methane, hydrogen, carbon diox-
ide, hydrogen sulfide), low molecular weight car-
boxylic acids (formic, acetic, propionic, valeric),
solvents (alcohols, aldehydes, ketones), polymers
(proteins, polysaccharides), surface active com-
pounds that are generally polyanionic lipids,
and many other compounds ranging from simple
to very complex macromolecules.

The chemical structures of most of the high
molecular weight polymers produced by microbes
have not been completely elucidated because of
their molecular diversity and complexity. How-
ever, the renewed emphasis on these products for
possible use in petroleum recovery, processing,
transportation, and storage applications should
result in greater emphasis on the determination
of the chemical structure and properties of the
microbial products.

In MEOR research, the study of specific micro-
organisms, or types of microorganisms, and their
metabolic products is done for one of three rea-
sons: 1) for the surface production of various
compounds which, when injected into a petro-
leum reservoir, will enhance oil production, 2) for
the injection of cells into a reservoir for in situ
production of metabolic products which will
enhance oil recovery, or 3) for the study of the
microbial ecology of the reservoir.

Slodki and Camus presented a brief history on
the development of xanthan gum, which is a bio-
polymer produced by Xanthomonas campestris,
that has good rheological properties for polymer
floods of oil reservoirs. They then discussed the
biodegradability of the biopolymer. Unsterile solu-
tions of the gum were found to be remarkably
stable, which suggested to them that xanthan-
degrading microorganisms are not abundant in
nature. By means of culture enrichment proce-
dures, a pure culture of a salt-tolerant Bacillus
sp. was isolated that produced a salt-tolerant
degradative enzyme.

A more prolific mixed culture producing xan-
thanase was obtained by adding a Flavobacte-
rium sp. to the Bacillus culture although the Fla-
vobacterium does not, by itself, produce any
xanthanase. A non-salt tolerant xanthanase was
found in a second Bacillus species. The enzymes
were partially purified and characterized. Deter-
mination of the products of the enzymatic action
led them to conclude that the xanthanase prepa-
rations must be mixtures of enzymes that attack
all the side chain linkages in xanthan gum.

Several papers were presented on bioemulsi-
fiers and biosurfactants. Gutnick, Zosim, and
Rosenberg reported on the interaction of emulsan
with hydrocarbons. Emulsan is a high molecular
weight (M.W. = 108), water soluble, extracellular
bioemulsifier produced by Acinetobacter calcoace-
ticus RAG-1. It is a d-galactosamine-containing
polyanionic polysaccharide which is initially re-
leased from the cell surface as a protein complex.
Removal of the protein yields a polymer, called
apoemulsan, which retains emulsifying activity.
Studies on the interaction of emulsan and apo-
emulsan revealed several interesting properties.
The value of emulsan lies in its ability to form
very stable emulsions with crude oils. The authors
found that the higher the molecular weight of
the hydrocarbon the more effective emulsan is
in the formation of stable emulsions. Further-
more, the emulsion is non-wetting (non-adhesive)
to metal surfaces which suggests several uses for
transportation and storage of crude oils.

The bacterial strain Rsan ver [Pseudomonas
sp.] was reported by Guerra-Santos et al to pro-
duce surface active compounds equally well
with glucose or hydrocarbon as a substrate. The
behavior of the culture and surfactant production
were studied in a bioreactor, in batch culture, and
in continuous culture. The surface tension of
surfactant from batch culture growth was con-
siderably less than that obtained in continuous
culture.

The effect of surfactant hydrophile-lipophile
balance (HLB) on bitumen recovery and sur-
face activity of Corynebacterium fascians was
reported by Zajic et al. The highest total bitumen
recovery by hexadecane-grown bacteria occurred
at HLB values of 5.5 and 16. Hydrophobic values
(HLB 0.5 to 11) stimulated the growth and surface
activity of C. fascians grown on such water-
soluble substrates as sucrose. HLB values of 0.5,
16, and 29 improved the emulsification properties
of the sucrose-grown bacteria. Membrane filtrates
of culture broths to which a surfactant had been



added showed that the bacterial cells, per se, con-
tribute highly to the total surface activity of the
culture.

According to Rosenberg et al two general
types of interaction between microorganisms and
hydrocarbons have been postulated: 1) adherence
of cells directly to large oil droplets, and 2) release

of extracellular surfactants or emulsifiers that

greatly increase the hydrocarbon:aqueous inter-
facial area. In the case of the hydrocarbon-
degrading Acinetobacter calcoaceticus RAG-1,
both types of interaction are operative. It was
demonstrated that adherence is a prerequisite for
growth on hexadecane under two conditions: low
initial cell density and limited emulsification of
the substrate, which are the conditions in most
natural environments. Bioemulsification, how-
ever, is a cell-density-dependent phenomenon.
Adherence of microorganisms to hydrocarbons
was found to be neither an exclusive property
of hydrocarbon-degrading microorganisms noris
it restricted to those hydrocarbons that a micro-
organism can metabolize.

Wang reported on a bacterial strain which
produces extracellular polysaccharide from crude
oil or heavy liquid paraffin as the carbon source.
This was found to be a new species and was
named Brevibacterium viscogenes. The yields of
polysaccharide were 8 gm/1 from 12 percent (W/V)

crude oil and 12 gm/] from 4 percent (W/V)heavy
liquid paraffin. The conversion rate of added
paraffin was over 40 percent. The physical
properties of this polysaccharide are comparable
to those of xanthan and are considerably better
than partially hydrolyzed polyacrylamide or car-
boxymethylcellulose. When the polysaccharide
was used as a driving solution, an Injection vol-
ume, corresponding to 20 percent of the pore
volume, enhanced oil recovery to about 9 percent
of the initial reserves.

The environmental parameters of the reser-
voir will limit the types of microorganisms which
can be used for in situ processes, McInerney dis-
cussed the physiological types of microorganisms
that would be useful in in situ processes. The lim-
iting environmental factors that would affect
either injectivity of cells or their growth and meta-
bolic activities include permeability, temperature,
pressure, salinity, salt composition, pH, and the
nature of the residual oil. Most reservoirs are
essentially anaerobic and, since there is no well
documented record of truly anaerobic utilization
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of hydrocarbons, an external food supply would
be necessary. This could add the parameter of
nutrient limitation as a mechanism for control-
ling growth and metabolism of injected cells. The
metabolism of various types of microorganisms
and the potential role of metabolic types in MEOR
were discussed,

Because of the anaerobic environment in res-
ervoirs, a potentially useful group of microorgan-
isms for MEOR would be the Clostridia. E. Grula
et al reported on a screening program designed to
isolate species of Clostridium that would have
useful characteristics for in situ processes. They
looked for the following characteristics: 1) pro-
duction of large amounts of gas (primarily CO»),
2) production of large amounts of low molecular
weight organic acids, 3) production of large
amounts of low molecular weight organic solvents
(primarily alcohols and acetone), and 4) produc-
tion of large amounts of low molecular weight
nonionic emulsifiers that would form oil-in-water
emulsions. Techniques were devised for rapid
screening, and several potentially very useful
Clostridium strains were isolated. E. Grula et al
emphasized the difficulty of isolating species of
Clostridium that performed well metabolically in
high (5.0-17.5 percent) concentrations of sodium
chloride.

Knowledge of the role of microorganisms in
the genesis of oil is useful in developing microbial
processes for enhanced oil recovery.

The distribution of microorganisms and the
rate of bacterial methanogenesis in flooded oil
fields was reported by Ivanov and Belyaev. It was
found that the population of microorganisms and
the rate of methanogenesis increased as stratal
waters were freshened. This correlated with the
decrease of organic carbon and the increase of
bicarbonate concentration, as well as with meth-
ane isotopic composition becoming less and the
bicarbonate carbon isotopic composition becom-
ing greater. The process of bacterial oil oxidation
took place in the zone of contact between the
injected fresh waters and stratal waters of oil
fields. The products of aerobic oil destruction
stimulated the activity of methane-producing
bacteria. Methods were reported to induce a con-
siderable stimulation of activity of the stratal
microflora in oil fields. This activation of micro-
bial processes resulted in the increase of concen-
tration of soluble organic compounds and the
content of newly-produced methane in stratal
water, which could enhance oil recovery.



Production, Composition, and Biodegradation of
Xanthan Gum (Polysaccharide B-1459)'

M. E. Slodki and M. C. Cadmus
Northern Regional Research Center
Agricultural Research Service
U.S. Department of Agriculture
Peoria, lllinois 61604

When research was undertaken in 1955 at NRRC on
development of commercially feasible, fermentative
conversion of corn sugar (dextrose) to extracellular
polysaccharides, the stated objective was to replace
imported plant gums in food and industrial applica-
tions. In retrospect, it is doubtful that any measurable
replacement resulted from the establishment of a grow-
ing microbial gum industry whose major product 1s
NRRC'’s xanthan gum from the bacterium Xantho-
monas campestris NRRL B-1459,

We have seen, instead, new uses arise that exploit
the unique physical properties of microbial gum dis-
persions. Initial commercialization of xanthan gum
depended in large measure on its use as a food additive.
FDA approval was obtained for such uses not pre-
cluded by Standards of Identity Regulations. Since
that time, FDA approval has become a much more
lengthy and costly process. Consequently, new micro-
bial gums have gone into industrial uses, which, like
those for xanthan gum, will continue to grow. Applica-
tions in drilling and recovery operations represent, by
far, the largest potential market for such gums.

Among the remarkable rheological properties exhib-
ited by aqueous dispersions of xanthan gum are rela-
tively high viscosity of low concentrations and rapid
shear-thinning that is instantaneously reversible. In
addition to this pseudoplastic behavior, rheological
yield is exhibited by gum solutions of 0.75 percent con-
centration or greater. Pseudoplasticity and yield are
characteristic of many of the extracellular gums that
were studied at NRRC.

Additional properties of xanthan gum dispersions
important to their use in enhanced oil recovery were
summarized by Sandvik and Maerker:'° low sensitivity
of viscosity to pH, salinity, divalent metal ions and
temperature; resistance to chemical and shear degra-
dation; and relatively low adsorption of the polysac-
charide by formations.

The structure of xanthan gum, as determined by
Jansson, Keene and Lindberg? is that of a B-(1—4)-
linked cellulosic backbone chain that regularly bears
irisaccharide side chains on alternate glucosyl residues
(Fig. 1).

These side chains consist of two mannose residues
interposed by a glucuronic acid residue. Note that
every mannosyl residue involved in branching bears

CHo0H CH 4 OH CH,0H CH  OH
0 0 0 0

9 0 0 0

AcOCH; 0 AcOCH, 0
0 0
00K COOH
0 0
CH;0H ¢ My o—th g
0 HOOG—C 0
N

0
FIG. 1.

an acetyl group; on average, every other mannose end
group has a pyruvic acetal substituent. Recent work in
Argentina® has shown that the pentasaccharide repeat
unit is first assembled on a pyrophosphate-lipid pre-
cursor and then polymerized on the cell membrane
surface to xanthan gum.

Transfer of the pyruvic acetal substituent to the
terminal mannosyl from phosphoenolpyruvic acid
occurs at the pentasaccharide pyrophosphate-lipid
level. No information is available about the stage of
biosynthesis at which O-acetylation takes place. It is
likely an early one (sugar-nucleotide level?) because
gum produced under various nutrient-imiting condi-
tions in chemostat cultures has, in contrast to pyruvic
acetal, invariant amounts of the O-acetyl substituent.?

Research at NRRC subsequent to development of
the xanthan gum fermentation and study of the gum’s
properties, composition, and structure revealed a
number of factors essential to both use and production.
This research covered aspects of strain and product
variability and their control, development of a syn-
thetic medium, and, finally, microbial degradation.
The remainder of this essay will deal with these topics.

X. campestris is known to be a phenotypically vari-
able organism. In both continuous! and batch-type!
fermentations, low yields of product having inferior
quality were traced to generation of small colony-
forming variants. That is not the full story, because
large-colony variants also were isolated that made
gum in high yield but of poor rheological quality. The

1 Dedicated to Dr. Allene R. Jeanes: Thirty years of continuing publication on microbial polysaccharides.
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only detectable difference was a lower pyruvate con-
tent in gum of inferior quality.

Sandford et al® demonstrated the relationship be-
tween lower viscosities of dilute xanthan gum solutions
and decreased pyruvic acid content (2.5-3.0 percent vs.
4.0-4.8 percent), The maximum viscosity difference
was displayed by 0.05 percent (w/w) polysaccharide
dispersions. Concentrations of this order are employed
as mobility control agents in waterflooding. Disper-
sions (1 percent) of atypical xanthan gum also fail to
give the large increases in viscosity usually observed
between 50-70°C in the absence of salt.

This effect is attributed to an increase in hydrody-
namic volume resulting from an uncoiling of the poly-
mer’s helical conformation and spreading of the side
chains from the backbone. Microbiological procedures
for ensuring reproducible fermentations and high qual-
ity of product have been reviewed!? and are given
along with other detailed information is USDA Bul-
letin ARS-NC-51.7

While developing a synthetic medium for xanthan
gum production, Cadmus et al? noted increasing pyru-
vic acetal content as the fermentation progressed. The
suggestion that batch cultures contain mixtures of
gum having different degrees of substitution by pyru-
vic acid was confirmed by Sandford et al® The main
point of our work on a synthetic medium is that any
change in a medium or fermentation condition must be
examined not only with respect to its effect on yield but
also with careful attention to quality of the product.

Aside from a long-term study of the stability of
X. campestris in lyophil storage, our recent work on
biodegradation represented the completion of work
on xanthan gum at NRRC.? Even though there is a
report that the gum is to some degree, in the unordered
conformation, subject to attack by cellulase, we have
found unsterile solutions to be remarkably stable,

This experience suggests to us that xanthan-
degrading organisms are not abundant in nature. Our
objectives were: to obtain enzyme(s) that could alter
xanthan and related polysaccharide structures for sub-
sequent chemical or biological modification; to have
means, through an enzymic fragmentation analysis,
of comparing related polysaccharides from related
species; and, possibly, to obtain an agent that could
modify the viscosity of suspensions injected into under-
ground oil- or gas-bearing formations.

By means of enrichment culture (the polysaccharide
as sole carbon source), a pure culture of salt-tolerant (4

percent NaCl) Bacillus sp. that produced a salt-tolerant
degradative enzyme was obtained from soil collected
from inside a decaying tree trunk. A more prolific
enzyme-producing mixed culture, consisting of this
organism and a Flavobacterium sp., was isolated from
the same source. Although the Flavobacterium does
not by itself produce a xanthanase, production of
xanthanase by the Bacillus is greatly enhanced by the
associative growth. Several other soil bacteria elicited
a similar effect. Another xanthanase-producing Bacil-
lus was isolated from sewage sludge, but it did not form
a salt-tolerant enzyme.

Partial purification of the enzymes was achieved by
ion-exchange chromatography on diethylaminoethyl
rellulose. Higher salt concentrations were required to
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wte the salt-tolerant enzyme. Enzyme recoveries
Jreater than 80 percent and 6- to 13-fold increases in
specific activity were obtained by this procedure.

Both enzymes exhibited maximum activity, as mea-
sured by release of reducing sugar, at pH 5.4 and were
inactive below pH 4 or above pH 8. Some difference was
noted with regard to pH of maximum stability at 25°C.
The salt-tolerant enzyme was stable over the range pH
6.0-7.5; the other enzyme was stable from pH 4.8-6.0.
Even though the salt-tolerant enzyme displayed maxi-
mum activity in dilute buffer (0.05 M sodium acetate,
pH 5.4) over the temperature range 42-48°C in the
presence of 0.1 M Na(Cl, the temperature-activity curve
was identical to that of the other enzyme, for which the
maximum was 42°C.

A principal drawback to the use of the enzymes in
certain situations would be temperature stability. The
salt-tolerant enzyme loses activity rapidly beyond
42°C; the other enzyme is somewhat more stable. In the
presence of 0.25 percent substrate, the salt-tolerant
enzyme is stabilized at 42°C. Whereas the enzyme from
the non-tolerant Bacillus is inactive in the presence of
4 percent NaCl, the enzyme from the salt-tolerant
organism is stabilized significantly up to 45°C by that
concentration of salt.

All of the enzyme preparations bring about a dra-
matic loss in viscosity of xanthan gum dispersions. For
example, a 1 percent dispersion is reduced in viscosity
from 1,750 mPa‘S to 10 mPa-Sin 18 h at 37°C. The vield
of reducing sugar indicates a 38 percent conversion.
Even so, a residual high-molecular-weight polysaccha-
ride is precipitable from the digest by ethanol. The
fragment, which is resident to further attack by fresh
enzyme, is principally a D-glucan (ca. 90 percent
D-glucose content). Methylation/fragmentation anal-
ysis showed it to be the (1—4)-linked, cellulosic backbone
of the xanthan gum.

Paper chromatographic examination of the super-
natant alcoholic liguors revealed the same four com-
ponents in all digests. These products were isolated by

elution from thick chromatographic paper and chemi-
cally identified as D-glucuronic acid, pyruvylated
D-mannose and 6-O-acetyl D-mannose. Identification
of the position of O-acetyl substitution in the latter was
accomplished by glc-ms of the 6-O-acetyl-2,3,4,5-tetra-
O-trideuterioacetyl aldononitrile derivative.

It is unlikely that the various cleavages of individ-
ual side-chain sugar units could have been brought
about by a single enzyme. Consequently, the xanthan-
ase preparations must be mixtures of enzymes that
attack all the side-chain linkages in xanthan gum, in-
cluding the one involving (1—3)-linkage of acetylated
mannose to the glucosidic backbone. Because glucose
is not one of the low-molecular-weight products and
the (1—4)linked backbone remains intact, a cellulase
type of activity is likely absent or limited.

REFERENCES

1. Cadmus, M. C., Rogovin, $. P, Burton, K. A.,
Pittsley, J. E., Knutson, C. A., and Jeanes, A, 1976.
Can. J. Microbiol. 22:942-948,

2. Cadmus, M. C,, Knutson, C. A, Lagoda, A. A.,
Pittsley, J. E., and Burton, K. A. 1978. Biotechnol.
Biveng. 20:1003-1014.



Microbes and Their Métabolites

3. Cadmus, M. C., Jackson, L. K., Burton, K. A,,
Plattner, R. D., and Slodki, M. E. 1982. Appl. Environ.
Microbiol. 44: in press.

4, Davidson, I. W. 1978. FEMS Microbiol. Lett. 3:3477-
349.

5. Ielpi, L., Couso, R. O., and Dankert, M. A. 1981
FEBS Lett. 130:253-256; Biochem. Biophys. Res.
Commun. 102:1400-1408.

6. Jansson, P-E., Kenne, L., and Lindberg, B. 1975.
Carbohydr. Res. 45:275-282.

7. Jeanes, A., Rogovin, P, Cadmus, M. C., Silman,
R. W., and Knutson, C. A. 1976. ARS-NC-51, U.S.
Department of Agriculture, Peoria, I1l. 14 pp.

8. Sandford, P A., Pittsley, J. E., Knutson, C. A.,

Watson, P R., Cadmus, M. C., and Jeanes, A. 1977.
Extracellular Microbial Polysaccharides, ACS Symp.
Ser. No. 45, P. Sandford and A. Laskin, eds., American
Chemical Society, Washington, D.C., pp. 192-210.

9. Sandford, P A., Watson, P. R., and Knutson, C. A.
1978. Carbohydr. Res. 63:253-256.

10. Sandvik, E. J., and Maerker, J. M. 1977. Extracel-
lular Microbial Polysaccharides, ACS Symp. Ser. No.
45, P Sandford and A. Laskin, eds., American Chemi-
cal Society, Washington, D.C., pp. 242-264.

11. Silman, R. W., and Rogovin, P 1972. Biotechnol.
Bioeng. 14:23-31.

12. Slodki, M. E., and Cadmus, M. C. 1978. Adv.
Appl. Microbiol. 23:19-54.



The Interaction of Emulsan with Hydrocarbons

D. L. Gutnick, Z. Zosim, and E. Rosenberg
George S. Wise Faculty of Life Sciences
Tel Aviv University
Tel Aviv, Israel

ABSTRACT

The growth of microorganisms on hydrocarbons is
generally accompanied by the emulsification of the
carbon source in the aqueous media. In the case of
the hydrocarbon-degrading bacteria Acinetobacter cal-
coaceticus RAG-1 this process is brought about by a
high molecular weight (M.W. = 10%), water soluble
extracellular bicemulsifier termed emulsan. Emulsan
is a d-galactosamine-containing polyanionic (pK’3.05)
polysaccharide in which both acetate and long chain
fatty acids are bound via O-acyl and N-acyl linkages.

Emulsan is initially released from the cell surface
as a protein complex; removal of the protein yields a
polymer, termed apoemulsan, which retains emulsify-
ing activity.

Studies on the interaction of emulsan and apo-
emulsan with hydrocarbons reveal several interesting
properties:

1. Hydrocarbon substrate specificity; the polymer
works best in the presence of a mixture of aliphatic and
eyclic or aromatic hydrocarbons.

2. Emulsion stability; in addition to enhancing the
formation of emulsions, emulsan stabilizes preformed

emulsions at weight ratios of oil to emulsan as high as
800:1.

3. Reversibility; emulsions stabilized by emulsan
separate by creaming rather than by coalescence. The
creams (emulsanosols) readily disperse in water to
vield emulsions which exhibit the same characteristics
as the original emulsions.

4. Emulsan binding at the oil-water interface; im-
munological analysis of emulsanosols demonstrates
that emulsan concentrates at the oil-water interface
independent of the pH of the aqueous phase.

5. Binding of cations at the oil-water interface; an
aqueous solution of emulsan differs from emulsan
which is bound to an oil droplet in that the latter binds
cations such as Rhodamine B. This hydrocarbon-
mediated cation binding is pH-dependent, decreasing
rapidly below the pK’ of emulsan.

INTRODUCTION

The growth of microorganisms on hydrocarbons is

often accompanied by the emulsification of the insol- .

uble carbon source in the culture medium.>#!* In many
cases, this has been attributed to the production of an
extracellular bicemulsifier. We have previously reported
the purification,' partial chemical characterization 2!
and substrate specificity? of the emulsifier of Acineto-

bacter RAG-1. The polymeric substance (referred to as
emulsan) had an average molecular weight of 9.9 X 103
and intrinsic viscosity of 505 cm® per g.

Olefin-free hexadecane (99 percent purity) was
obtained from Fluka Chemical Co., Switzerland. Other
paraffins and aromatic hydrocarbons were reagent
grade products of either Merck or Aldrich Chemicals.

Emulsan contains (a) a polysaccharide backbone
composed of N-acetyl D-galactosamine, N-acetylamino
uronic acid, an unidentified amino sugar, (b) esterified
fatty acids (0.5 umoles per mg) consisting primarily of
a and B-hydroxydodecanoic acid, and (c) proteins
which can be removed by phenol treatment without
destruction of emulsifying activity or loss of viscosity.
The experiments presented here were performed to
further investigate the manner by which emulsan
interacts with hydrocarbons and the properties of the
emulsan-hydrocarbon complex.

MATERIALS AND METHODS

Olefin-free hexadecane (99 percent purity) was
obtained from Fluka Chemical Co., Switzerland. Other
paraffins and aromatic hydrocarbons were reagent
grade products of either Merck or Aldrich Chemicals.
Kerosine and gas-oil were obtained from the Haifa
Refinery, Haifa, Israel. Agha Jari crude oil was ob-
tained from the Ashkelon-Eilat Pipeline Co., Israel.
Rhodamine B (CyH3 CIN,O;) recrystalized from eth-
anol, had a molar extinction coefficient of 0.9 X 10° at
560 nm, in close agreement with reported values.’2 TM
buffer consisted of 0.02 M Tris (hydroxymethyl) amino-
methane hydrochloride buffer, pH 7.2, and 10 mM
MgSO,. Glycerol (anhydrous) was a highly purified,
redistilled product of Merck. Tritiated water (0.5 mCi
per ml) was obtained from Nuclear Research Center,
Negev, Israel.

Emulsan, the extracellular emulsfying agent of
Acinetobacter calcoaceticus RAG-1 (ATCC 31012), was
purified from a cell-free supernatant obtained from an
ethanol grown culture both by ammonium sulfate
precipitation'® and cetyltrimethyl ammonium bromide
fractionation (I. Belsky, unpublished). The emulsan
used in these studies contained 17 percent protein.
Apoemulsan, prepared by a modification!? of the hot
phenol method, contained less than 5 percent protein.
Methyl cellulose (degree of substitution of 1.6) was a
product of BDH (England). Xanthan?® (XF1-14630) was
a product of XANCO Oil Field Products, Inc. The vis-
cosities of 0.5 mg per ml solutions of emulsan, apo-
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emulsan, methyl cellulose and xanthan at 30°C were
0.98, 1.40, 1.20 and 2.47 centipoise, respectively.

Emulsion stability measurements—Hydrocar-
bon-in-water emulsions were prepared by ultrasound
treatment, using the Braun Labsonic 1510 instrument.
Ten ml of the hydrocarbon-water mixture in a cellulose
nitrate tube (Beckman) was exposed to sonic oscilla-
tion for 15 sec at a constant power value of 30 W. Unless
otherwise stated, the emulsifiers were added prior to
ultrasound treatment. The emulsions that were formed
were transferred immediately to calibrated Klett tubes
and turbidity measured using a Klett-Summerson
photoelectric colorimeter fitted with a green filter.
Reported turbidity values were corrected using a
standard calibration curve prepared by serially dilut-
ing a hexadecane-2-methylnaphthalene emulsion. Sta-
bilities of emulsions were determined by measuring the
turbidity after standing undisturbed at 25 £2°C for 1 to
120 h. The percent stability is defined as the Klett
units after 24 h divided by the turbidity immediately
after sonication times one hundred.

Dye binding studies—A spectrophotometric
method was developed for quantitative estimation of
Rhodamine B binding to emulsan-stabilized hexa-
decane droplets. Emulsions were prepared in the pres-
ence of varying concentrations of the dye as described
above. The emulsions were transferred to glass test
tubes and allowed to stand undisturbed for 21 h (equi-
librium was reached during the first 15 h). Samples of
the emulsions were then centrifuged at 8,000 X g for 20
min at 25°C. Under these conditions the droplets rose
to the surface and did not interfere with absorbence
readings of the aqueous phase. The residual dye (equi-
librium concentration of the dye in the aqueous phase)
was determined from trichromic readings (2A:5-Asso-
Asg) by a comparison with a standard calibration
curve of known concentrations of the dye in TM buffer.
When Rhodamine B concentration exceeded 0.01 mg
per ml, dilutions were made in the buffer before deter-
mining absorbence.

General analytical methods—Protein concentra-
tions were determined by the method of Lowry et al’
using bovine serum albumin as a standard. Viscosity
was measured in an Ostwald-Fenske microviscometer
(water value, 55.1 sec) at 30°C, calibrated with 20 per-
cent and 50 percent glycerol. Emulsan concentration
was determined by a standard emulsification assay'’
and by the microplate modification of the enzyme-
linked immunosorbent assay (ELISA test)® in which
anti-emulsan IgG prepared against purified emulsan
was first covalently linked to alkaline phosphatase
with gluteraldehyde. This material was then bound to
varying quantities of emulsan previously immobilized
on the walls of an IgG-coated microplate. The ELISA
test yielded the same quantitative results regardless of
whether the antigen was emulsan or apoemulsan
(S. Goldman, in preparation). Size distribution of
hexadecane droplets stabilized by emulsan was deter-
mined both by microscopy (see Results) and using a
Coulter Counter Model ZB.

RESULTS

RAG-1 emulsan enhanced both the formation and
stability of hexadecane-in-water emulsions prepared
by ultrasonic treatment. Using a volume fraction (Vy)
of hexadecane of 0.01, the initial turbidities varied from

520 Klett units (no emulsan) to 2600 Klett units (0.1 mg
emulsan per ml). On standing, the hexadecane droplets
in the control coalesced and rose rapidlv to the surface;
by 10 h the control emulsion was completely broken.
In the presence of either 0.05 and 0.1 mg per ml emul-
san (hexadecane:emulsan weight ratios of 155 and 77,
respectively) there was a small decrease in turbidity for
2 h, after which the emulsions remained relatively
stable for the next 40 h.

With a higher ratio of hexadecane to emulsan of
about 400 (0.02 mg emulsan per ml) the turbidity
dropped sharply during the initial 17 h of standing
and then remained relatively stable for the remainder
of the experiment. Slightly more stable emulsions were
obtained when emulsan was added immediately after,
rather than prior to ultrasonic treatment. (This might
be due to an approximately 10 percent decrease in vis-
cosity of the emulsan during the sonic treatment.)

The effect of emulsan on the formation and stability
of different hydrocarbon-in-water emulsions is sum-
marized in Table 1. Although the stability of all hydro-
carbon emulsions tested was enhanced in the presence
of 0.05-0.1 mg emulsan per ml, the effect varied signifi-
cantly with the particular hydrocarbon examined. In
general, the higher the molecular weight of the liquid
hydrocarbon, the more effective emulsan was in induc-
ing and stabilizing the emulsion. This was true both
for aliphatic and aromatic hydrocarbons, even though
the initial turbidities of aromatic hydrocarbon emul-

TABLE 1—Various Hydrocarbon-in-Water
Emulsions Stabilized by Emuisan?

Erulcay  urbidity (Klett Units) s e
Hydrocarbon (mg/mi) t=0hr t=24 hr percent
Aliphatics
Qctane ........ 0.1 1200 112 9.3
Dodecane .. ... 0.1 1700 850 50
Tetradecane ... 0.1 2720 1500 55
Hexadecane ... 0.1 3150 1900 60
Aromatics
Toluene ....... 0.05 3600 165 4.6
p-Xylene ...... 0.1 4400 475 11
0.05 3080 260 84
2-Methylnaph-
thalene...... 0.05 7600 4000 53¢
Tetrahydro-
naphthalene 0.05 7600 3800 50
Mixtures
Hexadecane:
2-Methyl-
naphthalene 0.0 17000 12000 71
Kerosine ...... 0.05 6700 3400 51
Gas-oil ........ 0.05 3250 2650 85
Crudeoil ...... 0.05 6200 4400 71

4 Emulsions were prepared as described in Methods with Vg
of hydrocarbon of 0.01.

b Apparent stability is defined as the turbidity of the emul-
sion at 24 hr divided by turbidity at t = o times 100. Controls
for each hydrocarbon (without emulsan) yielded 24-hr tur-
bidity values that were less than 3 percent of the corre-
sponding values for the emulsan experiment.

¢ This experiment was performed at 35°C to avoid solidifica-
tion of the hydrocarbon.



sions were much higher than aliphatic hydrocarbon-

emulsions. Mixtures containing both aliphatics and
aromatics were invariably better substrates for emul-
san than the individual hydrocarbons by themselves.

For example, initial turbidities of 2-methylnaphtha-
lene and hexadecane emulsions (formed in the pres-
ence of 0.05 mg emulsan per ml) were 7600 and 3150,
respectively, whereas for the 1:1 mixture of the two
hydrocarbons the initial turbidity was 17,000; similarly
the stabilities of the individual hydrocarbons were 60
percent and 53 percent after 24 h, while the stability of
the emulsified mixture was 71 percent. Emulsions pre-
pared from each of the complex hydrocarbon mix-
tures—crude oil, gas-oil and kerosine—were stabilized
by 0.05 mg/ml emulsan.

Table 2 and Figure 1 compare two RAG-1 emulsifier
preparations with two polymeric emulsifiers, methyl-

cellulose and xanthan. Both emulsan and apoemulsan
(deproteinized emulsan) were more effective than the
two commercial emulsifiers in stabilizing hexadecane-
in-water emulsions over the entire concentration range
studied. It should be noted that native emulsan (con-
taining approximately 20 percent protein) is more
effective than apoemulsan in forming emulsions "
However, if the hydrocarbon-in-water emulsion is pre-
formed by ultrasound treatment, the protein does not
play a crucial role in emulsion stabilization. At a V;
of hexadecane of 0.01 and an emulsifier concentra-
tion of 0.1 mg per ml the turbidities of emulsions (after
standing for 120 h) stabilized by emulsan, xanthan and
methylcellulose were 1420, 160 and 155 K.U., respec-
tively (Fig. 1, initial period).

The lowering of turbidity may be the result of
(a) coalescence of the hydrocarbon droplets giving rise
to a complete phase separation, or (b) creaming of
stabilized hydrocarbon droplets which float to the sur-
face. In the case of creaming, the hydrocarbon droplets
would be expected to reform a homogenous emulsion
with similar stability characteristics upon gentle agi-
tation. The results summarized in Fig. 1 (second period)
illustrate the turbidities of partially broken emulsan
mixtures which were agitated by hand and subse-
quently allowed to stand for an additional 120 h.
Breakage of xanthan-stabilized emulsions was primar-
ily brought about by coalescence of oil droplets since
breakage could not be reversed. Upon gentle mixing
the turbidity rose only to 305 Klett units and then
dropped rapidly to 150 Klett units. Microscopic exam-
ination provided further evidence that breakage of
xanthan-stabilized emulsions was due to coalescence
rather than by flocculation. In contrast, breakage of
emulsan-stabilized emulsions was due to creaming,

TABLE 2—Stabilization of Hexadecane-in-Water
Emulsions by Different Emulsifiersa

Apparent Stability (Percent)

Emulsifier (0.02 mg/ml)  (0.05 mg/mi) (0.1 mg/ml)
Emulsan........ ... 13 63 74
Apoemulsan ....... 14 62 75
Methylcellulose .. .. 4 13 27
Xanthan........... 10 19 21

2 Experiments were performed as described in Methods with
a Vrof hexadecane of 0.01. Apparent stabilities of emulsions
prepared without emulsifier were less than 2 percent.
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FIG. 1—Stability and reversibility of hexadecane-in-water emul-
sions. The emulsions were prepared using 1 mg emulsan (@),
1 mg methylcellulose (M) or 1 mg xanthan (a) (see Methods).
After measuring the decrease in turbidities of the emulsions for
120 h, the samples were mixed gently by hand and turbidities
determined for an additional 120 h (second period).

since gentle mixing totally reversed the process. (2250
Klett units initially compared to 2300 Klett units after
mixing at 120 h.) It can be seen' that breakage during
the second period was similar to that which was
observed in the initial 120 h. Furthermore, cream
obtained by centrifugation of emulsan-stabilized emul-
sions readily became suspended in aqueous solution to
reform emulsions which did not differ significantly
from those obtained initially by ultrasonic treatment.
The methylcellulose-stabilized emulsion was an inter-
mediate case; breakage was due to both creaming and
coalescence. The hydrocarbon upper layer reformed an
emulsion when mixed with water to yield a turbidity
similar to that produced by ultrasonic treatment. How-
ever, emulsion breakage was much more rapid during
the second period than during the initial 120 h.

A photomicrograph of an emulsan-stabilized hexa-
decane-in-water emulsion is shown in Fig. 2 (lower

FIG. 2-—Light microscopy of hexadecane-in-water emulsions
stabilized by emulsan. Hexadecane (0.2 ml) in 10 ml TM buffer
was emulsified by sonic oscillation for 15 sec in the presence of
0.2 mg emulsan. The lower field shows the emulsion imme-
diately after sonic treatment; the upper field shows the cream
formed after several days standing. Magnification in both cases
is 389 X.
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field). Analysis of a number of such micrographs
yielded an average droplet diameter of 4.0 microns
when the weight ratio of hexadecane to emulsan was
155 (Fig. 3). Emulsions produced under similar condi-
tions yielded an average droplet diameter of 3.6 microns
when measured with a Coulter counter. Ninety percent
of the droplets had a diameter of less than 6.1 microns.
Upon prolonged standing the droplets rose and con-
centrated at the surface forming a cream (Fig. 2 upper
field). After standing for 1 week, the cream was sepa-
rated from the aqueous phase. Less than 10 percent of
the emulsan was found in the aqueous phase as deter-
mined both immunologically (see Materials and Meth-
ods) and by the standard emulsifier assay."”

The water content of the different samples of cream,
calculated from the density of the cream at 20°C com-
pared to the known densities of water and hexadecane
was found to be 40-60 percent. Following centrifuga-
tion at 8,000 X g for 40 min, more viscous creams were
obtained which consisted of about 65 percent hexadec-
ane and 35 percent water. Even after the centrifugation
procedure there was no coalescence of oil droplets. The
water content of the cream was also determined using
tritiated water as a tracer. With a Vi of hexadecane of
0.1 and an emulsan concentration of 0.5 mg per ml, the
resulting cream contained 43 percent water after
standing 3 days and 30 percent water after standing 10
days and then centrifuging at 8,000 X g for 30 min.

A qualitative experiment demonstrating binding of
the water soluble dye Rhodamine B to emulsan-stabil-
ized hexadecane droplets is shown in Table 3. When
the hexadecane emulsion was prepared in the presence
of both emulsan and Rhodamine B, the dye was ren-
dered nondializable for at least 24 h. However, the dye
was released during the first hour of dialysis if either
emulsan or hexadecane was omitted, or if the emulsion
was stabilized by methylcellulose instead of emulsan.
Even when much higher coricentrations of methylcel-
lulose were used to stabilize the emulsions, the dye was
not retained in the dialysis bag. Thus, Rhodamine
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FIG. 3—Size distribution of hexadecane-in-water droplets stabil-
ized by emulsan. Emulsions were prepared in 10 ml TM buffer
containing 0.1 ml hexadecane and 0.5 mg emulsan. Diameters
of 1724 droplets were determined from enlargements of
micrographs.

TABLE 3—Binding of Rhodamine B to Emulsified
Hexadecane Stabilized by RAG-1 Emulsan

Observation after 24 h of dialysisb

Inside Dialysate
Reaction mixture? (10 ml) (800 ml)
1. Complete ......... Intense pink, turbid Colorless
2. Complete minus
hexadecane....... Colorless, clear Faint pink
3. Complete minus
emulsan .......... Colorless,
two phases Faint pink
4. Complete minus
hexadecane and
emulsan .......... Colorless, clear Faint pink
5. Complete minus
emulsan plus 1.0
mg methyl-
cellulose . ......... Colorless, turbid Faint pink

a The complete reaction mixture consisted of 0.1 ml hexa-
decane, 1.0 mg emulsan and 0.1 mg Rhodamine B in a final
volume of 10 ml TM buffer.

b After exposing the mixture to sonic oscillation as described
in Materials and Methods, the entire volume was placedin a
cellophane bag and dialyzed for 24 h against 800 ml dis-
tilled water.
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FIG. 4—Adsorption of Rhodamone B to hexadecane-in-water
droplets stabilized by emulsan. Experiments were performed
with (a) V; of hexadecane of 0.01 and emulsan concentration of
0.1 mg per ml (x) or (b) V of hexadecane of 0.02 and emulsan
concentration of 0.02 mg per ml (o). Rhodamine binding was
measured spectrophotometrically following separation of the
“cream” from the aqueous phase (see Materials and Methods).



binding was a property of the emulsan-hydrocarbon
complex and not due simply to the greater hydrocarbon-
water interface.

Adsorption of Rhodamine B to hexadecane-in-water
droplets stabilized by emulsan was further investi-
gated by determining residual Rhodamine spectropho-
tometrically following separation of the cream from
the agueous phase (Fig. 4). At low concentrations of
Rhodamine, more than 80 percent of the dye was
adsorbed. Since the cream phase represented less than
5 percent of the total volume of liquid, the effective
concentration of dye into the cream was greater than
75-fold. At saturating concentrations of dye, about 2.2
umoles of dye were bound per 1.0 mg emulsan.

insert fig 4,5,6

The data in Fig. 4 were replotted according to the
Freundlich empirical adsorption equation' in loga-
rithmic coordinates. With initial dye concentrations
from 0.2 to 6 umoles, a straight line was obtained, indi-
cating a single type of binding. The apparent dissocia-
tion constant for the Rhodamine-emulsan complex was
3.4 > 1078,

The influence of pH on the binding of Rhodamine B
to hexadecane-in-water droplets stabilized by emulsan
is shown in Fig. 5. Below pH 4, the dye was desorbed
from the interface. Release of the dye was not a result
of emulsan coming off the oil-water interface (Fig. 6).
Emulsan remained bound to the oil droplets over the
entire pH range studied (pH 2-9).
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FIG. 5—Effect of pH on the adsorption of Rhodamine B to hexa-
decane-in-water droplets stabilized by emulsan. Experiments
were performed with emulsions containing V; of hexadecane of
0.01, emulsan concentration of 0.05 mg per ml and 0.1 mM
Rhodamine. pH of the mixtures was adjusted before the emul-
sion was formed by sonic oscillation. Rhodamine binding was
measured spectrophotometrically.

MICROBIAL ENHANCEMENT OF OIL RECOVERY

DISCUSSION

The data presented here demonstrate that emulsan,
the water soluble, extracellular bicemulsifier of Acine-
tobacter calcoaceticus RAG-1 stabilizes a wide variety
of hydrocarbon-in-water emulsions. The emulsan binds
tightly to the surface of hydrocarbon droplets, presum-
ably forming a strong polymeric film on the droplet
surface which prevents coalescence. This provides a
rationale for the previously reported finding that the
average size of hydrocarbon droplets formed in water
by mechanical agitation depended upon the weight
ratio of hydrocarbon to emulsan, rather than simply on
emulsan concentration.!” Furthermore, the tight bind-
ing of emulsan to hexadecane-water interfaces explains
the failure to find emulsan in clarified culture broths of
hexadecane-grown Acinetobacter RAG-1.

The stability-reversibility phenomenon, as sum-
marized in Fig. 2, may be considered to reflect the
affinity of the various emulsifiers for hexadecane drop-
lets; xanthan < methylcellulose < emulsan. This rela-
tionship may be due to the presence of hydrophobic
groups (or sites) on the structure of the three polysac-
charides. Emulsan is the most hydrophobic of the gel
polymers, containing C;» fatty acid side chains, in
addition to N-acyl groups.

From the weight ratio of hydrocarbon to bound
emulsan and the average droplet diameter (as deter-
mined by two independent methods—microscopy and
Coulter-counter techniques), it is possible to estimate
the thickness of the emulsan film around the oil droplet.
For a weight ratio of 155, the mean droplet diameter
was 3.8 microns. The volume of hexadecane per droplet,
VH’ s

.2

H’
where ry is the radius of the inner hexadecane sphere;
the volume of emulsan per droplet, Vy, is
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FIG. 6—Effect of pH on adsorption of emulsan onto hexadecane/
water interfaces. Experiments were performed with emulsions of
hexadecane V; of 0.01 and emulsan initial concentration of 0.05
mg per ml. Residual emulsan in the aqueous phase was deter-
mined immunologically (see Materials and Methods).
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where rr = 1.9 microns is the radius of the total droplet
(hexadecane sphere plus emulsan shell).

Dividing,
Ve _ ot
VE 686 - ].’H3 N
] Vg _ my dg
also, — = ——
Vg mgdy

where the ratio of masses mp/mg = 193 (corrected for
fraction of emulsan bound) and the densities of emul-
san and hexadecane are 1.404 and 0.773 g/cm?
respectively.!

Vi o
VE 6.86 — I'H:i

or ry = 1.898 microns and the thickness of the emulsan
film, rp — ry, equals 0.002 microns or 20 A. In the same
way, for a weight ratio of hexadecane to emulsan of 39
which gave a mean droplet diameter of 2.0 microns, it
was found that the film thickness was 42 A. These
values are minimum estimates since th\\ey assume the
tightest possible packing of the emulsan molecules.
The data are consistent with early results showing that
polysaccharides tend to lie flat on the oil-water inter-
face.'In general, coalescence is inversely related to the
thickness of the film formed on the droplet; strong poly-
meric films with a thickness greater than 5 A have been
shown to prevent coalescence?

=350.5=

Hexadecane droplets stabilized with emulsan can
be separated from the bulk water phase by centrifuga-
tion. We refer to this cream phase, consisting of small
hydrocarbon droplets coated with emulsan and water,
as “emulsanosol.” With a weight ratio of hexadecane
to emulsan of 155, the resulting emulsanosol contained
30-50 percent water. Not surprisingly, emulsanosols
have properties characteristic of neither the pure hydro-
carbon nor aqueous solutions of emulsan. One such
interesting property is the ability to bind and thereby
concentrate the water-soluble dye Rhodamine B. At
saturating concentrations of the dye, 2.2 umoles were
bound per mg emulsan in the emulsanasol. Since emul-
san contains only 1.5 micro equivalents of carboxyl
residues per mg,!* simple ionic binding between the ter-
tiary amine groups of Rhodamine and the carboxyl
groups could not explain the phenomenon. Rather, a
particular conformation of emulsan on the interfacial
film in contact with the hydrocarbon may better
explain the binding properties of emulsanosols.

The fact that the anionic nature of emulsan also
plays a crucial role in binding Rhodamine can be
inferred from the observation that protonation of the
carboxyl group of emulsan (pk = 3.05) blocked dye
binding.
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In applications of microbiology, the most distinctive
element is usually the biological one: the exploitation
of a living organism for the manufacture of a useful
substance. The methods of genetic engineering prom-
ise to increase the efficiency and the versatility of the
organisms even further. It must be kept in mind, how-
ever, that a biological process can attain its full utility
only when it is adapted to a context of production.

A certain environment needs to be maintained in a
reactor in order to favor the desired biochemical trans-
formations of the raw material. It follows that the or-
ganism with its biological potential is only one factor
in the success of a process; the contribution of process
engineering is also essential. In relation to biosurfac-
tant production, the ultimate aim is a maximum con-

ey
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FIG. 1—Basic design of a completely filled bioreactor. The con-
struction consists of a stirrer, a foar separator and a draft tube.
The arrows in the reactor mark the circulation of the culture
liquid.

version of the carbon source into the surface-active
compound.

The organism—The bacterial strain Rsan ver
(Pseudomonas sp.) was isolated from soil samples from
the vicinity of an oil refinery. Table 1 shows some of the
substrates assimilated by the strain. The most impor-
tant property of this isolate was that it produced
surface-active compounds equally well when growing
on the expense of glucose or hydrocarbon. The produc-
tion of biosurfactants from carbohydrate substrates
offers some advantages as compared to hydrocarbon
substrates. From an engineering point of view, hydro-
carbon substrates require more sophisticated equip-
ment and more power input in order to achieve an
adequate dispersion of the insoluble hydrocarbons.
Biologically, carbohydrate-grown cells are easier to
handle. These were the principal reasons for the further
consideration of Rsan ver in biosurfactant production.

The bioreactor—A major problem in cultures with
a biosurfactant producing microorganism is the exces-
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FIG. 2—Growth of Rsan ver in batch culture with glucose as the
carbon source.
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sive foam formation. With the conventional flat blade
turbine, the cultivation of Rsan ver could not be carried
out because of foam formation. With the completely
filled bioreactor (Fig. 1) where a foam separator be-
longs to the standard equipment, it was possible to
carry out the culture of the biosurfactant producing
organism.

Batch culture—The growth of Rsan ver is shown
in Fig. 2. Glucose is used with the concomitant forma.-
tion of biomass. The maximal growth rate was approxi-
mately 0.35 h!. The O, uptake rate was between 3.5
and 11.3 mmol g=* h'! and the CO, production rate in
the range of 7.5 and 16.8 mmol g! h'! yielding RQ
values between 1.5 and 2.0. The yield of biomass with
respect to glucose was at 40 percent relatively iow.
When the culture was left for a further 12 h, after
exhaustion of glucose the biomass decreased only
slightly, indicating a slow autolysis of the cells.

Surface tension, interfacial tension, recipro-
cal CMC—When the medium was inoculated, there
was an immediate drop in surface tension from the
value of water (72 mNm-') to approximately 32 mNm!.
The interfacial tension and the surface tension re-
mained low during the whole cultivation time (Fig. 3).
The course of the reciprocal CMC indicates that sur-
face active compounds are formed during the growth of
Rsan ver. It is low after inoculation, which is a conse-
quence of the diluting effect accompanying the inocu-
lation. During the growth it increases steadily and
reaches a maximum when the maximal biomass con-
centration is reached. It is remarkable that the recipro-
cal CMC drops only slightly when the cells are kept in
the bioreactor after glucose is consumed completely.
This indicates that the produced biosurfactant is not
used by the cells under starving conditions. The recip-
rocal CMC is relatively low, but one has to consider
that only 1 percent glucose was used as a carbon source.

Carbon recovery in the spent medium—From
the culture liquid, the cells were separated and the dis-
tribution of carbon determined by total carbon analy-
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FIG. 3—Development of surface tension, interfacial tension and
reciprocal CMC during the growth of Rsan ver in batch culture.

TABLE 1—Properties of the Organism Used for
Biosurfactant Production

Surface-Active

Substrate Growth Compounds
GlucoSe. ..ot et -+ +
Hydrocarbon .......cooveevvnneann. + +
Acetate....... ..., + n.d.
Citrate ....coviveee i + n.d.

n.d.: not determined

TABLE 2—Growth Parameters and Properties of the
Culture Liquid Relevant to Surfactant Activity as a
Function of Dilution Rate

Qo0, Qco,

b x s (mmole RO ST T cmct Cproa

() (@Y (@l eglh) () (mNml) - (@)

0.16 171 016 9.0 151 1.68 44 13 1 0.02
019 171 0.13 13.6 19.0 140 42 125 1 0.01
0.22 168 0.12 16.0 22.2 1.38 45 140 1 0.03
0.25 1.81 0.26 14.6 20.7 142 35 55 3.0 0.17
0.28 1.81 0.74 153 229 150 35 55 4.2 019

ST, surface tension; IT, interfacial tension; CMC-1, reciprocal
critical micelle concentration; X, biomass; 8, substrate; QO2
and QCOQO2, oxygen uptake rate and CO2 production rate
respectively; RQ, respiratory quotient; D, dilution rate; Cprod,
carbon in product.

sis (Fig. 4). The curve of the total carbon in the medium
versus time declined more slowly than that of the car-
bon in glucose. This indicates that a product is formed
by the cells. After having reached a peak at the end of
growth, it amounts to about 15 percent of the total car-
bon present at the beginning of the culture. These ob-
servations are in accordance with the relatively low
yield in biomass mentioned above.

Continuous culture—The growth experiments
were expanded to continuous culture in order to inves-
tigate the kinetics of growth and biosurfactant produc-
tion. The results are summarized in Table 2. Regarding
the results of the continuous culture, it becomes ob-
vious that the surfactant production was practically
absent at low dilution rates. The surface tension and
the interfacial tension were lowered to 42 to 45 mNm™!

4,01
30 o Total carbon in spent medium
—~ @ Carbon in glucose
=S o Carbon in product
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o
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FIG. 4—Distribution of carbon in the spent medium of Rsan ver
during growth in batch culture.



and 12 to 14 mNm™! respectively with the spent me-
dium of the continuous culture, as compared to approx-
imately 30 mNm™ and 2 mNm! in the batch culture.
The batch results were only approximated when the
dilution rate approached the maximum growth rate
from the batch culture, which was 0.35 h'l. It is also
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noteworthy that only 5 percent of the carbon of the
substrate was converted to the product, which is again
significantly lower than the batch culture (Fig. 4).
These results form the basis for subsequent work in
which a maximal productivity of biosurfactant is the
aim.



The Effect of HLB on the
Surface Activity and Bitumen Extraction
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ABSTRACT

Synthetic nonionic surfactants (Pluronic) were
added to the growth media of Corynebacterium fasci-
ans. The effect of surfactant hydrophile-lipophile bal-
ance (HLB) on bitumen recovery and surface activity
of C. fascians was examined. The highest total bitu-
men recovery by hexadecane grown bacteria occurred
at HLB values of 5.5 and 16. Hydrophobic values (HLB
0.5 to 11) stimulated the growth and surface activity of
C. fascians grown on water soluble substrates such as
sucrose. HLB values of 0.5, 16, and 29 improved the
emulsification properties of the sucrose grown bacteria.

Membrane filtrates of culture broths to which the
surfactant 1,92 had been added showed that the bac-
terial cells per se contribute highly to the total surface
activity of the culture. Combination of substrates such
as sucrose and glycerol did not appear to affect the
growth or surface activity of bacteria, although in-
creasing the glycerol concentration improved bacterial
emulsification of kerosine and water.

INTRODUCTION

Surface active agents, or surfactants, added to in-
jection waters in oil bearing formations facilitate sev-
eral enhanced oil recovery methods. Surfactants assist
in the release of oil from the rock pores by lowering the
oil-water interfacial tension with respect to the oil-
mineral interfacial tension. Thus, the surface activity
displayed by a microbial culture is a primary consider-
ation when assessing a microorganism for use in en-
hanced oil recovery. The surface activity observed in
cultures may be caused by biosurfactants synthesized
by microorganisms! or by the surface behavior of the
microbial cell 23

Biosurfactants have several distinct advantages
over synthetic surfactants in the context of enhanced
oil recovery. Biosurfactants have been shown to resist
the adverse effects of divalent cations (eg: Ca?" and
Mg2*) and sodium chloride which are present in reser-
voir waters.*? In addition, biosurfactants are poten-
tially less toxic and are generally biodegradable.*f
These are important considerations since they limit
ground water pollution.

Cultures of Corynebacterium fascians have been
shown to display considerable surface activity and
emulsification and demulsification ability when grown
on hydrocarbons.” Low surface and interfacial ten-
sions and high reciprocal eritical micelle concentra-
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tion? (a measure of surfactant concentration) indicate
that C. fascians is a good candidate for use in en-
hanced oil recovery.

It is also known that the presence of nonionic sur-
factants influences the ability of microorganisms to
utilize hydrophobic substrates such as paraffinic hy-
drocarbons® and even the insecticide 2,4-D.? Studies of
surfactant properties have indicated that the influence
is dependent on the hydrophile-lipophile balance
(HLB) of the added surfactants 3 HLB is an empirical
index running from 0.1-40 characterizing the relative
hydrophilicity and hydrophobicity of a surfactant.’?
Low numbers reflect hyvdrophobic surfactants while
high numbers reflect hydrophilic surfactants. The
HLB of nonionic surfactants can also influence the
physical deemulsification of heavy oil, water, and clay
mixtures.!

The experiments described in this paper examine
the effect of surfactant HLB on the surface activity and
bitumen recovery capability of C. fascians. Bacteria
were grown in the presence of nonionic polyol (Plu-
ronic) surfactants ranging in HLB from 0.5 (most hy-
drophobic) to 29 (most hydrophilic). The effect of HLB
on bitumen extraction, growth and surface activity
was studied using hexadecane as the sole carbon
and energy source for the bacteria. Surface activity,
growth, and emulsion characteristics were also studied
using sucrose and the sole carbon and energy source.

Hexadecane was replaced by sucrose in this case in
order to investigate the effects of HLB on C. fascians.
The presence of the water insoluble substrate, hexade-
cane, adds a mass transfer challenge (i.e.: hexadecane
emulsification)’? to the fermentation system which
may obscure cellular HLB effects. Also included are
experiments examining the effect of varying two hy-
drophilic substrates (a carbohydrate and a polyalco-
hol), sucrose and glycerol, on the growth, surface activ-
ity and emulsion properties of C. fascians.

MATERIALS AND METHODS

The microorganism chosen for these studies, C. fas-
cians ICPB CF 15, was obtained from the Interna-
tional Collection of Phytopathogenic Bacteria. The
tests described herein were performed with both C. fas-
cians cultures and uninoculated media.

Inocula of 2 percent (v/v) of C. fascians broth cul-



tures were added to 100 ml of a mineral salts basal
media using 4 percent (w/v) of hexadecane, sucrose, or
glycerol as carbon sources. The mineral salts basal
media consisted of NH,NOQs, 4 g/1; KH:PO;4, 4 g/I;
NazHPOQq, 6 g/1; MgS0,, 0.2 g/1; CaCl: 2H:0, 0.001 g/1;
FeSO; TH20, 0.001 g/1; Na;EDTA, 0.0014 g/1; yeast ex-
tract (Difco), 1 g/1; and one liter of deionized water (pH
7.0). In the bitumen recovery experiments, hexadecane
was the sole carbon source.

In further HL.B experiments, sucrose was used. In
substrate variation experiments, sucrose, glycerol, and
mixtures of both were used. Pluronic polyol nonionic
surfactants (Wyandotte) were added to hexadecane
containing media at concentrations of 0.1 percent
(w/v). In sucrose containing media, the same surfac-
tants were added at 0.05 percent (w/v) concentrations.
The surfactants used were the Pluronics 1121, 192,
Lé3, 162, 144, and F68, having respectively HLB
values of 0.5, 5.5, 7, 11, 16 and 29.

All cultures of C. fascians and control media were
incubated in 500 ml shake flasks at 25°C for 48 h,
shaken at 200 rpm. Biomass was determined by centri-
fuging 10 ml of the 48 hour culture at 5°C and 15,000
rpm for 10 min. Sedimented cells were resuspended in
10 ml of 0.85 percent (w/v) saline and recentrifuged to
wash the cells. The washed cells were resuspended in 5

ml of water, transferred to pre-weighed pans, and dried
in an oven (100°C) for 18-24 h. Biomass was then de-
termined as dry weight. pH of media was determined at
the termination of each experiment.

Bitumen extraction tests were performed in a low
shear extraction model® The extraction system con-
sisted of 4 g of Utah tar sands (Triangle Area) and 50
ml of deionized water in a 500 ml shake flask. To this
flask was added 8 ml of hexadecane grown C. fascians
culture or 8 ml of control medium. Incubation pro-
ceeded, as described above, and resulted in the separa-
tion of bitumen into four fractions. Fraction one was
the surface oil, collected by skimming the liquid sur-
face with silicone coated glass fiber (Prosil).

Fraction 2 was reduced tar sand, also called en-
riched tar balls, collected by straining the liquid
through a 40 mesh brass screen. Fraction 3 was the
remaining sand and clay, collected on Whatman No. 41
filter paper. Fraction 4, the emulsified bitumen remain-
ingin the filtrate, was extracted with toluene. The bitu-
men content of each fraction was determined by ex-
tracting with toluene, evaporating the toluene at 92°C,
and measuring the remaining bitumen as dry weight.

The surface activity of the cultures and control
media was determined by use of a duNuoy type ten-
siometer (Fisher). The surface activity measured
includes surface tension, interfacial tension against
hexadecane, and CMC-!. The critical micelle concen-
trations (CMC) were determined by monitoring the
decrease in surface tension as a function of increasing
culture or control medium concentration. The point at
which no further decrease in surface tension can be
induced by increasing concentration is the CMC. The
reciprocal form, CMC-!, is reported and is used to
represent the relative concentration of surfactant.

Emulsion formation and the property of demulsifi-
cation by C. fascians culiures and control media were
measured by determining emulsion decay half lives
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(ti2). Two kinds of kinetics, so-called fast and slow
kinetics, are observed in emulsion breakage. Only the
slow kinetic half lives are reported herein: i.e., only
that demulsification taking place after 30 min. The
expression:

—log 2 (hrs)

ti2 = d(log percent Emulsion)
dt

is used to determine half lives (ti,2) assuming first order
decay kinetics.

Emulsification tests were prepared by adding 1 ml
of culture or control medium to a test tube containing 4
ml of water and 5 ml of kerosine. The contents were
then vortexed at speed 6 for 60 sec. Demulsification
tests were conducted using 4.5 ml of water, 0.5 ml of
1 percent (w/v) Pluronic P104 surfactant and 5 ml of
kerosine in a test tube. Aliquots of 1 ml of culture or
control medium were tested as demulsificants and the
contents are vortexed as described above.

Cells were removed and filtrates prepared using
0.45u membrane filters and Millipore apparatus cou-
pled to 500 ml suction flasks. The viscosity of cultures
and control media was measured with a Brookfield vis-
cometer at 16°C and 100 rpm using a No. 2 spindle,

RESULTS

The total bitumen separation from 4 g samples of
Utah tar sands by cultures of C. fascians peaked at
HLB 5.5 and 16, respectively 166 mg and 149 mg (Table
1). The amounts of bitumen extracted should be com-
pared to the amount of bitumen present in 4 g of Utah
tar sands as determined by pentane and heptane ex-
tractions. This amounted to 200 mg of bitumen. The
peak oil recovery observed at HLB 5.5 and 16 correlates
well with maximum biomass production at HLB 5.5
and 16. Maximum biosurfactant production as reflected
by CMC-! values for bacterial cultures were also
observed at HLB 5.5 and 16 (Table 2). One should note
that the uninoculated control of HLB 11 gave excellent
extraction values of
bitumen.

Growth of C. fascians on hexadecane gave fairly
uniform reductions in surface tension regardless of
HLB. In most instances the surface tension was ap-
proximatlely 30 mN/n. The interfacial tension against

TABLE 1—Extraction of Bitumen from
Utah Tar Sands by C. fascians Cultures and
Control Media as a Function of HLB.

Wt Bitumen Recovered by

C. fascians Cultures Uninoculated Contrel Medium

Surface Reduced Emulsified Surface Reduced Emulsified

0il Tar Sand Bitumen Total 0il Tar Sand Bitumen Total
HLB mg mg mg mg mg mg mg mg
0.5 79 15 4 98 66 24 0 90
55 78 72 16 166 96 8 2 106
11.0 56 42 19 117 145 21 4 170
16.0 74 74 1 149 42 25 1 68
29.0 52 20 1 73 44 26 2 72




Microbes and Their Metabolites

TABLE 2—The Effect of HLB on the Surface Activity
of C. fascians Cultures and Control Media

Surface Activity of

Control Media
vs(mN/m) ;(mN/m} CMC-!

C. fascians Cultures
HLB  yg(mN/m} +(mN/m) CMC-!

05 300 1.8 1 28.5 1.7 1
55  30.6 1.2 15 33.5 5.1 20
11.0  36.2 8.7 )3 37.0 9.0 1
16.0 29.6 2.2 55 44.6 15.5 5
29.0 304 1.9 5 46.4 16.5 5

Surface tension is y4 and interfacial tension is v (measured
against hexadecane).

TABLE 3—The Effect of L92 Surfactant
on the Surface Activity of Whole Cultures

Biomass

Sample  yg(mN/m) v(mN/m} CMC-1 pH (g/100 ml)

Culture  Whole 38.8 4.2 157.0 5.5 0.5713
Broth+  Filtrate 404 54 1.9 54 —
192 Control 39.8 5.3 17.8 6.4 —

Culture  Whole 61.1 20.2 1 5.7 0.4683
Broth, no Filtrate 66.9 26.5 1 57 —
L92 Control 65.9 30.1 1 65 —

added

Cultures (Whole), culture filtrates (Filtrate), and uninoculated
control media (Control). Surfactant containing cultures are
compared to surfactant free cultures.

1 .
w0 /Buumen released by
! control media ]
150 Bitumen released by
_ C. fascisns cultures
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TOTAL BITUMEN RELEASED
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70

15
HLB

FIG. 1—The effect of HLB of the medium on the recovery of
bitumen from Utah tar sands by Corynebacterium fascians.
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hexadecane ranged from 1.2-2.2 mN/m with a slightly
higher value observed at an HLB 11. I't is important to
compare the uninoculated medium controls with the
production flagsks in Table 2. In general C. fascians
tends to reduce v and 7;; however, increased growth
does not always show increased levels of surfactant as
reflected by CMC.

The formation of biosurfactants by microbes is in
general believed to be induced by the addition of an
insoluble hydrocarbon substrate. Most microbes pro-
ducing biosurfactants grow on both hydrocarbon and
carbohydrate substrates. Very few studies report on
biosurfactant production from carbohydrates. Thus a
comparison was made of the surface properties of
broths of C. fascians which had been grown upon
either hexadecane or sucrose and/or glycerol. This
study included examining the effect of HLB upon cells
grown upon carbohydrate containing media.

Culture broths prepared by growing C. fascians on
sucrose in the low HLB ranges of .5-10 were far better
in giving systems which produced the lowest surface
and interfacial tensions (Fig. 1). The lowest surface
and interfacial tensions were observed at HLB’s of 0.5
and 5.5. Microbial growth of C. fascians on sucrose at
these low HLB values tended to increase the y; and v
over the controls. This was not true for culture broths
receiving Pluronics at HLB 7 or greater. At the higher
HLB’s the surfactants induce cells to produce compo-
nents which reduced surface and interfacial tensions
below control values. Thus in C. fascians the biosurfac-
tant property appears to be induced both by hydrocar-
bons and surfactants (Fig. 1).

Several other growth parameters were also mea-
sured. Biomass production was far greater for C. fas-
cians at low HLB's (.77 g/100 at HLB of 0.5). In general
the higher the HLB, the poorer the growth (Fig. 2). The
terminal pH of the broths tended to increase with HLB.

Surface tension, control media

30t e——e  Surface tension, C. fascians cultures
O-——DO Interfacial tension, control media
®——8& Interfacial tension, C. fascians cultures

TENSION (mN/m}

30

15
HLB

FIG. 2—The effect of HLB of the medium on the surface and
interfacial tensions of cultures of C. fascians and medium
controls.



At an HLB of 5.5 the terminal pH of the broth was 5.3,
whereas at HLB of 29 the terminal pH was 5.8. At HLB
values of the media of 0.5-11 the amount of biosurfac-
tant produced was far greater than at HLB’s > 15 (Fig.
3). This is reflected in the reciprocal CMC values shown
in Fig. 3. Emulsification and demulsification were de-
termined at each HLB (Fig. 4). Both were evaluated by
examining emulsion stability which was expressed in
terms of t,,, (half-life, h).

Demulsification was greatly improved by C. fasci-
ans (Fig. 4) at all HLB’s. The best demulsification was
achieved at HLB 11 which gave a t;,, of 8 h, Emulsion
stability was improved by C. fascians over media con-
trols, with or without added surfactant. Culture emulsi-
fication was especially improved at high HLB’s (>15)
while a decrease was especially noted at HLB of 5.5. As
one would expect if the system is a good demulsificant,
its properties of emulsification are limited.

C. fascians was cultivated on mixtures of sucrose
and glycerol as shown in Fig. 5. As the weight to vol-
ume ratio of sucrose and glycerol shift from a predomi-
nance of sucrose to a predominance of glycerol, the v,
and v; values tend to pass through a minima at 3 per-
cent sucrose and 1 percent glycerol to a slight maxima
at 1 percent sucrose and 3 percent glycerol. In general,
mixtures of these substrates do not contribute to the
production of surface active properties by C. fascians.
Cells of C. fascians were cultured on sucrose both in the
presence and absence of L92 surfactant.

Under these growth conditions cells cultivated in
the presence of L92 are far more surface active. This is
reflected by a CMC! of 197 and a low +; of 4.2 mN/m
(Table 3). When these cells are removed by filtration the
v; increase to 5.4 mN/m and the CMC-! decreased to
1.9. In culture broths to which no L.92 was added the +;
of the whole broth was 20.2 mN/m. Other surface
properties of cells and broth in these systems were
uninteresting.

DISCUSSION AND SUMMARY

In evaluating broth of C. fascians in the cold water
extraction of bitumen from Utah tar sands, the best
extractions were achieved at HLB 5.5 and 16. These
results may be related to the required HLB number for
emulsification of the oil phase. For kerosine the re-
quired HLB number to form stable w/o emulsions is 6,
and for o/w emulsions the reauired HLB number is 12
(reference 14). For mineral oil {paraffinic) the numbers
are 6 and 10 respectively. The best extraction at HLB
values of 5.5 and 16 are thus typical of the required
HLB for emulsifying an oil phase.
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FIG. 3—The effect of HLB of the medium on biomass and change
in pH in a sucrose medium inoculated with C. fascians.
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FIG. 5—The effect of HLB on the emulsification and de-
emulsification properties of C. fascians cultivated on a sucrose
medium.
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At HLB 11, the extraction of bitumen was much
higher with the growth medium alone than with cul-
ture broth. C. fascians cultured in the presence of
Pluronic surfactants with HLB’s from 0.5 to 29
showed that surfactants did in general reduce surface
tension except at HLB’s of 0.5 and 5.5. However, at the
low HLB's more surfactant was synthesized than at
higher HLB’s. Biomass production was favorable over
an HLB range of 0.5 to 11 with the lowest biomass pro-
duced at an HLB of 29. The property of demulsification
was favored at HLB’s of 5.5, 7.0 and 11.

Cells of C. fascians did not have to be cultivated on
hexadecane to produce cells with surface active proper-
ties. It was shown that cells cultivated in sucrose in the
presence of Pluronic surfactants were very surface ac-
tive. Thus it would appear that surface active agents
can have a profound effect upon both the ability of
cells to produce biosurfactants as well as the HLB
properties of the cell surface per se.
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NOMENCLATURE
CMC = Critical micelle concentration
CMC-! = Reciprocal critical micelle concentration
vs = Surface tension (liquid-vapor interface)
v = Interfacial tension (aqueous-hexadecane
interface)
HLB = Hydrophile-lipophile balance
p = Viscosity
t = Time (hours)
t,» = Emulsion decay half-life
= log 2
d(log percent Emulsion)
dt
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ABSTRACT

Two general types of interaction between micro-
organisms and hydrocarbons have been postulated:
(A) adherence of cells directly to large oil droplets and
(B) release of extracellular surfactants or emulsifiers
that greatly increase the hydrocarbon:aqueous inter-
facial area. In the case of the hydrocarbon-degrading
Acinetobacter calcoaceticus RAG-1 both types of inter-
action are operative; cells adhere avidly to test hydro-
carbons (xylene, octane, hexadecane and crude oil) and
also produce a potent polyanionic emulsifier referred to
as emulsan. Mutants of A. calcoaceticus RAG-1 defi-
cient in emulsan synthesis are still able to adhere to
hydrocarbons and grow on hexadecane or crude oil as
the sole source of carbon and energy. However, mutants
of A. calcoaceticus RAG-1 unable to adhere to hydro-
carbons also failed to grow on hydrocarbon substrates.

It was demonstrated that adherence is a prerequisite
for growth on hexadecane under two conditions: low
initial cell density and limited emulsification of the
substrate. Such conditions prevail in most natural
environments. On the other hand, bioemulsification is
a cell density dependent phenomenon. Relatively high
cell densities are required to produce enocugh extra-
cellular emulsifying agent to markedly affect the
hydrocarbon substrate.

Adherence of microorganisms to hydrocarbons
is neither an exclusive property of hydrocarbon-
degrading microorganisms nor restricted to those
hydrocarbons that the microorganism can metabolize.
For example, Staphylococcus aureus, Serratia marces-
cens and Streptococcus pyogenes adhered avidly to test
hydrocarbons as a result of their high cell surface
hydrophobicity, but were unable to metabolize any of
the hydrocarbon substrates tested. A. calcoaceticus
RAG-1 can grow on alkanes, but not aromatics; how-
ever, it adhered equally well to both substances. Fur-
ther, certain bacteria that have the genetic potential to
degrade hydrocarbons, e.g., Pseudomonas aeruginosa,
adhere poorly to hydrocarbons. It follows that intro-
duction of hydrocarbon-degrading plasmids into micro-
organisms with low cell surface hydrophobicity may
not lead to cells that interact well with hydrocarbons in
open systems.

INTRODUCTION

The importance of cell adherence in growth physi-
ology of many bacterial species is well documented.
For example, Caulobacter cells divide only after they
attach to solid surfaces.? The initial step in the life
cycle of Bdellovibrio is attachment to Gram-negative
bacteria®4! Specific cell-to-cell interactions pervade
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the entire life cycle of the myxobacteria.®3 Adhesion is
a prerequisite to the successful colonization by micro-
organisms of animals® and plants.!® Microbial adhe-
sion to surfaces has been the subject of several recent
reviews.61718.19,24

In cases where the carbon or energy source is a
water-insoluble material, such as cellulose, or chitin,
bacterial adhesion can facilitate growth,!3840 but cell
contact is not an absolute requirement because extra-
cellular enzymes can degrade these polymers into
water-soluble substrates. However, growth of micro-
organisms on hydrocarbons presents a special prablem
since not only are hydrocarbons immiscible with water,
but also their breakdown cannot occur extracellularly.

The first step in aromatic!? or aliphatic?’ hydrocarbon
degradation is introduction of molecular oxygen into
the molecules by cell-associated enzymes.1?

Two general types of hydrocarbon-cell interactions
have been postulated, depending upon the state and
size of the oil droplets relative to the size of the micro-
bial cells:!5 adherence of cells to large oil droplets and
pseudosoclublization involving the cellular assimilation
of emulsified small hydrocarbon droplets. The relative
contribution of these two types of interactions to the
growth of bacteria on hydrocarbon has been difficult to
ascertain experimentally, The frequently observed re-
lationship. between hydrocarbon: aqueous interfacial
area and growth rate can be used to support either
hypothesis.22

Adherence and growth of microorganisms on hydro-
carbons is one example of a wide spectrum of phenom-
ena in which bacterial hydrophobicity and adherence
to hydrophobic surfaces are involved. The hydrophobic
nature of the outermost bacterial surface has been cited
as a factor in the partitioning of microorganisms at the
air:water interface*'? in adherence of bacteria to non-
wettable plastic surfaces,"?1 %! and in the attachment

of bacteria to phagocytes*? and other mammalian
cells 2253337

We previously described a rapid and quantitative
method for the measurement of bacterial adherence to
hydrocarbons?2* The present report deals with the use
of this technique in (1) examining the cell surface hy-
drophobicity of various bacterial species, some of which
do not metabolize hydrocarbons, and (2) selecting and
isolating non-adherent mutants. The isolation of a
non-adherent mutant of the hydrocarbon-degrading
bacterium Acinetobacter calcoaceticus RAG-1 has
enabled us to examine the role of adherence in bacterial
growth on hexadecane.
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MATERIALS AND METHODS

Bacterial strains—Tables 1 and 2 contain a list of
bacteria used in this study. Acinetobacter calcoaceticus
MR-481 is a non-adhering derivative of strain RAG-1.

Media and growth conditions—For measuring
adherence to test hydrocarbons or preparing inocula
for growth experiments, 0.1 ml bacteria of an overnight
culture were inoculated into 50 ml growth medium and
incubated in a New Brunswick Model G-53 gyrotory
shaker at 150 rpm at 30°C. Cells were harvested at the
end of exponential phase, washed twice and resus-
pended in PUM buffer (22.2 g K,HPO,-3H,0; 7.26 g
KH,PO,; 1.8 g urea, 0.2 g MgS0,-7H,0, and distilled
water to 1000 ml, pH 7.1). Growth media were: BHI—
brain heart infusion broth (Difco); hexadecane medi-
um—PUM bhuffer supplemented with 0.2 percent (v/v)
hexadecane (olefin-free, 99 percent purity, Fluka, Swit-
zerland). P-hexadecane medium—5 g NH,NO; , 25 g
K;HPQ,, 1 g MgS0,-7H,0, 2 ml hexadecane, 50 mg
threonine and tap-water to 1000 ml; NB-—nutrient
broth (Difco) supplemented with 0.5 percent NaCl. CT
medium contained 1 percent casitone (Difco) and 0.2
percent MgSQ,-7H,0.%°

In the growth experiments, washed cells of RAG-1
and MR-481 were inoculated into acid-washed Klett
tubes (14 mm diameter) containing 4.2 ml aqueous
medium to give an initial turbidity of 5 Klett units.
Acetate growth medium consisted of PUM buffer sup-

plemented with 0.2 percent sodium acetate. Hexadec-
ane growth medium consisted of 0.5 ml hexadecane
(olefin-free, 99 percent purity, Fluka, Switzerland) lay-
ered onto 4.2 ml of PUM buffer. The test tubes were
incubated upright in a New Brunswick gyrotory water
bath shaker (Model G-76) at 330 rpm at 30°C. Turbidity
was monitored directly in the growth tubes by means
of a Klett-Summerson colorimeter fitted with a green
filter.

Adherence to hydrocarbons—The technique for
measuring adherence of bacteria to hydrocarbons has
been described previously?* Cells were washed twice
and resuspended in PUM buffer to an initial A, of
approximately 1.5. Various volumes of the test hydro-
carbons (n-hexadecane, n-octane, or p-xylene) were
added to round-bottom acid-washed test tubes (10 mm
diameter) containing 1.2 ml of washed cell suspension
and the phases were vortexed uniformly for 120 sec.
After allowing 15 min for the phases to separate, the
absorbence of the lower agueous phase of each tube
was measured at 400 nm (Gilford model 240 spectro-
photometer, 1 em light path). Adherence was calculated
as the percentage loss in absorbence relative to that of
the initial cell suspension.

Isolation of the non-adherent mutant MR-481—
A spontaneous mutant of RAG-1 which is deficient in
its ability to adhere to hydrocarbons was isolated by
the following technique: RAG-1 cells were inoculated
into 50 ml nutrient broth medium (NB) and incubated
in a New Brunswick model G-53 gyrotory shaker at 150
rpm at 30°C. Cells were harvested in stationary phase
following 18 hr growth, washed twice and resuspended
in PUM buffer to an A4 of approximately 1.5. To 5 ml
of the cell suspension were added 2 ml of n-octane, and
the phases vortexed for 5 min. Following phase separa-
tion, the lower aqueous phase was transferred to a sec-
ond test tube. Octane was again added and the phases
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were mixed as described previously. This extraction
process was continued until cells in the lower aqueous
phase were too few to be visible under microscopic
examination. This final aqueous phase served as the
inoculum for a second nutrient broth culture which was
grown to stationary phase as previously described.
Cells were again harvested, washed and extracted with
octane; the final agueous phase was then inoculated
into a third nutrient broth culture. After four such
growth and extraction cycles, considerable turbidity
remained in the aqueous phase, even following several
extraction attempts with octane. The final aqueous
phase was plated on nutrient agar, and three individual
colony types were isolated and tested for adherence to
hydrocarbons. One clone of cells, termed MR-481, ex-
hibited no significant affinity towards the test hydro-
carbons, and was chosen for further study.

Emulsan preparation—The general method for
preparing the extracellular emulsifying agent of A.
calcoaceticus RAG-1, referred to as emulsan, was de-
scribed previously® The particular preparation used in
this study was further purified by precipitating an
aqueous sclution of emulsan with cetyltrimethylam-
monium bromide (BDH Chem. Ltd.), redissolving the
precipitate in 0.5 M Na,S0,, and dialyzing extensively
against distilled water. The material was then depro-
teinized by the phenol method*® and dialyzed. The final
product had a reduced viscosity of 490 cc per g, an
emulsifying activity of 150 units per mg, an ester con-
tent of 0.5 ymoles per mg and contained less than 0.5
percent protein. This emulsan preparation was dis-
solved in PUM buffer (2 mg/ml) and sterilized by auto-
clave prior to its addition in the growth experiments.

RESULTS

Bacterial adherence to hydrocarbons —The
basic assay for bacterial adherence t hydrocarbons is
illustrated in Fig. 1.

The assay was performed with varying volumes of
3 test hydrocarbons, n-hexadecane, n-octane and
p-xylene. Following phase separation the turbidity of
the lower agueous phase was compared to that of the
initial suspension. When the assay was performed with
cells having no affinity for the test hydrocarbons (e.g.
E. coli), the hydrocarbon droplets rose and coalesced
soon after mixing and no significant changes were
observed in the turbidity of the lower aqueous phase.
However, when adherent cells were similarly tested
(e.g., A. calcoaceticus RAG-1), a ‘creamy’ upper layer
was obtained following mixing.

Microscopic observation of this layer revealed an
oil-in-water emulsion consisting of hydrocarbon drop-
lets, each covered by a layer of bacteria. The extraction
of cells into this emulsion layer was accompanied by a
corresponding decrease in turbidity of the lower aque-
ous phase. The fraction of adherent cells was deter-
mined by comparing the optical densities of the lower
aqueous phase before and after mixing. Bacterial ad-
herence was found to be a function of volume of hydro-
carbon added. The cell-coated hydrocarbon droplets in
the upper layer remained stable for a period of days.
Addition of 5 percent isopropanol resulted in immedi-
ate droplet coalescence and the concomitant release of
extracted cells into the aqueous phase, thereby demon-
strating that the bacteria had partitioned to the hydro-
carbon:water interface.



Tables 1 and 2 summarize a number of experiments
in which cell surface hydrophobicity of a variety of
bacteria was measured by adherence to hexadecane.
The majority of laboratory strains examined exhibited
low affinity towards the test hydrocarbon. Among the
bacterial strains exhibiting high affinity for hexadec-
ane were hydrocarbon-degrading Acinetobacter calco-
aceticus strains RAG-1, HO1-N, B5W str 71 and CDC
7828, and bacteria which do not metabolize hydrocar-
bons: Serratia marcescens, Staphylococcus aureus and
Streptococcus pyogenes.

Pseudomonas aeruginosa (which can utilize hexa-
decane as sole carbon and energy source) exhibited no
significant affinity towards any of the test hydrocar-
bons when grown to late exponential phase in nutrient
broth (Fig. 2). Since adherence in this organism might
have required the presence of hydrocarbon during
growth, P aeruginosa cells were also assayed after
growth on hexadecane (Fig. 2). The affinity of alkane-
grown P aeruginosa towards hexadecane did increase
somewhat (e.g., 32 percent of such cells were removed
from the aqueous phase in the presence of 0.2 ml hexa-
decane). In contrast, A. calcoaceticus RAG-1 exhibited

MICROBIAL ENHANCEMENT OF OIL RECOVERY

much higher affinity when grown on hexadecane (93
percent of the cells could be removed by as little as 0.05
m] hexadecane).

Role of adherence in the growth of A. calco-
aceticus RAG-1 on hexadecane

Acinetobacter calcoaceticus RAG-1 adheres avidly
to hydrocarbons.?2%¢ A spontaneous mutant of RAG-1,
deficient in its ability to adhere to hydrocarbons, was
selected by enriching for cells which did not adhere to
octane. This mutant, referred to as MR-481, was unable
to adhere to any of the three test hydrocarbons, even
when grown under conditions for which RAG-1 adher-
ence was optimal (Fig. 3).

Mutant MR-481 resembled the wild type in the fol-
lowing characteristics: (a) colonial and cell morphol-
ogy, (b) sensitivity to two bacteriophages, ap2 and
ap3% which are specific for A. calcoaceticus RAG-1
strains, (¢) production of extracellular emulsifying
activity during growth on ethanol as sole carbon and
energy source,?? (d) doubling time on brain heart infu-
sion broth (38 min at 30°C with aeration) and (e) agglu-
tinability by antibodies raised against RAG-1 cells!

TABLE 1—Adherence of Bacteria to Hexadecane

Growth Adherence to
Strain Source Medium? Hexadecane, pet!
Acinetobacter calcoaceticus RAG-1 . ... i This laboratory BHI 97
Bacilllis COTOUS . . ..o oot e et et e Local isolate NB 1
Bacillus subtilis 168 ..o i e e E. Z. Ron NB 0
Enterobacter aerogenes CDC 659/ ... oo, E. Z. Ron NB 9
Escherichia coli B ... . e E. Z. Ron NB 0
Escherichia coli K12 . ... e E. Z. Ron NB 2
Escherichia coli J5 (rough) ... ..o i E.Z. Ron NB 11
Micrococcus lysodeikticus (ATCC 4698) ... ... .. coeviii it I. Friedberg NB 0
Myxococeus XQRERUS - ..o it This laboratory CT 35
Proteus mirabilis S1959 . . .. e S. Rottem NB 0
Pseudomonas aeruginosa PAS279 ... ... .o J. Shapiro NB 0
SErraIiQ MAFCESCOIMS o oo et e et e et et e et e e e R. Zack NB 96
Staphiococcus albus . ......... o R. Zack NB 0
SEaPRIOCOCCUS QUTEUS . .. .\ o v ot it aaees R. Zack NB 91
Streptococcus pyogenes M5B . ... . i I. Ofek BHI 84

aCells were harvested at the end of the exponential phase, washed twice and suspended in PUM buf*er to an initial absorbence at

400 nm of 1.1-1.6.

b Adherence to 0.2 ml hexadecane was performed as described in Materials and Methods.

TABLE 2—Adherence of Acinetobacter Strains to Hexadecane

Growth on Adherence to
Strain Designatien Source Hexadecane? Hexadecane, pet?
RAG-1(ATCC 31012) ..ottt i a e This laboratory + 82
HO LN o e e e e e W. R. Finnerty + 99
B o oo e e e E. Juni + 4
BD413 o E. Juni + 0
B5W str 7TLATCC 15149) ...ttt e K. Bryn + 84
CDC 7827 (ATCC 17959) . ..o i e K. Bryn + 86
BAW (ATCC 17908) . oo it i e K. Bryn — 0
AT CC 17906 . . .ot e e e e K. Bryn - 52
AT O 17977 . oot e e K. Bryn - 7
AT O 17985 . oo oo e e e K. Bryn - 41

aGrowth was examined on PUM agar in the presence of hexadecane vapors.

b Adherence was measured on cells grown to stationary phase on BHI broth; the standard adherence assay was performed with 0.05

ml hexadecane.
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FIG. 1—Adherence of Eschericia coli B (O) and Acinetobacter
calcoaceticus RAG-1 (®) to hydrocarbons. Cells were harvested
at the end of the exponential growth phase, washed twice in PUM
buffer and then resuspended to an initial Aago of 1.2-1.4. The

It should be emphasized that in all growth experi-
ments inocula were prepared in the same manner as
was described for measuring adherence in Fig. 3. In
defined medium with sodium acetate as the soluble
carbon and energy source, RAG-1 and MR-481 showed
similar growth kinetics (Fig. 4). Following a 2 hr lag,
both strains grew with a doubling time of 48 min.

Using hexadecane as the sole source of carbon and
energy (and under limited dispersion conditions),
RAG-1 grew whereas the non-adherent mutant MR-481
failed to grow for at least 54 hr (Fig. 5). Growth of
RAG-1 was accompanied by breakage of the upper
hydrocarbon layer into droplets. Microscopic examina-
tion of the upper phase indicated that these droplets
were covered by patches of adhering cells.

Hydrocarbon droplets were not observed in the
aqueous phase under these conditions; thus the ob-
served turbidity of the lower aqueous phase was due to

adherence assay was performed as described in Materials and
Methods. The ordinate is the percentage of initial absorbence of
the cell suspension.

unbound cells. The values presented for growth of
RAG-1 on hexadecane should be considered minimal
since attached bacteria were not measured. In the cor-
responding tubes inoculated with mutant MR-481,
neither growth nor substantial breakage of the hexa-
decane layer into droplets was observed (Fig. 6).

Effect of emulsan on the growth of MR-481 on
hexadecane

A. calcoaceticus RAG-1 produces a potent extracel-
lular emulsifying agent, referred to as emulsan. 323045
It was of interest to examine the effect of a highly puri-
fied preparation of emulsan (see Materials and Meth-
ods) on the growth of RAG-1 and the non-adherent
mutant MR-481 on hexadecane (Fig. 7). In the absence
of hexadecane, emulsan did not serve as a carbon and
energy source for either RAG-1 or MR-481.

However, emulsan did enable growth of MR-481 on
hexadecane. Growth of MR-481 in the presence of both
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FIG. 2—Adherence of Psuedomonas aeruginosa PAS 279 and
Acinetobacter calcoaceticus RAG-1 to hydrocarbons. The experi-
ment was performed as described in Fig. 1 with cells harvested
at the end of the exponential growth phase: P aeruginosa, NB
medium (O), P-hexadecane medium (*); A. calcoaceticus, NB
medium {O), hexadecane medium (M),
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FIG. 3—Adherence of RAG-1 and MR-481 to hydrocarbons. Sta-
tionary phase cells were harvested from brain heart infusion
broth washed twice and resuspended in PUM buffer to an Agop =
1.45 to 1.50. To 1.2 ml of suspended RAG-1 (*) or MR-481 (O)

emulsan and hexadecane began after about 6 hr,
whereas neither component alone supported growth for
54 hr. At the weight ratio of hexadecane: emulsan used,
1,925:1, the hexadecane droplets formed were too large
to disperse into the aqueous phase and thus did not
interfere with turbidity measurements. Emulsan had
no significant effect on the growth of RAG-1 on hexa-
decane under these conditions.

Growth of MR-481 on hexadecane was also induced
if the emulsan was added after several hours of incuba-
tion (Fig. 8). In each case of emulsan addition, the re-
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FIG. 4—Growth of RAG-1 and MR-481 in acetate medium. Sta-
tionary phase cells were harvested from brain heart infusion
broth, washed twice and resuspended in PUM buffer supple-
mented with 0.2 percent sodium acetate. RAG-1 (®) and MR-481
{O) cells were inoculated into 4.2 ml acetate medium in Klett
tubes to an initial turbidity of 5 Klett units.
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cells were added to various volumes of test hydrocarbon and the
mixtures vortexed for 120 sec. Following phase separation the
turbidity of the lower agueous phase was measured. The ordi-
nate is the percent of initial absorbence of the cell suspension.

sultant breakage of the hexadecane layer into droplets
was followed by subsequent growth of the mutant cells.
The time required for the commencement of growth
following emulsan addition appeared to increase with
the length of incubation prior to addition of the
bioemulsifier.

Growth of MR-481 on hexadecane in the presence of
emulsan was not the result of genotypic or phenotypic
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FIG. 5—Growth of RAG-1 and MR-481 in hexadecane medium.
Kiett tubes containing 4.2 ml PUM buffer were inoculated with
either RAG-1 (*) or MR-481 (O) to an initial turbidity of 5 Klett
units. Tubes were overlayed with 0.5 ml hexadecane and incu-
bated as described in Materials and Methods.
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FIG. 6—Growth of MR-481 (left) and RAG-1 (right) on hexadec-
ane medium. Tubes were photographed following 48 hr incuba-
tion under the conditions described in Fig. 3.
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FIG. 8—Induction of growth of MR-481 on hexadecane by emul-
san addition. Inocula preparation and incubation conditions
were as described in Fig. 3. Emulsan was added to a final con-
centration of 50 g/ mi at 10 hr (O) or 24 hr (). Tubes containing
no emulsan served as controls ({J).
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FIG. 7—Effect of emulsan on the growth of MR-481 on hexadec-
ane. Inocula preparation and incubation conditions were as
described in Fig. 3. RAG-1 (¢) and MR-481 (O) were grown on
hexadecane medium in the presence of 50 ug/ml emulsan.
RAG-1 (a) and MR-481 (2) controls were grown in PUM buffer
supplemented with 50 ug/ml emulsan, in the absence of hexa-
decane.

reversion of MR-481 from non-adherent to adherent
cells. As shown in Table 3, there was no significant
increase in the adherence of MR-481 grown on hexa-
decane in the presence of emulsan as compared to the
initial inoculum grown in rich medium (Fig. 3).

RAG-1 cells which were harvested and washed fol-
lowing growth on hexadecane both in the presence and
absence of emulsan, exhibited high affinity towards
hexadecane (Table 3). Thus, the appearance of free
RAG-1 cells in the lower phase during growth on hexa-
decane did not result from a loss in their adherent
properties.

DISCUSSION

Mudd and Mudd?' reported over 50 years ago that
certain microorganisms tend to concentrate at oil:water
interfaces. Although this observation has been fre-
quently corroborated during studies on the growth of
microorganisms on liquid hydrocarbons,}é1519.20.22.23
there has been no direct evidence that adherence is an
essential aspect of microbial growth on hydrocarbons.
Certain investigators have argued that microbial
growth on hydrocarbons is due to emulsification of the

water-insoluble substrate rather than by direct contact

between cells and hydrocarbon droplets®## A. cal-
coaceticus RAG-1 is an interesting microorganism in



TABLE 3—Adherence of RAG-1 and MR-481
Following Growth on Hexadecane

Turbidity (A4ggl®

Percent
Strain Initial Final Adherence
RAG1P ... 1.42 0.09 94
RAG-1¢ ... ............ 1.40 0.05 96
MR-481¢ ... ... ... ... ..., 1.43 1.36 4.9

aCells were washed twice and resuspended in PUM buffer to
initial turbidities as indicated. Hexadecane (0.2 ml) was
added to 1.2 ml of cell suspension and the mixture vortexed
for 120 sec. Following phase separation, the turbidity of the
agqueous phase was measured.

bRAG-1 cells were harvested following 54 hr growth on hex-
adecane medium, washed twice and resuspended in PUM
buffer.

CRAG-1 and MR-481 were harvested following 54 hr growth
on hexadecane medium in the presence of 50 yg/ml emulsan,
washed twice and resuspended in PUM buffer.

this regard because it both adheres avidly to hydro-
carbons®?%33% and produces an extracellular emulsi-
fying agent, emulsan, which has been extensively
characterized.?28:3045

Isolation of a mutant strain of A. calcoaceticus
RAG-1 deficient in its ability to adhere to hydrocarbon
enabled an examination of the role of adherence in the
growth of A. calcoaceticus RAG-1 on hexadecane. The
non-adherent mutant strain, MR-481, failed to grow on
hexadecane under the moderate agitation conditions
which supported growth of wild type cells. Two trivial
explanations for the inability of MR-481 to grow on
hexadecane, insufficient oxygen and a faulty hydro-
carbon-metabolizing enzyme system, were excluded by
the following data: (1) MR-481 and RAG-1 cells grew
with similar kinetics on acetate medium under condi-
tions identical to those employed for growth on hexa-
decane; (2) MR-481 was able to grow on hexadecane
medium following addition of an emulsifier; and (3)
MR-481 cells were able to grow on solid medium supple-
mented with hexadecane vapors as sole carbon and
energy source. We conclude from these data that adher-
ence is a prerequisite for growth of RAG-1 on liquid
hexadecane in the absence of strong mechanical agita-
tion or emulsification of substrate.

Both RAG-1 and MR-481 produce a potent extracel-
lular emulsifying agent which enables growth of non-
adhering MR-481 cells on hexadecane. The observation
that MR-481 does not grow on hexadecane even though
it produces normal amounts of emulsan can readily be
explained by considering emulsification as a cell-
density dependent phenomenon 62935 At the low inocu-
lum employed (5 X 107 cells/ml) the concentration of
emulsan which the cells produce is too low to emulsify
the hydrocarbon and permit growth.

These studies suggest that adherence is a prerequi-
site for growth on liquid hydrocarbon under two condi-
tions: low cell density and limited emulsification. The
ability of MR-481 to grow on hexadecane following
emulsan addition demonstrates that the presence of
extracellular emulsifying agents can enable growth of
non-adherent bacteria on hydrocarbons. The poor ad-
herence of P aeruginosa PAS 279 to hydrocarbon (Fig.
2) suggests that its growth, similar to that of MR-481,

26

MICROBIAL ENHANCEMENT OF OIL RECOVERY

depends on dispersion of the hydrocarbon phase by
extracellular emulsification or vigorous mechanical
agitation. In most natural environments, conditions of
low cell density and limited emulsification prevail;
thus, the growth of poorly-adhering pseudomonas
strains in shake flasks and fermentors carried out in
the presence of extraneous emulsifiers or vigorous
agitation®'*4* probably does not reflect growth in the
open environment, where emulsifier and dispersed
hydrocarbon would tend to diffuse away from the cell.

The adherence to hydrocarbon of bacteria which do
not metabolize hydrocarbons (Tables 1 and 2) can be
explained in terms of general cell surface hydropho-
bicity.232 S, pyogenes, for example, has been reported
to adhere to buccal epithelial cells through hydrophobic
interactions.? Its adherence to hydrocarbons may thus
be mediated by such interactions. Similarly, hydro-
phobic cell surface components which enable Serratia
to partition at the air:water interface! may also pro-
mote their adherence to hydrocarbons as observed in
this study.

Bacterial hydrophobicity has been cited as an
important factor in several biological phenomena,
including bacterial pathogenicity,** and in adherence
and growth of bacteria on various hydrophobic sur-
faces 2192435 Adherence to hydrocarbons provides a
simple quantitative technique for measuring cell sur-
face hydrophobicity and can be used for the selection
and isolation of non-adhering mutants. Adherence of
RAG-1 to hydrocarbons may reflect a general phenom-
enon in microbiology: A biological advantage is con-
ferred on microbial cells which can escape by means of
hydrophobic surface components from the bulk aque-
ous phase to an interface which provides nutrition and
enables growth.
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A Microbial Polysaccharide
Produced from Crude Oil or Liquid Paraffin
and Its Application in Petroleum Industry®

Wang Xiuyuan
tnstitute of Microbiology, Academia Sinica
Beijing, China

ABSTRACT

A strain of bacterium 74-230 producing extracellular
polysaccharide from crude oil or heavy liquid paraffin
as C-source was isolated and named Brevibacterium
viscogenes n. sp. 74-230. The yields of polysaccharide
were 8 g/1 from 12 percent (W/V) crude oil and 12 g/1
from 4 percent (V/V) heavy liquid paraffin. The con-
version rate of added paraffin was over 40 percent.

This polysaccharide is composed of D-glucose, D-
mannose, D-galactose, D-rhamnose and D-arabinose
with molar ratio of 4:3:2:1:1/4, and contains 0.50-0.7
percent pyruvic acid.

Its rheological properties, shear thinning effect,
shearing resistance, sensitivity to salts etc. were deter-
mined and compared with xanthan, partially hydro-
lyzed polyacrylamide, and carboxylmethylcellulose.
The properties of this polysaccharide are well compar-
able to those of xanthan, and far better than the two
others. Tt is noteworthy that this polysaccharide is
produced from crude oil or its fraction, while xanthan
is produced from carbohydrate.

The diluted fermentation fluid was used as driving
fluid in laboratory scale model experiments. When the
injection volume corresponded to 20 percent of the pore
volume, the oil recovery was enhanced to about 9 per-
cent of the original reserves.

Laboratory evaluation of the fermented gummy
fluid from heavy liquid paraffin indicated that the
polysaccharide is a suitable drilling fluid additive. Pre-
liminary drilling experiments showed a promising
result.

There are about 70 genera of microorganisms
capable of producing extracellular polysaccharide.’-
Xanthan and dextran produced from carbohydrates
have been applied in the petroleum industry.*® Some
bacterium species of the genera Alcaligenes® Arthro-
bacter 11 Brevibacterium, 2 Corynebacterium,!*13
and Mycobacterium,* etc., have been reported to be
able to produce polysaccharides from n-alkanes and
liquid paraffin. However, information concerning their
application and the production of polysaccharide di-
rectly from crude oil by microorganisms are unavail-
able. We have carried out a series of experiments in this
area.l”1?

This report describes the production of polysaccha-

ride from crude oil or heavy liquid paraffin by a strain
of bacterium, 74-230, and preliminary laboratory eval-
uation of its usages as a driving fluid for enhancement
of oil recovery or as a drilling fluid additive.

MATERIALS AND METHODS

The bacterial strain 74-230 was isolated from an oil-
containing soil sample.

A suitable medium for strain 74-230'% consists of
(g/1): NaNO; 1.5-2.0, NaHPO,.12H20 2.0, KH2 POy 0.6,
MgS0,.7TH: O 0.25, yeast extract 1.5-2.0, CaClz.2H20
0.06, crude oil 12 percent (W/V) or heavy liquid paraffin
4 percent (V/V), tap water 1,000 ml, pH 7.5, and steri-
lized at 8 lb for 30 min, unless otherwise stated.

Cultivation, assays

Seed cultures grown on broth peptone agar slant for
3 to 5 days were washed and suspended in water for
inoculation. Cultures in 250 or 500 ml Erlenmeyer
flasks containing 50 or 100 ml medium were incubated
on a rotary shaker with 50 mm amplitude and 200 rpm
for 4 to 5 days at 30 to 31°C.

Assays

Viscosity was measured by Ostward viscometer at
45°C after dilution of the sample 2 to 3 fold with tap
water. Total sugar was determined by the phenol-sul-
furic acid method of Dubois et al.?’ or the anthrone
method of Morris, cell nitrogen by Kjeldahl’s method,
NO; by reduction method ?! and inorganic phosphate
by Fiske’s method.*

Estimations of the properties of polysaccharide
gummy fluid were carried out by instruments and
methods of API procedures. Rheological property was
measured by rotary viscometer Rheotest 2 (East
Germany).

Isolation and purification of polysaccharides
After extraction of the residual oil by chloroform
and removal of cells by centrifugation at 12,000 rpm for
30 min, ethanol was added with stirring to a concentra-
tion of 60 percent (V/V) and NaCl 1.0 g/1. Insoluble
material was obtained by centrifugation. This process
was repeated 2 to 3 times. The final product was vac-
wum dried. Before analysis of its components the prod-
uct was further purified with Sepharose 2B gel column
(60-120 mesh) and dialyzed. Sedimentation analysis
was performed with a HITACHI UCA-1 ultracentrifuge

*Cooperation with: The Scientific Research Institute of Petroleum Exploration and Development, and The Scientific Research and
Design Institute of Daging Oilfield, Ministry of Petroleum Industry, China.



FIG. 1—Electron micrograph of Brevibacterium viscogenes n. sp.

74.230. Nutrient agar slant: A. 24 h, B. 48 h, C. 96 h. x 9000.

at 55,000 rpm.

Analysis of the compositions of crude oil

After fermentation the residual crude oil from cul-
tural flasks or control (sterile) flasks was extracted
with chloroform and the extracts were evaporated to
dryness. The residues were treated with petroleum
ether over night and then fractionated with Cilite col-
umn using petroleum ether and benzene to elute the
deasphaltened oil (fraction I) and benzene soluble
asphaltenes (fraction II). The weight of the benzene
insoluble asphaltenes was calculated by subtraction.
Fraction I was further separated on a column with a
bed of two phases of silica gel and alumina, by suc-
cessive eluting with petroleum ether, benzene and
benzene-ethanol (1:1) to obtain the saturated, aromatic,
and soluble polar compounds, while the weight of the
insoluble polar compounds was calculated by subtrac-
tion. n-Alkane was separated by the method of urea
complexing. Saturated hydrocarbon, n-alkanes, and
branched chain as well as cyclic hydrocarbons were
analyzed by gas-liquid chromatography.

Analysis of the constituents of polysaccharide

The polysaccharide was hydrolyzed in 2N HCl for 5
h, acetylized, and analyzed with a gas chromatog-
raphy Model 103 (Shanghai).

The organic acid components were determined by
paper chromatography: developed with (1) n-propanol:
ammonia water: water (6:2:2), (2) n-butanol: formic acid
(95:5, water-saturated), detected by 0.1 percent brom-

cresol green. The content of pyruvic acid was deter-
mined by the method of Friedmann.??

RESULTS AND DISCUSSION

Identification of strain 74-230

This organism is Gram-positive, nonmotile short
rods, 0.5 % 1.3-4.5 pym (Fig. 1). The cells are unbranched,
non-sporulating, not acid fast, and non-pleomorphic
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FIG. 2—Viscous, gummy fluid produced from heavy liquid
paraffin.

during the development process. Colonies on nutrient
agar are circular, raised, edge entire, slightly orange
red, smooth, and moist-glistening. Nitrate is reduced
slightly. Gelatine is not liquefied. Litmus milk is re-
duced. Glucose is oxidized into acid, but lactose not.
The G-C-content of DNA determined in SSC-system is
63.12 + 2.02 mol. percent.

According to its morphological and physiological
properties, the strain belongs to the genus Brevibacte-
rium, but it differs from all known 40 species in this
genus, On the ground of its ability to produce exopoly-
saccharide the strain is considered to be a new species,
and named as Brevibacterium viscogenes n. sp. 74-230.15

Polysaccharide production

After 4 to 5 days growing in shake flask containing
crude oil or liquid paraffin as C-source, the organisms
produced a viscous gummy fluid (Fig. 2). After 3-fold
dilution of the gummy liquid, its viscosity was over
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FIG. 3—Time course of polysaccharide production in 50 | fer-
menter. Culture medium (g/1): NaNO3 2.5, NaHP04.12H20 2.0,
KH2PO04 0.6, MgS504.7H20 0.5, FeS04.7H20 0.03, CaCl2.2H20
0.06, corn steep liquor 0.5, crude oil 120, pH 7.5, inoculum: 4
percent. Aeration: 1:0.75. Agitation: 180 rpm. V = viscosity; S =
total sugar; CN = cell nitrogen; P = inorganic phosphate.
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TABLE 1—Composition of the Crude Oil
{(obtained from control flasks)

Compositian Content, Percent
Saturated hydrocarbon ............... 80.1
Aromatic hydrocarbon................ 7.8
Benzene soluble asphaltenes .......... 1.1
Benzene insoluble asphaltenes ........ 2.8
Soluble polar compounds ............. 0.9
Insoluble polar compounds ........... 7.3

TABLE 2—Composition of the Residual Qil
After Fermentation

Control Residval Ditfer- Relative
Pergent, Oil, Pet.  ence, Consumption,

Composition W/ (W) (9) Percent*
Crudeoil ................ 8.40 6.00 240 100
Saturated hydrocarbon.. .73 4.43 2.30 95.83
Aromatic hydrocarbon... 0.66 0.61 0.05 2.06
Benzene soluble and

insoluble asphaltenes.. 0.33 0.32 0.01 0.42
Soluble and insoluble

polar compounds ... ... 0.69 0.65 0.04 1.68

*Take the crude oil consumption as 100.

500-700 ¢St measured by Ostward viscometer at 45°C.

In 50 or 2401 batch fermentation using crude oil as
C-source, the time course (Fig. 3) showed that nitrate
was almost run out in 24 h, phosphate decreased ini-
tially, and remained constant after 36 h. The amounts
of cell nitrogen and polysaccharide increased in paral-
lel after a lag of 12 h, and achieved to maxima after 72
h, while the viscosity kept on increasing. These are
similar to those of other polysaccharide formations.?
About 8.0 g/1 of polysaccharide was obtained and the
conversion rate of added crude oil was 6.7 percent.

The crude oil used in these experiments mainly con-
tained over 80 percent saturated hydrocarbon (Table 1).
Composition of the residual oil after fermentation is
presented in Table 2. Comparing with control experi-
ments, the bacterium mainly utilized saturated hydro-
carbon by about 95 percent of the consumed crude oil
(Table 2.).

The gas chromatographic analyses of saturated
hydrocarbon, n-alkanes, branched chain and cyclic
hydrocarbons (Fig. 4) indicated that the bacterium sub-
stantially converted n-alkanes lower than Cao to poly-
saccharide, which is consistent with the following
experiments.

When individual pure Ci-22 n-alkanes and solid
paraffin were used as C-source, results (Fig. 5) indi-
cated that Cia-Cie n-alkanes, especially Cis-Cis were
converted to polysaccharide, and even-C n-alkanes
were better than their adjacent odd-C ones. Thus the
heavy liquid paraffin consisted of Ci2-Cio n-alkanes
was chosen as C-source for batch fermentations in 5t.
fermentors. The time course of polysaccharide produc-
tion (Fig. 6) is consistent with that of the above men-
tioned fermentation of crude oil. The polysaccharide
yield was about 12.0 g/1. The conversion rate of added
heavy liquid paraffin was over 40 percent.
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FIG. 4—Gas chromatographic analysis of original oil.
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FIG. 5—Effects of chain length of n-alkanes (2 percent W/V) on
the polysaccharide synthesis.

Polysaccharide component analysis

The polysaccharide purified by gel filtration (Fig. 7)
seems to be homogeneous by ultracentrifugal analysis
(Fig. 8).

Gas chromatographic analysis showed this poly-
saccharide is composed of D-glucose, D-mannose,
D-galactose, D-thamnose, and D-arabinose with molar
ratio of 4:3:2:1:1/4 (Fig. 9).

Paper chromatography of organic acids indicated
that the polysaccharide contained pyruvic acid (Fig.
10), which was further confirmed by the absorption
spectrum of phenylhydrazone derivative (Fig. 11). Its
content was 0.5-0.7 percent. So this polysaccharide
differs in composition from the reported polysaccha-
rides*? and may be a new one.

Some properties of the polysaccharide fluid

Its viscosity and yield point were determined and
compared with those of xanthan (XC), partially hydro-
lyzed polyacrylamide (PHP), and carboxylmethylcellu-
lose (CMC). Among them the plastic viscositv (PV, Fig.
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FIG. 7—Sepharose 2B gel filtration of polysaccharide. Column:
19.5 x 1.8 cm. Sample: 4 mi of 0.1 percent polysaccharide. 0.1
M, pH 7.0. Phosphate buffer was used both for equilibrium and
elution.
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FIG. 6—Time course of polysaccharide production in 5 ferment-
ers. The heavy liquid paraffin used as C-source consists (per-
cent) of: C12, 1.7; C13. 8.6; C14, 18.7; C15, 21.7; C16, 21.4; C17,
17.7; C1s, 8.1; Cy9, 2.8.

12) and yield point (YF, Fig. 13) of polysaccharide (BV)
74-230 were the highest, butits YP/PV was lower than
that of XC (Fig. 14), which may be due to its highest
plastic viscosity and the interference of other factors in
the fermented fluid.

Relationship between plastic viscosity
and shear rate

Viscosity changes of the four kinds of polymers
with the shear rate (Fig. 15) showed that the curve of
BV 74-230 was almost parallel to that of XC at the
same concentration (0.4 percent). If their viscosities

FIG. 8—Sedimentation patterns of polysaccharide 74-230 after
Sepharose 4B gel filtration. 0.05 percent polysaccharide in 0.2 M
NaCl, centrifugalized at 55,000 rpm. Szo 7.9.
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100,000s™! was slightly worse than that of XC (Table 4).

Sensitivity to salts—Rheological properties of
various polymer fluids were shown in Fig. 16-19. The
polymer concentrations were: BV 74-230, 0.4 percent;
XC, 0.5 percent; PHP, 0.5 percent; CMC, 1.0 percent.
The BV 74-230 was not so good as XC, but much bet-
ter than CMC and PHP Since the fermented poly-

FIG. 9—Gas chromatograms of the monosaccharide constituents
of polysaccharide 74-230.

were the same, both curves may coincide. PHP (0.5 per-
cent) and CMC (1.0 percent) were much worse.

Viscosity changes and shear resistance
at high shear rate

Viscosity was measured by pressuring capillary
rheologic viscometer. The viscosity of BV 74-230 was as
low as that of XC, which is beneficial to spraying drill-
ing (Table 3); its shearing resistance at the shear rate of
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FIG. 11— Identification of pyruvic acid in polysaccharide 74-230.

saccharide fluid contained considerable amount of
residual inorganic salts, it is expected that the con-
tamination resistance of BV 74-230 can be improved by

purification.
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FIG. _12—The relationship between polysaccharide concentration
and its viscosity.
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Applications of polysaccharide 74-230

As mentioned above, the properties of BV 74-230
was almost comparable to those of XC, and far better
than the two others. So this polysaccharide may be not
only used as a drilling fluid additive, but also as a
driving fluid for enhancement of oil recovery.

Drilling fluid additive—For further evaluation of
the property of BV 74-230 as a drilling fluid additive,
we added it into a base mud. The results indicated that
BV 74-230 was a suitable additive.!® There are many
advantages over the other polymers tested: the lowest
concentration needed, better shear-thinning property,
rapid enhancement of viscosity, the highest yield point,
promising lubricity, contamination resistance, heat
resistance, compatibility, and filtration property. Pre-
liminary drilling experiments gave promising results.
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Displacement efficiency
of polysaccharide 74-230

Using double pipes filled with heterogeneous oil-
sand (75 X 3.8 cm, one of them with lower permeability
than the other), we carried out the enhancement oil
recovery test under normal pressure and 45°C. The fer-
mented polysaccharide fluid was diluted to about 5 ¢St,
and used as driving fluid. After the water-oil ratio had
been reached to 98 percent during the water injection
process for oil recovery, the polysaccharide fluid was
injected up to 10 or 20 percent pore volume, followed by
water injection again.

The performance curves (Fig. 20) showed the in-
crease of flowing pressure difference, the decrease of
water factor, and the enhancement of oil recovery dur-
ing the injection process. It is obviously due to improve-
ment of the mobility of injected fluid, thereby the sweep
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FIG. 16—Effect of NaCl on the viscosity of BV 74-230.
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area was enlarged. The average oil recovery was in-
creased about 9 percent of the original reserves (Table

5).

It is well known that only one third of the oil re-
serves can be recovered by the existing technologies.
Considerable progresses have been made in this area,
since ZoBell?® first patented a microbial oil recovery
method. But almost all of the efficient processes® 7 in
field experiments demanded the addition of carbohy-
drates. However, they are difficult to apply in large
scale. Therefore, we must attach importance to the
research on direct microbial conversion of crude oil and
its fractions for petroleum industry, thus what is taken
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from the oil is used in the interests of oil industry.
Lately, Wagner?® patented the application of microbial
surfactants from hydrocarbon fermentation to oil
recovery. OQur work confirmed the usage of polysaccha-
ride 74-230 in petroleum industry, which suggested
that the microbial conversion of crude oil may be a
more interesting aspect.
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INTRODUCTION

Microorganisms are often viewed in a negative
fashion by many people associated with oil recovery.
This stems from the detrimental effects of micro-
organisms on oil recovery processes such as pipe corro-
sion or facial plugging of the well bore (see Davis! for
more detailed discussion). However, microorganisms
produce a variety of compounds such as biopolymers,
biosurfactants, solvents, gases and fermentation acids
that could potentially enhance oil recovery.

The in situ production of these compounds would
eliminate many of the steps involved in the surface
production of these compounds and avoids the prob-
lems associated with the injection and absorption of
the compound. In essence, these compounds would be
produced at the location where they would do the most
good making a microbial enhanced oil recovery process
more economically feasible.

The success of an in situ microbial process depends
on the ability of the microorganisms to grow and pro-
duce the desired product in the reservoir. For this to
occur, viable microbial cells and the nutrients required
for growth must be transported throughout the reser-
voir rock stratum. Laboratory studies using sandstone
cores?34 and field trials (see Davis!) show that these
conditions are met with varying degrees of success.

The ability of the microorganism to grow and
produce the desired product depends on the selection of
the appropriate organism that can function in the res-
ervoir environment as well as the ability to regulate its
metabolism in situ. The remainder of the paper will
examine the reservoir parameters that will affect
microbial growth and present some ideas on how to
regulate the growth and metabolism of the micro-
organisms in situ.

THE RESERVOIR ENVIRONMENT

Generalizations about the environment of a typical
oil reservoir are difficult since wide variations in
parameters often occur from reservoir to reservoir.
Thus, actual microbial enhanced oil recovery (MEOR)
processes will clearly involve the selection of the par-
ticular microbe most suited for the environment of a
particular reservoir. However, some general guidelines
can be used in the selection of the appropriate microbial
strains.

Clark et al® surveyed various environmental condi-
tions that exist in petroleum reservoirs in the top 10
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oil-producing states in this country. Average reservoir
temperatures in these states ranged from 49° to 90°C.
The pH of the reservoirs varied from 3.0 to 9.9 with 66
percent of the reservoirs having pH values between 6.0
and 8.0. Large variations in brine concentrations were
observed with average percent total solids ranging
from 1.3 to 15.6. About 88 to 98 percent of the brine was
potassium or sodium chloride.

The concentration of macronutrients such as sulfur,
magnesium, iron, phosphate, nitrate and oxygen re-
quired for microbial growth were also studied > Magne-
sium and iron were present in concentrations sufficient
to support microbial growth, but sulfur, nitrate and
phosphate were not. Oxygen concentration was also
low or undetectable indicating anaerobic conditions.

ENVIRONMENTAL PARAMETERS
AFFECTING MICROBIAL GROWTH

From the above data, petroleum reservoirs have
environmental conditions which would severely limit
the growth of most known microbial species. Since few
of the environmental conditions of the resetvoir can be
changed, suitable microbes must be selected which can
grow in the environment of the reservoir.

The effects of temperature®? salinity? pH® and
pressure!®! in microbial growth and metabolism have
been recently reviewed. In general, microorganisms
grow and reproduce at wide ranges of temperature (0°
to 100°C), pH (1 to 10), salinity (0 to 35 percent) and
pressure (up to 1000 atm). However, this does not mean
that a particular microbial species can tolerate these
wide variations in environmental parameters. Most
species have a restricted range of parameters in which
they can grow. In the case of temperature, this rarely
exceeds a span of 30°C.

Microbial species are classified based on their toler-
ance to a particular environmental parameter. Tem-
peraturewise, microbial species can be classified as
psychrophiles with growth spans from -5 to 22°C,
mesophiles with growth spans from 10 to 45°C and
thermophiles with growth spans between 40 to 80°C or
above for the extreme thermophiles.’? Similar classifi-
cations have been developed for the growth response of
microbial species in relation to salt concentrations}
pH?® and pressure®!! The reader is referred to the
above cited articles for a more detailed discussion of
the physiology of growth in these environments.

The depth of the reservoir will be an important con-
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sideration for MEOR processes since it directly relates
to two important parameters that affect microbial
growth, temperature and pressure. Pressure increases
with depth in the earth at an average rate of about 0.1
atm per m.!’ Temperature increases with depth at an
average rate of 0.027°C per m® but major discontinui-
ties in the temperature-depth profile occur. The use of
mesophilic microorganisms will be restricted to shal-
low reservoirs.

Thermophilic microbes 'will be required for deeper
reservoirs but the temperature-depth profile will restrict
their use to reservoirs less than about 3500 m and in
general, limit their application to reservoirs of depth
less than 2500 m. Pressures of 100 to 200 atm generally
do not affect bacterial growth!® and truly barophilic
bacteria can grow at pressures up to 1035 atm.’® The
tolerance to pressure varies from species to species and
pressure effects become critical when the bacteria grow
under suboptimal conditions of temperature, pH,
ete.)%!! Thus, temperature would be a more important
factor than pressure in restricting the application of
MEOR processes. However, since pressure inhibits bio-
chemical reactions involving volume increases, 0!
pressure may be an important consideration for in situ
gas production by microorganisms.

The salt concentrations above 2 percent would
inhibit the growth of most microbial species. Thus,
marine bacteria’ whlch can grow in salt concentrations
of 0.1 to 5 percent or ‘moderate halophiles which can
grow in salt concentrations of 2 to 20 percent would be
required. Since most of the reservoir brines had pH
range of 6 to 8, the pH of an oil reservoir would not be a
serious limitation to MEOR processes

The lack of certain essentlal nutrlents such as sul-
fur, phosphate, and nitrate wﬂl pose severe limitations
to MEOR processes unless these nutrients are added to
the injection waters. A suitable carbon and energy
source also will be required. Some microorganisms use
various components of crude oil as a carbon and energy
source; however, significant oil degradation does not
occur unless molecular oxygen is present.)! The petro-
leum reservoirs are anaerobic with little if any avail-
able oxygen and it would be difficult to supply oxygen
at the required amounts for hydrocarbon metabolism.

Based on the above information a thermophilic
anaerobic bacterium that grows in 5 percent sodium
chloride at neutral pH would be most suitable for
MEOR processes. In situ growth could be achieved by
supplving the required nutrients along with a cheap
fermentable carbon source such as molasses. A large
variety of thermophilic anaerobes has been character-
ized (Table 1) and Dr. E. Grula (this book) has recently
isolated a variety of Clostridium species useful in
MEOR processes. The environmental impact of in situ
MEOR processes on the groundwaters and other drink-
ing water sources needs further study. The requirement
for nutrient additions may actually be a henefit to the
operator and process control can be achieved by the
approprate medium formulation.

ENERGY METABOLISM IN
SACCHAROLYTIC CLOSTRIDIA

The metabolism of all living cells is an open system
‘with a continuous input and output of matter and
energy. Every cell has the enzymatic capability to
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TABLE 1—Thermophilic Anaerobic Bacteria?

Group, Genus, Species Temperature Limit, °C

Saccharolytic Clostridium species

C. thermoaceticum ................. 65

C. thermosaccharolyticum .......... 65

C. tart@rivoTum ....ooovvvenneenannn 67

C. thermohydrosulfuricum .......... 76

C.thermocellum .................... 65

C. thermocellulaseum ............... 70
Saccharolytic non-spore formers

Thermoanaerobium brockii ......... 85

Thermobacterioides acetoethylicus .. 83

Thermoanaerobacter ethanolicus ... 78
Sulfate-reducing bacteria

Desulfotomaculum nigrificans ...... 70

Desulfovibrio thermophilus ......... 85
Sulfur-reducing bacteria

Thermoproteus tenax ............... 95
Methanogen

Methanobacterium

thermoautotrophicum ............ 75

a See (6,7,12) for a more complete list.

transform chemical or physical energy into biologi-
cally useful energy which is then used to perform work
such as active transport of nutrients, active motility or
biosyntheses. The universal carrier of biological energy
is adenosine-5'-triphosphate (ATP). The synthesis of
ATP from adenosine-5’- diphosphate (ADP) and inor-
ganic phosphate (Pi) requires about +43.9 kJ/mol at
physiological and reversible conditions (equation 1):'°

ADP + Pi — ATP + H,0 AG = +43.9 kdJ/mol (1)

Since life proceeds irreversibly the synthesis of ATP
is not reversible. Part of the energy taken up by the cell
is always dissipated as heat. Thus, the thermodynamic
efficiency () (equation 2) of ATP synthesis is usually
not higher than 60 percent.’®

_nXx AG (ADP + Pi — ATP)
AG(S-P)
where n = moles of ATP formed in the fermentation of
substrate (S) to products (P).

The saccharolytic clostridia derive their energy
mainly from the fermentation of sugars to acids, sol-
vents, CO, and H; (Fig. 1).¥¥ Glucose is fermented to

X 100 percent 2)
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FIG. 1—Glucose fermentation products by saccharolytic cios-
tridia. Products are underlined.
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FIG. 2—Glucose fermentation by Clostridium pasteuriancium.15
Products are underlined.

pyruvate via the Embden-Meyerhof pathway with the
production of ATP and reduced nicotinamide adenine
denucleotide (NADH) designated at 2H in the figure.
Pyruvate is further metabolized to acetyl coenzyme
A(CoA) by pyruvate:ferridoxin (Fd) oxidoreductase.
The reduced ferridoxin is oxidized by hydrogenase to
vield Hy. Acetyl CoA can be further metabolized to the
underlined products. The carbon flux in the different
branches are adjusted to have optimal ATP and thermo-
dynamic efficiency for the respective growth condition.
Thus, the ATP/entropy quotient, i.e., the thermody-
namic efficiency, is the term that is regulated.’

In the fermentation of glucose to butyrate, acetate,
CO; and H; by Clostridium pasteurianum or Clostrid-
ium butyricum (Fig. 2), acetyl CoA occupies the branch
point position in the overall fermentation and is stoichi-
ometrically coupled to the NADH branch point. Both
NADH and acetyl CoA are regulatory effectors control-
ling ATP and entropy generation by this branched
metabolic pathway.’® The conversion of glucose to
butyrate, CO, and H, yields 3 moles of ATP per mole of
glucose with a thermodynamic efficiency of 52 percent.’®

The conversion of glucose to acetate, CO, and H, yields
4 moles of ATP per mole of glucose with H, production
from NADH: ferridoxin oxidoreductase plus ferridoxin
hydrogenase.

The thermodynamic efficiency of ATP synthesis is
85 percent in this reaction sequence.!’® Since glucose
fermentation solely to acetate, CO, and H, has never
been observed in C. pasteurianium and C. butyricum, it
appears that such high efficiency is incompatible with
the entropy requirements of clostridial metabolism.
Thus, butyrate is always formed. The acetyl CoA/CoA
ratio regulates the H; formed from NADH," adjusting
the fraction of acetyl CoA converted to acetate and
butyrate so that 3.3 moles of ATP per mole of glucose
are obtained with a thermodynamic efficiency of 62
percent,!”

The production of butanol instead of butyrate yields
less ATP lowering growth yields. This shift towards
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solvent production may be a response to an unfavor-
able environment or connected to a growth stage where
maximum growth is no longer necessary such as the
sporulation stage.® Gottshalk and Bahl® studied
butanol production by Clostridium acetobutylicium
grown in continuous culture at different pH values.
Below pH 4.7, butanol appeared as a product and buta-
nol concentration in the effluent was maximum at pH
4.3. Thus, butanol production in the reservoir may be
controlled by alterations in pH. Further studies on the
effects of medium components on butanol formation
may lead to solvent production that is not preceded by
acid production.

EFFECT OF NUTRIENT LIMITATION
Bacteria grow at an exponential rate (equation 3):

(il_): =ux 3)
where x is the cell concentration (dry weight per unit
volume) at time t, u is the specific growth rate in units
of reciprocal time. In equation 3, y is constant only
when all substrates required for growth are present in
excess.

Monod!” showed that u is proportioned to the sub-
strate concentration according to equation 4:

S
= = 4
H Mmax (Ks '+"S ) ( )
where s is the substrate concentration, upy,, is the
maximum specific growth rate constant (i.e., the maxi-
mum value of y at saturating substrate concentra-
tions) and K is the saturation constant numerically
equal to the substrate concentration at which x = %
Mmax- From equation 4, it follows that exponential
growth can occur at specific growth rates between 0
and ppax provided that the substrate concentration
can be held constant. This is of great importance to in
situ MEOR processes since the rate of microbial
growth can be controlled by the rate at which substrate
is provided. Models of in situ MEOR processes can be
developed using equations 3 and 4, and fixed-film and
substrate diffusion kinetics. For a more detailed dis-
cussion of the kinetics of bacterial growth the reader is

referred to articles by Tempest!® and Herbert et al.l®

In natural environments, growth conditions are
often unstable and are rarely optimal. Rarely are all
the essential nutrients present in sufficient concentra-
tions to allow microbial growth to proceed at its maxi-
mum rate. There may be periods of fluctuations in
these nutrients as well as in temperature, pH, ionic
strength or some other environmental parameter.
Microorganisms change their metabolism and physi-
ology so that they are optimally adapted to this “feast
or famine” existence.’

Neijssel and Tempest® studied the - fects of differ-
ent nutrient limitations on the yield of cells (gram of
cells produced per gram of substrate used), the rate

of substrate utilization and the kinds of metabolites
produced by Klebsiella aerogenes grown in continuous
culture (Table 2). The carbon-limited cultures were
characterized by efficient conversion of carbon into cell
material with lower substrate utilization rates and
minimal diversion to extracellular products. However,
when growth was limited by the availability of a nutri-
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TABLE 2—Effect of Nutrient Limitation
on the Growth, Product Formation and
Substrate Utilization of Klebsiella aecrogenes?

Milliatom Carbon per Hour

Growth Glucose  Organic Acids  Extracellular Yield
Limitation Used Formed Polysaccharide  (g/g Hexase}
Carbon 36.8 0 0 0.45
Sulfate 98.7 35.0 7.0 0.19
Ammonia 1074 31.7 36.0 0.16
Phosphate 112.8 54.0 15.1 0.15
Potassium 175.0 78.8 0] 0.09

a Data of Neijssel and Tempest20: All cultures were grown
with glucose as the energy source at a dilution rate of 0.17
per hr, pH of 6.8 and temperature of 35°C. All values were
adjusted to a cell carbon production rate of 20 milliatoms
per hr.

ent other than carbon, less efficient conversion of the
carbon to cell material was observed with higher car-
bon utilization rates and more carbon diversion to the
production of extracellular products.

The extent and kinds of products produced depended
on the nature of the growth limitation. Ammonia-
limited cultures produced large amounts of extracellu-
lar polysaccharides (Table 2) and result in the over-
production of protease in Bacillus licheniformis.?! The
amount of lactate and ethanol produced by Clostridium
thermohydrosulfuricium depended on whether the cul-
ture was carbon or ammonia-limited.** These studies
have great implications for the control of in situ MEOR
processes. Biopolymer production can be controlled by
varying the amount of ammonia added to the injection
waters. It would be interesting to determine if biosur-
factant production could be controlled by appropriate
nutrient limitation. For a more detailed discussion on
the physiology of nutrient limitation the reader 1s
referred to articles by Tempest and Wouters? and
Neijssel and Tempest.?

CONCLUSION

The success of an in situ MEOR process depends on
the selection of useful organisms that can function in
the environment of the reservoir. Thermophilic, anae-
robic microorganisms that grow in high salt concen-
trations (2-10 percent) at neutral pH would be suitable
for most reservoirs. Knowledge of how nutrient limita-
tion affects microbial growth and metabolism of the
organism will be important for process control.

Nitrogen limitation may be effective in controlling
biopolymer production. The kind of nutrient limitation
as well as the thermodynamic efficiency of the meta-
bolic pathway are important considerations in regulat-
ing the proportions of fermentation products produced
by anaerobic bacteria. The pH of the reservoir will be
important for optimal butanol production. Further
work on the effects of nutrient limitation as a means to
control in situ MEOR processes is needed using popu-
lations attached to surfaces as the experimental
system.
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Isolation and Screening
of Clostridia for Possible Use
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E. A. Grula, H. H. Russell, D. Bryant, M. Kenaga, and M. Hart
Department of Microbiology
Oklahoma State University
Stillwater, Oklahoma 74048

INTRODUCTION

Our research effort in MEOR is primarily directed
toward isolation of naturally occurring species and/or
strains of Clostridium that possess the metabolic char-
acteristics we desire. Choice of Clostridium is based on
reports of work carried out in eastern Europe (see
report by D. Hitzman in these Proceedings), and the
field studies reported by Johnson? (1979) and The
Mobil group (see report by H. E. Yarbrough in these
Proceedings).

Desired metabolic characteristics include the fol-
lowing: a) Production of large amounts of gas (primar-
ily COz to aid in repressurization of the reservoir and
because miscibility of this gas in oil increases with
increases in pressure effectively lowering the viscosity
of crude oil). b) Production of large amounts of low
molecular weight organic acids: Sufficient amounts of
such acids should help to dissolve limestone (CaCOs)
rock thus leading to increased movement of bacteria
through the reservoir as well as dislodgement of oil
that was attached to such rock. ¢) Production of large
amounts of lower molecular weight solvents, primarily
alcohols and acetone. Presence of these compounds in
sufficient quantities should result in solubilization of
crude oil that is particle attached or trapped in rock
pores. d) Production of large amounts of low molecular
weight non-ionic emulsifiers that would form oil-in-
water emulsions and thus result in “solubilization” of
the crude oil from surface and rock pores.

Although each of the above metabolic end-products
should function individually to bring about release of
oil in a reservoir, the combined activities are not under-
stood nor are we knowledgeable about the effects in a
microenvironment such as would exist in a rock pore.

An additional result of bacterial growth might in-
volve the physical displacement of crude oil from sur-
faces by growing bacateria.

It is necessary that all of the above desired meta-
bolic end-products be produced from cheap and plenti-
ful sources of carbon and energy such as molasses with
some form of ammonia salt present as the nitrogen
source. Our downwell parameters are limited to 5to 7.5
percent salt concentration, 45°C and depths of less
than 2500 ft.

As our studies have progressed, the major problem
encountered has been to isolate clostridia capable of
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growth and production of the desired metabolic end-
products at the higher salt concentrations. It is not dif-
ficult to isolate organisms that will grow quite well in
NaCl concentrations up to 10 percent (many can be
obtained from the salt flats at Jet, Oklahoma); how-
ever, such organisms are not clostridia nor will they
produce the desired metabolic end-products. Overall
morphology of a typical Clostridium is shown in Fig. L.

RESULTS AND DISCUSSION

Gas production—Although several techniques have
been tried and utilized, two procedures are now in
general use regarding gas production. When rough
screening is being done and only a quantitative estima-
tion of total gases is desired, distance of migration of a
Vaspar plug is measured. A diagrammatic representa-
tion of this system is shown in Fig. 2. By knowing the
distance the plug is pushed up a tube, it is fairly easy to

FIG. 1—Electron micrograph of clostridial isolate HR-3. This is a
heavily shadowed preparation to show overall morphology. The
bulging at one end is the spore (s) inside the vegatative cell (v).
A single polar flagellum (f) is at the opposite end of the cell.
Flagella are responsible for motility of the cells and should aid
movement through a reservoir.
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FIG. 2—A diagramatic representation of the Vaspar plug proce-
dure. Generation of gases by the growing cultures will move the
plug up the tube; distance moved is directly proportional to the
amount of gas produced.

calculate volume of gas produced at any time period
without disturbing the culture.

Comparisons between cultures can then readily be
made from the numbers obtained and plottings thereof.
Test situations showing Vaspar plug movement in cul-
tures in the presence of 1 and 5 percent NaCl are shown
in Fig. 3. As can readily be seen, the higher level of salt
can significantly inhibit production of gas in some cul-
tures of clostridia.

The second major analytical procedure utilized for
gas production that yields both qualitative and quan-
titative data is gas chromatography. Representative
data from some promising cultures are given in Table 1.
Although 5 percent levels of NaCl are generally inhibi-
tory to varying degrees, some of the cultures shown
perform better at the higher salt levels at both tempera-
tures. It can also be pointed cut that the major gas
produced by all cultures thus far tested is COs . Small
amounts of hydrogen can be detected in the gaseous
phase of only a few cultures. Presumably any hydrogen
gas produced is utilized as reducing power for forma-
tion of metabolic end-products by the bacteria. In ad-
dition, hydrogen produced by the cultures will react
with any oxygen available in the anaerobic incubator
to form water in the presence of the palladium coated
alumina pellets that are pre- ent.

TABLE 1—CO0, Production by Different Cultures
of Clostridia After Growth for 72 Hours at 37°
and 45°C in 1 and 5 Percent NaCl*

37°C, Percent NaCl 45°C, Percent NaCl

Culture

Designation 1.0 5.0 1.0 5.0
72-B-1 .... 507,927 361,002 360,895 AL
3C....... 142,509 293,139 176,448 302,227
MX-1-B... AL 779,781 176,243 628,433
591I...... 597,598 458,127 467,160 538,651
66D ...... 366,068 424,065 492,295 437,765
MX-1A ...402,485 319,978 325,641 AL
51B....... 265,540 187,528 258,412 324,827
66I ....... 591,178 466,543 552,826 599,204

*Integrated values given in mm?Z (injection volume = 0.25 ml);
AL = loss of anaerobic conditions.
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Although we are not yet certain whether presence of
CaCOj; (limestone) stimulates metabolic production of
CO2 by cells from the sugar present or whether acids
produced by the growing clostridia react with limestone
vielding COs, it is apparent that when cells are permit-
ted to grow in the presence of limestone, cultures pro-
duce significantly increased amounts of COz. Gaseous
CO2 would be produced from H:CO;s (carbonic acid)
under saturating conditions of CaCOj3 (limestone).

Acid production—Representative data are incor-
porated into Table 2. In addition to serving as an extra
substrate source for formation of CO:, limestone can
also be used as a buffer in place of phosphate. The latter
will usually form insoluble precipitates with calcium or
heavy cationic species known to be present in many
drilling muds and found downhole; therefore, minimal
concentrations of phosphates should be used in reser-
voir EOR operations.

It has been somewhat surprising to observe that
outcroppings of limestone or sandstone that we have
tested will supply needed phosphate and other inor-
ganic ions necessary to obtain good growth of several
clostridial isolates (Fig. 4). This is a third possible func-
tion for limestone in MEOR. Usually, one is told that
reservoir rock is severely depleted of phosphates. Based
on the data shown in Fig. 4, it appears advisable to

determine rock content of phosphate and be guided by
what is observed rather than automatically making
such an addition to any downwell growth medium. It
would appear that if reservoir rock is depleted of phos-
phates and other ions necessary for growth of bacteria,
such depletion is most likely due to continued water
flooding and along with toxic muds represents another

way in which wells have, because of various treat-

ments, been made less suitable for biologicals such as
bacteria.

Solvent production—Rebresentative data are in-
corporated into Tables 2 and 3. It is apparent that our
isolates produce varying amounts of the different sol-

3

FIG. 3—Paired cultures growing in low (1,3,5) and high (2,4,6)
concentrations of NaCl. At the higher salt concentration, growth
and metabolic activity (including formation of gas) of cultures in
tube 2 (MX-1A) and 6 (HR-14A1) are significantly inhibited. Cul-
ture MX-1B (tubes 3,4) was not significantly affected by the
higher salt concentration. v = vaspar plug.
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TABLE 2—Variations in Production of Solvents and Acids by Culture HR-4 After 1, 7 and 11 Weeks Growth
in Different Media at 1 Percent Levels of NaCl*

Solvents** Acids**
Medium and Weeks of Growth MEOH, HCHO ETOH Acetone Prop. 1sobut n-But. Isoamyl. Butyric 1soval. Val.
Sucrose
1.t 570 — — — —_ — — — — —
A 582 461 328 508 492 1080 306 1881 11,712 —
11 et 1500 400 1100 250 1120 — — — — 6500
TK4
1o 190 110 — — — — — — — —
e e 411 618 231 41 — — 88 — — 1321
11 .. 2800 780 810 — 600 — — — — —_
TSB
1 888 1569 — 252 399 — 1426 —_ — —
2 2003 850 386 1284 — 4986 — — — 19,180
11 ... i 2800 3118 — 1110 — 3000 — — — 15,253
Grandma’s Yellow
) 41 — — — — — — _ — —
A, 504 173 — 484 — — — 9296 — 88
11 .. i 1400 600 — —_ 900 — — 2500 — 7000
Beet
3 N 57 — _ — — — — 49 — —
T e 1798 — — 131 — — — — — —
11 . i 3400 500 1000 — 800 300 110 2100 — 8800
St. 95
1. 127 342 — — — — — — — —
/AP 295 — — — — — — — — —
11 .. e 1000 500 — — 800 — — —_ —_— —

*Experiment was started with 30 ml medium per flask. After 1 week, 15 ml were withdrawn and 15 ml fresh medium added. There-

after 1 ml fresh medium was added each week.

+*[ntegrated values given in mm? (injection volume = 2 ul). All identifications are tentative based only on gas

chromatographic

retention times. Formaldehyde and methanol were indistinguishable by our analysis. Abbreviations used: HCHO = formalde-
hyde; MEOH = methanol; ETOH = ethanol; Prop. = propyl; Isobut. = isobutyl; n-But. = n-butanol; Isoval. = isovaleric; Val. =
valeric acid; TK-4, Beet, St. 95 and Grandma’s Yellow are all different molasses products; TSB = trypticase soy broth.

vents at both temperatures. Higher levels of salt have,
in most instances, a deleterious effect on production.
Also, solvent production occurs over an extended period
of time with only minimal supplementation of the
growth medium (Table 2). It is to be emphasized that
mass spectrometer data have not yet been obtained to
aid in identification of these metabolic end products.

In addition to the diversity of solvents and acids
formed, the variation that occurs in different media is
interesting (Table 2). Further study needs to be done;
however, the need for knowing the relationship be-
tween growth medium and metabolic end-products pro-
duced is apparent. Excellent possibilities exist that
addition of specific nutrients to different organisms
growing in various media will significantly aid in in-
creasing vields of desirable end products either down-
well, or in fermentation vats and such possibilities are
being explored. Yield of the largest amount of end
products occurs in trypticase soy broth which is the
most complex medium utilized; but greatest variability
occurred in the sucrose-salts medium at the 7 week time
interval.

Production of emulsifiers—When this work was
initiated, no reports existed of anaerobic bacteria that
produced emulsifier compounds particularly in a me-
dium lacking hydrocarbons. Since that time, it has
been reported that Clostridium pasteuranium will pro-
duce an emulsifier under anaerobic conditions in the
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absence of hydrocarbon precursors (Cooper, et al.®).

Of 53 new isolates that we have studied for emulsi-
fier production in non-hydrocarbon-containing media,
four gave a 4+ reaction, 7 a 3+ reaction and 11 a 2+ re-
action. It can therefore be concluded that significant
numbers of clostridia will produce emulsifier com-
pounds under anaerobic conditions in non-hydzocar-
bon-containing simple media.

GROWTH OF 4 SELECTED CULTURES IN
SUCROSE DEFINED MEDIUM WITH
LIMESTONE ROCK AS BUFFER
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FIG. 4—Growth of selected cultures in limestone rock. Only
molasses and ammonia salts were added and significant growth
of all 4 cultures (H5-4, HR-14K, HR-9K, and HR-43) occurred.



Production of the emulsifier compound(s) by culture
HR-3 is not decreased in 5 percent NaCl-containing
media. Further, the emulsifying material is not precipi-
tated or inactivated by Ca++ ion and is stable to auto-
claving (15 min at 121°C).

In the earlier stages of this study, measurement of
“surfactant” production in spent culture media was ac-
complished using a DuNouy tensiometer and recorded
as surface tension in dynes/em. As other measure-
ments were utilized, it became evident that a decreased
surface tension does not necessarily mean that an
emulsifier is present.

Data given in Fig. 5 show that alcohol solvents will
significantly decrease surface tension. Although data
are not shown, such alcohols do not bring about emul-
sification of hydrocarbons.

Emulsification data are readily obtained by meas-
uring dispersal of a non-miscible hydrocarbon in water.
A diagrammatic representation is given in Fig. 6. The
technique we have utilized is basically that of Zajic, et
al.! In place of kerosene, we utilized mineral o0il (1.5 ml
to 3.5 ml of spent culture supernatant) and left out the
Oil-red-O dye. Size and stability of the oil-in-water
micelles formed are the critical parameters to observe,
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ESTIMATION OF EMULSIFYING ABILITY
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FIG. 6—Diagramatic representation of various amounts of emul-
sification of mineral oil. (-} = no emulsification; (x) = question-
able reaction; (1 to 4+) = various amounts of emulsification with
a 4+ reaction being optimal.

Data given in Fig. 7 are intended to show that no
positive correlation exists between surface tension re-
duction and emulsification ability.

Additional parameters studied—The so-called
“Huff and Puff”’ technology (a single well used as a

SURFACE TENSION REDUCTION VS,
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FIG. 7—Data on surface tension and emulsifying ability of cul-
tures averaged out to demonstrate that a direct correlation
between surface tension and emulsifying ability does not exist.
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fermentation vat and release of oil occurs only in the
vicinity of the well bore) will most likely not have to
satisfy the more severe constraints that a “line-drive”

type recovery imposes wherein live bacteria and their
food must travel for significant (several hundred feet)
distances underground continually producing their
metabolic end-products to bring about release of the
crude oil.

To function satisfactorily, particularly in line-drive
recovery operations, it appears that, in addition to syn-
thesis of desired metabolic end-products under the
physical conditions existing in the reservoir, some ad-
ditional parameters are important for the overall suc-
cess of the operation. Some negative factors include the
following. a) Production of H2S downwell by cultures
placed into the well. b) Stimulation of undesirable or-
ganisms indigenous to the reservoir by the molasses
medium. ¢) Possible plugging in the vicinity of the well
bore by vegetative cells or produced capsular type
material. d) Antagonism by organisms present in the
reservoir waters or water used for compounding the
molasses medium. e) Toxic ions or compounds present
in drilling muds or waters used in flooding operations.

A positive factor that must be addressed includes
ability of the cells to sporulate in the nutrient medium
while moving through the reservoir. This can be viewed
as an aid to survival of the culture in the event of in-
terrupted nutrient availability. Disregarding surface
charge effects, movement of spores should be better

than vegetative cells simply because they are shorter
in length; thus sporulating ability is also related to
movement of the bacteria through the reservoir.

We've really only begun our studies and much
remains to be accomplished. All of the above listed
parameters are or will be addressed shortly. Needless
to say, field tests will be absolutely essential to deter-
mine what happens downwell.
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TABLE 3—Solvent Production by Selected Cultures of Clostridia Grown for 72 Hours at 37° or 45°C
in 1 and 5 Percent NaCl*

Culture Designation, Concn. NaCl, and Temp. MEOH or HCHO ETOH Acetone Isobut. Isoprop. n-But. Isoamyl.

37°C
MX-1-B, 1 oo 626 13,024 361 396 — — 175
MX-1-B, B e e 669 11,241 115 831 — — —
S1B, 1 o i e 559 2,175 — 5101 123 — —
BIB, 5 it ee e 707 418 — 1870 206 — —
BB, 1. e e 578 4,095 —_ 565 219 — —
BED, Bt e e s 686 4,861 — 313 334 — —

45°C
BOTIL 1 oot 442 3,959 — — 1428 — —
BOIL, 5 e 624 3,881 — — 878 — —
T2-B-1, 1. e 181 3,707 — 1188 — — —
2B, . e 551 2,260 286 1284 — — —
B3-A, 1 o 728 — 358 — — — —
B3-A, D i s 687 1,924 54 367 — —_ —_

*Integrated values given in mm? (injection volume =

2 u). All identifications are tentative based only on gas chromatography reten-

tion times. Formaldehyde and methanol are indistinguishable by our analysis. Abbreviations used: HCHO = formaldehyde; ETOH

= ethyl alcohol; Isobut. = isobutyl alcohol; Isoprop. =
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isopropyl alcohol; n-But. = n-butanol; Isoamyl. = isoamyl alcohol.



Microbial Activity in Waterflooded Oil Fields
and Its Possible Regulation

M. V. Ivanoy, S. S. Belyaev
Institute of Biochemistry and Physiology of Microorganisms
USSR Academy of Sciences
Pushchino, Moscow Region, 142292, USSR

Various technigues have been reported in literature
used to enhance oil recovery from oil-bearing forma-
tions: cold and hot water flooding, steam treatment,
polymeric flooding, underground combustion, water
flooding with surfactants, employment of microbes as
oil-release agents, etc. Great hopes are placed on micro-
biological approaches and solution to this problem.

Most microbiological techniques are based on the
introduction of microbial cultures and nutrients into
formations,51416.19.25 while some others consist in the
improvement of oil-washing characteristics of injected
water by microbial products: heteropolysaccharides,
enzymes, culture liquid.’?131® Andreevskyl? proposed
to activate the natural microflora of oil fields to en-
hance oil recovery.

Unfortunately, most microbiological recovery proc-
esses have not been tested in field conditions or were
unsuccessful,? except for some experiments in oil fields
of Czechoslovakia, Hungary, USSR and Poland 6121516
Oil recovery was enhanced for some period of time by
introduction of gas producing microbes and molasses
into formations. Viable bacterial cells were revealed
by microbiological tests in stratal water sampled in
experimental regions. However, there were no con-
vincing evidences of the microbial activation in stratal
conditions.

We think that the practical employment of microbio-
logical techniques should be based first of all on our
knowledge of the distribution and activity of microor-
ganisms in formations and their possible regulation
during exploitation of oil fields.

Numerous papers are devoted to the studies of the
oil field microflora and give primary consideration to
sulfate-reducing and hydrocarbon-oxidizing bacteria.>22
Other microbial groups, methanogens in particular,
have received inadequate attention.

The purpose of the present work was to study the
distribution of various microbial groups, to determine
the intensity of bacterial methanogenesis in stratal
waters, and to find the possibility of the activation of
recent methanogenesis in flooded oil fields.

MATERIALS AND METHODS

The main subject of experiments started in 1977 has
been the Bondyuzhskoe oil field in the northwest Tatar
ASSR. 0Oil collectors in this field are sandstones and
siltstones of the Upper Devonian (formations D, and
D,). Sandstone oil collectors are prevailing. The aver-
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age porosity of oil-bearing sandstones was 21.7 percent,
and permeability was about 570 millidarcies. The oil-
bearing horizons occur at the depth of 1500-1700 m,
their temperature is 30-40°C. Qils in the Bondyuzhskoe
oil field contain 2.0-2.2 percent S and 4.0-4.1 percent
paraffin. Relative oil density is 0.871-0.876 g/cm3 .

Some experiments have been performed in the
Romashkinskoe oil field situated in the south apex top
of the Tatar anticlinal fold and its slopes. Commercial
oil pools occur in the Upper Devonian formations. Qils
from Romashkinskoe and Bondyuzhskoe oil fields are
quite similar in composition.

Chemical and physico-chemical analyses of stratal
waters were made by standard techniques.? Hydro-
carbon-oxidizing, sulfate-reducing, methanogenic and
other bacteria were counted using a variation of the
method of 10-fold dilutions.!! Methanogenic activity
was determined by the radioisotope method. Radioac-
tive carbon was used in the form of NaH!MCO, and
4CH3COONa. Stratal water samples with radioactive
isotopes were incubated no more than 2 days at about
30°C. The radioactivity of methane produced was reg-
istrated by a scintillation counter with the preliminary
methane combustion to CO,.10

The carbon isotope composition of methane and
carbonates was determined using the mass spectrome-
ter CH7 Varian Mat by the double-beam compensation
method with CO, as an operating gas. The isotope
composition of carbon was expressed in §'*C values:

813C percent =
[ (BC12C) sample
(B C/12C) standard
in per mille with reference to the International Stand-
ard PDB3* Methane was purified from its gaseous

homologues on molecular sieves (4A°, 5A° and 13A°);
methane purity was controlled by gas chromatography.

—1]-- 1000

RESULTS AND DISCUSSION

Microflora and recent methanogenesis
in the Bondyuzhskoe 0il field

Stratal waters in the Devonian formations of the
region under study belong to the chloride-calcium type
with the specific density of 1.18-1.19 g/cm?® and total
mineralization of 250-300 g/1; pH of brines is about
5.02
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Tables 1 and 2 show that highly mineralized waters
of production wells 66, 306 and 316 approximate to the
natural ones of the Devonian formations. They are
rather acidic, the content of bicarbonate is low, and
concentration of organic matter (Ceyg) is high. The lack
of viable aerobic and anaerobic bacterial cells is the
most important characteristic of these waters which
makes it possible to draw a conclusion about the sec-
ondary nature of microorganisms occurring in fresh-
ened stratal waters of the ¢il field. These microbes enter
the formation together with injected surface water.

Similar results were reported earlier by Kuznetsova et
all” who studied the sources of contamination of oil-
bearing formations D, of the Romashkinskoe oil field
with sulfate-reducing bacteria.

Fresh waters injected to the Bondyuzhskoe oil field
to maintain the intrastratal pressure were weakly
alkaline with low concentrations of bicarbonate and
acetate. They contained oxygen and appreciable amounts
of aerobic and anaerobic microbes (Tables 1 and 2).
Contacting the petroliferous strata, the floodwater not

TABLE 1—Distribution of Aerobic Microorganisms in Waters of the Bondyuzhskoe Qil Field

Bacterial Number, Cells-ml-}

Total Count, .
Well, N Mineralization, g/l  0,, mg/I pH Eh, mv  Cells:ml-1-106  Saprophytes Cy,Hg, Oxidizers il Oxidizers
Injected Surface Water
428 e 0.7 6.2 7.3 +405 8.7 - 2500 600
b2 J 0.8 8.2 7.8  +330 10.0 — 2500 2500
Highly Freshened Qil Field Brine
348 i 8.9 0 6.9 + 80 8.0 750 60 25
b § 15 Y 10.0 0 70 + 65 4.0 250 130 25
P12 > S 15.0 0 7.0  +100 4.5 300 25 60
A 30.0 0 69 + 80 2.6 250 60 25
303 e 45.0 0 6.9 +100 3.8 170 130 25
94 e 58.0 0 6.8 + 75 7.0 300 250 60
2B e 80.0 0 6.7 + 65 4.0 200 25 60
Weakly Freshened Oil Field Brine
371 e 140.0 0 6.6 +130 1.9 50 0 0
370 e 150.0 0 6.4 +115 2.3 80 25 6
323 e 170.0 0 6.5 +150 1.5 — 60 6
Highly Mineralized Qil Field Brine
316 .. 233.2 0 58 140 0.7 0 0 0
306 .o 2344 0 5.7 +150 — 0 0 0
15 JP 239.6 0 59 =150 — 0 0 0
*Note: not analyzed.
TABLE 2—Anaerobic Microorganisms in Waters of the Bondyuzhskoe Oil Field
Bacterial Number, Cells-1- Methanogenesis Rate, Content, mg-l-1
Well, N Mineralization, g/t  Eh, mv  Sulfate Reducers  Methanogens  ml CH,-I-L-106 per day Corg CH;COO0H HCO4~
Injected Surface Water
428 . it 0.7 +405 4000 25000 0 — 0.7 102.0
28 . 0.8 +330 6000 1300 0 — 0.3 97.6
Highly Freshened Oil Field Brine
348 ... et 8.0 + 80 9000 6000 145.7 5.0 3.0 348
265 ... e 10.0 + 65 8000 2500 106.0 12.0 2.9 358
205 e 15.0 +100 250 6000 227.0 16.1 1.0 373
47 30.0 + 80 1600 2500 195.0 12.0 14 361
303 ...l 45.0 +100 4000 2500 305.0 5.0 1.4 348
94 ... 58.0 + 75 250 600 181.0 6.0 0.6 347
254 .. 80.0 + 65 1500 250 159.6 31.5 1.3 326
Weakly Freshened Oil Field Brine
371 ...l 140.0 +130 3000 — 14.8 38.0 0.3 232
370 0ot 150.0 +115 0 250 28.9 124.0 2.4 272
323 e 170.0 +150 0 0 0 145.4 1.7 159
Highly Mineralized il Field Brine
316 ...l 233.2 +140 — 0 0 244.0 12.0 110
306 ... 234.4 +150 0 0 0 315.0 27.3 85
66 ...t 239.6 +150 0 0 0 290.5 29.1 85
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only brought the viable microflora to stratal liquids,
but also changed their composition and characteristics.

Stratal waters in the injection regions may be con-
ditionally divided into two types by the mineralization
level. The first are highly freshened waters with min-
eralization up to 80 g/1; pH 7.0. The values of their
redox potential from +65 to +100 mv are the lowest
compared to those of other waters of the field (Table 1).

Oxygen was not found even in the most freshened
waters sampled in the immediate vicinity to injection
wells (348 and 265). This is due to a rapid O, consump-
tion by microbes for the aerobic destruction of organic
matter. The total bacterial number as well as the

numerical strength of specific bacterial groups were
rather high but still lower than in the floodwater. This
may be explained by the fact that some of the micro-
organisms entering the formation with injected water
are unable to withstand stratal conditions and die.

The second type waters are weakly freshened with
mineralization level of 140-170 g/l. They are more
acidic and their Eh values are higher (Table 1). Such
waters contain less viable cells of aerobic bacteria than
highly freshened ones.

Distribution of anaerobic microorganisms in waters
of the Bondyuzhskoe oilfield occurs similarly (Table 2).
The numbers of sulfatereducing and methanogenic
bacteria in freshened stratal waters were somewhat
lower than in the injected ones, the discrepancy how-
ever was not so large as in the case of aerobic ones. The
number of anaerobic bacteria was higher in strongly
freshened water and might be as great as several thou-
sands cells per litre.

Corg and HCO3"

MICROBIAL ENHANCEMENT OF OIL RECOVERY

Pure cultures of methanogenic bacteria were isolated
from the floodwater of injection well 428 and stratal
water of production well 47. The study of the morphol-
ogy and physiologo-biochemical peculiarities of these
organisms allowed us to identify them respectively as
Methanobacterium bryantiistr. Omelianski and M. for-
micicum strain Kuznetsovii since they differed from
typical strains.®

Using radioactive isotopes it was shown that meth-
anogenic bacteria were active in conditions of stratal
waters of the oil field. The total rate of methanogenesis
resulting of the sum of CQO, reduction by hydrogen and
reduction of methyl groups of acetate, was from 14.8 to
305.0-10® m]l CH,-1"*-24 h-! (Table 2). The bulk of bio-
genic methane was formed by CO, reduction.

As seen from Table 2 and Fig. 1, the highest rate of
methane production was observed in highly freshened
waters with mineralization of 15-45 g/1. The intensity
of methanogenesis dropped in stratal waters with
higher mineralization level. Methanogens were not
found in the water with the total salinity of 170 g/1 and
higher. High concentrations of dissolved organic mat-
ter including acetate and an appreciable decrease of
bicarbonate content in highly mineralized brines point
to a subsidence of all the microbiological processes in
this zone.

The study on the carbon isotope composition of
methane and bicarbonate carbon in stratal waters in
the Bondyuzhskoe oil field yielded additional informa-
tion on recent methanogenesis. Fig. 2 shows that in
regions of recent methanogenesis methane is signifi-
cantly enriched with *C compared to methane from
highly mineralized waters. On the other hand, carbon
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FIG. 1—Physico-chemical and microbiological characteristics of the Bondyuzhskoe oil field waters.
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of bicarbonates in freshened waters is heavier by the
isotope composition than carbon of highly mineralized
ones.

The major source of mineral carbon in stratal waters
is microbial oxidation of oil hydrocarbons with the
carbon isotope composition over the range from -25 to
-28 percent. The accumulation of heavy isotopes in
carbonate carbon may occur only during microbial
CO, reduction to methane. A light isotope composition
of methane carbon in freshened stratal waters is addi-
tional evidence of an active microbial methanogenesis
in this part of the oil field.

Therefore, microbiological and isotopic investiga-
tions demonstrated a significant contribution of recent
biogenic methane to the gas composition of stratal
waters of the oil field under study and indicated that
CO, reduction by hydrogen is the main pathway of
bacterial methanogenesis.

Microbiological processes in the zone of
contact between injected and stratal waters

The microflora and microbial processes occurring in
the zone of contact between injected and stratal waters
which differ by their composition and properties are of
peculiar interest.

To determine the distribution of microorganisms
and the methanogenesis rate in the zone of contact, the
injection of surface water was stopped and the injec-
tion well was placed into the condition of reverse self-
discharge. Water samples were taken successively dur-
ing self-discharge in order to characterize chemical
and microbiological processes in the zone of contact.

Table 3, Figs. 3 and 4 show that during flooding of
the Bondyuzhskoe and Romashkinskoe oil fields, some

A

quantity of oxygen is introduced in the petroliferous
stratum together with, the injected fresh water (sam-
ples 1, 2, 8, 9 in Table 3). However, oxygen in the zone
of contact is rapidly consumed and redox potential
drops after the discharge of 5-7 m? of water. Simul-
taneously, the total number of bacteria and the number
of oil-oxidizing bacteria increase kignificantly. The
content of dissolved organic carbon and bicarbonate
also increases.

The emergence of anaerobic conditions in the zone
of contact and the enrichment of water with soluble
organic matter and CO, activate microbiological proc-
esses, in particular, methanogenesis (samples 3 and 10
in Table 3). The rate may be as great as (10.7-17.8) x
104 ml CH,-1"'-24 h?! (Figs. 3, 4). S

The total number of bacteria and the number of oil-
oxidizers diminished as water was further discharged.
The content of Cyye and the rate of bacterial methano-
genesis also decreased (Table 3). They approximated
gradually to analogous values characteristic of fresh-
ened stratal waters of the oil fields under study.

From the experimental data we infer that aerobic
bacterial oxidation of the residual oil occurs in the
zones of contact when fresh, oxygen-containing water
is introduced into oil pools. This results in an increase
of concentrations of soluble organic compounds and
bicarbonate which after entering the anaerobic zone
stimulate bacterial methanogenesis.

The last conclusion was confirmed experimentally
when determining the methanogenesis rate by the
radioisotope method. For this purpose the enrichment
culture of oil-oxidizing bacteria isolated from the stratal
water of the Bondyuzhskoe oil field was grown on a min-
eral medium with NH,Cl and crude sterile 0il (5 percent
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FIG. 2—Modern geochemical activity of methanogens in the Bondyuzhskoe oil field.
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FIG. 3—Microbiological processes in the zone of contact be-
tween injected and stratal waters of the oil field.

by volume) at 28°C for 10 days. Bacterial growth was
accompanied by the decomposition of oil. The culture
liquid consisted of (mg-1"1):11.5 methanol, 40.0 ethanol,
127.0 acetic acid, 5.0 proprionic acid, 2.0 butyric acid
and other unidentified organic compounds. Sterile cul-
tural liquid was added to flasks containing stratal
water. Since the cultural liquid contained ammonium
and phosphate the additional experiments were per-
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formed when only these mineral compounds were
introduced into the stratal water.

Table 4 and Fig. 5 present data on influence of addi-
tives on the methanogenesis rates. Probably thereis no
need in a detailed analysis of the results obtained for
each well. It should be noted however that in highly-
mineralized water of well 316, where total mineraliza-
tion was 233.3 g*1'!, methanogenesis was not observed
in all the variants of the experiment. The addition of
ammonium activated appreciably methanogenesis in
four wells of six, the addition of phosphate had the
same effect in five wells of six. The addition of cultural
liquid to the stratal water stimulated methanogenesis
in all the cases, and its rate increased 6-60 fold.

Further experiments involved the studies of bac-
terial methanogenesis on mineral media with products
of aerobic oil destruction as the sole energy source. Oil
was destructed by the binary bacterial culture: Pseudo-
monas sp. and Micrococcus rubrum isolated from the
same oil field. After incubation, the cultural liquid,
which was a brown homogenous suspension, was used
as a substrate for methanogenic bacteria in two
variants of the experiment: 1) in the first case the cul-
ture liquid was used per se; 2) while in the second it
was supplemented with an equal amount of mineral
medium.

The control was mineral medium with crude sterile
oil (5 percent by volume) just inoculated with the binary
culture of aerobic oil-oxidizers. All the three media were
placed into anaercbic conditions and inoculated with
active enrichment culture of methanogenes isolated
from the Bondyuzhskoe oil field. Anaerobic incubation
was performed on a shaker for 10 days at 37°C.

Table 5 shows that the culture liquid contains sig-
nificant amounts of acetate, ethanol and methanol.
Besides, the presence of formiate and other organic
compounds was shown qualitatively. Trace amounts of
low-molecular weight compounds were present also in
the control medium and conditioned evidently the for-
mation of some methane.

TABLE 3—Microbial Distribution and Methanogenesis Rate in the Zone of Contact
Between Injected and Stratal Waters of the Qil Fields

Content, mg:i-!

Microbial Number

Volume of Ejected Eh, Total, 0il Oxidizers, Methanogenesis Rate,
Sample, N Water, m3 mv 0, HCOy Cyy  Cells:ml-1-108 Cells‘ml-! ml CHy-10-4-1-1 per day
Well N 428 (Bondyuzhskoe Qil Field)
) 0.5 +280 6.2 1098 — 8.7 60 0
2 e 3.5 +240 2.7 109.8 60 8.3 60 0
B 7.0 + 80 0 128.1 110 6.9 1100 17.8
4 12.5 — 40 0 146.4 160 13.1 600 416
5 T 25.0 — 20 0 128.1 60 5.3 60 2.8
< 42.5 — 10 0 1464 — 3.5 60 1.6
A 166.0 - 10 0 146.4 60 2.6 10 2.1
Well N 6334 (Romashkinskoe Oil Field)
T 0.5 +320 7.1 2257 60 24 60 0
. 2 2.5 +235 54 2196 — 3.4 250 0
10, e 5.0 + 80 0 292.8 170 9.5 250 10.7
11 e 10.0 + 40 0 317.2 220 3.0 600 2.3
12, 15.0 + 30 0 329.4 110 2.3 60 1.5
18, e 30.0 -+ 20 0 317.2 110 1.4 60 2.8
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TABLE 4—Effect of Additives on Methanogenesis Rate in Stratal Waters of Bondyuzhskoe Qil Field

Content in Stratal
Water, mg-I-1

Methanogenesis Rate, ml CH,-10-6-1-1 per day

- = In Stratal Water Addition of Addition of Addition of
Well, N Mineralization, g/l  NH,* PO,*- (no additives) NH,** Po,-3* Culture Liquid***

254 e 20.0 26.5 0.36 52.8 54.4 252.6 301.6
210 0 24.0 16.0 0.36 81.4 156.3 102.7 675.3

47 . ..., e i 30.0 14.0 0.36 35.3 29.8 118.9 386.2
296 ... 134.0 31.5 0.12 3.1 20.5 26.6 181.4
269 . ... .. 150.4 59.8 0.24 7.2 67.4 16.7 310.2
P22 173.6 64.0 0.36 6.4 23.0 6.3 111.0
316 ..., 233.2 72.0 0.12 0 0 0 0

*NH,* concentration in stratal water increased by 198 mg-1-1,
**P0,-3 concentration in stratal water increased by 92 mg-1-1.

***Concentrations of NH,* and PQ,-3 increased by 34 mg-1-! and 107 mg-1-1, respectively; acetate and ethanol (alongside other
organic compounds) were added in amount of 5.6 mg-1-1.

TABLE 5—Microbial Methanogenesis from
Products of Aerobic Qil Destruction between injected and stratal waters by products of

aerobic oxidation of residual oil.

Products of Aerobic 0il Destruction,
mg-I-} Crude Qil

" Acetic Propi- Butyric Meth- Eth-

Possible activation of recent methanogenesis
in the flooded oil field
Qil field experiment on the activation of methano-

CH, Formation

Experiment  Acid onicAcid Acid  anol  anol  ml-I-t Grude Oii genic bacteria by products of microbial oil oxidation
was performed in water injection well 428. Preliminar-

1.... 2100 600 24 300 900 ggg ily, in conditions of ordinary flooding the control experi-
Coznt’;r‘oll‘ }3%55 308 1% 128 428 40 ment was performed: the well was placed into the

regime of self-discharge, and control samples were
taken characterizing the water coming from the zones

Probably, part of methane in the control appeared
due to degassing of crude oil. In the above two variants
of the experiment, 280-400 ml CH, per 1 of crude oil
were generated on products of the aerobic oil destruc-
tion. This amountis 7-10 times the control amount and
confirms the possibility of bacterial methanogenesis
on products of microbial oil destruction.

Thus, the addition of ammonium, phosphate and
products of aerobic oil destruction intensifies the activ-
ity of methanogens in freshened stratal waters of oil
fields. This confirms the conclusion about the possible
activation of methanogenesis in the zones of contact

of contact in the formation. Microbiological and chem-
ical data obtained during the control discharge (Table
6) are similar to those yielded by the other experi-
ments on water injection wells (Table 3).

To attain previous conditions after the control
discharge (115 m?), 800 m?® of fresh water were injected
in this well. Experimental activation of microorgan-
isms was made by the introduction of 35 m3 of aerated
water (air volume 1800-2000 m?®) supplemented with
NH,Cl and phosphates. The well was closed for 2
months. Then the well was opened, the stratal water
was discharged and sampled for analyses.

TABLE 6—Microbial Number and Methanogenesis Rate in Water of Well N 428

Volume of Corg Content, 0il-Oxidizing Bacteria, Methanogens, Methanogenesis Rate,
Ejected Water, mg-1-1 Cells:mi-1 Cells-I-1 ml CHy-10-5-|-1

m3 Control  Experiment Control  Experiment Control  Experiment Control  Experiment
4.5 12 66 600 60 2500 6000 3.7 8.8
12.3 10 - 600 — 2500 — 12.0 —
25.8 8 — 250 — 1300 — 19.6 —
54.0 9 117 60 25 250 6000 7.8 8.0
99.2 14 109 25 130 250 6000 6.9 6.3
115 20 184 250 250 250 6000 12.3 5.8
150 — 99 — 25 — 6000 — 12.2
204 — 117 — 25 — 6000 — 6.6
282 — 50 — 250 — 6000 — 6.0
355 — 20 — 25 — 6000 — 47.9
397 — 75 — 25 —_ 6000 — 130.8
472 — 204 — 25 —_ 25000 — 37.4
547 — 172 — 25 — 25000 — 51.1
619 — 150 — 25 — 25000 — 56.0
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FIG. 5—Effect of additives on methanogenesis rate in stratal waters of Bondyuzhskoe oil field.

Table 6 shows that due to the above treatment of
stratal waters, the content of dissolved organic com-
pounds (C,yg) increased appreciably, the number of
aerobic oil-oxidizing bacteria somewhat diminished,
the number of methanogenic bacteria increased. In
samples taken after the discharge of 300 m® the rate of
methanogenesis was about one order of magnitude
higher compared to the rate of this process in waters of
the operating wells (Table 2).

Table 7 presents basic data on the increase in the
geochemical activity of methanogens. For the dis-
charge of 115 m® of water, the amount of methane gen-
erated in experimental conditions was 24 times that
produced in control conditions. Altogether, 16.5 m? of

methane were generated during the experimental
discharge.

An important value characterizing the nature of
methane is the ratio between the amount of methane
and the sum of heavy hydrocarbons in the gas compo-
gition. In the experiment this ratio was 14.6; and 1.7 for
the gas of operating wells of the oilfield (Table 7).
Higher relative content of methane is a universally
accepted indicator of its biogenic origin.

The isotope composition of methane carbon changed
significantly. Its 83C values, especially in first sam-
ples, were as much as -88.2 percent. The average 813C

TABLE 7—Methane and Carbonate Content in Water of Well N 428 and Their Isotopic Composition

Volume of Methane

SC0,+HCO; +C0572, 13C of Carbonates,

Volume of -
Ejected Water, Released, | .ﬂ_ 513C of Methane, me HCO, | Percent o

m3 Control  Experiment ¥C;-Cs Percent o Control  Experiment Control  Experiment

4.5 0.5 1.1 17.3 — 138 172 -15.5 -12.9

12.3 2.3 — — — 180 — -26.8 —

25.8 10.4 — — — 198 - -30.5 —

54 37.7 596 16.3 -88.2 300 336 -30.3 -10.2

99 67.0 1531 14.0 -68.9 348 420 -25.8 -11.0

1156 81.3 1984 14.0 -55.5 348 420 -20.3 - 91

150 — 3314 11.3 -87.3 — 540 — -14.5

204 — 5016 11.9 -58.7 — 528 — -11.9

282 — 6831 12.9 -56.7 — 516 — - 86

355 — 8877 13.5 -66.9 — 528 — - 98

397 — 10471 15.0 -62.1 — 540 — - 6.6

472 — 12921 16.7 -58.5 — 528 — -11.8

547 — 14742 16.7 -59.0 — 480 — - 81

619 — 16523 181 -59.5 — 480 — - 6.8

Average: 14.6 -64.1 -24.9 -10.1
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value of methane released during the experiment made
up -64.1 percent. It might be compared with the average
88C value of methane sampled from the nearest oper-
ating wells (with mineralization up to 80 g-1"!) which
was -55.7 percent. Such a significant lightening of the
carbon isotope composition of methane released during
the experimental discharge indicates that at least a
major part of methane is of a microbial origin.

This is confirmed by the analysis of the carbon
isotope composition of carbonates from stratal liquids.
The comparison between 83C values of carbonates
obtained in experiments on the methanogenesis acti-
vation and 6*C of carbonates of stratal waters during
the control discharge shows a significant discrepancy
between them. Carbon of carbonates from stratal
waters of the experimental discharge (average §1°C
value is -10.1 percent) is substantially heavier than
that of the control discharge (average §C value is
-24.9 percent), and of carbon of carbonates from near-
est operating wells (average 5°C value is -15.4 per-
cent). Such a heavy isotope composition of carbon of
carbonates (Table 7) also points to an active bacterial
methanogenesis due to CO, reduction.

Therefore, the proposed action on the stratal micro-
flora of oil fields enables a significant intensification
of its activity. Activation of microbial processes in-
creases the content of organic compounds and the
share of newly formed bacterial methane in stratal
waters thus, according to some authors 82 enhancing
the oil recovery.

SUMMARY

The distribution of microorganisms and rate of bac-
terial methanogenesis in flooded oil fields was studied.
It was shown that the population of microorganisms
and methanogenesis rate increased as stratal waters
were freshened. It correlated with the decrease of C,,
content and increase of bicarbonate concentration, as
well as with methane isotopic composition getting
lighter and bicarbonate carbon isotopic composition
getting heavier.

It was found that in the zone of contact between
injected fresh waters and stratal waters in the contour
of oil fields the process of bacterial oil oxidation took
place. The products of oil aerobic destruction stimu-
lated the activity of methane-producing bacteria.

The proposed technology of impact on stratal micro-
flora of oil fields provides a considerable stimulation of
its activity. The activation of microbial processes re-
sults in the increase of the concentration of soluble
organic compounds and content of newly produced
methane in stratal water, which according to some
authors, enhances the oil recovery.
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In considering the feasibility of microbial
enhancement of oil recovery (MEOR) an exceed-
ingly important parameter is the mobility of
microorganisms within a geologic porous system
containing water, dissolved salts, and oil. In
order to contact trapped oil with bacteria that
have favorable oil displacement properties, the
microbes must be transported from a wellbore to
locations deep within the reservoir. This may be a
pivotal factor in the applications of microbes to
specific reservoirs.

Two of the papers dealing with microbial inter-
actions with sandstones are reports of work spon-
sored by the U.S. Department of Energy. The
work by Yang et al was initiated specifically to
examine the interactions between bacteria and
geologic porous media containing oil and brine,
and to develop a theory for the transport phe-
nomena of bacteria through porous media under
subsurface reservoir conditions.

The work began with synthetic microspheres,
one micron in diameter, containing hydrolyzable
carboxylic groups which are negatively charged
in neutral solutions. When these were injected
into a clean, water saturated, Berea core (400 md
permeability), strong adsorption was evident in-
dicating reaction of the charged particles with
ionic potentials existing in the rock. However,
when the microspheres were used with a core con-
taining a residual oil saturation (obtained by
waterflood of an oil-brine saturated core) in a
Cleveland sandstone core, the microspheres were
more readily transported as indicated in Fig. 1.

The concentration of microspheres in the
effluent equaled the influent value after 11 pore
volumes were injected. Considerable retardation
in the transport of the microspheres occurred
since the effluent concentration would equal the
influent just after 1 pore volume was injected if no
adsorption or interaction with the oil phase had
taken place.

Using a second Cleveland sandstone core
(1-in. diameter, 3-in. long), spores of a salt-
tolerant Clostridium (isolated at Oklahoma State
University), were injected at a concentration of 1
X 107 spores/ml (Fig. 1). The spores exhibited
considerably less adsorption behavior since the
effluent concentration equaled the influent just
after 4.5 pore volumes were injected. Some adsorp-
tive hehavior took place even though the spores
possess an inert, rigid coat. However, the implica-
tion is that the spores of bacteria may he readily
transported into oil-saturated sandstones where
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they will produce vegetative cells when provided
with the proper nutrients for germination.

The third phase of this work involved the
injection of live cells into sandstone cores at a
concentration of 5 < 107 cells/ml. Cells of Pseudo-
monas putida, Bacillus subtilis and a species of
Clostridium were used in these experiments. In
each case, the effluent concentration of cells rose
to about 5 percent of the influent and then de-
clined to almost zero within a few pore volumes
as a filter cake built up at the face of the core and
extensive accumulation of bacteria occurred in
pores near the inlet. The buildup of a filter cake in

the case of Cleveland sandstone cores is not di-
rectly related to the pore size distribution of the
sandstone since the mean pore size is about 36
microns. '

The formation of extracellular polymeric mate-
rials and ionic charges on the surface of bacteria
play a larger role than the physical size of the
bacteria (1 to 5 microns) in determining the pas-
sage through this porous rock. Yen et al also re-
ported that Bacillus subtilis and Pseudomonas
putida were able to penetrate about 4 cm/day
without an applied pressure in Berea sandstone
cores which were saturated with nutrient broth.

Jenneman et al using species of Pseudomonas
and Bacillus confirmed the work conducted by
Yen et al and extended it to an examination of
nutrient transport and selective zone plugging
based on permeability. In flow experiments with
Berea sandstone (mean pore size 15 microns),
using 2 X 107 cells/ml of Pseudomonas. viable
cells were detected in the effluent just after 1 pore
volume had been injected. However, the effluent
concentration never exceeded 1 percent.of the
inlet. This indicates a greater effect of the smaller
pore-size distribution of the Berea sandstone
since the effluent concentration attained with the
Cleveland sandstone reached 5 percent of the
influent.

The principal objective of the work at the Uni-
versity of Oklahoma is to examine the potential
for using microbes in situ to selectively plug high
permeability zones. Hence experiments were con-
ducted using two cores having different perme-
abilities in parallel. The cells were selectively
transported to the higher permeability core caus-
ing diversion of fluid flow to the low permeability
core. In this case plugging of the high permeabil-
ity core was caused by rapid buildup of a filter
cake of cells at the face of the core since backflush
restored the permeability. Facial plugging can be
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expected when high concentrations of cells are
used or large volumes are injected.

Crawford suggested the use of bacteria to plug
the high permeability zones of a reservoir which
are responsible for bypassing of large quantities
of 01l due to water channeling. In earlier work,
Crawford conducted several experiments using
three cores in parallel having low, medium, and
high permeability. He found that bacteria would
plug the high permeability core to a greater extent
than the medium, and the medium permeability
core was plugged to a greater extent than the low
permeability core.

Crawford discussed the detrimental effects of
microbes on oilfield operations. Bacteria are the
source of a considerable number of oilfield prob-
lems that include corrosion, plugging of water in-
jection wells, scale formation in pipes, fouling of
mechanical equipment such as pumps, and plug-
ging of surface flow lines. The detrimental effects
of bacteria on oilfields have been presented by
numerous authors and a considerable effort is
made by the petroleum industry to abate this
negative influence of microorganisms.

The papers presented at the MEOR conference
show that there are two distinct and contradic-
tory aspects of microbial effects on oil production.

Widespread water injection introduces a large
number of microorganisms to petroleum reservoirs
which is responsible for considerable detrimental
effects in all phases of petroleum production
operations. However, the controlled introduction
of specific microbial cultures may be instrumen-
tal in reversing the negative aspect of microbial
svstems. Papers presented at the conference sug-
gest the use of Bacillus to plug high permeability
zones, Clostridium to clean out wells and displace
oil in situ by generation of nascent gases and sol-
vents, production of biopolvmers for emulsifica-
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tion of crude oil, and the reduction of heavy oil
viscosity by bacteria.

The buildup of a filter cake at the face of sand-
stone has been the experience of the petroleum
industry in the field and was discussed in papers
presented at the MEOR conference. The papers
indicated that the injection of live cells at high
concentrations and field fluid injection rates may
not be feasible if deep penetration of the microbes
is desired.

However, Yen et al showed that microbial
spores can be injected with very limited retarda-
tion in transport and that they will penetrate
deep within the sandstone body. Jenneman et al
showed that most of the required nutrients (nitro-
gen, glucose, phosphate) will also penetrate into a
sandstone with limited retardation. Hence, it is
possible to inject the spores and then cause them
to germinate deep within the rock, or formation,
by subsequent injection of essential nutrients.

Updegraff reported that rocks of high perme-
ability show a greater fractional decrease in
permeability upon injection of bacteria than
those of lower permeability., Therefore, this sug-
gests the possible use of bacteria for selective
plugging or stratification rectification to increase
sweep efficiency, and hence oil recovery, in water-
flooding. He also found that small bacteria pene-
trate through most reservoir rocks, but not with-
out a serious degree of plugging except in rocks
with an appreciable fraction of their pores with a
minimum pore entry diameter of 3 microns or
more.

Such rocks usually have a permeability greater
than 100 md. Updegraff concluded that bacteria
may exert a much greater plugging effect when
they multiply within the reservoir rock than
when cells are injected; therefore, bacterial plug-
ging represents an important limiting factor for
microbial enhanced oil recovery.
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ABSTRACT

This paper summarizes the work done at the Uni-
versity of Southern California to study the transport of
bacteria through oil bearing geologic formations. It
represents the first such systematic attempt to describe
qualitatively and quantitatively the effect of various
parameters on the retention of bacteria by a reservoir
rock.

The bacterial species studied here are Pseudomonas
putida, Clostridium sp. and Bacillus subtilis, each
chosen to represent a certain class of bacteria that
enhance oil recovery in their own way. The transport of
these species through sandstone cores and sandpacks
was studied. Nutrients were found to be easily trans-
ported through the core. In low permeability rocks
(<500 md) and at high inflow concentrations, certain
species of bacteria tended to agglomerate and plug the
face of the core.

However, for nonaggregating species, flowing
through high permeability rock at relatively low con-
centrations (108 cells/ml) the dominant mechanism of
retention was found to be adsorption rather than pore
plugging. Clostridium sp. being a nonaggregating spe-
cies is the most easily transported. Addition of small
amounts of nonionic surfactant tends to prevent aggre-
gation and is found to enhance the transport of the
cells. The presence of residual oil in the core was found
to facilitate transport too.

To attain a better quantitative and ultimately pre-
dictive understanding of the adsorption mechanisms,
the electrostatic and Van der Waals interactions be-
tween the bacteria and rock were studied. The surface
charge properties of the detrital grains and the claysin
the sandstone and the bacteria were studied in detail.
Preliminary model calculations done on estimating in-
teraction energies between bacteria and rock show that
such a model does indeed predict most of the observed
behavior. The theoretical estimation of the filtration
coefficient from the measured zeta potentials of clays
and bacteria surfaces, and other system parameters
such as rock grain size, porosity, injection rate and
Hamaker constant corresponds well with the experi-
mentally observed one. Such a model not only provides
us with a deeper insight into the mechanisms of bac-
terial retention but also may prove to be a predictive
tool in the future.

INTRODUCTION
For the past 50 years, different investigators have
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applied certain bacteria species to recover additional
oil fron. a number of producing fields. Some examples
are listed in Table I, although many are shallow forma-
tions tested only in small scale. As far to the mecha-
nism of the enhanced oil recovery is considered, it
could be due to one or a combination of the following:

1. Gas products by fermentation (produced from
molasses) such as CO,, H,, CH,, will give sufficient
reservoir pressure to drive more oil out.

2. Acid products will erode and modify reservoir
rocks to increase porosity and permeability.

3. Polysaccharides evolved as metabolic products
will become in situ surfactants to lower the interfacial
tension of trapped oil.

4. Degradation of large molecules in the oil will
reduce the viscosity of the produced oil.

5. Internal sulfonation of molecules by bacterial
metabolites will result in the production of an in situ
surfactant.

6. Water-soluble high molecular weight polymers for
mobility control will be produced in place.

7. Changes from selective plugging, sequestering
and sacrificial agents, etc. will occur.

8. Affinity of bacteria for solid surfaces will force
the oil from the solid material through wettability
alterations.

9, Generation of more CO, as a result of reaction of
organic acids produced by bacteria and calcareous
material in a reservoir will serve as a swelling agent
for oil.

10. Solvents such as alcohols and ketones produced
will dissolve more residual oil.

11. Internal emulsification will help to move the oil
as in micellar flooding.

The success of an efficient microbial enhanced oil
recovery (MEOR) process hinges on the injection of
nutrients and microorganisms into a reservoir and the
subsequent migration and multiplication of the micro-
organisms. In a research of the literature, there is no
definite data concerning the migration of microorgan-
isms in a typical reservoir. Very little information is
available dealing with the transport ¢f microorganisms
in porous media. Therefore we initiated the task of
studying bacterial transport through porous media.
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This work was supported by the U.S. Department of
Energy with the following objectives:

a) Examination of the interaction between bacteria
and geological porous media containing oil, and brine
water; b) Study of transport phenomena of bacteria
through porous media under applied pressure; and
¢) Facilitation of bacterial transport through geologi-
cal porous media under naturally-occurring reservoir
conditions.

Qur primary concern, in the first year, is to study
different factors affecting the efficiency of developing
this in situ bacterial approach. The following factors
are of concern:

1. The viability of cells at reservoir conditions and
hence the micrebial action to release oil;

9. The “injectivity,” i.e., the extent to which the bac-
terial cells and nutrients are able to penetrate the res-
ervoir; and

3. Other secondary effects associated with the injec-
tion of bacteria such as the impact on formation
properties.

This paper will summarize the effort we made
during the first year. The Experimental and Results
sections will cover the following: a) Core flooding;
b) Chemical additives; ¢) Special conditioning; and
d) Rock characterization.

EXPERIMENTAL
Negatively charged polymeric microspheres—
Microspheres carrying hydrolyzable carboxylic groups

were synthesized according to the procedures described
in Ref. 2. Preparation was by copolymerization of poly-

FIG. 1—Scanning electron micrograph of microspheres.
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ethylene oxide with 2-hydroxylethyl methacrylate and
crosslinked with bisacrylamide. The scanning electron
micrograph is shown in Fig. 1.

Sandstone—Berea sandstone cores with perme-
ability 400 md were obtained from Cleveland Quarries
Co., Amherst, Ohio. Another sandstone (abbreviated
as CS in this paper) with a permeability of 4 darcy was
obtained from the road-cut of Lake Keystone, Okla-
homa. Both sandstone cores were steam-cleaned ac-
cording to Donaldson’s procedure! and dried at 100°C.

Microorganisms—Three bacterial species were
chosen. Pseudomonas putida (ATCC 12633), an aerobe,
is capable of degrading some ring compounds. It was
cultivated in liquid thioglycolate medium. Clostridium
sp., a spore-forming anaerobe, is capable of producing
biogas and solvents. It was cultivated in an anaerobic
medium until culture aged and spores developed. Bacil-
lus subtilis, spore-forming aerobe, is capable of produc-
ing biosurfactant. It was cultivated in nutrient broth.
The cultures were then centrifuged and resuspended in
carbonless electrolyte solution to maintain a suitable
buffer and osmotic balance. Nutrient agar plates of
effluent and influent aliquots were scored for B. sub-
tilis and P putida. The concentrations of microspores
and Clostridium sp. spore suspensions were determined
by means of counting with a hemacytometer.

Sterilization—System sterilization was achieved
by a 70-75 percent alcohol flood for 1 day followed by
sterile water. Little contamination was detected by
agar plating of the effluent.

CORE FLOODING

Nutrients transport—The apparatus for injecting
the suspensions at constant flow rate is shown in Fig.
9. The cores were vacuum saturated with degassed dis-
tilled water prior to all experimental runs.

A solution containing 3 percent of fluid thioglyco-
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1G. 2—Apparatus for pumping bacterial suspension into a sand-
stone core. 1, oven; 2, core holder; 3, back-pressure controller;
4, differential-pressure transducer; 5, pump; 6, magnetic stirrer;
7. demodulator; and 8, recorder.



TABLE 1—Field Tests Using Microorganisms

Investigator Bacteria Country Recovery

Dostalek & Desulfovi- Czecho- 50 percent, 7

Spurney brio, slovakia out of 10
Pseudo- wells
monas in
molasses

Kuznetsov  Aerobic bac- USSR 37-40 m

et al, teria in 4 ton/d for 4
percent months
molasses

Jaranyi Anaerobic, Hungary 126 percent

et al. thermo- yield for 12
philes in wells
molasses

Karaskie- Clostridium Poland 20-200

wicz in molasses percent

Yarbrough  Clostridium USA 200 percent

& Coty in 2 percent in 4 months
molasses

Van Bacteriain Holland 30 percent

Heingen 50 percent improvement

et al. molasses

late medium USP was injected into one CS core.
Another solution containing 1 percent glucose was
pumped into another CS core at the constant flow rate
of 40 ml/hr. The effluent samples were analyzed by
Biuret method and Fehling’s method, respectively.

Bacteria transport—The experimental conditions
of flooding the cores with microspheres and with vari-
ous bacterial species are summarized in Table 2.

The differential pressure drop across the core was
monitored with a differential pressure transducer.

MICROBIAL ENHANCEMENT OF OIL RECOVERY

Twenty pore volumes of bacterial suspension were
injected into each of the sandstone cores in all the
experiments.

CHEMICAL ADDITIVES

Effect on microsphere adsorption—Five grams
of silica sand grains (~250 n in size) and various chem-
icals were added to each of the 50 ml suspension con-
taining 10° microspheres/ml distilled water, Table 3.
The mixture was shaken gently for a period of 1 hr. The
equilibrium concentration of microspheres was deter-
mined by a visible light spectrophotometer. The per-
centage of microsphere adsorption was then computed
by comparing with the optical density of the original
suspension. The relation between optical density and
the number density of microspheres in water was
precalibrated.

Adsorption and elution of bacteria by ion-
exchange resins—The resin was conditioned in the
case of the anion exchange resin IRA-410 CP in the
chloride form and in the case of the cation exchanger
IRC 50 in the hydrogen form. Thirty grams of respec-
tive resins were gently stirred for 30 min with a sus-
pension of 8 hr Ps. putida cells. The resin suspension
was poured into a 1 X 12-in. glass column. Distilled
water was flushed through to wash out unabsorbed
cells.

The column was then flushed with distilled water
(70 ml) followed by 70 ml of 0.01 M phosphate (pH =
6.8) and finally 0.1 M phosphate (pH = 6.8).

Elution of bacteria from sandpack column by
phosphates—A washed, centrifuged suspension of Ps,
putida cells was added to the top of a column packed
with acid washed sand. 7.5 X 10'0 cells in 50 m] of dis-
tilled water were added to the column and this was
followed by 200 ml of distilled water. A solution of 250
ml of 0.01 M phosphate buffer was then added to the
column. The fractions of the effluents were collected
and all densities were determined by agar plating.

A CS8 core was preflushed with a 6,000 ppm NaCl

TABLE 2—Summary of Core Flooding Experiments

Suspension?

Calculated Value

Porous Mediac (based on deep filtration model)

Conc., Cells/ml Suspending Cleveland Sandstone Filtration Coef. Maximum Retention
Run No. Species {inflow) Medium® {length x diameter) {cm-1) Capacity (cells/mi rock)
(9/18/81)  Pseudomonas putida 5.107 el 3.5in. X 1in. 0.67-0.93 —
(ATCC 12633)
(10/20/81) Microspheres 6.108 di Oil-containing 0.24 2.0 X 107
3in. X 1in.
(11/12/81) Clostridium sp. 5.106 el 3in. X 1in. 0.21 3.1x10°
spores
(11/18/81)  Pseudomonas putida 106 el 3in. X lin. 0.61 —
(ATCC 12633)
(12/2/81)  Bacillus subtilis cells 106 el 3din. X 1in. 0.40 —
(1/5/82y Bacillus suntilis 108 el Jin. X 1in. 0.21-0.30 —

spores

2The flow rate is 40 ml/hr for all experiments. Pel is electrolyte sclution; di is distilled water. CAll porous media have porosity of 0.22

and a permeabi’ity value of 4 darcy.
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sterile brine containing 1,000 ppm Tween 80 (polyoxy-
lene [20] sorbitan monooleate, a nonionic surfactant).
The Ps. putida cells were suspended at concentrations
ranging 3-7 X 107/ml in the medium with the same
composition as the preflush medium. The history of the
effluent quality was recorded.

SPECIAL CONDITIONING

Transport in residual oil saturated core—One
CS core was made to contain residual oil by injecting 5
PV of Long Beach crude, a heavy 0il (API gravity, 17°),
into the water-saturated sterile core followed by at least
10 PV of sterile water. Subsequent injection of suspen-
sion followed in accordance with the procedure de-
scribed under the section of Bacteria Transport.

Transport in oil-coated sandpack column—
This experiment was designed to determine if the filter-
ing ability of sandpack columns depended on the hydro-
philic and hydrophobic properties of sand grains.

Seventy-five grams of fine acid sand was packed
into a 20 X 300 mm column by gently tapping the
column as the sand was poured in. This column was
maintained as a control. The second column was
treated as follows: 100 mg of Long Beach (Ranger Zone)
crude oil (API gravity, 16°) was dissolved in 150 ml of
petroleum ether.

The solution was added with constant mixing to the
75 gm of sand. The mixture was stirred in a rotating
flask overnight and then put into a 20 X 300 mm col-
umn. A third column and a fourth column were pre-
pared in a similar manner except that 500 mg and 1 gm
of the crude were used to coat the sand particles,
respectively.

An 18-hr culture of Ps. putida was prepared and
diluted to a final concentration of 1.7 X 10° cells/ml.
One hundred ml of the bacterial suspension was added
to the top of each of the columns. The column was
allowed to run dry and then flushed with 200 ml of dis-
tilled water. The eluted bacteria from each column were
plated and the number of cells in the eluted water was
determined.

Transport in nutrient-saturated Berea sand-
stone core—An apparatus was designed to link two
250 ml flasks with a 1-in. diameter X 2-in. long Berea
sandstone core (Fig. 3). The core was vacuum saturated
with nutrient broth. Two such apparatuses each with
both flasks containing 150 ml nutrient broth were auto-
claved. B. subtilis and Ps. putida were inoculated into
the left side flasks of each apparatus. The time when
the flasks turned cloudy was recorded.

ROCK CHARACTERIZATION

Sandstone was ground gently and separated into
clay and detrital grain fractions by standard sedimen-
tation methods. The clay fraction (<2 u) was filtered
out after repeated washings with distilled water.

Detrital grains fractions (>2 u)—The surface
charge density at various pH values was computed by
means of potentiometric titrations. The pH of the sam-
ples in an ionic solution of various KCl concentrations

was recorded, as small aliquots of NaOH or HCl were
added in known quantities. The difference in the pH of
the control (without rock grain sample) and the sample
are an indication of the surface charge

o =F (pH — pHontrol)-

In the double layer model developed by Davis et al,” the
surface charge develops due to adsorption of potential
determining ions and surface complexation.

The surface charge density and the adsorption-
desorption equilibrium constants were determined from
the potentiometric data. With these parameters, a set
of 11 equations enables us to calculate the unknown
quantities in this model® Eventually, charge density
and electric potential distributions extending from rock
surface into the aqueous medium were fully described.
The thickness and also the electric capacitance of the
inner and outer Helmholtz layer in the double layer
were calculated.

The surface zeta potential of clays in solutions of
various pH values and electrolytes was measured with
a TV screen-equipped Zeta-Reader (Komline-Sanderson
Co., Ontario) monitoring the electrophoretic mobility
of clays under applied voltage. The apparatus gives the
digital readout of zeta potential directly.

RESULTS AND DATA ANAIYSIS

Core flooding —The breakthrough curves of glu-
cose and protein from Berea sandstone cores are shown
in Figs. 4 and 5. Total breakthrough of these two
nutrients occurred after the first few pore volumes of
injection.

Bacteria transport—A typical curve for the

history of effluent quality such as Fig. 6 can be treated
according to deep filtration theory.®

The deep filtration coefficient, K,, which physically
means the retention probability of a bacterial cell trav-
eling with the fluid at unit length in the porous media,
of a core having length, L, can be expressed by:

TABLE 3—The Effect of Chemical Additives on Microsphere Adsorption onto Silica Sand*

Run No. 1 2 3 4 5 6 7 (control)
NaCl 10,000 10,000
CaCl, 2,000 2,000
Additives
EDTA (Na), 2,000 2,000 2,000
Tween 80 20,000
Percent Adsorption 50 percent 83 percent 75 percent 70 percent 78 percent 19 percent 32 percent

*The values in this table are the concentrations of additive chemicals in ppm; 5 g silica sand was mixed with 50 ml suspension con-

taining 108 microspheres/ml.
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The maximum retention capacity of bacteria on rock
surfaces per unit volume of porous media o,y can be
estimated as

UG

Omax = tmax Ci U Ko = (tsat ~ tmax) —L

where U is the superficial linear velocity.

The filtration coefficient and, in some cases, the
maximum retention capacity are calculated from the
history of effluent quality when the bacteria are in-
jected into the sandstone core. The results are listed in
Table 2.

Clostridium sp. spores, which showed the lowest fil-
tration coefficient and the lowest maximum retention
capacity among all species tested, seem to be more eas-
ily transported through the CS pore. In experimental
runs of injecting Ps. putida, B. subtilis cells, and B.
subtilis spores at inlet concentration of 10%/ml, we
always observed a few percent of breakthrough.

If we allowed these experiments to run for an
extended period of time, we observed a similar pattern
of effluent history as that in Fig. 3. Of course, the reten-
tion level on sandstone for these three suspensions is
expected to be higher than that of Clostridium spores.

We also noticed that when Ps. putida cells are in-
jected at 5 X 107/ml, a filter cake developed at the inlet
surface. Meanwhile, the differential pressure drop in-
creased rapidly suggesting a very large retention. Con-
trary to the curve in Fig. 6, we observed a decrease in
effluent concentration (Fig. 7). Probably the already
deposited cells and the cells in the filter cake tend to
retain more strongly the inflow cells. Furthermore, Ps.
putida tend to form aggregates consisting of about 20
cells.

Chemical additives
Microsphere adsorption onto sand grains—

FIG. 3—Apparatus for investigating bacterial transport resulting
from presumably combined diffusion, bacterial growth, and
migration in the direction of increasing nutrient concentration.
1, cotton plug; 2. 250-ml flask; 3, Berea sandstone core; 4, bac-
teria culture grown in nutrient broth; and 5, sterile nutrient broth.
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The results of adsorption experiments are listed in
Table 3. The significance of the results is:

1. The divalent cations boost the adsorption of
microspheres to a greater extent than do the mono-
valent ions even if the former are at a much lower con-
centration (Runs 2 and 4).

2. The chelating agent, EDTA(Na),, may chelate
divalent cations. As a result, the extent to which micro-
spheres adsorb is decreased if EDTA(Na), is added to a
microsphere suspension containing CaCl, (Runs 3 and
5). Adding EDTA(Na), into the suspension contain-
ing monovalent cations simply increases the ionic
strength. An enhanced adsorption was observed (Runs
2 and 4).

3. The addition of Tween 80 into the suspension
seems to decrease the microsphere adsorption (Runs 6
and 7).

Adsorption and elution of bacteria by ion
exchange resins—The cell counts of effluent samples
is shown in Fig. 8. The initial high values represented
cells not adsorbed or loosely attached to the resin
grains. They were easily washed off by distilled water.
The following peak was eluted with very weak phos-
phate buffer solution. The combined volume of the efflu-
ent was plated out to determine the output/input ratio.
The percentage of recovered cells in the effluent was
62.9 percent of the total number of cells applied.

When the column containing bacteria-adsorbed
sand grains was flushed with distilled water, the opti-
cal density of the first 250 ml effluent was negligible. A
noticeable increase in visible turbidity was observed as
the phosphate solution was added to the column.

Coinjection of nonionic surfactant with Psen-
domonas putida culture—The history of effluent
quality for coinjection is shown in Fig. 9. The history of
effluent quality of injecting Ps. putide at inlet concen-
tration of 5 X 107/ml without adding Tween 80 is shown
in Fig. 7. By comparing the two runs in which inflow
concentrations are about the same, it seemed that Ps.
putida cells are more easily transported if Tween 80 is
added to the preflush medium and the suspending
medium. Contrary to the case in Fig. 7, no significant
pore plugging or filter cake forming were observed. The
microscopic investigation revealed that cells aggre-
gated to a lesser extent if Tween 80 is added.

RELATIVE GLUCCSE CONGC . C/Cp
a
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FIG. 4—History of effluent quality as a glucose solution was
pumped into a Berea sandstone core.
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FIG. 5—History of effluent quality as a fluid thioglycolate medium
USP medium was pumped into a Berea sandstone core.

Special conditioning

Transport in residual oil-saturated core—The
residual oil in the porous rock seemed to aid the trans-
port of microspheres (Table 2, Run 10/20/81). When
microspheres are injected into a clean sandstone core
(results are not listed in Table 2), the effluent contains
very little microspheres. The residual oil might be
trapped in narrow pore necks or covers the oil-wet por-
tion of the rock surface. We would expect the filtration
and the retention to decrease in residual oil-containing
sandstones.

The conditions of each column and the percentage
of bacteria recovered from the effluent are summarized
in Table 4.

The results of these determinations seemed to show
that more bacteria are adhering to sand particles when
the sand is not covered with a coating of crude oil than
when it is. Also as the amount of oil on the sand
increases, the number of bacteria adhering decreases.

Transport in nutrient-saturated Berea sand-
stone core—The medium in the flask (Fig. 3} which
was inoculated with B. subtilis turned turbid within 24
hr. The originally sterile medium in the other flask be-
comes cloudy at 48 hr. In other words, B. subtilis is able
to penetrate approximately 1.5 in. per day in a nutrient-
saturated Berea sandstone. For Ps. putida, the respec-
tive time when the medium in the flasks turn visibly
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FIG. 6-—Typical curve showing history of effluent quality as a bac-
terial (or colloidal) suspension is injected into a sandstone core.

65

cloudy was found to be 24 hr and 72 hr. Thus, we might
qualitatively conclude that the transport of B. subtilis
resulting from presumably combined growth/diffusion/
migration to the higher-nutrient-concentration area is
more favorable than that of Ps. putida.
Rock characterization

Detrital grains—The surface charge density of
unbaked Berea sandstone and Ottawa sand computed
from the results of potentiometric titrations is plotted
as a function of equilibrium pH in Figs. 10 and 11

With the results of potentiometric titrations, the
equilibrium constants of the p.d.i. (potential determin-
ing ions) absorption and surface complexation reac-
tions are computed and listed in Table 5. The surface
charge density and electric potential distributions of
Ottawa sand at pH 4.0 is plotted in Table 6.

Clay—The surface of the clay particles acquires a
net charge due to a variety of mechanisms as discussed
elsewhere® This surface charge over small pH ranges
is pH independent. The velocity of the particles moving
under a specified potential difference is measured, and
Smoluchowski’s equation is used to compute the sur-
face charge. We consider the ionic double layer to be a
rigid system in the sense of a Helmholtz double layer,
then,

4 !
o= —%\p— , where
o = surface charge (uc/cm?)

U =
E = applied potential difference

mobility of particles (um/sec)

u = viscosity of the medium
Kap

. 1
A = double layer thickness = < T+ xap (cm)
ap = radius of particles
= (0.229 ' X 10% (em™)
I = 5 ¥ ¢jz} = ionic strength
CL
A
L. 5x 07/m
o
z
o
o
5
3
8
3 % 10° /ml
""""" 4x 10* /ml
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FIG. 7—History of effluent quality as a Ps. putida suspension (5 x
107 cells/ ml) was pumped into a CS core.



The diffuse double layer influence has been neglected
since kR > 1.0, for our system. The computed surface
charge densities are for unbaked Berea sandstone, o =
19.19 pe/cm? For baked Berea sandstone, o = 24.35
pc/em?,

DISCUSSION

The migration of nutrient is mainly determined by
the pumping rate, the inflow concentration, and the
adsorption-desorption equilibrium between the mole-
cules in the medium and those on the rock surface. The
breakthrough history of nutrients such as protein and
sugar from Berea sandstone was investigated. This re-
sult reflects the consumption of nutrients by Berea
sandstone. Nutrients are more easily transported.

The transport of bacteria is a far more complicated
problem. The migration of bacteria under an applied
pressure gradient can be described by a deep filtration
model. In the past, some qualitative work was done
indicating strong retention of bacteria by clean Berea
sandstone of low or moderate permeabilities (<150
md).” This will lead to plugging effect observed and
consequently a number of investigators® have sug-
gested selective plugging is the predominant mecha-
nism in MEOR.

Although pore size distribution and pore geometry
are constraints for the passage of microorganisms, we
feel that for the initial transport investigation we
should take a case of porous media which has an aver-
age pore size larger than the commonly-used bacteria
(>5 p). Further it was established that in MEOR proc-
esses, high permeability and high-porosity of forma-
tion rock promise positive results.® However, little re-
search work was done using formation rock of higher
permeability (sav over 600 md). In our work, a highly
permeable sandstone rock (CS) was chosen for most of
the experiments. Also, a semiqualitative or quantita-
tive approach was adopted in our studies.

A quantitative picture of bacteria transport in por-
ous rock can be represented as follows: As the suspen-
sion of cells flows through the porous passage, some of
the cells, under the influence of a number of short-range
and long-range forces and some specific cellular attach-
ment mechanisms, may come into contact with the rock
grains and be deposited onto the rock grains and on
already deposited cells. Viable cells might migrate
toward the rock surface where higher nutrient concen-
tration is available, a phenomenon called chemotaxis.

If the porous media contains residual oil, the flow
pattern might be much different from the case of clean
porous media. Further complications may also arise due
to the reentrainment of the deposited cells and their
possible redeposition. As a result, the dynamic behavior
of the process (namely, the so-called history of the efflu-
ent quality and the pressure drop required to maintain
a constant rate of flow) varies with time as well as other
variables characterizing the interaction among porous
rock, hydrodynamics and surface physico-chemical
properties of bacteria and rock.

The history of effluent quality of various potential
species (suspended in nutrient-free media) from a one-
dimensioned sandstone rock under constant pumping
rate was analyzed. Empirically the filtration coeffi-
cient, K,, can be used as a screening criterion for com-
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paring the relative penetrations of various species in
rocks. It is possible to evaluate the filtration coefficient
from theoretical considerations. In this manner, we
could use this empirical coefficient on a semiquantita-
tive or quantitative basis.

When bacteria are injected into the reservoir along
with the nutrient in the real MEOR processes, the
nutrient generally migrates ahead of most of the bac-
teria because the latter is more strongly retained by the
rock. In other words, when the injection well is shut-in
after some pore volumes of suspension have been
pumped in, most bacterial cells are “soaked’” in nutri-
ent. We have investigated the transport of bacteria in
nutrient-saturated rock, presumably due to combined
bacterial growth, diffusion, and migration in the direc-
tion of increasing nutrient concentration. Some semi-
quantitative experiments were carried out.

During the course of our investigation, the experi-
mental results showed that under normal conditions
most bacterial breakthroughs were only a few percent
of the inflow concentration. In the light of improving
or aiding the bacterial penetration or migration we
have attempted experiments to either modify the bac-
terial surface, or to modify the rock surface, or to mod-
ify both. The following are methodologies which we are
continuing to perform and at this time the research is
still in progress.

1. To modify the bacterial surface structure that is
responsible for specific attachment.

2. To trap the multivalent cations that might serve
as the binding bridge between bacteria and rock.

3. To modify the wettability of both or either of the
surfaces.

4. To increase the (negative) surface charge density
through specific absorption of certain polyvalent
anions by rock.

Based on the above, we have been assessing the
effect of phosphate and pyrophosphate on the bacteria
transport through the sandpack column, or the sand-
stone core, or the ion exchange resins,

We reasoned that there may be a similarity between
the bacterial transport via sandstone core and the
effect of bacteria on an ion exchange resin. The surface
of the bacterial cell is known to hold a net negative
charge under physiological conditions of growth. And
so it would be expected to react with the anion
exchange resin in the following manner:

qHa + =
—ITT — CH,;CH; OH ~ CI" + bacteria =]

CIH:s + 2
—l\IT — C — CH, — CH,OH ~ bacteria + ClI-

Therefore any chemical which shifts the above reac-
tion to the left-hand side may release the bacteria from
ion exchange resin and hence, in our opinion, aid the
transport of bacteria in this porous medium by manip-
ulating the surface charge properties.

The filtration phenomenon, as pointed out by many



Transport of Bacteria in Porous Geological Materials

researchers ! is a strong function of the interaction
between the surfaces of bacteria and rock. Theoreti-
cally, if this interaction is fully described and if other
conditions such as porous structure, flow regime, sys-
tem geometry, etc. are known, the filtration coefficient
can be computed. Two major interactive energies are
considered in this paper, namely, the attractive London
dispersive energy and the repulsive electrostatic energy.
The former is characterized by a Hamaker constant.

We estimated the range of this constant for the inter-
action between rock and cell across a film of water. The
latter is determined by the different nature of surface
charges of bacteria and rock and by the interaction of
electrical double layers of these two dissimilar surfaces.
An expression for this energy term assuming constant-
potential flat plate (rock) and constant-charge sphere
(idealized cell) is illustrated in this paper.

The surface charge density of clays and bacteria
was determined by electrophoretic mobility measure-
ments. The characterization of detrital rock grains was
evaluated by potentiometric titration. A sample calcu-
lation for estimating the theoretical filtration coeffi-
cient from surface interaction characteristics is given.

The following equations are used to estimate the fil-
tration coefficient assuming that micron-sized bacteria
are Brownian particles and Happel’s model of porous
med.a is valid.l?

Dgy = KgT/6 uay
P=(1-¢
W = 2— 3P + 3P% — 2P5
A, = 2(1—-P5/W
Npe = d;. U/Dgy
= 071 A;7V3 Np 23 (Kr/U)
1.4
o) = Iﬁ

n = 4 ASI/B NP;‘Z/'E f({)
3(1—¢/2de

[

For the above equations Kr is determined from the

itesral [<exe @/KaT) B
= Dy {1 1]an ]

TABLE 4—Results of Bacterial Transport
Through Oil Coated Sandpack Column

Column No.
1 2 3 4

mg Crude/
mg Sand.... 0.00 0.0013 0.0067 0.133
Total bac- )
teria applied 1.7 X 10 1.7X10% 1.7X10° 17X 10%
Bacteria
recovered ... 9.7X 1.09 X 1.29 X 1.41 X

107 10° 10% 108
Percent
recovery .... H8.8 64.1 75.9 83.0
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The function R now accounts for the hydrodynamic
retardation as a sphere approaches a flat surface. At a
very close separation distance,
R~ 2P
H
The total interactive energy ¢ is the sum of V, and Vg.
For the interaction between a sphere and a flat plate,

— Aap
Va 6H
Vi = ey 6 [20 & (g — tan™ sinh « H)

— (@G- CIn[l+exp(—2«H)]

Wy was derived assuming the diffuse double-layer
interaction between a constant-charge sphere (bacteria)
and a constant-potential plate (rock grain).

In a typical example, the interaction between rock, 1
and bacteria, 2 in water, 3 can be evaluated, e.g., the
Hamaker constant A,z for the London dispersive at-
traction between 1 (rock) and 2 (bacteria) across a film
of 3 (water) is estimated according to the following:!

Ay~ 1.6 Ay Agy

where
Ay ~ 1.2 — 5.6 X 102 Joule and
Aoy ~ 0.02 — 0.25 X 107 Joule

Thus, A3 values approximately range in 0.1-1.9 X
10-% Joule.

With the above consideration, a sample calculation
of estimating filtration coefficient can be made. As-
sume that £ = -10 mv, & = -37 mv, sodium chloride
concentration = 1000 ppm, porosity = 0.22, bacteria
radius = 0.5 p, rock grain diameter = 250 p, and
Hamaker constant = 1.0 X 10-2 Joule. The final calcu-
lated filtration coefficient is estimated as 0.808 em™.
This value is reasonable when compared to those in
Table 2. The sensitivity of filtration coefficient, K,, or
the bacterial retention, to the zeta potentials is quite
interesting. The detailed analysis will be reported
elsewhere.1?

For example an increase of the negativity of the
charges on bacteria or rock surfaces, by the addition of
phosphate will reduce the filtration coefficient, and
thus will facilitate the bacterial transport. In this
manner we will be able to predict and to extrapolate in
what manner and to what extent we can increase the
transport of bacteria in actual reservoirs,

CONCLUSIONS
1. Nutrients can move easily through porous media.

2. Viable bacteria, spores, and microspheres can
transport through sandstone rock to some extent de-
pending on the filtering strength when the suspension
is injected into the core.

3. The adsorption of bacteria on rock surface be-
comes an important factor in bacterial transport pro-
vided the following are true: a) high permeability of
rock; b) low inflow concentration; and c) nonaggre-
gating species.

4. Clostridium sp. spores are more easily trans-
ported through sandstone core than other species
tested.
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TABLE 5—Equilibrium Constants of Adsorption for H*, OH-, Na* and CL-

K3} K3y K ction Kinion Ky K Keation Karion
Sand 7.94 X 10* 251 X102 1.58X 102 251.3 1.26 X 10-3 251 X102 3.98X101® 3.16X10°
Unbaked 7.94 X10% 6.31 X 1013 25.04 12.603 1.26 X 104 63.1 1.58 X 1011 6.31 x 106
Baked 4.1 X107 1.26 X101 25.08 12.97 2.44 X 10-¢ 1.26 3.16 X 1078 3.16 X 108
Ka = J}; ; Kas = Kay X 10

aj

— Wi * int. int.
K ftion =K ;‘5‘ K 1ca%wn or K ca%mn

K :nion =K ;nt e
SOH}, = SOH + Hi (K%Y

int

SO~ + Nal = SO~ — Na™ (Ky,)

5. B. subtilis and Ps. putida can migrate in nutrient-
saturated Berea sandstone cores without applying any
pressure gradient.

6. Residual oil in porous rock and oil coating on
sand grains can aid transport, so is the coinjection of
surface-modifying agents or other chemicals.

7. Surface charge characteristics of rock detrital
grains and clays are being investigated.

8. Models for the interactive energy between the
constant-potential plate (rock) and the constant-charge
density sphere (bacteria) are tentatively adopted.

9. The theoretical estimation of filtration coefficient
from the measured zeta potentials on the rock, the clay,
and the bacteria surfaces and the system parameters
such as rock grain size, porosity, liquid injection rate,
and the Hamaker constant were developed.
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NOMENCLATURE

Ag: correction factor for the stream function
of liquid flowing around a collector in a
porous media

A: Hamaker’s constant
ap: radius of particles
C;: inflow concentration of bacteria

Cy.: effluent concentration of bacteria from a sand-
stone core

C,,Cy: electrical capacitance in the inner and outer
Helmholtz layer, respectively

d.: diameter of rock grains

Dgy: Brownian diffusion coefficient
E: applied voltage across an electrophoretic cell
F: Faraday’s constant

H: separation distance between a bacterial cell

W int
=K cation/ K ag

int ok *
] K anion or K anion = Ka1/Kamon

SOH = SO~ + Hi (K2
SOH} + Cl; = SOH3 — CI- (K

TABLE 6—Parameters for Surface Potential
of Ottawa Sand*

C, = L4F/m2 C, = 0.2 F/m?

pH = 4.0

g, = 0.04 C/m?

a; = —0.03278 C/m? B = 4.96 °A
gy = —0.007218 C? v = 34.91 °A
¥, = 74.658 mV

U5 = 46.086 mV

¢g = 10.00 mV

*Diagram below shows various of potential from a rock sur-
face.

il

X

and rock surface
Kg: Boltzman constant
K,: deep filtration coefficient

K,: apparent 1st-order rate constant of bacterial
adsorption reaction
int r-int -int int Sy e .
Kar, Kay, Keation, K anion: €quilibrium constants of ion
adsorption and complexation
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L:
Npg:
P:
U:

VAI
VRZ

W:
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on rock surface (Table 5)
length of the sandstone core
Peclet number
parameter used for calculation

superficial linear velocity (= flow rate/cross-
sectional area)

London dispersion energy between two many-
molecule bodies

electrostatic repulsive energy between two
charged surfaces in an aqueous solution

parameter used for calculation

Greek letter
B: thickness of the inner Helmholtz layer

r: distance from the rock surface to the surface of

€

€t

m

r

=3

¢

§1:§2:

Og:
0[3:
oq:

Omax:

diffuse layer
: porosity of porous media

: electric permittivity of vacuuo (= 8.854 X 1012
C2J'm™)

: dielectric constant of water (= 78.5)

: collection efficiency of particles by an infinites-
imal length of porous media

: reciprocal length from Debye-Huckel theory

. double layer thickness = 1_xap
k1l + KAp

: water viscosity
: parameter used for calculation

zeta potential of rock and bacterial surfaces,
respectively ‘

surface charge density

electric charge in the inner Helmholtz layer
electric charge in the outer Helmholtz layer
electric charge in the diffuse layer

maximum retention capacity of bacteria by
unit volume of porous media

Sl— DISTILLED WATER ——

& onion sxchangs resin

X ¢ation enchonge resin

— 01 M phosphate ——

GO M phosphate

1@ 16 B 20 22 24 26 28 30 32 3 36 3B
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FiG. 8—Cell counts of bacteria collected in the effluent from ion-
exchange resin columns.

FIG. 9—History of effluent quality as a Ps. putida suspension (3-7
x 107 cells/ml) containing 6,000 ppm of NaCl and 1,000 ppm of
Tween 80 was injected into a CS core.

¢: total interactive energy (= V4 + Vg)
Yo: surface potential

s potential at the surface of inner Helmholtz
layer

¥q: potential at the surface of diffuse layer
(== zeta-potential)
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FIG. 10—The surface charge density of Ottawa sand as deter-
mined by potentiometric titration.
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FIG. 11-The surface charge density of detrital grains from
unbaked Berea sandstone as determined by potentiometric
titration.
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Transport Phenomena and Plugging
in Berea Sandstone Using Microorganisms
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INTRODUCTION

The purpose of this study is to examine microbial
methods for improving reservoir heterogeneity, partic-
ularly permeability variations, in order to improve oil
recovery. Reservoir heterogeneity has a significant
effect on the oil recovery efficiency of a waterflood or
enhanced oil recovery process. Permeability variation
greatly influences the volumetric sweep efficiency and
its two-dimensional components of areal and vertical
sweep efficiency. Mechan et al! demonstrated that ad-
ditional oil recovery occurred if the channeling water
in a waterflood was immobilized. The by-passed oil re-
maining after waterflooding is the target for the appli-
cation of a reservoir selective plugging process utiliz-
ing the in situ growth of bacteria.

Numerous investigators have experimentaly stud-
ied the plugging and transport of bacteria in Berea
sandstone?% However, these studies were concerned
with injectivity problems caused by well-bore plugging
by bacteria and most of the work was done with non-
viable cells in nutrient-poor solutions. Little infor-
mation exists concerning the transport, growth and
metabolism of viable cells in Berea sandstone under
nutrient-rich conditions.

The success of an in situ microbial plugging process
depends on the ability: (1) to selectively transport the
microorganisms into the water-sweep portion of the
reservoir, (2) to transport the nutrients required for
growth by these organisms, and (3) to reduce the ap-
parent permeability of the reservoir rock stratum as a
result of microbial growth and metabolism. This would
divert the displacing fluid from plugged high perme-
ability zones to the unswept low permeability zones
that have higher residual oil saturations. These three
aspects will be addressed in this paper to demonstrate
feasibility of the process.

MATERIALS AND METHODS

Berea sandstone cores obtained from Cleveland
Quarries (Amherst, Ohio) were cut into 2 X 8 in. ¢yl
inders with a coring device. Cores were either steam
cleaned” for 2 weeks and then dried or used as received.
Each core was coated with epoxy and cast in a resin
mold (Evercoat Fiberglass Resin). After cutting the
core to a specified length, it was placed in the core
holder of a flow apparatus (Fig. 1) and vacuum satu-
rated with brine in a CO; environment. An oil-brine
saturated core was prepared by saturating with brine
under vacuum.
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The core was then flooded with crude oil to an ir-
reducible water saturation. Brine was then pumped
through the core until no more oil was observed in the
effluent. The initial brine permeability was then de-
termined. The core and flow tubing (nylon) were steri-
lized with 2,000 ppm Oxine (a chlorine dioxide solution,
Biocide Chemical Co.) for 2 hours. The Oxine was
flushed from the system with sterile brine before the
start of the experiment. Liquid flow was obtained using
a Gilson HP4 Minipuls peristaltic pump. The differ-
ential pressure was recorded using Validyne DP-15
transducers with appropriate diaphrams.

Cores used in nutrient flow experiment ranged from
17.0-21.0 cm in length and had permeabilities ranging
from 300-400 md. Each had a porosity of 17 percent.
These cores were not steam cleaned prior to use. Core
No. 5 and Core No. 7 used in the transport and plug-
ging experiments were 4.0 cm in length with perme-
ability of 196 md and 171 md respectively, and each had
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FIG. 1—Flow Apparatus 13



RATIO OF EFFLUENT TO INJECTION

(C/Co)

CONCENTRATION

a porosity of 17 percent. Cores A (710 md) and B (120
md) were 12.7 cm in length. These cores were arranged
in paralled to one another in the core apparatus with
no cross flow. Cores A and B were steam cleaned prior
to use.

The effluent for nutrient analysis was collected in 15
ml aliquots with a fraction collector. Fractions were
combined into volumes about equal to that of the pore
volume (PV) of the core. Each nutrient was dissolved in
brine containing 2 percent (w/v) NaCl and 0.01 percent
(w/v} CaClg. Analysis was performed within 12 hours
of obtaining the last sample. Glucose? total phos-
phate? ammonia nitrogen,'® and protein,!! were deter-
mined calorimetrically.

The thermotolerant bacterial culture No. 47 was ob-
tained from the culture collection of the Department of
Botany and Microbiology, University of Oklahoma.
Pseudomonas strain 1I-2 was isolated from tap water
using Tryptic Soy Agar (Difco, Co.). Medium E con-
tained the following: 5.0 percent (w/v) NaCl, 0.1 per-
cent (w/v) (NH4)2S0,, 0.025 percent (w/v) MgS0y, 1.0
percent (w/v) sucrose, 100 mM phosphate buffer (pH
7.0}, and 1.0 percent trace metal solution.!2

Agar (Bacto) was added at 1.5 percent (w/v) final
concentration. Strain 47 was grown in Medium E with
1.0 percent yeast extract (Difco) at 50°C. Pseudomonas
strain I-2 was grown in Tryptic Soy Broth (Difco) at
30°C then subcultured in Tryptic Soy Broth with 2.0
percent (w/v) of NaCl. Nutrients used in parallel core
experiment consisted of two types (phase 1 and phase
2). Phase 2 contained Medium E + 0.5 percent yeast
extract + 0.1 percent NaNQs, whereas Phase 1 con-
tained the same nutrients at one-tenth the concentra-
tion, except for the NaCl and phosphate buffer which
remained the same.

Cells of strains 47 and I-2 used for transport studies
were harvested during the log phase of growth by cen-
trifugation (17,000 X g, 10 minutes) and washed once in
sterile brine containing 2 percent (w/v) NaCl and 0.1
percent (w/v) CaCl;. Enumeration of viable cells in
the influent and effluent of the cores was determined
by plating serial ten-fold dilutions on agar medium
having the same composition as that used for Liquid
cultivation.

1.0
o5k W Glucose
@ Nitrogen
A Phosphate
'l L A
4 8 12 16

INJECTED FLUID IN PORE VOLUMES

FIG. 2—Transport of nutrients through Berea sandstone, flow rate
= 2.03 mlis/min. Initial nutrient concentrations are as follows:
100 ppm (NH4)2504; 150 ppm NazH P04 .13
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RESULTS

Nutrients essential for microbial growth were trans-
ported through Berea sandstone cores (Fig. 2). Essen-
tially all the glucose was transported through the core
after the first several PV. The recovery of ammonia
nitrogen was completely stabilized at initial concentra-
tion by the third or fourth PV and over 80 percent of the
phosphate was detected in the effluent by the tenth PV.
The pH of the effluent samples remained constant dur-
ing the experiment but was about two units higher
than the influent pH.

Figure 3 shows the results of protein transport in
both brine saturated and oil-brine saturated cores.
After 16 PV were injected, less than 40 percent of the
influent concentration of protein was recovered in the
effluent. There was little difference in protein retention
by either brine saturated or oil-brine saturated cores.
The effluent pH of the brine saturated system dropped
sharply from a pH of 8.5 to 7.0, while that of the system
containing oil increased slightly.

Transport of viable cells through Berea sandstone
was studied using a Pseudomonas isolate (I-2). This
bacterium was suspended in a medium containing 2
percent NaCl and 0.01 percent CaCl: at a concentra-
tion of 1.8 X 10% viable cells/ml. Viable cells were de-
tected in the effluent between the first and second PV
(Fig. 4). However, at no time did the concentration of
cells in the effluent exceed 1 percent of the inlet concen-
tration. Chlorine dioxide sterilization prior to the
experiment effectively reduced the indigenous popula-
tion enabling the identification of low concentrations
of the Pseudomonas isolate.

The results of bacterial plugging in the sandstone
after the addition of nutrients is shown in Fig. 5. The
Pseudomonas isolate (I-2) was used in this experiment
and the details of the experiment are as follows:

Psendomonas plugging experiment
Core No. 5 (Fig. 5)

1. Inject 126 PV sterile brine (2 percent NaCl + 0.01
percent CaCls) containing 9.3 X 10* cells/ml. (Strain
1-2).

2. Inject one PV of Tryptic Soy Broth with 2 percent
NaCl and 0.1 percent NaNO3 and incubate at 25°C for
4 days. (2) pump sterile brine; (b) backflush with sterile
brine; (c) pump sterile brine.
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FIG. 3—Transport of protein (Bacto-Peptone) through brine and
oil-brine saturated cores, flow rate = 1.96 mls/min. Bacto-
Peptone concentration = 100 ppm.13
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3. Inject Tryptic Soy Broth with 2 percent NaCl and
1 percent sucrose and 0.1 percent NaNOQ3, and incubate
at 25°C for 2 days. Repeat (a), (b), and (c) in Step 2.

About 120 PV of Pseudomonas strain [-2 was
pumped into core 5 (Step 1). Then a PV of nutrient
medium was injected and the core was aseptically dis-
assembled and incubated at 25°C for 4 days (Step 2).
The core was reattached to the flow system and sterile
brine was pumped through in the same direction as the
cells were transported (a). After backflushing (b) a 60
percent reduction in the initial permeability was ob-
served and remained stable for about 40 PV. The injec-
tion of additional nutrients (Step 3) resulted in an 80
percent reduction of the original permeability. How-
ever, backflushing (b) and continued flushing (108 PV)
in the direction of cell injection (c) increased the per-
meability by about 16 percent.

In another experiment, only nutrients were injected
into a core in order to determine the amount of plug-
ging attributable to the indigenous microflora. The de-
tails of this experiment are as follows:

Indigenous microflora plugging experiment
Core No. 7 (Fig. 6)

1. Inject 1 PV of Tryptic Soy Broth (Difco) contain-
ing 2 percent NaCl, 0.01 percent CaClp, and 0.1 percent
NaNQ;. Incubate for 3 days at 25°C. (a) pump sterile
brine; (b) backflush; (¢) pump sterile brine.

2. Incubation at 25°C for 3 days. (a) pump sterile
brine.

After incubation at 25°C for 3 days, the permeabil-
ity of Core No. 7 decreased by 40 percent (a). When the
core was backflushed with 2 PV of sterile brine, the

permeability increased by 10 percent (b). Additional
pumping of brine in the original direction resulted in
an increase in permeability over the first 24 PV and
then a gradual reduction in permeability over the next
100 PV. The final effect was a 50 percent reduction in
the initial permeability (c). After allowing for further
incubation of the core for 3 days, 3 PV of sterile brine
was again pumped through the core and permeability
increased to 10 percent.

Two cores of differing permeabilities were connected
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FIG. 4—Transport of Pseudomonas isolate (I-2) through Berea
sandstone (Core No. 5). 1 PV = 1.3 mils, flow rate = 1.52 mls/min.
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FIG. 5—Pseudomonas plugging experiment (I-2), flow rate = 1.52
mis/min.
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in parallel without cross flow and incubated at 50°C to
investigate the selectivity of the process (Fig. 7).

Initially 76 percent of the total flow passed through
Core A and 24 percent through Core B. Sterile brine
containing 5 percent NaCl and a cell suspension of 104
cells/m] of a thermotolerant Bacillus strain 47 were
added. After 24 hours of cell injection, the pattern of
flow changed as all the flow was diverted into the low
permeability core. Backflushing for 5 hours restored
the initial pattern.

A low concentration of nutrients (phase 1) was in-
jected for the next 19 hours of flow time and little
change in the flow pattern was observed. After 48
hours of flow, a high concentration of nutrients (phase
2) was injected. This resulted in a change in the flow
pattern with 90 percent of the total flow being diverted
into Core B. Biomass in the effluent was observed after
the 65th hour. The cores were then allowed time to in-
- cubate for several days without further nutrient addi-
tions. This restored the flow pattern to that initially
observed at the start of the experiment.

DISCUSSION

Carbon (glucose), nitrogen (ammonium sulfate),
and phosphate (potassium phosphate) in amounts suf-
ficient to support cell growth are transported through
sandstone cores with the first several PV. Phosphate is
not transported as readily as the other nutrients pos-
sibly due to adsorption onto the rock or precipitation by
calcium ions. However, enough phosphate was recov-
ered in the first several PV to theoretically support at
least 10%-10%° cells/ml.

Protein (Bacto-Peptone) does not appear to be as
good a carbon and nitrogen source as glucose and am-
monia because of the retention of protein inside the
core, even in the presence of crude oil. The difference in
effluent pH when protein was added to oil-brine satu-
rated versus brine-saturated cores indicates that differ-
ent proteins (basic vs. acidic) may be retained depend-
ing on the type of saturation (oil vs. brine). The
increase in pH (2 units) of the effluent samples from
that of the influent samples can be explained as an
increase in carbonate alkalinity. Therefore, a CO; bi-
carbonate buffering system may be needed to control
pH for optimal cellular metabolism.

Viable cells when suspended in brine are trans-
ported through Berea sandstone cores. However, under
the conditions used (2 percent NaCl and 0.01 percent
CaCly), only a small percentage of those cells injected
are recovered in the effluent. Slight increases in pres-
sure observed during cell injection which can be de-
creased by backflushing implies that some of the cells
are being retained at the inlet face. As to whether this
retention is due to adsorption or mechanical entrap-
ment has not been studied. It is possible under other
conditions of ionic strength, pH, flow rate, permeahil-
ity, or cell type that a higher percentage of cells can be
transported through the rock.

We are presently most concerned with what happens
to the permeability of these cores after growth of the
bacteria inside the core. It is hoped that production of
biomass (cellular and exocellular) would selectively
plug the water-swept high permeability areas and
effectively reduce the heterogeneity of the reservoir.
The addition of nr* .ents to cores previously injected
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with bacteria (I-2) resulted in cellular growth inside the
core resulting in significant reductions in permeability.

These permeability reductions were stable after
backflushing and reinjecting numerous PV of brine at
relatively high flow rates (greater than 1.0 ml/min).
Thus, bacteria are capable of producing enough bio-
mass inside the core to produce significant permeabil-
ity reductions (60-80 percent). Also, this suggests an
alternative means of transporting cells through a rock
formation by growing the bacteria through the porous
medium rather than transporting the cells in brine.

One problem in these studies is determining how
much of the plugging is due to injected cells and how
much is attributable to the indigenous populations. In-
digenous microbial populations including Actinomy-
cetes and genera such as Pseudomonas and Bacillus
were observed in every core used. Even after cores are
steamed for 2 weeks, autoclaved (15 psig, 121°C) for 12
hours and dried at 121°C, viable indigenous popula-
tions still remain (approx. 102-104 cells/ml). The use of
a chlorine dioxide solution prior to cell injection re-
duces the counts of indigenous microflora for as long
as 24-48 hours.

However, after this time or upon nutrient injection,
reestablishment of these populations occurs. If a more
selective environment is used (50°C and 5 percent
NaCl) then the indigenous populations are suppressed
but upon the addition of certain nutrients other types
of indigenous microbes are observed. The indigenous
populations can account for as much as a 30-50 percent
of the reduction in permeability (Fig. 6). These prob-
lems complicate the determination of the causative
agent of plugging. Presently we are studying the use of
antibiotics to inhibit these indigenous microorganisms.

In order to demonstrate the selective transport of
cells and nutrients into the higher permeability zones,
a multiple core experiment was performed. Two cores of
differing permeability connected in parallel and with
no cross flow was constructed. Cells were selectively
transported to the higher permeability core and caused
all the flow to be diverted to the low permeability core.
After the original flow pattern was restored by back-
flushing and phase 2 nutrients injected, a diversion of
the flow to the low permeability core again occurred.

This indicates that the nutrients were selectively
transported to the higher permeability core and that
subsequent plugging due to bacterial growth caused
the flow to be directed into the lower permeability core.
Bacterial growth was substantiated by the presence of
visible biomasss in the effluent. After the core was al-
lowed to incubate for 3 days, the pattern of flow was
similar to that at the start of the experiment. This can
be attributed to cell lysis and death. The occurrence of
substantial plugging of the high permeability core
when cells alone were injected is due to facial plugging
since backflushing restored the original flow pattern.

Facial plugging can be expected when a large
number of pore volumes are injected, especially if a
relatively large rod similar to Bacillus is injected. The
purpose of the injection of phase 1 nutrients was to
determine if a lower concentration of nutrients would
cause distribution of the injected cells throughout the
core without causing major permeability reductions. It
is evident from this experiment that the latter was
achieved but evidence of dispersion of the bacteria in
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the core is still forthcoming.

Experiments are presently being conducted to study
the extent or depth of plugging that occurs inside these
cores. This will be important in a cross flow model
where access to different permeabilities can extend the
length of the core instead of only at the face.

CONCLUSIONS

1. Nutrients essential for microbial growth can be
transported in concentrations sufficient to support
good biomass production.

2. Nutrients and cells are selectively transported to
high permeability zones.

3. Indigenous microorganisms exist under all con-
ditions tested and are capable of contributing to the
plugging activity.
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Possible Reservoir Damage from
Microbial Enhanced Qil Recovery
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ABSTRACT

Texas has more than 2,500 secondary recovery or
water injection projects. The water processing facili-
ties, surface injection equipment, wells and producing
facilities are all in place to be used if a profitable micro-
bial enhanced o0il recovery method can be developed.

It will be necessary that the potential reservoir
damage from microbial EOR be resolved. Great ex-
pense is presently entailed to keep the injection water
free of all substances which may invite trouble. The
water may be aerated or deaerated. Various chemical
compounds in the water may be precipitated or solubil-
ized. The water is filtered, polished, corrosion proofed,
and the pH adjusted to ensure a suitable injection
water. In some cases the well may be acidized to in-
crease water injectivity. Periodically large doses of
chlorine may be used to reduce or eliminate live organ-
isms of most all types which may have found their
way into the system.

The connecting pores at the face of the well and
back into the pay may be only a fraction to a few mi-
crons in diameter, and the pores are easily plugged. If
the microorganisms should plug the pores at the sand
face or in the interior, the water injectivity may be re-
duced by a factor of two or more. Such will postpone the
oil production until the project may become unprofit-
able and the enhanced oil recovery project would be
suspended.

Some oil sands contain bentonite which will swell
when one injects fresh water. In many cases the reser-
voir engineers are required to inject salty, noxious
water to keep the water injectivity high. In summary it
will be necessary that any proposed microbial EOR
method be sufficiently tested to ensure compatibility
with presently practiced injection techniques if micro-
bial EOR is to receive wide application in the oil field.

INTRODUCTION

The treatment of water for enhanced oil recovery
represents a very high level of technology. The petro-
leum irdustry goes to great expense to insure that
the water is sufficiently free of most all bacteria and
microorganisms that profitable oil recovery processes
may be carried out. To install a microbial enhanced oil
recovery method, it would appear necessary that the
strains of bacteria be developed which would be sat-
isfactory utilizing existing water treatment technol-
ogy or else the water technology program should be
changed or altered to permit the use of the proposed
microorganisms.
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Microorganisms result in plugging and fouling of
the equipment, corrosion and scale formation. Since
the injected water may be either aerated or deaerated
the microorganisms may be present in the treating fa-
cilities. Most all of the oil field waters are filtered and
the filters become subject to plugging. The water
pumps, surface lines, injection wells and the sand face
and the formation itself may all be subject to bacterial
plugging. Additionally, masses of the microorganisms
may come off and move down the flow line resulting in
plugging of the equipment.

To eliminate microbial plugging problems the in-
jected waters are treated with bactericides and germi-

cides. When plugging of the well appears eminent the
wells may be treated with high doses of chlorine, or
with acid of 5 to 15 percent.

BACTERIAL CORROSION

Bacterial corrosion occurs both from aerobic and
anaerobic bacteria. The anaerobic bacteria may pro-
duce H3S forming an acidic water. The resulting iron
sulfide forms concentration cells which increase the
rate of corrosion. The aerobic bacteria need oxygen.
Small quantities of dissolved oxygen will surround
bacteria adhering to the sides of the pipe. The oxygen
in turn will form an oxide and pitting will result.

Iron sulfide is a corrosion product. The corrosion
rate may be increased as the iron sulfide will form
concentration cells. The deposits may then result in an
increased rate of pitting.

Bacterial plugging results from bacterial growth
which may plug the system directly. In addition, there
may be a sloughing of the mass of bacteria together
with the products themselves, iron sulfide and iron
oxide which also plug the system.

MICROBIAL PLUGGED WELLS

Figure 1 shows a top view of a microbial plugged
well. The well radius is indicated as Ry in the figure.
Well radii for most oil wells usually range from approx-
imately 5 in. to 10 in. in diameter, but a few wells may
be smaller and a few may be larger in diameter. The
microbial plugged zone may extend from the well
radius Rw out to a radius R,. The partially plugged
zone would have some permeability K, where the per-
meability K, is less than the permeability of the rock
prior to microbial plugging. Beyond the plugged zone is
the undisturbed reservoir permeability K;. This region
extends from R, to Re. The region from Ro to Re has not
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been affected by microbial plugging. When such con-
ditions exist Muskat! has shown that the equation
showing the relative injection rates before and after
plugging is given by Equation (1) below:

Q _ (K; /Kz) Log Re/Bw D)
Qo Log Ro/Rw + (K1 /Kz2) Log Re/Ro
where:
Q = flow rate after microbial plugging
Qo = unrestricted flow rate
K; = permeability in plugged area
K; = permeability in unplugged area
Rw = well radius, ft.
R, = plugged radius, ft.
Re. = drainage radius, ft.

Since equation (1) has been set up as ratios of fluid
injection rates Q/Qo, the equation is completely di-
mensionless, i.e., Q/Qo is independent of the unit of
measurement; the radii terms are all shown as the ra-
tios of radii so they are independent of the unit of mea-
surement, and Ki /K2 becomes a dimensionless num-
ber. Thus the equation becomes quite useful for relating
the fluid injection rate after microbial plugging to the
fluid rate before microbial plugging.

The relative fluid injection rates for a microbial
plugged well has been calculated using equation (1). It
was assumed for these conditions that the well diame-
ter was 8 in. and that the radius of plugging was 50 ft.
The drainage radius Re was set at 330 ft. Normally for
many calculational purposes the drainage radius is
approximately half the distance between the input and
the output well.

Table 1 shows the calculated flow rate after micro-
bial plugging. From the table it will be seen that for the
unplugged zone the relative flow rate is 1.0. If the
plugged zone is reduced to only 0.5 of the original per-
meability the relative flow rate or injection rate after
plugging is only 0.58. For a plugged permeability of
0.25 the relative flow rate after plugging will be 0.31.
For a relative plugging of 0.1, 0.05 and 0.01 the relative
flow rates will be 0.13, 0.067 and 0.014, respectively.

The flooding rate has a very great effect on the rela-
tive flooding times. As the fluid injection rate begins to
decrease this tends to extend the normal flooding time.

TABLE 1—Calculated Flow Rate
After Microbial Plugging

Radius of plugging = 50 ft; well diameter = 8 in.
drainage radius = 330 ft

Plugged Relative Flow
Permeability Rate After Plugging
(Fraction) (Fraction)
0 I 1.0
(4 3> T PR R 58
()52 2 PPN 31
(130 PP 13
0.05 o e e .067
000 ot e i 014
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TABLE 2—Relative Flooding Times
for Microbial Plugging

Basis: Normal flooding time = 6 yr;
plugged radius = 50 ft; well radius = 8 in.

Microbial Plugged
Permeability (Fraction)

Relative Flooding
Time (Years)

10 e e e 6
S JE A 10.3
77> O 19.3
d e 46
1) S I 90
1 ) R 425

TABLE 3—Calculated Flow Rate
After Microbial Plugging

Radius of plugging = 5 ft; well diameter = 8 in.
drainage radius = 330 ft

Plugged Relative Flow
Permeability Rate After Plugging
(Fraction) (Fraction)
B 0 PN 1.0
(01> ST AU P 0.72
(00527 T OO 0.46
0.0 o e e 0.22
(000> 2R 0.12
(030 5 U U PSP S 0.025

TABLE 4—Relative Flooding Times
for Microbial Plugging

Basis: Normal flooding time = 6 yr;
plugged radius = 5 ft; well radius = 8in,; Re =330 ft

Microhial Plugged
Permeability (Fraction)

Relative Flooding
Time (Years)

10 e e 6
- F R 8.3
577 SRR 13
0 T 27
0 T PR 50
0 ) T L 240

Table 2 shows the relative fooding times from micro-
bial plugging on the basis that the normal flooding
time for an oil field pattern is six yr. The table was cal-
culated on the basis that the plugged ~adius is 50 ft,
and the well radius was 8 in. From the table it is seen
that for the unplugged well the relative flooding is 6 yr;
however, if the microbial plugged permeability is 0.5
the relative flooding time will be 10.3 yr. If the micro-
bial permeability is 0.25 then the relative flooding time
is 19 yr. Clearly flooding times extending beyond this
period would be uneconomical.

Table 3 shows the calculated flow rate after micro-
bial flooding for the case in which the radius of plug-
ging by the microbes is only 5 ft; the well diameter is 8
in. and the drainage radius 330 ft. It is seen from this
table that if the plugged permeability is of the order of
0.5 to 0.25 the relative flow rates will be of the order



0.72 to 0.46 of the unplugged rate. If the plugged per-
meability is of the order of 0.1 the relative flow rate
after plugging will be of the order of 0.22.

Table 4 shows the relative flooding times for micro-
bial plugging on the basis that the plugged radius ex-
tends out 5 ft. The normal flooding time is 6 yr, the well
radius is 8in., the drainage radius Re is 330 ft. It is seen
from this table that if the microbial plugged zone is of
the order of 0.50, 0.25 to 0.1 the relative flooding times
become 8.3 yr, 13 and 27 yr, respectively. These flood-
ing times compare with a relative flooding time of 6 yr
without flooding. It is readily seen that significant
microbial plugging can extend the flooding times to
such a great extent that the oil recovery program
becomes completely unprofitable.

PRESSURE DISTRIBUTION
AFTER MICROBIAL PLUGGING

Microbes may easily reduce the permeability of the
reservoir rock to only 10 to 85 percent of the permeabil-
ity without microbial plugging. The rcduction may be
more or less, but the pressure in the oil reservoir may be
calculated. It will be found that the pressure distribu-
tion between the injection well and the radius of plug-
ging will be altered. The pressure distribution in the
plugged zone will then be given by the equation below:

(Pw—Pe) Log (R/Rw)

P!‘ = PW LOg Ro/Rw + Kl /K2 Log Re/Ro (2)
tNote
P = pressure at any radius from the well to the

outer radius of the microbial plugged zone

P,y = pressure at the well sandface
P. = pressure at the radius Re
R = radius of interest at which pressure is
desired
Rw = well radius
Ro = outer radius of plugged zone
Re = drainage radius
R is the radius of interest, for example, if the

plugged radius, Ro is of the radius 50 ft then the R
would be any radius between the well radius and R,.
The ratio K;/Ka represents the permeability in the
microbial plugged zone to the unplugged permeability,
respectively. In referring to the equation it will be seen
that only one term in the equation is related to the
permeability in the plugged zone, and this ratio occurs
in the denominator. In applying the above equation it
will be found that a greater reservoir pressure differ-
ence is required to induce flow in the plugged system.
To maintain the desired flow rate could require a pres-
sure suffiiently great to fracture the rock.

Scale treatment

The usual scale forming compounds include cal-
cium carbonate, calcium sulfate and barium sulfate.
Phosphates are added to the water to prevent scale dep-
osition. Organic phosphate esters and inorganic poly-
phosphates may be used. The sodium salts of the
phosphates or phosphoric acid may be added to the
water to prevent scale deposition.

Sodium citrate and sodium gluconate may be added

78

MICROBIAL ENHANCEMENT OF OIL RECOVERY

to the water to sequester cations and prevent scale
deposition. The organic materials are subject to de-
composition by microorganisms. This could result in
scale deposits in the flow system or in the rock itself.

BACTERIA FOR STRATIFICATION
RECTIFICATION

Approximately 20 years ago the author prepared
two articles showing the possible use of bacteria for the
correction of stratification problems when waterflood-
ing a reservoir>? Since the pore size distribution of
some oil sands ranges from less than 1 micron to the
order of 10 to 30 microns in diameter, it is clear that this
falls well within the range of many microorganisms.
For this reason the microorganism can permeate the
rock, and it is entirely possible that the microorganism
may plug a portion of it.

Writing in 1961 the author reported on the relation
between the time and the percent of the original per-
meability which was observed for three types of cores
subjected to water containing bacteria. The cores were
low, medium and high permeability. Basically, it was
found that the bacteria would plug the high permeabil-
ity oil sand to a greater extent than the medium per-
meability and the medium permeability oil sand was
plugged to a greater extent than the cores of low
permeability.

From Fig. 2it is seen that at the time when the high
permeability sand was plugged 50 percent, the medium
permeability oil sand might have a 65 percent remain-
ing permeability and the low permeability rock could
have 90 percent of its original permeability. This is
important because in waterflooding it is frequently
found that there are zones of high permeability. These
zones take the water; these zones result in premature
breakthrough of the water. The water bypasses much
of the reservoir rock, and the oil recovery is less than it
should be. As time continued it was found that the more
permeable zones are plugged to a much greater extent
than the tight zones.

The fact that the permeable zones are plugged to a
greater extent than the tight zones could result in par-
tial rectification of a stratification problem. The actual
value of the permeability reduction depends upon the
bacteria, the nature of the rock, reservoir conditions,
time and many other factors.

Figure 3 shows the effect of bacteria on the prefer-
ential plugging of very permeable sands where the per-
meability ranged up to 1,000 millidarcies. It is seen
that the water containing the bacteria preferentially
plugged the rock of high permeability to a far greater
extent than it did the rock of lower permeability. By
utilizing this technique it is entirely possible that the
bacteria may rectify a stratification problem or a prob-
lem in which the water breaks through prematurely.
For example, if one were able to partially resolve the
stratification problem with bacteria it is obvious that
one would be able to obtain more oil for the same
amount of water or conversely obtain the same oil for
less water.

SUMMARY

The pore size of oil field rock is sufficiently large to
permit the entry of various microorganisms. These
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microorganisms may plug the rock so that the water
injection rates become too low for the oil recovery
project to be economical. The petroleum industry may
inject various bactericides and germicides, chlorine,
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Plugging and Penetration of Petroleum
Reservoir Rock by Microorganisms

David M. Updegraff

Very early in the history of the petroleum industry it
was recognized that primary production alone, mean-
ing production from flow caused by natural reservoir
pressure or by downhole pumps, recovered only a frac-
tion of the oil present in the reservoir. A good average
value is one third of the oil originally in place. The use
of secondary oil recovery methods soon followed. The
injection of gas and air was initiated about 1888, and
water injection followed soon after. Both processes are
still widely used.*

In terms of the amount of extra oil recovered, water
injection, or water flooding as it is often called, is by
far the most successful secondary oil recovery method.
Tertiary recovery methods, also called enhanced recov-
ery methods, such as steam injection, surfactant flood-
ing, polymer flooding and micellar flooding, may re-
cover much more oil, but are much more expensive.
Indeed they are relatively rarely used today except in
special cases such as recovery of extremely heavy vis-
cous oil because water and gas injection methods are so
much more economical.

A water flooding project is best carried out by “uni-
tizing” the entire oil field so that a plan can be worked
out for water flooding the entire field. The plan is a
careful balance between costs and recovery. For maxi-
mum recovery, the number of injection wells should
equal or exceed the number of production wells. Also
the recovery increases as spacing between injection
wells is decreased. Therefore it is desirable to drill a
very large number of new wells in the field before flood-
ing. But drilling is expensive, so a compromise must be
reached based on maximizing profits over a specified
period of time.

PLUGGING

Another factor of great importance in the success of
a water flooding project is the quality of the water used.
Early water flooding projects often used lake or river
water containing large numbers of microorganisms,
including bacteria fungi, protozoa and algae. This fac-
tor was probably recognized by early workers, but was
not quantitatively investigated until a group of petro-
leum engineers at the University of Texas, Austin,
began work on the effect of microorganisms in injec-
tion water used in the Luling and East Texas fields.
The M.S. thesis of Merkt (1943),'* published with addi-
tional observations by Plummer, Merkt, Power, Savin
and Tapp (1944)* described these findings in detail.
The water was a fairly strong brine in both fields, and
was shown by both cultural and microscopic examina-
tion to contain many microorganisms.

The waters, containing different kinds and different
numbers of microorganisms were injected into cylin-
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drical cores of oolitic limestone from the Walnut forma-
tion with initial permeabilities varying from 0.4 to 2.1
md and sandstone cores of 6,960 to 50 md. The Luling
water contained algae, calcium carbonate precipitates,
diatoms, sulfur bacteria (including Thiobacillus thio-
parus, Thiobacillus thiooxidans, and Thiospirillum)
sulfate-reducing bacteria, hydrogen sulfide and sulfur
precipitates. Flowing from 6 to 18 liters of this water
through three of the walnut cores 22 in. in diameter by
31in. long reduced the permeability of the cores from 6
to 33 percent. A sandstone core with a permeability of
6,960 md was reduced to 76.8 md by flowing 5 gal of
distilled water through the core (probably caused by
swelling of clays in the rock) and then injection of 5 gal
of Luling water reduced the premeability further to 3.4
md. The East Texas water was of much poorer quality,
and was black with precipitated ferrous sulfide pro-
duced by sulfate-reducing bacteria, and also contained
the iron bacterium, Leptothrix. A Walnut core perme-
ability was reduced from 1.1 md to 0.31 md. A sand-
stone core was reduced from 50 to 1.9 md. Unfortu-
nately the plugging effect cansed by the bacteria could
not be distinguished from that caused by inorganic
precipitates in this study (FeS, S and CaCOj).

Plugging problems encountered during water flood-
ing in the Bradford-Allegany field, as well as in East
Texas and Kansas oil fields, were studied by Beck.2 He
showed the presence of Desulfovibrio, iron bacteria
and Pseudomonas in the injection water, as well as
precipitates of ferrous sulfide and ferric hydroxide.
Water treatment by means of germicides and sand
filtration was recommended to eliminate both bacteria
and their iron-containing products.

Another laboratory study on bacterial plugging was
carried out at the University of Texas by O’Bryan and
Ling,*” but here the emphasis was entirely on ferrous
sulfide as a product of the action of sulfate-reducing
bacteria, and the decreases in permeability of the cores
were attributed to this metal salt alone rather than to
bacterial cells.

A more carefully controlled study on the effect of
bacteria on the permeability of cores of Berea sand-
stone was carried out by Hart, Fekete and Flock!4 at
the University of Alberta. The sandstone cores, 2.5 ¢cm
in diameter and 7-9 cm long, were mounted in plastic,
and three taps were drilled through to the core in order
to monitor pressure, Cells of Baciilus subtilis (1 um)
were suspended in distilled water, killed by autoclav-
ing, and injected into the cores under a constant pres-
sure of 4() psig. Permeability, monitored by flow rate
measurements, was measured as a function of the
volume of cell suspension (of known bacterial count)
injected. The rermeability was reduced to 80 percent of
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the initial value by 45 pore volumes of a suspension
containing 107 cells/ml, while the same volume of
suspension containing 10¢ or 107 cells/ml reduced the
permeability to less than 10 percent of the initial value.
Bacteria filtered out on the injection face, and most of
the plugging was close to the injection end.

A more comprehensive study was carried out by
Kalish, Stewart and Rogers of the Gulf Oil Co. and
Bennett of the University of Houston in 1964./% Again
Berea sandstone cores were employed, carefully chosen
to include three permeability ranges: high, 278 to 400
md, medium, 130 to 162 md, and low, 17.7 to 48.3 md.
The cores were 1 in. in diameter and 4 in. long for the
high and medium permeability cores and 2 in. long for
the low permeability cores. Again, killed bacteria were
injected but this time suspended in calcium chloride
brine instead of distilled water. This avoids the drastic
reductions in permeability brought about in some cores
by the swelling of clays when contacted with distilled
water. Bacteria of different sizes, shapes and states of
aggregation were employed to evaluate the effects of
these factors on permeability reduction. Permeability
was calculated by measuring pressures at both ends of
the cores, as well as at intermediate taps, under a con-
stant flow rate, and applying Darcy’s law:

kAP — P)

Q= v.L

where:

Q = flow rate; ml/sec

A = area of core cross section, cm?
P, = pressure at injection end of core, atm
P. = pressure at opposite end of core, atm
L = length of core, cm

v = viscosity of fluid, cps

k = permeability, darcies

In every case, bacteria decreased the permeability
of the cores, and as expected larger bacteria and those
forming aggregates of cells decreased the permeability
more. Many of the bacteria filtered out on the inlet face
of the core, but in all cases some bacteria penetrated all
the way through the cores. Bacteria penetrated high
permeability cores more than low permeability cores.
Cores were sectioned and stained with crystal violet to
reveal penetration patterns, and the pattern was often
irregular, showing the effect of non-uniform pore-size
distribution. The data were expressed by plotting the
permeability ratio, k/k; where k is measured perme-
ability and ki is the initial permeability, against the
number of bacteria injected. The smooth curves ob-
tained showed many interesting effects, which may be
summarized as follows:

1. The adverse effect of plugging is present as a
skin, with the most severely plugged zone at the injec-
tion face.

2. Large cells plug more severely than smaller cells,
and aggregated bacteria such as Micrococcus roseus
more than single cells.

3. A pronounced concentration effect was observed,
with lower concentrations of bacteria showing much
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more severe plugging than higher concentrations per
unit number of bacteria injected into a core.

4. Low permeability formations develop a higher sta-
bilized k/k; value than high permeability formations.

5. Increase in pressure results in an increase in
permeability, presumably due to moving bacteria out of
blocked pores.

6. Plugging can be alleviated by flowing hydro-
chloric acid through the cores.

A study of this excellent paper is a must for anyone
planning work in microbial enhanced oil recovery.
Pore-size distribution curves were made on the cores as
well, and correlate well with results. The measurement
and significance of pore-size distribution will be dis-
cussed in the next section of this paper.

A later study by Raleigh and Flock?$?7 of the Uni-
versity of Alberta employed very similar methods.
Killed cells of Bacillus subtilis (1 X 4 um) suspended in
sodium chloride brine were employed. Cores of four dis-
tinct texture types were employed: Berea sandstone,
Cardium sandstone, Devonian limestone and Indiana
limestone. All cores were evaluated for oil and water
wettability by capillary imbibition tests and for pore
size distribution and pore geometry faction (G). Plots of
permeability ratio against pore volumes of bacterial
suspension injected showed a steady decline in per-
meability with volume injected in all cases. The rate
and degree of plugging did not correlate with any
measurable rock property, porosity, permeability, pore
size distribution, wettability or pore geometry factor.
Evidently there is such wide variation in the geometry
of the interconnected pores in petroleum reservoir
rocks that such correlations are not observable.

Allred! published a review of his own work with
Conoco 0il Co., as well as the work of others on the
control of microbial corrosion and plugging in water
flooding projects. A water flooding project in Califor-
nia employing sea water which contained 20 to 150 mil-
lion bacteria per ml reduced the permeability of cores
by about 80 percent. The same water, treated with mer-
curic chloride showed no reduction in permeability.
The mercuric chloride did not remove the bacteria but
prevented them from multiplying within the reservoir
rock. Thus the plugging observed in this case was not
due to the injected bacteria, but to the multiplication of
bacteria within the porous reservoir after injection.
This highly permeable reservoir had a pore size distri-
bution between 1 and 12 ym of minimum pore entry
diameter. Allred also emphasized the severe plugging
which could be caused by iron bacteria, slime-forming
bacteria, algae and sulfate-reducing bacteria, which
corrode iron pipes and precipitate the iron as ferrous
sulfide.

Sharpley? reviewed the subject of bacterial plug-
ging in water flooding projects and its alleviation by
germicides. Sulfate reducing, iron, and slime-forming
bacteria were described as the worst offenders. Counts
greater than 10,000 per ml of any kind of bacteria may
give rise to plugging according to the American Petro-
leum Institute.



PENETRATION OF BACTERIA
THROUGH POROUS MEDIA

In contrast to the above studies, many workers have
been interested in determining the penetration or lack
of penetration of bacteria through porous mineral
materials. More than 50 years ago, Russian workers
established that bacteria are found in porous rock
thousands of feet below the surface of the earth.!” Ac-
cordingly it is now accepted that they are capable of
extensive migration through such media. Porous filters
made of baked clay, unglazed porcelain, fused kiesel-
guhr and fine sintered glass have long been used by
microbiologists to remove bacteria from a variety of
liquids, including blood, urine, culture media and plant
and animal extracts. The history of these develop-
ments is fascinating. A review by Morton!® attributes
the development of such filters to Tiegel (1871) who
used clay. Later Chamberland (1884), working with
Louis Pasteur, developed more refined porcelain filters.

The Russian botanist, Iwanowski, discovered vi-
ruses by the use of such a filter, and published his find-
ings in 1903.1% He ground up iobacco leaves with water,
filtered the suspension, and demonstrated by micro-
scopic means that the filtrate contained no bacteria or
other visible particles. He then applied the filtrate to
healthy tobacco leaves and produced the tobacco mo-
saic disease. He correctly reasoned that there must be
some infectious agent, too small to be seen with the
microscopes of the time, which will pass through filters
which retain all known bacteria. We now know this
entity as tobacco mosaic virus, a slender, rod shaped
RNA virus 0.018 ym in diameter and 0.3 um long. At
that time there was no known way of determining the
pore sizes of such filters. The first successful attempt to
do so was made by Einstein and Muhsam.!? (Yes, this
was the Albert Einstein.) They applied the theory of
capillary pressure, and correctly pointed out that the
important parameter to determine is the minimum pore
entry diameter rather than the maximum or average
pore diameters. The filter was immersed in ether, and
the walls of the filter pores were wet by the solvent, and
quickly imbibed it. They then measured the air pres-
sure required to drive the solvent from the pores and
give rise to air bubbles. The capillary pressure thus
measured was then employed to calculate the mini-
mum pore entry radius r,, using the formula:

p_ 2o

Yo

where o is the capillary constant for ether and P is the
measured capillary pressure. The pore radius thus cal-
culated was 0.36 um, equivalent to a minimum pore
entry diameter of 0.72 um. The authors pointed out that
this theory assumes that the pores are all of circular
cross section, and hence the values given can be con-
sidered only an approximation. They also calculated
the minimum pore entry diameter of the filter using
Poiseuille’s law which relates the flow rate of a liguid
of known viscosity to the pore entry diameter:

_A_P _ K/.LV
AS ~ d?
where:

AP = change in pressure

AS = distance of flow (core length)
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K = aconstant

4 = viscosity

v = velocity of flow
d = pore diameter

The calculated value was approximately 10 times
too large, because the theory assumed the porous
medium to be a bundle of capillary tubes of constant
diameter and circular cross section.

Beckhold? also calculated the pore size of bacterio-
logical filters from capillary pressure data, but he em-
ployed a value 10 times too large for the capillary con-
stant, and thus obtained a value 10 times too large for
the pore diameters. This happened to agree with results
calculated by Poiseuille’s law, and also with optical
measurements made on thin sections of filter media
with a microscope by Peragallo,®® and thus the errone-
ous values persisted in textbooks until at least 1946 (see
Porter, 1946, p. 210)® where the mean pore diameters of
bacteriological filters are given as 1.5 xm for the finest
Chamberland filters to 12 um for Berkefeld filters, This
led many workers to attribute removal of bacteria by
such filters to adsorption forces and electrostatic at-
traction. Actually the pore entry diameters are of the
same order of magnitude as bacterial cells, and simple
sieving action suffices to explain their effectiveness.

If the pore diameters of these ceramic filters are in-
deed about the same as the diameter of small bacteria,
it should be possible to force such bacteria through
them. Craw” found precisely these results. By employ-
ing high pressures, greater than 50 psi, he was able to
force a few bacterial cells through many of the filters
tested. And when he placed bacteria in rich nutrient
medium inside the filter tubes, and then immersed the
filters in sterile nutrient media, the bacteria grew
through the filters and multiplied in the outer com-
partment containing the nutrient medium within 2 to 8
days with every kind of filter tested. Also the time re-
quired for the motile bacteria used (Serratia marces-
cens) to penetrate the filters correlated well with the
“grain” (pore size) of the filter determined by micro-
scopic examination. The larger the “grain” the shorter
the time.

The earlier workers also noted the phenomenon of
plugging of these filters with bacterial cells, resulting
in a flow rate which decreased with the volume of fluid
injected. Much later Ritter and Drake?® of the Mobil Qil
Co. developed a more elegant method of determining
the pore size distribution of porous media such as cata-
lysts and fine porous glass and ceramic filters. The
method was based on capillary pressure, and employed
a dilatometer to measure the volume of mercury in-
jected into the pores as a function of pressure. A plot
was prepared of absolute pressure in psi against the
volume of mercury injected into the sample (Vo—V,
where V, is the total pore volume and V is volume of
mercury injected at pressure p). An equation was then
developed relating these quantities:

- b dVo—V)
dir) = r dp
where:
d(r) = differential pore radius

Il

D

pressure



Transport of Bacteria in Porous Geological Materials

d(Vo —V) = differential of volume injected

dp = differential of pressure

The derivative in the above equation was deter-
mined by graphical differentiation, and employed to
construct a pore-size distribution function curve as in-
dicated in Figs. 1 and 2 below of Ritter and Drake?
The curves show that the ultrafine sintered glass and
the fine ceramic plate material (both used as bacterio-
logical filters) have a negligible amount of their pore
volume with a radius greater than 5,000 A (0.5 um).
Thus the minimum pore entry diameter is less than 1
um, approximately the same size as small bacteria.

This powerful new method was soon applied to pe-
troleum reservoir rocks by scientists with the same
company, Burdine, Gournay and Reichertz’ It was
now possible to read from the curve the fractional part
of the pore volume occupied by pores of any pore entry
diameter. This was an enormously important develop-
ment in petroleum reservoir engineering, and is now
used routinely by all of the major oil companies. Data
were taken on 100 samples from many different kinds
of petroleum reservoir rocks, and distribution function
curves were shown for four different samples with very
different properties. Two equations were developed for
relating the pore-size distribution curves to permeabil-
ity, and were shown to give results close enough to
measured permeability values to suffice for engineer-
ing purposes in most cases. Some anomalous rocks,
usually of low permeability, gave results far from cal-
culated values. The table below summarizes the kind of
data which can be obtained:

Median Pore
Permeability, Porosity, Entry Diameter,
Sample No. md Percent m
826A ......... 440 " 237 2
682 ........... 20 17.0 6
173C ......... 20.1 14.3 5
192A ......... 1,440 20 14

The writer had the rare privilege of working in the
same laboratory with Bourdine, Gournay and Reichertz
during his studies on microbial enhanced oil recovery,
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FIG. 1—Distribution functions for diatomaceous earth and fitted
glass. Reprinted with permission, Reference 28. Copyright 1982,
American Chemical Society.

and hence had access to this data file. As summarized
in Updegraff and Davis (1954)°% it was found that
pores must be at least twice the diameter of cocci or
short bacilli in order for the cells to pass through with-
out serious plugging. Empirically it was observed that
reservoir rocks containing a large fraction of pores
greater than 3 um in diameter will pass large numbers
of sulfate-reducing bacteria up to 0.6 pym in diameter
and 3 um long without serious plugging. Such reservoir
rocks generally have a high permeability, greater than
100 md, and a porosity greater than 15 percent. Severe
plugging may be expected in cores where most of the
pore volume is contributed by pores less than 2 ym in
diameter. This is the case in many low permeability
formations.

Crawford® applied computer technology to develop
an advanced mathematical procedure for calculating
porosity and permeability of a porous matrix. Both
pore diameter and connecting channel diameter are
considered in this advanced model.

Several workers have studied the rate of penetration
of bacteria of various sizes and shapes through petro-
leum reservoir rocks, both in the presence and absence
of liquid flow through the rock sample. Myers and
McCready?® at the University of Alberta studied the
penetration of Serratia marcescens into cores of two
types of sandstone and two types of limestone. Core
samples 2 in. in diameter and 7 to 14 in. long were cut,
mounted in epoxy resin, cleaned and dried, and the
lower end was immersed in a suspension containing
3.7 X 10° cells/ml in distilled water. No pressure was
applied to the liquid, but in every case the cores rapidly
imbibed the liquid by capillary action. Bacteria passed
completely through all cores, even Mesozoic sandstone
and Mississippian limestone with permeabilities of
less than 0.1 md. The authors noted that the imbibition
rate declined sharply with time, suggesting severe bac-
terial plugging of all cores. The cores were split longi-

tudinally and examined at the end of the experiment.
Numbers of bacteria declined markedly with depth of
penetration into the core.

Myers and Samiroden?' employed the same method
to study the penetration of Serratic marcescens into 35
cores, some partially saturated with crude oil. In all
except two very low permeability cores (Cardium sand-
stone, 2.5 to 6.7 md, and Pekisko limestone, 0.5 to 13.0
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F1G. 2—Distribution function for porous plate. Reprinted with
permission, Reference 28. Copyright 1982, American Chemical
Society.



md) the bacteria penetrated the cores in 48 hr or less.
Crude oil did not prevent penetration of the bacteria.
The rate of penetration did not correlate with the per-
meability or porosity of the cores.

Recently Clark® reinvestigated the question of trans-
port of living bacterial cells through cores of Berea
sandstone. Cells were suspended in 2 percent sodium
chloride plus 0.01 percent calcium chloride, and in-
jected into cylindrical core samples 5 cm in diameter
and 19 cm long, with permeabilities of 200 to 400 md.
Surprisingly, some species of bacteria penetrated
through the cores while others did not. Size of the bac-
teria did not appear to be a factor.

SELECTIVE PLUGGING

In the studies described by Fekete and Flock;?® Kal-
ish, Stewart and Rogers;'® and Raleigh and Flock? it
was generally found that the permeability ratio was
reduced the most by bacterial plugging in the case of
high permeability cores, to a lesser extent with medium
permeability cores and an even lesser extent with low
permeability cores. On the basis of this finding Craw-
ford® suggested that bacteria could be used for stratifi-
cation rectification in a water flood. In many water
floods, permeability stratification permits rapid pass-
age of water from the injection well through a high
permeability stratum, thus bypassing large amounts
of the oil in lower permeability strata, resulting in poor
sweep effiiency of the flood, and decreased oil produc-
tion. Crawford’s suggestion was that injection of bac-
teria could lead to rapid penetration of the more per-
meable zones with concomitant rapid plugging, but
less plugging in the low permeability zones. This
should reduce water flow through the original high
permeability zone and improve the sweep efficiency,
thus resulting in greater oil production. Such a process
is, unfortunately, very difficult to evaluate in labora-
tory models.

SUMMARY

The most important physical properties of petro-
leum reservoir rock, from the point of view of enhanced
oil recovery processes, are permeability, porosity and
pore size distribution. Since measurements of pore size
distribution curves indicate that a large fraction of the
pores in most petroleum reservoir rocks are of the same
order of size as many common bacteria, from 0.5 to 1.5
pm in diameter, it is hardly surprising that bacteria
plug most petroleum reservoir rocks to some degree. In
general rocks of high permeability show a greater frac-
tional decrease in permeability upon injection of bac-
teria than those of lower permeability. This suggests
the possible use of bacteria for selective plugging or
stratification rectification to increase sweep efficiency
and hence oil recovery, in water flooding.

Small bacteria penetrate through most reservoir
rocks, but not without a serious degree of plugging ex-
cept in rocks with an appreciable fraction of their pores
with a minimum pore entry diameter of 3 um or more.
Such rocks are usually of high permeability, greater
than 100 md.

Davis'®! concluded that bacterial enhanced oil
recovery should only be considered for reservoirs with
an average permeability greater than 100 md, while
Bubela,! after reviewing the literature, put this figure
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at 150 md. Actually it would be necessary to conduct
extensive tests with cores from the reservoir and bac-
teria of choice to be sure that the organisms penetrated
the formation without serious plugging. Updegraff and
Wren®? showed that sulfate-reducing bacteria readily
penetrated highly permeable sand packs (7 to 80 Dar-
cies) without serious plugging.

Bacteria may exert a much greater plugging effect
when they multiply within the reservoir rock than
when cells are simply injected. Since microbial EQOR
requires bacteria to multiply within the reservoir rock,
this process requires a great deal more study. Bacterial
plugging represents an important limiting factor for
microbial enhanced oil recovery.
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Application to Heavy Qils

The ultimate recovery by primary and sec-
ondary methods from the Lloydminster oil field
in Canada (Alberta/Saskatchewan border) is esti-
mated to be no higher than 8 percent. The oil in
place is about 2.5 billion cubic meters of oil at 600
meters depth with an API gravity range of 13-17°.
Hence, this is a significant target for enhanced
oil recovery.

The principal impediment to production of the
oil is water channeling due to the high viscosity
of the oil, 400-9,000 centipoise at 25°C, and the
high permeability (4 darcies) poorly consolidated
sand. Jack suggested that there are two ap-
proaches to microbial enhancement of oil recov-
ery (MEOR) that can have a significant impact
on the oil recovery efficiency: (1) repressurization
with gases produced by microbes in situ and
(2) release of oil in portions of the reservoir by
anaerobic fermentation of molasses which can
cause in situ production of gases, acids, surfac-
tants and solvents in relative quantities that
depend on the nutrients, bacteria, and immediate
environmental conditions. :

Preliminary laboratory experiments conducte
by Jack et al indicated that the major mechanism
for oil release from the sand is the nascent forma-
tion of gas in situ which brings about a marked
decrease of the oil viscosity accompanied by swell-
ing as the nascent gas dissolves in the oil. The
effect is very pronounced in the laboratory, but
may not be as efficient under field conditions be-
cause of low gas transfer rates and the absence of
convective mixing.

However, an intensive search for gas/acid
forming bacteria capable of establishing viable
colonies in 6 percent salt concentrations (NaCl
sn7 CaCly) was undertaken by Jack starting with
field samples of Clostridium and other mixed cul-
tures. A large number of the cultures, including
Clostridium, grew poorly and were discarded.
However, isolates of Gram-negative, facultative,
rods were obtained which release 1.6 moles of gas
per mole of sucrose used. They were identified as
Eiterobacter cloacae and are currently under
study for possible field applications.

During the preliminary screening of bacteria,
Jack et al obtained 11 cultures that produced copi-
ous rmounts of slime (biopolymer). The labora-
tory experiments with 6-darcy permeability glass
beads showed that the bacteria could be used to
effectively plug a water channel; however, the
injection of bacteria that are actively producing
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slime invariably resulted in plugging at the face
of the porous system; hence, a nutrient solution
that supports growth but suppresses slime forma-
tion was developed for injection of the bacteria.

Once in place, the bacteria were induced to
produce slime in situ by introduction of a second
growth medium. Thus by controlling the nutrient
solutions the anaerobic bacteria may be injected
deep within the water channel and then activated
by a second growth medium to produce the water
blocking biopolymers in situ. This would cause
diversion of the injected water to zones of by-
passed oil and thus enhance recovery of the
heavy oil.

According to Jack et al, emulsification of a
viscous crude oil in situ is not feasible at this
stage of development because transport of bac-
teria within the formation and mixing of the bio-
polymer with the crude oil in place are not tech-
nically feasible. However, emulsification of a
produced heavy oil as it is pur~ved from the wells
to storage tanks, or in the tanxs by active mi-
crobes, would facilitate later transfer from the
tanks to pipelines and pumping through the pipe-
lines because of its non-wetting properties.

Emulsan, discussed by Gutnick et al, when
separated from its production medium as a prod-
uct might also be used extensively to clean tanks
and lines of residual oil and sludge. Singer et al
report the preparation of a crude oil emulsifying
biopolymer which exhibits the additional prop-
erty of viscosity reduction by as much as 95 per-
cent. The work began with a challenge to answer
the question: “Can bacteria be isolated which
reduce the viscosity of heavy crude oils?”

Singer et al initiated a specific screening
procedure to determine the ability of isolated colo-
nies of bacteria to emulsify heavy crude oils (API
gravity <15°). Crude oil was added to a basal
nutrient medium, mixed with agar and gelled on
petri plates which were observed daily for disper-
sion of the oil on the plates. Thus about 200 iso-
lates were quickly selected. Subsequent studies of
interfacial tension lowering and ability to form
stable emulsions with hexadecane narrowed the
isolates to 63. Interfacial tension (IFT) measure-
ments of the spent culture broths were used to
evaluate the production of surface active prod-
ucts. All of the isolates grown with hexadecane
yielded broths with lowered interfacial tensions;
however, one isolate (labeled H-13) stood out from
the rest by registering an IFT decrease from 49
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(hexadecane and broth) to 12 and was selected for
more intensive study.

The culture was added to a basal salt medium
and Venezuelan Monagas crude oil which was
incubated aerobically for 7 days. The oil phase
was separated and found to be 2.5 times greater
in volume than the original oil indicating consid-
erable swelling from emulsified water and extra-
cellular products. This o0il emulsion exhibited
physical properties quite different from the orig-
inal heavy oil. It did not adhere to the surface of
glass and it behaved as a thixotropicliquid show-
ing a decrease in apparent viscosity with time of
application of shear force; but upon standing the
original highly viscous condition returned. Vis-
cosity measurements with a rotating Brookfield
viscometer showed a difference between the crude
oil and the thixotropic oil phase separated from
the incubated culture of 90 to 98 percent, from
6,500 to less than 650 centipoise.

Analysis of the spent growth medium showed
the presence of polysaccharides and glycolipids
which are considered to be the surface active
components responsible for the emulsification of
heavy crude oil. Further analytic characteriza-
tion of the extracellular products and taxonomic
identification of H-13 is currently in progress.
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Westlake confirmed the analytic results of the
interactions of microbes and crude oils. He re-
viewed several articles that demonstrate the
changes under laboratory and field conditions.
Aerobic bacterial attack of crude oils generally
results in loss of n-alkanes, isoprenoids, and low-
molecular-weight aromatic and sulfur heterocy-
clic compounds. Westlake reported that the loss of
these compounds is associated with the changes
noted in Table 1 and Fig. 2, such as lowering of
the pour point and increase of density.

Cooper discussed a different type of surface
active compound which is produced by Coryne-
bacterium lepus. This strain produces two types
of biosurfactants which are effective for the re-
lease of bitumen from tar sands. When the biosur-
factants are isolated at the end of the fermenta-
tion, one obtains a mixture of lipids. However, if
the active agent is isolated during exponential
growth, the product is a mixture of corynomycolic
acids (e-alkyl-g-hydroxycarboxylic acids). The
compounds were also found to be very effective
reagents for crude oil-water emulsion coalescence
and could prove to be commercially significant
for de-emulsification of produced fluids, espe-
cially in steam recovery operations.
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INTRODUCTION

Our laboratory project began in mid-1981 at the
University of Calgary under the auspices of the Arctic
Institute of North America with the kind cooperation
of Professor J. W. Costerton, Department of Biology.
Funding is by the NOVA/Husky Research Corpora-
tion, a company incorporated in December, 1981 to
serve the research needs of NOVA, an Alberta corpora-
tion and Husky Oil Ltd. The aim of our program is to
develop microbial systems for the production of oil.

Our research efforts are focused on a major system
of reservoirs as the target site for application of new
technology.

TARGET RESERVOIRS

The target reservoirs are located in a 10,000 square
mile area about the town of Lloydminster on the Al-
berta/Saskatchewan border. These are the most south-
erly deposits in the Cretaceous Manville Group heavy
oil sand belt and have been estimated at 9.9 to 16 bil-
lion barrels of oil-in-place. The oil is an asphaltic crude
with API gravity of 13° to 17°, 400 to 9000 Cp viscosity
at 72°F. The high viscosity of the oil and severe chan-
neling problems in waterflood production result in a
total production yield of about 8 percent by primary
and secondary production.?® These reservoirs repre-
sent a significant opportunity for EOR.

Husky Oil holds a dominant position in the Lloyd-
minster area (1.7 million acres);* a fact which accentu-
ates the importance of this target in our microbial bio-
technology research program.

Reservoir properties—In terms of using bacteria
in situ, the Lloydminster reservoirs present two major
challenges; high salinity of the connate brine (6.5 per-
cent) and the high viscosity of the heavy oil itself.
Other parameters are amenable to MEOR application;
high porosity (30 percent) high permeability (up to 4
Darcies) and low pressures (2,000 feet, depth).® The in-
organic matrix is poorly consolidated sand.

The nature of heavy oil—In chemical terms,
Lloydminster oil is deficient in simple low molecular
weight alkanes and aromatics, has a H/C ratio of 1.6
and a molecular weight consistent with the average
molecular formula, Cos Has Noi Sos Ooz . Nuclear mag-
netic resonance studies on the whole oil indicate that
28 percent of the carbon in the whole oil is aromatic in
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nature and 72 percent is alkyl with 72 percent of the
alkyl carbons not in simple linear alkyl groups. The
“average” aromatic nucleus (from the ratio of periph-
eral to bridgehead carbons) is a condensed four ring
system.

Westlake et al®’ have shown that Lloydminster
heavy oil has the composition of a highly biodegraded
crude oil and that further biodegradation results in
only modest changes in its composition and properties.
This observation coupled with the general literature
evidence against rapid anaercbic attack on pristine
hydrocarbons®? suggests that heavy oil is not a read-
ily available nutrient source in situ. Therefore, our
research is based on the in situ fermentation of an
injected substrate such as sugar beet molasses.

The sulfur content in Lloydminster heavy crude is
3.5 percent with the highest sulfur concentration (7.0
percent) being found in the asphaltene fraction which
makes up 15 percent of the oil weight. It is important to
note however that most of the sulfur is actually in the
more abundant maltene fraction.

Potential applications of bacteria
in heavy oil production

The production problems in Lloydminster heavy oil
operations present a number of opportunities for ap-
plied microbiology (Table 1). Two in situ applications;
flow diversion in waterflooding and MEOR by repres-
surization through gas fermentation are of particular
interest here.

The poor production yield obtained by waterflood-
ing in Lloydminster reservoirs results from a very poor
sweep efficiency. In effect the injected water creates

TABLE 1—Potential Applications of Microorganisms
in Heavy Oil Production

1) Flow diversion in waterflooding

2) De-emulsification of EOR production emulsions

3) Viscosity reduction for pipeline transport without
condensates

4) De-sulfurization of heavy oil (asphaltene and/or
maltenes)

5) Control of sulfate-reducing bacteria
6) MEOR through in situ fermentation in some cases
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channels through the reservoir bypassing oil-rich zones
of lower permeability. Selective plugging of these
channels by bacteria could be used to divert water flow
through the oil rich zones and improve recovery.l

The more conventional MEOR approach has been to
ferment molasses anerobically in the reservoir to gen-
erate agents of oil release in situ.)! These could include
gases, acids, surfactants and solvents, Fig. 1. In the
sand reservoirs at Lloydminster, acids will play a min-
imal role since formation carbonates are not an impor-
tant factor in controlling oil flow. The major agent for
stimulated oil release will probably be gas formation
which could repressurize the reservoir and cause the oil
to swell and drop in viscosity!? as CO» dissolves into it.
This latter effect is very pronounced in laboratory
experiments with heavy 0il'3 but the extremely high
initial viscosity of these heavy oils and the question-
able rates of gas transfer into the oil phase in the ab-
sence of mechanical mixing underground could limit
the efficacy of this MEOR approach in Lloydminster
fields.

In our research program, we have sought out by
classical selection and adaptation procedures bacterial
cultures capable of growing anaerobically on 3 percent
sugar beet molasses in full strength oil field brine (6.5
percent salinity) at the temperature found in the
Golden Lake oil reservoir, Lloydminster. Successful cul-
tures were screened for their ability to serve in situ as
selective plugging or MEOR agents,

RESEARCH PROGRAM

Preliminary screening

Our first task was to undertake a preliminary
screening to determine if bacteria could produce useful
MEOR agents (gases, acids and surfactants) or plug-
ging agents (polymers and biomass) under the simplest
possible conditions—by anaerobic fermentation of 3
percent sugar beet molasses in coproduced brine at
reservoir temperatures.

Classical adaptation, selection procedures were car-
ried out beginning with 38 field samples and selected
catalogue cultures of Clostridium. An initial attempt to
jump cultures quickly onto the simple molasses/brine
medium failed. It proved necessary to enrich the me-
dium with trace metals, yeast extract, nitrogen and
phosphorus sources before challenging the cultures

with full strength brine. Even in this enriched medium,
only 11 of the field samples and none of the Clostridia
survived at 6.5 percent salinity (Table 2). This initial
work was carried out in Vancouver by E. Lee at B.C.
Research under contract.

At the University of Calgary, the surviving mixed
cultures were separated into more than 70 pure bac-
terial strains on the enriched medium and then trans-
ferred gradually onto the bare medium of 3 percent

TABLE 2—Sources of Microorganisms

Culture 5 Richmond oil sump
9 Marine sediments
11 Marine sediments
13 Marine mud from a sewage outfall
18 Garden compost
000016 Anaerobic sludge
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INJECTION
Bacteria 500 1.
Molasses 2000 kg.
Water ‘ 50,000 I.
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FIG. 1—Microbially enhanced oil recovery involves the injection
of bacteria and nutrients into the reservoir followed by a fermen-
tation period in which gases to repressurize the reservoir, acids
to dissolve carbonates and solvents and surfactants which facili-
tate oil release can be produced.

sugar beet molasses in full strength brine. All handling
was carried out in a Forma Scientific Anaerobic Work
Station Model 1054. Acid and gas production were
monitored by observing the gas collection in an in-
verted vial within each screw cap culture tube. (The
presence of a CaCO; buffer allowed the accumulation
of COz through the dissolution of carbonate by pro-
duced acid even in the absence of fermentation gas
production.) Surfactant production was monitored in
the culture broth by Fisher Autotensiomat (based on
the Du Nuoy ring method). Slime (polymer) production
was observed visually on agar plates. Gas analysis
was carried out on a Fisher Gas Partitioner.

For the cultures capable of growing anaerobically
on 3 percent molasses full strength oil field brine (6.5
percent salinity) the following observations were made.

—28 of the cultures including the only Clostridium
isolated from field samples grew poorly and were
discarded.



—no culture was found to produce significant
surfactant.

—all cultures produced acid. Indeed most of the
moderate gas format on was actually due to acid disso-
lution of the carbonate buffer—less than half these
cultures produced gas directly by fermentation.

—only moderate gas formation was found unless
trace metals, yeast extract, N and P sources were added
to the medium.

—11 cultures produced copious biopolymer inde-
pendent of additives to the medium.

Gas producers—A second screening was carried
out in an enriched medium (Table 3) for the isolation of
gas producing bacteria. The most potent isolates were
Gram-negative facultative rods which released 1.6
moles of gas/mole of sucrose utilized (CO2:Hz
-N»::70:10:20). API20A and 20E identification kits
characterized these isolates as Enterobacter cloacae.
Studies are currently in progress on the ability of these
isolates to grow under pressure and to develop pressure
through gas production.

Slime formers—The 11 slime (biopolymer) pro-
ducing isolates from the preliminary screening were
considered promising as in situ plugging agents for
flow diversion in waterflooding in Lloydminster but it
remained to be demonstrated that such slime could
plug high permeability zones (~4D) and that given
that slime forming bacteria could plug such zones that
they could be successfully injected without plugging
the well bore of the injection well.

Well-bore plugging

Jerry Shaw, a graduate student in Geology at the
University of Calgary working under Professors N. C.
Wardlaw and J. W. Costerton with NOVA/Husky Re-
search Corporation support has demonstrated the effi-
cacy of slime forming bacteria in a model glass bead
core system. (Figs. 2 and 3). The model cores, Fig. 3, are
Blast-O-Lite glass beads, sieved to a uniform 90u size
and fused into 5 cm X 1 cm cores of 5 to 7 Darcies per-
meability. Bacterial suspension is passed through the
core at a constant 3.5 psi pressure differential from the
reservoir (Fig. 2) and the effluent flow rate recorded
against elapsed time and cumulative volume.

Using this system, Shaw has demonstrated that
extracellular polysaccharide produced by an actively
sliming Pseudomonas sp. can plug a glass bead core
run under modest injection pressures (up to 7 psi) far
more effectively and efficiently than dead cells of the
same culture.!? This observation is relevant to water-
flooding operations where injectivity is lost due to
microbial growth in the well bore region.

We have adapted the original apparatus of Shaw for
anaerobic work by the addition of an extra valve anda
packet of palladium catalyst inside the culture reser-
voir, Fig. 2. The bacteria are grown in a Forma Scien-
tific Anaerobic Work Station Model 1024, placed in the
reservoir and are pressurized in the reservoir under an
atmosphere of mixed gases (5 percent Hs, 5 percent
COs, 90 percent No—Medigas, Calgary). In the presence
of the palladium catalyst reaction of oxygen with the
hydrogen atmosphere sustains an anaerobic condition.

Since many MEOR schemes are based on the under-
ground fermentation of injected molasses, Fig. 1, the
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first anaerobic runs employed a sugar beet molasses
medium made up in artificial brine. This artificial brine
was based on the analytical composition of a known
coproduced brine but was made up at half-strength (~3
percent salinity) to avoid precipitation problems. This
unfiltered molasses/brine medium did cause consider-
able plugging without any bacterial inoculum, pre-
sumably due to particulates (beet pulp) in the molasses
itself (Fig. 4). Prefiltering the molasses medium
through Sartorius filters (0.2) considerably alleviated
plugging (Fig. 4).

The ability of a slime forming Gram-negative anae-
robic rod to plug the core is demonstrated in Fig. 5. In
this case, the scanning electron microscope revealed a
surface plug of biopolymer in which bacteria could be
seen (Fig. 6).

The conclusions are that:

—molasses will require prefiltration before injection
as part of a MEOR system.

—that slime forming anaerobes capable of growing
on 3 percent molasses in full strength oil field brine can
effectively and efficiently plug high permeability (6
Darcies) zones.

—that injection of actively sliming bacteria will re-
sult in well bore region plugging and a serious loss of
injectivity.

Flow diversion in waterflooding

The above study indicates that slime forming anae-
robic bacteria could be used to plug the high permeabil-
ity channels which ruin the sweep efficiency of water-

TABLE 3—Autoclaved Medium

All the following ingredients were mixed and the
pH was adjusted to 7.1-7.3 using NaOH. The solution
was distributed into screw cap tubes containing a shell
vial and autoclaved 20 min at 15 psi.

Ingredients Specified As
Molasses .......cccvvuinnnn.n 30¢g
KQHPO4 ..................... 0.7 g
KHoPO, .. oooooviiii et 0.3g “N & P”
(NHDeSO, - 1.0g
FeSO,........coooivii it 0.005 g
%’FSS% ...................... 0.002 g
nSO ... 0.005 g
CoCly oo 0001 g  lracemetals
NHMo; Oy oot 0.001g
Na2B4O7 .................... 0.0011 ¢
CASOy v 0.001 g
CuSO, .. oo 0.0007 g
Yeast extract ................ 0.02¢
Cysteine HCl................ 0.25 ¢

*Mops or Hepes (buffers). .. .. 0.04m
Lloydminster brine to 1 liter
plus NaOH (1N) to pH 7.1 to 7.3

*Mops (3-(N-Morpholine) propane sulfonic acid) pH 6.5-7.9,
MW 209.3

Hepes (N-2-Hydroxyethylpiperazine-n'-2-ethanesulfonic acid)
pH 6.8-8.2, MW 238.3
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floods in the heavy oil reservoirs at Lloydminster.
However, the above study also demonstrates that injec-
tion of actively sliming bacteria is not practical due to
well bore plugging problems. It is necessary therefore
to be able to control the production of slime in the
anaerobic bacteria employed so that they can be in-
jected in a growth phase or medium which supports
growth but which does not support slime formation
and once in place can be made to produce slime in situ.

For the slime forming anaerobes isolated on 3 per-
cent sugar beet molasses in full strength brine in the
preliminary survey, at least two modes of turning slime
production “on” and “off” have been found.

For one set of five isolates, the key involves control-
ling the composition of the medium.

Manipulation of the medium results in more than a
ten-fold control of extracellular polysaccharide forma-
tion for at least two of the isolates in liquid culture.
18-1, a Gram-positive facultatively anaerobic coccus
from garden compost has been studied further in the
model core system.

The effect of slime control for isolate 18-1 is appar-
ent in Fig. 7. When the culture grown in a medium
which supports slime formation is passed through the
model core, rapid and effective plugging occurs. In con-
trast, an equivalent cell suspension (3 X 102 cells/ml)
grown in a medium which does not support polysac-
charide formation does not cause severe plugging. In-
deed if these two curves Fig. 7 are compared to the
curves generated by Jerry Shaw for aerobic Pseudo-
monas sp. actively sliming and dead, the results are
found to be almost identical (for equal numbers of cells
passed through the core). In the non-sliming mode iso-
late 18-1 gives the same extent and rate of plugging as
dead Pseudomonas cells.

To vacuum or

oxygen indicator l—-Pressurized with mixed gas:

5% H,. 5% C0,. 90% N,

Valves

Removable -

PVC top F—=gg*— Palladium on
silica gel
catalyst

e
Anaerobic
culture
Thermometer
Stirring bar __| To core
[
assembly
Magnetiq (See next figure)
stirrer

FIG. 2—Anaerobic reservoir for bacterial suspensions being fed
to the model core system.
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(see previous diagram)
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To volumetric collection vessel
{not shown)

FIG. 3—The model core system used in these injectivity studies.

Since the actual field use of such a system would
require injection of the non-sliming culture followed by
slime formation in situ, two further experiments were
performed.

In Fig. 8, a bacterial suspension of 18-1 was intro-
duced into the core in a polymer forming medium over
a two hour period. At “A,” the input was switched from
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FIG. 4—Comparison of plugging for molasses/brine medium be-
fore and after filtration through 0.2, filters.



bacterial suspension to a sterile medium.

This resulted in a washout of most of the bacterial
suspension from the core and a return to the initial
permeability. At “B,” the core was sealed and left
standing overnight to allow growth and slime forma-
tion by the bacterial cells remaining in the core. On
restoring input pressure to the core, the permeability
was found to have declined by about 50 percent. Thus a
small population of residual cells had grown up over-
night to substantially plug the core.

FILTERED MEDIUM
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FIG. 5—Plugging caused by a stationary phase culture of anae-
robic bacteria BB2 compared to the pristine filtered medium.
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FIG. 6—Scanning electron microscope photomicrograph of a
pristine glass bead core (left half of figure) compared to the
slime layer formed on the top of the BB-2 run in Fig. 5 (right half
of figure). Isolated bacteria are evident in the slime.

A similar experiment was conducted in which a core
was inoculated by passing about five pore volumes of
a non-siiming bacterial culture through the core. (The
initial permeability was also determined at this time.)
The core was then removed aseptically, placed in a
sterile dialysis tubing and suspended in a slime induc-
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ing medium for 72 hr. In this time, visible slime ap-
peared on the core due to polysaccharide formation as
medium permeated the core through the dialysis tub-
ing. On returning the core to the apparatus, the perme-
ability was found to be 11 percent of the initial value.

From these preliminary results it appears that
anaerobic bacteria capable of growing under the con-
ditions of the heavy oil reservoirs in the Lloydminster
region can produce extraceilular slimes (polysaccha-
rides) in a controllable fashion and that these bacteria
can be injected into such a reservoir successfully in a
non-slime inducing medium. Further, slime formation
can be induced in situ by the subsequent introduction
of an appropriate slime inducing medium.
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FIG. 7—Comparison of plugging by cell suspensions (3 = 108
cells/ml) of isolate 18-1 grown in media which induce and do not
induce polysaccharide production.
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FIG. 8—Growth and slime production by isolate 18-1 in a core
initially inoculated with an actively sliming bacterial suspension
(3 = 108 cells/ml) (to point “A") then flushed with sterile medium
(“A" to “B") and incubated overnight without flow (“B"). (Perme-
ability reduction on restoring flow is evident after “B".)
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These bacteria could provide a feasible system for
plugging the high permeability channels which nor-
mally thwart heavy oil production by waterflooding in
the Lloydminster fields. Further work is in progress.
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INTRODUCTION

Enhanced oil recovery has advanced to a stage
where recovery processes are technically feasible in
limited application to specific, highly favorable reser-
voir conditions. Enhanced oil recovery technology
remains, however, in a research mode with several
specific areas in need of continuing extension and
development.

A detailed discussion on the application of micro-
bial processes to oil production will necessarily fall
short of precise or even general solutions. Even as the
petroleum engineer lacks total and comprehensive
knowledge supported by definitive data-bases on the
chemical and physical structure of the oil reservoir, the
microbiologist as well lacks specific information nec-
essary to critically address possible role(s) microorgan-
isms may play in enhanced oil production. The areas of
hydrocarbon and petroleum microbioclogy have com-
piled an extensive literature over the past few decades.’

These advances are reflected in the acquisition of
definitive data-bases relating to the physiological, bio-
chemical and genetic properties of a variety of
hydrocarbon-utilizing microorganisms. The transfer of
this knowledge has yet to be realized in direct applica-
tion to EOR or oil production although a consensus of
opinion exists among many microbiologists that a po-
tential use of microorganisms and their products has
application to oil field problems.

The available literature concerning microbial activ-
ities within the reservoir environment is scant. Ample
reports exist concerning the proliferation of sulfate-
reducing bacteria and the souring of sweet crudes,
plugging phenomena plus other deleterious problems.®
Recent studies have indicated the presence of microbial
populations in oil reservoirs with the taxonomic classi-
fication and cataloguing of their various physiological
and biochemical properties remaining to be accom-
plished. The realization has surfaced that reservoirs
are not, necessarily, sterile, biologically refractory en-
vironments. The source of the indigenous microflora is
further unknown with possible point source contami-
nation from surface origins or, alternatively, of subter-
ranean origin.

It is further recognized that in situ alteration of oil
can occur as a result of some level and rate of microbial
activity. Questions arise as to whether producing wells
decrease in productive capacity over time through mi-
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crobial processes that tend to significantly alter the
viscosity characteristics of oil, If so, definitive answers
to such processes would allow for meaningful treat-
ment regimes that would control microbial activity,
enhancing long-term productivity.

An alternative consideration is the possible stimu-
lation of the indigenous microflora towards greater
metabolic activity by the addition of appropriate nutri-
ents that allow for hydrocarbon-utilizing microorgan-
isms to attack specific fractions of 0il and, in turn, pro-
duce chemicals effective in increased oil production.
Evidence has appeared that indicates utilization and
release of hydrocarbons and oil by microorganisms in
subsurface environments by the introduction of air and
mineral nutrients.?

The application of surfactants to EOR has long
represented an active developmental area in oil pro-
duction. The consideration and application of bio-
surfactants and/or bicemulsifiers has been generally
overlooked, primarily due to the lack of a definitive and
cohesive literature on the subject. A review discusses
the broad generalities of biosurfactants in context of
theory, sources, types and applications 1

The production of surface active agents by micro-
organisms has been recognized for years; however, a
systematic characterization of these microbial prod-
ucts has been slow to emerge. Recent studies have
documented the production of numerous surfactant
compounds produced by hydrocarbon-utilizing micro-
organisms. The development and application of such
microbial-produced biosurfactants may represent valu-
able and potenitally useful compounds in the recovery
and production of oil.

The principal question addressed at the onset of this
research was “can bacteria be isolated which reduce
the viscosity of heavy crude 0ils?” The experimental
approach to obtaining answers to this question is
based on three simple assumptions:

1. that microorganisms can grow on heavy crude oil
as a sole source of carbon and energy;

2. that microorganisms can grow on asphaltenes or
resin acids as a sole source of carbon and energy; and

3. that microorganisms produce surface active prod-
ucts of potential usefulness and utility.
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The rationale serving to justify this approach was that
two basic mechanisms exist by which microbial proc-
esses or activities would reduce the viscosity of heavy
oils:

1. reduction of the average molecular weight of the
heavy oil; and

2. the production of specific metabolic products.

The reduction of the average molecular weight of
heavy oils would necessitate the microbial depolymeri-
zation and/or the degradation of the high molecular
weight constituents such as asphaltenes or resins acids
to smaller molecular weights components, thus, effec-
tively reducing the average molecular weight of the
bacterial-treated oil. The production of surface-active
compounds by microorganisms growing at the expense
of hydrocarbons or components of oil would serve to
generate macro- and/or micro-emulsions of oil-in-water
or water-in-oil type having lower viscosities than the
parent crude. The following report suminarizes our
studies to date on the viscosity reduction of heavy oils
by microorganisms.

MATERIALS AND METHODS

Culture conditions—Bacterial isolates were grown
in either 0.8 percent nutrient broth, 0.5 percent yeast
extract (NBYE) or in a mineral salts medium (basal
salts E) containing in g/1: 10 g KaHPOs; 5 g NaH:POyq;
2 g (NH4)2804; 200 mg MgSO4-7H20; 1 mg CaClz-2H:0;
1 mg FeS047H:0, and 25 ml n-hexadecane or 50 gms
erude oil per liter. Bacterial cell growth was monitored
by optical density or by dilution-plating techniques.
The crude oils used in this study were obtained from the

following sources: West Texas crude, East Texas crude;
Venezuelan Monagas crude, Venezuelan Cerro Negro
crude: Monterey crude; Alaskan North Slope crude.

Tensiometric studies—The spent culture media of
bacterial cells grown on either hexadecane/ mineral
salts medium or NBYE medium were centrifuged and
filtered to remove bacterial cells prior to measurements
of interfacial or surface tension. Surface tension was
measured using Fisher Autotensiomat recording Du-
Nuoy Tensionmeter. Oil/water interfacial tension was
measured using either the drop weight method, or with
a spinning drop tensiometer.

Viscosity—Crude oil was separated from the aque-
ous culture medium in a separatory funnel. Viscosity of
water-saturated oil, or oil dried for 2 days in a vacuum
desiccator, was measured using a Brookfield Rheolog/
Thermosel viscometer.

Analytical methods—Spent culture medium or
cells were extracted with chloroform/methanol (2:1)
followed by back extraction with 0.9 percent NaCl to
remove water-soluble material. The chloroform phase
was designated the crude lipid extract. Alternately, the
spent culture medium was extracted twice with an
equal volume of diethyl ether following acidification.
The ether-soluble material was then designated as the
crude lipid extract. The crude extract was fractionated
on a silicic acid column. Neutral lipids were eluted with
chloroform; glycolipids with acetone; and phospho-
lipids with chloroform/ methanol (2:1). Glycolipids
were quantified using the anthrone method? using glu-
cose as a standard. Phospholipids were quantified
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using the Bartlett phosphate method.? Dry weights of
lipids were obtained using a Cahn Electro-Balance.
Extracellular protein and polysaccharide were deter-
mined after dialysis of the spent growth medium by the
Lowry method for protein’ and the anthrone method
for sugar.

Chromatography — Polar lipids (phospholipids
and glycolipids) were separated by thin-layer chroma-
tography (TLC) on 0.4 mm layers of silica gel G using a
solvent system containing chloroform/methanol/5 N
NH,OH (65:30:5). Glycolipids were detected using the
orcinol spray reagent. Phospholipids were detected
using the phosphate spray reagent (Dittmer and Les-
ter, 1964).6 Purification of glycolipids by preparative
TLC was performed using 0.5 mm layers of silica gel G.

Neutral lipids were separated on silica gel G using
petroleum ether/diethyl ether/acetic acid (80:20:1) as
the solvent system. Neutral lipids were visualized by
spraying with 50 percent H2SO. and charring 30 min
at 120°C. The glycolipid sugar was chromatographed
following deacylation by base saponification and de-
salting, on Whatmann 3 MM paper using butanol/
pyridine/H2O (3:2:1) as the solvent system.

Gas-Ligquid chromatography (GLC)—Fatty acid
methyl esters derived from the purified glycolipid were
analyzed by GLC using a Tracor 560 gas chromato-
graph equipped with a flame ionization detector and
an 8 ft X 4 mm glass column with 5 percent DEGS-PS.

Acetylated sugars derived from the purified glyco-
lipid were analyzed using a Varian 1200 gas chromato-
graph equipped with a flame ionization detectox using
a 3 percent ECNSS-M column (V& in. X 10 ft stainless
steel column).

RESULTS AND DISCUSSION

Enrichment and selection of microorganisms—
The enrichment of microorganisms was accomplished
through conventional enrichment techniques. A vari-
ety of soil samples ranging from randomly selected
normal soils to soils subject to chronic exposure with
oil were supplemented with Venezuelan Monagas
crude, Venezuelan Cerro Negro crude, West Texas crude
and asphaltenes derived from each of these crudes. The
culture flasks were incubated aerobically at room tem-
perature with shaking for varying periods of time.
Serial transfers of these primary enrichments were
made at selected intervals to fresh oil-containing
media and maintained through a minimum of 5 serial
passages.

Such procedures are neither new nor novel, having
been used for decades as the standard technique for
isolation of hydrocarbon-utilizing microorganisms.
The final serial transfer was streaked onto nutrient
broth-yeast extract (NBYE) agar plates for pure culture
isolation. Each of the 300 bacterial isolates obtained in
this manner was tested for ability to grow in liquid cul-
ture at the expense of oil or fractions derived from oil.

A screening procedure was derived to determine the
ability of bacterial isolates to disperse and/or solubilize
crude oil. Crude oil was added to the complete basal
salts minimal medium containing 2 percent agar and
sonicated while the temperature was maintained at
70°C. This oil suspension was poured into petri plates
(15 ml/plate) and allowed to solidify at room tempera-



ture. The oil plates were then inoculated with the bac-
terial isolates, incubated at room temperature and
inspected daily for clearing of the oil.

This procedure allowed for the rapid presumptive
screening of large numbers of bacterial isolates which
produced products that were effective in the dispersion
of crude oil. We were able to identify approximately 200
isolates which caused dispersion of oil. Out of 200 iso-
lates, 77 bacterial isolates have been studied with re-
spect to their ability to form emulsions. There were 63
isolates (82 percent) which formed stable emulsions
with hexadecane and 14 (18 percent) isolates which
formed unstable emulsions.

Tensionmetric characteristics of spent growth
media—The surface tension and interfacial tension of
spent culture broths derived from selected cultures
grown on hydrocarbon and non-hydrocarbon media
were determined for the purpose of evaluating the pro-
duction of surface active products (Table 1).

TABLE 1—Tensiometric Properties
of Spent Culture Broths

Surface Tension! Interfacial Tension?

NBYE Hexadecane NBYE Hexadecane

Sample dyne/cm

E6 ... ............ 63.0 39.4 22.8 34.5
Hi0.............. 46.7 57.6 18.6 24.4
Hill.............. 48.2 59.3 19.4 26.3
H12.............. 50.6 57.2 22.9 29.0
H-13....... ... 49.2 30.4 20.5 11.8
2. 44.3 43.4 11.3 13.2
J1d ... 48.1 52,0 16.0 21.4
K3...oiiiiiiit, 47.8 53.7 13.9 25.7
K4, 14.8 52.8 13.9 21.6
) 40.9 59.3 15.4 25.7
L9 .. 36.0 64.6 8.2 36.8
-0 ..ol 49.8 62.8 24.6 30.2
1", O S 49.5 60.4 21.4 25.7
M8, ...l 41.8 45.0 7.1 188
M9............... 41.7 49.6 10.2 20.5
MO, ..l 46.8 52.2 16.7 24.2
N5 oo, 72.8 58.3 30.4 37.2
e 42.4 48.1 12.2 16.3
P2 ... 42.0 49.3 11.1 19.2
Pa............... 42.4 48.2 10.4 13.9
P5. ... 43.5 47.9 10.0 22.2
P6......... ... 53.6 60.0 17.2 31.0
P7 . 43.4 56.7 10.0 24.4
P10 .............. 40.0 48.0 9.7 15.8
P11 ...l 42.4 52.3 10.6 20.7
R2............... 53.9 63.7 24.6 319
RS ... 44.3 54.5 11.8 22.9
R6............... 43.2 56.3 9.5 24.4
NBYE (control) ...44.6 — 18.0 —
Basal salts

(control......... — 72.0 — 49

1 Surface tensions measured at 25°C.

2Interfacial tensions measured against hexadecane at room
temperature.

The isolates group into essentially 3 classes with
respect to their ability to alter surface tension: (1) those
organisms which decrease the surface tension of spent
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media; (2) those organisms which raise the surface ten-
sion of spent media; and (3) those organisms which do
not change the surface tension of spent media. These
classes are most evident in isolates grown at the ex-
pense of NBYE where 39 percent of the isolates yielded
a spent culture broth with decreased surface tensions.
The interfacial tension of spent culture broths derived
from isolates grown on NBYE showed 64 percent of
those isolates decreased interfacial tension; whereas,
29 percent increased interfacial tension.

Nutrient broth-yeast extract appears to contain sur-
face active component(s) which are metabolized by
specific isolates with a corresponding increase in the
tensionmetric characteristics of the spent culture broth.
It is not known whether spent culture broths derived
from those isolates that yielded lower tensions pro-
duced additional biosurfactant, or altered constituents
presentin NBYE to surface active constituents. If these
isolates metabolized the surface active component(s)
present in NBYE as well as producing additional bio-
surfactant through metabolism, then the effective net
vield of surface active component(s) was significantly
greater then indicated by the measured tensions.

In contrast, all the isolates grown at the expense of
hexadecane yielded spent culture broths having sur-
face and interfacial tensions that were decreased from
control values. One specific isolate (H-13) appeared to
decrease the tensionmetric properties of the spent cul-
ture broth to a greater degree than the rest and was
selected for further study.

For comparison, a number of known hydrocarbon-
utilizing bacteria as well as nonhydrocarbon-utilizing
bacteria were assessed for tensionmetric properties
imparted to the spent culture broth following growth in
chemically defined media (Table 2).

TABLE 2—Surface Tension of Spent Media from
Hydrocarbon and Nonhydrocarbon
Utilizing Bacteria

Hexadecane-grown  Glucose-grown

Microorganism dyne/cm
Mycobacterium vaccae . . .. 51.5 —
Candida tropicalis ........ 52.6 —
Pseudomonas putida . . . ... 52.1 —
Mycobacterium
rhodochrous ............ 53.8 —

Nocardia species.......... 52.8 —
Corynebacterium species. . 52.6 —
Acinetobacter sp. 17987 ... 53.9 —
Acinetobacter sp. HO1-N. . 50.8 —_

Average ............... 52.5
Escherichia coli K-12. ... .. —_ 53.4
Escherichiacoli B ........ — 49.5

Average ............... 51.4
E6.........c. i 394 —
Hi3.. . ..... ... ... ..., 30.4

Average ............... 34.9
Control (basal salts) ...... 72.0 72.0
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These data illustrate the validity and application of
the screening and evaluation protocol developed for the
purpose of recognizing and selecting microorganisms
capable of producing surface active products. These
data also demonstrate that bacterial growth on hydro-
carbon does not necessarily result in production.of
surface-active agents in quantities detectable by in-
creased surface activity. In fact, of the alkane-oxidizers
tested, none decreased the surface tension of the growth
medium to a greater extent than glucose-grown E. coli.
However, most alkane-grown isolates decreased the
interfacial tension to values well below controls (Table
1). Thus, the measurement of interfacial, rather than
surface tension may be more reliable for detection of
surfactant production.

Viscosity reduction of bacterial-treated heavy
ecrude—Selected isolates were grown in 3-liter Fern-
bach flasks containing lliter of the complete basal
salts medium plus 50 gms of Venezuelan Monagas
heavy crude. All isolates were pregrown on 0.5 percent
hexadecane for a minimum of 2 days and an inoculum
volume of 100 ml added to the Fernbach flask. This cul-
ture was incubated aerobically on a rotary shaker for
6-7 days at room temperature. The oil was separated
from the agqueous medium by allowing phase separa-
_ tion to occur in a 2-liter separatory funnel.

A number of visual characteristics were associated
with these cultures following growth on heavy oil.
First, uniform dispersion of the crude oil occurred
throughout the aqueous medium. This dispersion was
routinely stable for a number of hrs with eventual
phase separation occurring in 24-48 hrs. Simple swirl-
ing of the flask resulted in the immediate and uniform
dispersion of the oil. Second, following phase separa-
tion the volume of oil recovered was 2-2.5 times greater
than the volume of the original oil. Third, the crude oil
recovered was significantly less adherent to glass sur-
faces, tending to separate cleanly from such surfaces.
Fourth, the recovered oil exhibited significantly greater
fluid properties, with flow characteristics considerably
different from the original crude oil.

Visual characteristics are of considerably less value
than the more quantifiable properties such as viscosity
measurements. Table 3 summarizes our results relating
to the viscosity changes occurring with Monagas
heavy crude following treatment with selected bac-
terial isolates.

These results demonstrate a viscosity reduction for
bacterial-treated Monagas crude ranging from greater
than 50 percent for dry samples to 98 percent for wet
samples. Bacterial growth of all isolates occurred with
Monagas crude as the sole carbon and energy source.
Colony forming units were estimated at 1010-101
cells/ml, representing a 4-5 log increase in population
cell density. The component(s) of Monagas crude sup-
porting growth of these bacterial isolates is presently
under analysis.

Surfactant production by bacterial isolate
H-13—H-13 is a mixed bacterial culture capable of
growth on a variety of heavy crude oils and pure
hydrocarbons, both paraffinic and aromatic (Table 4).

H-13 was identified as a surfactant-producing cul-
ture by its ability to significantly lower the surface ten-
sion of the hexadecane-mineral salts growth medium
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TABLE 3 —Viscosity Changes in Bacterial-Treated
Monagas Crude

Tempera-  Viscosity Percent
Sample ture {Centipoise) Decrease
Monagas crude control 40°C  >25,000
@ry)t o 60°C 4,690
Monagas crude control 40°C 6,510
(wet)? oo 60°C 1,070
F-3 treated Monagas crude 40°C 14,000 44
Ary) . ovvreeeea s 60°C 2,040 56
F-3 treated Monagas crude 40°C 151 98
2517 J N 60°C 64 94
H-10 treated Monagas crude 40°C 5,912 76
WAry) oo eeeeeiii s 60°C 1,003 79
H-10 treated Monagas crude 40°C 5,500 15
(Web) oo eiereiieieans 60°C 978 9
H-13 treated Monagas crude 40°C 10,160 60
(Ary) oeee v 60°C 1,670 64
H-13 treated Monagas crude 40°C 452 93
(Web) oot 60°C 163 85
H-13A treated Monagas 40°C 9,462 62
crude (dry) ...oovvevernnn. 60°C 2,785 41
H-13A treated Monagas 40°C 145 98
crude(wet) ............ohs 60°C 76 93
1-9 treated Monagas crude 40°C 11,162 55
(dry) coerieiiiiieans 60°C 1,323 72
P.2 treated Monagas crude 40°C 8,038 68
(Ary) oo 60°C 1,263 73
P-10 treated Monagas crude 40°C 7,650 69
Ary) ooveeeciii i 60°C 1,253 73

1 Samples designated dry represent the equilibration of Mon-
agas crude with minimal basal salts medium for 5 days,
recovery of the oil and pumped under vacuum with a water
aspirator for a minimum of 24 hours.

2Samples designated wet represent the recovered oil as a
stable emulsion.

TABLE 4—Growth of H-13 on Hydrocarbons
and Crude Oils

Carbon Source Growth
Alkanes
(0751720 o1 1R +
DodECANe .. vvvireeie e +
Tetradecane ....ooovviinieemneecnnenannnes +
Hexadecane ....oovvviiiineenieeaanannnens +
OCLAGECANE . orverit e et it eeeniinaatennennns -+
Aromatics
Naphthalene .........cooiiiiiiiiiiii, +
ANtRYECENE . ..ottt iiiiiie e iaaenaeaaanann +
Phenanthrene .......cviviiierrreaecarnninnns +
Crude Oils
Venezuelan Monagascrude .................. +
Venezuelan Cerro Negrocrude ............... +
West Texas crude ..vvveeeiniennneeaaennnnas +
Monterey crude . ......oooviiiiiiiiiiaiaae +
Alaskancrude.......covviiiiiinireraeennnnas +
EastTexascrude .....ovvvrieneeeeneeeinnonas +




from 72.0 dynes/cm to 30.4 dynes/cm; and to effec-
tively reduce the interfacial tension of the same growth
medium from 49.0 dyne/cm to as low as 6.0 dyne/cm.

In addition, we observed that a minimum of 25.0 ml of

hexadecane per liter of growth medium was dispersed
in the form of a stable emulsion by H-13 and to examine
the physiology of surfactant production.

The surfactant produced by H-13 during growth on
hexadecane is surface active under a variety of experi-

mental conditions, as measured by the interfacial ten-
sion of the spent growth medium versus hexadecane

(Table 5). Surface activity of the spent growth medium
was stable under conditions of high salinity and high
or low pH.

The spent growth medium was analyzed for the
presence of extracellular lipids, protein and polysac-
charides. The chloroform-soluble material was ana-
lyzed for neutral lipids, phospholipids, and glycolipids.
Glycolipids were detected in the chloroform-soluble
fraction; whereas, trace quantities of glycerides and
phospholipids were detected. The spent growth medium
contained negligible amounts of protein as contrasted
to large amounts of polysaccharide. The polysaccha-

ride may be related to the extremely mucoid character
of H-13.

The extracellular glycolipid was further analyzed to
assess its physical-chemical properties and role as a
potential surfactant; and to examine the physiology of
glycolipid synthesis by H-13.

Physiology of surfactant production by H-13—
H-13 was grown on 2.5 percent hexadecane-mineral

TABLE 5—Surface Activity of Spent Medium
Derived from Hexadecane-Grown H-13

Interfacial Tension (dyne/cm)

Spent Growth Medium Hexadecane
Nondialyzed, pH7.0............ 11.8
Dialyzed, pH7.0................ 16.7
Dialyzed, pH 7.0 + 0.1 M MgCl.
or0.1MCaCly ............... 16.0
Dialyzed, pH 7.0 + 2 pct NaCl. .. 24.2
Dialyzed, pH 7.0 + 10 pct NaCl.. 22.9
Dialyzed, pH3.0 ............... 25.3
Dialyzed, pH 3.0 + 2 pet NaCl... 25.7
Dialyzed, pH 3.0 + 10 pct NaCl. . 22.9
Dialyzed, pH10.0 .............. 23.1
Dialyzed, pH 10.0 4+ 2 pct NaCl.. 23.1
Dialyzed, pH 10.0 + 10 pct NaCl. 20.3
Control, uninoculated medium. . 49.0

TABLE 6—Extracellular Glycolipid Production
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salts medium. Samples were removed periodically for
determination of cell number by dilution-plate count
techniques, and for measurement of the interfacial ten-
sion of the medium from which bacterial cells were
removed. In addition, cells and spent medium were
extracted separately with chloroform/methanol to
quantify glycolipid content. Results of this experiment
are shown in Fig. 1.

The interfacial tension of the growth medium mea-
sured against hexadecane decreased continually over
7 days, at which time the value of 6.0 dynes/cm was
attained. This increase in surface activity correlated
directly to the increase in glycolipid concentration in
the growth medium. Maximal extracellular glycolipid
concentration (295 mg/liter) was attained in one week,
well into the stationary phase of growth. The cellular
glycolipid content also increased over the 7 day growth
period to a maximum of 250 mg per 10 gms cell wet
weight. Extracellular glycolipid was not produced by
H-13 grown on carbon sources other than alkane (Table
6).

Whether the extracellular glycolipid is a secondary
metabolite, a byproduct of hexadecane metabolism, or
is synthesized by H-13 as a pre-requisite for the trans-
port and cellular uptake of hexadecane is not deter-
mined. Production of extracellular surfactants by
hydrocarbon-utilizing bacteria is a well-documented
phenomenon .+

Such surfactants are considered to function in the
formation of oil-in-water emulsions, aiding in transport
of the water-insoluble hydrocarbon to the bacterial cell.
The cellular glycolipid of H-13 may increase the hydro-
phobicity of the bacterial cell surface, allowing direct
cell-hydrocarbon contact, or formation of hydrocarbon-
water micro-emulsions at the cell surface.

TABLE 7—Reduction of Crude Oil Viscosity By H-13

Viscosity (cps)

Percentage

Treated Crude 0il (wet) 40° 60° 80° Reduction
Monagas crude—

control ............. 6,510 1,070 — —
H-13 treated Monagas

crude............... 452 163 —  85-93
H-13A treated

Monagas crude ..... 145 76 —  93-98
H-13 spent medium

plus Monagas crude! 3,252 678 —  37-50
Cerro Negro crude—

control ............. >25,000 7,662 1,390 —
H-13 treated Cerro

Negrocrude ........ — 737 375 173-90
“De-Asphaltened”

Monagas crude ..... 161 70 —  93-98

By H-13
Glycolipid Produced
Carbon Source (mg/liter)
2.5 percent Hexadecane ............... 295.0
1 percent Glucose ..................... 8.2
0.4 percent Succinate.................. 6.6
0.8 percent Broth-Yeast Extract........ 9.7

1Spent medium derived from hexadecane-grown H-13 was
centrifuged and filtered through a 0.45 u Millipore filter.
This cell-free spent medium was supplemented with 30 gm of
Monagas crude, sparged with nitrogen and shaken agitated
at 300 RPM for 18 hr on a rotary shaker.
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Pure culture bacterial isolates derived from the H-13
mixed culture were grown on hexadecane individually
and were analyzed for glycolipid content and surface
activity of the spent medium. Isolate H-13A produced
93 percent of the glycolipid detected in the medium of
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FIG. 1—Physiology of surfactant production by H-13 on hexadec-
ane. Cell number A—A was measured using dilution-plate count
techniques. Glycolipid content A—A was measured using the
anthrone method. Interfacial tension of spent medium 0—0 was
measured by the drop weight method.

the mixed culture and, correspondingly, reduced the in-
terfacial tension of the spent medium to 19.0 dynes/cm
within 2 days of growth, a value comparable to that
obtained with H-13. Thus, H-13A was identified as the
active bacterial agent responsible for glycolipid pro-
duction by the H-13 mixed culture. Taxonomic identifi-
cation of H-13A is currently in progress.

Glycolipid characterization

The extracellular glycolipid was isolated from the
cell-free spent growth medium by extraction with di-
ethyl ether following acidification. This crude lipid ex-
tract was fractionated by silicic acid column chroma-
tography, with the glycolipid eluting from the column
with acetone. This fraction contained several minor
glycolipid components (5) and 1 major glycolipid, as
determined by thin-layer chromatography (Fig. 2). The
major glycolipid component was further purified by
repeated preparative thin-layer chromatography.

Physical-chemical characterization
of the glycolipid

Solubility—The crude glycolipid preparation was
determined to be water-soluble and hexadecane-insol-
uble. Crude glycolipid was dissolved in the mineral
salts medium, pH 7.0, and was partitioned with an
equal volume of hexadecane with 100 percent of the
anthrone-positive material remaining in the aqueous
phase.

Structure—The purified major glycolipid contained
0.52 mg glucose/mg dry weight. No phosphate or amino
groups were detected in either the minor or major gly-
colipids. The major glycolipid was hydrolyzed, reduced
and acetylated by the method of Albersheim et al,! for
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analysis of the sugar composition by gas chromatog-
raphy. Only glucose was detected by GLC. A sample of
the purified major glycolipid was deacylated by base
saponification and the fatty acid analyzed by gas
chromatography yielding a complex spectrum of fatty
acid. The deacylated glycolipid was shown to contain a
disaccharide composed of glucose monomers and a
monosaccharide-glucose. Further chemical structural
analysis of the glycolipid is in progress.

Critical micelle concentration—The critical micelle
concentration (CMC) of the crude glycolipid fraction
and of the purified major glycolipid were determined
by measuring the interfacial tension of increasing
amounts of glycolipid dissolved in the mineral salts
medium versus hexadecane (Fig. 3). The CMC of the
crude glycolipid fraction dissolved in BSE was deter-
mined to be 1.5 mg/ml (0.15 percent by weight) with a
minimum interfacial tension of 0.25 dynes/cm as de-
termined by the drop weight method. This value was
confirmed by a spinning drop tensiometer as shown in
Fig. 4. A value of 0.25 dynes/cm was obtained for a
concentration of the glycolipid greater than 1.5 mg/ml.

Upon equilibration for longer time periods (24 hr),
interfacial tension as low as 2.1 X 10~2 dynes/cm were
measured for the crude glycolipid fraction. The CMC
for the crude glycolipid fraction (1.5 mg/ml) is com-
narable to that obtained with svnthetic surfactants.

it

FiG. 2—Thin layer chromatogram of the crude glycolipid frac-
tion (lane 1) and purified major glycolipid (lane 2). TLC of glyco-
lipids was performed using chloroform/methanol/5 N NH3;OH
(65:30:5) as solvent system on silica gel G. Clycolipids were

detected with the orcinol spray reagent, followed by heating to
120°C 5 minutes.



Sodium dodecyl sulfate (SDS) has a CMC of approxi-
mately 0.23 percent by weight.

Upon equilibration for longer time periods (24 hr),
interfacial tension as low as 2.1 X 10.; dynes/cm were
measured for the crude glycolipid fraction. The CMC
for the crude glycolipid fraction (1.5 mg/ml) is com-
parable to that obtained with synthetic surfactants.
Sodium dodecyl sulfate (SDS) has a CMC of approxi-
mately 0.23 percent by weight.

The CMC of the purified major glycolipid was esti-
mated to be 1.0 mg/ml with a minimum interfacial ten-
sion of 1.41 dynes/cm. The interfacial tension of the
minor glycolipid fraction at a concentration above the
CMC for the crude glycolipid fraction (7.1 mg/ml) was
0.44 dynes/cm. A CMC for the minor glycolipid frac-
tion was not determined. However, these data suggest
that a mixture of minor and major glycolipids is re-
quired for maximal surface activity. The addition of
the minor glycolipids to the major glycolipids may
alter the hydrophilic/lipophilic balance (HLB) of the
surfactant blend increasing its surface activity towards
hexadecane.

Formulations containing synthetic surfactants plus
long chain alcohols or other lipophilic agents have
been shown to increase surfactant effectiveness or
efficiency. The effectiveness or efficiency of biologically-
formed surfactants may be similarly improved by the
addition of such components or by in vivo alternation
of the surfactant molecule by manipulation of bacterial
growth conditions. The fatty acid composition of the
cellular and extracellular lipids of alkane-grown Acine-
tobacter, as well as other hydrocarbon-grown microor-
ganisms, reflects the chain length of the alkane growth
substrate® Alternation of surfactant fatty acid chain
length would alter the HLB of that surfactant. Growth
of H-13 on octadecane, eicosane, or longer chain al-
kanes would presumably result in the production of
more hydrophobic, ocil-soluble glycolipids with long
chain fatty acids increasing the surfactant efficiency.
Growth of H-13 on octane or dodecane could result in
the formation of more hydrophilic glycolipids with
short chain fatty acids. These hypotheses are currently
being tested.

Reduction of heavy
crude-oil viscosity by H-13

Two heavy crude oils, Venezuelan Monagas crude
and Cerro Negro crude, were chosen for treatment by
H-13. The oils served as the sole source of carbon and
energy for bacterial growth. The growth of H-13 on
Monagas crude resulted in a 93 percent reduction of oil
viscosity; whereas, the viscosity of Cerro Negro crude
was reduced 90 percent (Table 7). The pure culture iso-
late (H-13A) reduced the viscosity of Monagas crude by
98 percent (Table 7). Viscosity reduction in this range is
comparable to that obtained when Monagas crude is
chemically de-asphaltened by solvent extraction (Table
7.

Surfactant production appears to contribute to oil
viscosity reduction by H-13. Several observations sug-
gest the formation of a surfactant-stabilized oil-in-
water emulsion in cultures of H-13 grown on heavy
crude oil: 1) the volume of H-13-treated oil is two to
three-fold greater than the initial oil volume; 2) the oil
phase recovered after growth of H-13 had a conductiv-
ity of 2.43 X 10" mho/cm, a conductivity comparable to
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that of 0.02 M KCl, indicating an oil-in-water emulsion;
3) 18 h treatment of crude oil with cell-free spent me-
dium from hexadecane-grown H-13, containing 295
mg/liter of extracellular glycolipid, resulted in a 50 per-
cent reduction of crude oil viscosity (Table 7). Thus,
glycolipid formation appears to enhance the reduction
of oil viscosity.

CONCLUSIONS

The initial objective to isolate microorganisms that
alter the viscosity of heavy oil has been successfully
accomplished. The premise that viscosity changes
which occur through microbial processes requires
either the reduction of the average molecular weight of
the heavy oil through extensive degradation of high
molecular weight asphaltenes or the production of sur-
face active agents by microorganisms growing at the
expense of the oil determined the experimental ap-
proach for enrichment and selection of microorganisms.

The preliminary recognition of bacterial isolates
which produce surface active products was achieved
through screening bacterial isolates that reduced the
tensiometric properties of spent media as well as reduc-
ing the viscosity of heavy oils. These procedures
vielded the isolation of 200 bacterial isolates which
grow at the expense of crude o0il as well as effect its
dispersion. The bacterial isolate H-13 was selected for
further detailed study due to its superior comparative
characteristics in decreasing the tensiometric proper-
ties of spent culture broths derived from growth on
hexadecane or heavy oil.

The physiological characteristics of H-13 encom-
pass a number of attributes worthy of note. This isolate
has the ability to grow extremely well at the expense of

n-alkanes (8-18 carbons), polycyclic aromatic hydro-
carbons as well as a number of crude oils. In addition,
H-13 produces a surface active extracellular and cellu-
lar glycolipid complement when grown at the expense
of n-alkanes as the sole source of carbon and energy.
The application of H-13 to viscosity reduction of heavy
oil resulted in significant decreases in the viscosity of
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bacterial-treated oil. The mechanisms for these changes
appear to be largely due to extracellular surface active
glycolipid which forms stable oil-in-water emulsions.

These emulsions are characterized by significant
decreases in viscosity as well as improved flow charac-
teristics. The production of surface active products
leading to emulsification by H-13 may represent only
part of the mechanism(s) responsible for viscosity re-
duction of heavy oil. Preliminary studies indicate that
H-13 grows at the expense of purified asphaltene as a
sole source of carbon and energy. Further studies are
necessary to establish the structural changes and/or
modifications of asphaltene that are occurring in this
bacterial culture.

The application of H-13 and/or surface active prod-
ucts derived from H-13 to heavy oil production merits
further consideration for its potential contribution to
oil recovery technology. Two experimental approaches
appear feasible for introducing this emulsion-forming
biological system into heavy oil containing formations:
1) direct inoculation of the formation with the micro-
organisms; and 2) direct injection of biosurfactant.

The in situ cultivation of the bacteria within the for-
mation would necessitate providing inorganic nutri-
ents plus adequate levels of oxygen to enable the bio-
logical agent to grow at the expense of oil. There exists,
however, no guarantee that the bacteria will survive
the reservoir environment, let alone produce surfac-
tant. The alternate approach of biosurfactant produc-
tion outside the formation with subsequent delivery as
a surfactant flood merits further development as a
potentially useful EOR technology.

The modification of the glycolipid produced by H-13
through physiological and genetic manipulation is
experimentally feasible and of scientific merit with
respect to strain improvement for increased product
yield as well as alteration of the hydrophilic-lipophilic
balance (HLB) value of the molecule. Glycolipid syn-
thesis is induced by growth of H-13 on n-alkanes, sug-
gesting the regulation of surfactant biosynthesis. The
selection of constitutive mutants for glycolipid biosyn-
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thesis would eliminate the requirement for cost-inten-
sive alkanes as growth substrates and allow for yield
improvement through physiological control of culture
conditions.

SUMMARY
This research project has established:

1. The isolation of microorganisms that utilize
heavy crude oils as sole sources of carbon and energy.

2. The isolation of bacterial isolates that produce
extracellular surface active compounds.

3. The identification of a bacterial isolate (H-13) that
is capable of reducing the viscosity of heavy crudes in
excess of 95 percent.

4. One mechanism of viscosity reduction by H-13 is
the formation of stable oil-in-water emulsions.

5. The biosurfactant produced by H-131is a glycolipid.

6. The CMC of crude glycolipid is 1.5 mg/ml with a
measured minimum interfacial tension of 2.1 X 1072
dynes/cm.

7. The CMC of purified glycolipid is 1.0 mg/ml with
a minimum interfacial tension of 1.41 dynes/cm.

8. The minor glyveolipid fraction exhibited an inter-
facial tension of 4.4 X 10-! dynes/cm.

The application of specifically tailored microbial
processes through physiological and genetic means
can be accomplished to produce useful changes in ocil.
The application of genetic and bioengineering concepts
to EOR and oil production are dependent upon the
acquisition and development of basic and definitive
data-bases. The future interface between petroleum
engineering and the application of microbial processes
appears complementary in terms of contributions that
the microbiologist can offer to oil recovery and
production.
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Microbial Activities and Changes
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INTRODUCTION

Recent interest in the interaction of bacteria and
fungi with petroleum and petroleum products resulted
from the recognition of the role played by microorgan-
isms in the removal of oil spilled in marine and terres-
trial environments. The results of these studies have
been recently summarized by Atlas?® Colwell and
Walker® and McGill, Rouatt and Westlake.22 However,
the role of bacteria in the biogenesis of oil deposits and
their potential use in enhanced oil recovery processes
were not considered in these reviews.

An anonymous report in World Qil' suggests that
approximately 10 percent of the world’s oil supply has
been reduced in economic value because of microbial
activity. Winters® discusses changes in the chemical
and physical properties of in situ oils as related to po-
tential reservoir microbial activities. In their review on
petroleum transformation in reservoirs Milner, Rogers
and Evans? consider biodegradation as one of the
natural processes involved in petroleum biogenesis.

Philippi® suggests that heavy to medium heavy
naphthenic crudes are derived from the microbial
transformation of primary paraffinic oils. Rubinstein
et al.® studied microbially induced laboratory changes
in the chemical and physical properties of conventional
oils and concluded that the Alberta oil sand bitumens
have arisen from the biodegradation of conventional
crude oils. The use of microbes and microbial products
in enhanced oil recovery has been the subject of recent
meetings (1979)* and review articles (Forbes!; Clark,
et al’).

The greatest rate of change in the chemical and
physical properties of oil as a result of microbial activ-
ity has been observed from laboratory and field studies
to take place under aerobic conditions and in an envi-
ronment containing non-growth limiting concentra-
tions of nitrogen and phosphate. That is, conditions
which allow for growth of aerobic microorganisms.
There is no evidence in the literature which indicates
that anaerobic microorganisms are able to initiate or
readily decompose hydrocarbons as found in crude oils.

I will discuss in this paper the changes in the
chemical-physical properties of oil resulting from the

*Conference on Microbiological Processes Useful in Enhanced
Oil Recovery—San Diego, Calif., U.S. Department of Energy.
Contract No. DE-ATI-78MC08333.
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action of microorganisms and very briefly discuss their
possible role in oil genesis and enhanced oil recovery.

CHANGES IN THE
CHEMICAL COMPOSITION OF OIL

Our understanding of the chemical changes in oil
brought about by microbial activity has followed de-
velopments in our ability to separate and resolve some
of the compounds found in oil. Changes in the chemical
composition of petroleum as a result of microbial activ-
ity have been obtained by gravimetric, column and gas
chromatographic techniques (Jobson, Cook and West-
lake).!® The asphaltene components of oil are insoluble
in n-pentane and may be separated from the other
components by celite chromatography.

The deasphaltened oil is fractionated on silica-gel
columns into a saturate component (eluted with n-
pentane), an aromatic component (eluted with benzene)
and a polar N,S,O-fraction which requires a slightly
polar solvent (benzene-methanol) to be eluted from
silica-alumina gel columns. Changes in the chemical
composition of oil have been based on loss in weight of
fractions and on the resolution of some of the compo-
nents in the saturate (e.g. n-alkanes and isoprenoids)
and aromatic (e.g. mono-, di- and tri-cyclic ring sys-
tems) fractions by gas-liquid chromatography.

Walker, Colwell and Petrakis3? applied these tech-
niques together with low resolution mass spectrometry
in a study of the microbial alterations in the chemical
composition of a South Louisiana crude oil.

Saturates and aromatics

Changes in the components of the saturate and
aromatic fraction of oil resulting from microbial activ-
ity have been determined gravimetrically and by
means of conventional packed column gas chromato-
graphic procedures. Such studies (Jobson, Cook and
Westlake'®; Atlas?) showed that the n-alkane compo-
nents of the saturate fraction and to a lesser extent the
isoprenoids phytane and pristane were readily removed
by microbial activity.

Some utilization of components present in the aro-
matic fraction was also indicated. Walker, Colwell and
Petrakis®® combined the above techniques with compu-
terized low resolution mass spectrometry and studied
the microbially induced chemical changes in a South
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Louisiana crude oil. They reported that most of the
normal and branched chain alkanes were degraded
and that there was an increase in long chain n-alkanes
(Cas-Caz).

The susceptibility of cycloalkanes to degradation,
which so far can only be detected by mass spectrome-
try, was reported in the order 6<1<2<3<b<4-ring
compounds although 4.75 mg, 3.25 mg, 2.0 mg, 1.5 mg,
1.5 mg and 1.2 mg of 1,2, 3, 4, 5 and 6 ring compounds
respectively were utilized. They also concluded that the
susceptibility of aromatic components to degradation
decreased with the increase in the number of rings;
monoaromatics>diaromatics>triaromatics>tetraaro-
matics >pentaaromatics and that aromatic nuclei con-
taining sulfur were twice as refractory as non-sulfur
analogues.

Rubinstein et al?® Rubinstein and Strausz®® and
Crawford et al!! using gas chromatographic and mass
spectrometric techniques examined the chemical com-
position of oil and bitumens from northern Alberta to-
gether with those from microbially altered conven-
tional oils. They showed that bacterial populations
readily removed the n-alkanes from Prudhoe Bay and
Bellshill Lake oils. The acyclic isoprenoids and the
mono-, di- and tricyclic hydrocarbons were removed at
a2 slower rate while the tetra- and pentacyclics (i.e. the
steranes and hopanes) were not utilized.

Approximately 50 percent of the weight of the
aromatic fraction was lost through microbial degrada-
tion and the loss occurred at a slower rate than was
observed with the saturate fraction. Small ring systems
were utilized more quickly than larger ring systems
and rings with only a few alkyl groups were utilized
more readily than multi-alkylated ring systems. An
increase in the C/H ratio and the percent oxygen of
recovered oil was observed in these studies.

As a result of the comparison of the chemical and
physical characteristics of Alberta bitumen with those
produced by microbial action on conventional oils,
they concluded that the Alberta bitumen deposits were
derived by microbial modification of crude oils. Wynd-
ham and Costerton®” demonstrated the bacterial coloni-
zation of hydrocarbon surfaces derived from Alberta
bitumens and reported their growth, as determined by
increase in epifluorescent count, on all non-asphaltenic
compounds.

Fedorak and Westlake!? using gas chromatography
with glass capillary columns, showed that marine
samples supplemented with nitrogen and phosphate
utilized the simple aromatics (e.g. naphthalene and
2-methylnaphthalene) more quickly than n-alkanes.
These studies also showed that marine bacterial popu-
lations from a pristine environment in a non-nutrient
enriched medium removed aromatic compounds more
extensively than n-alkanes.

The pattern of aromatic utilization progressed from
the less complex to more complex molecules in the
following order: Cz-naphtahalenes; phenanthrene; di-
benzothiophene; Csz-naphthalanes and methylphenan-
threnes; Cs-phenanthrenes. The patterns of release of
1400, from Prudhoe Bay oil spiked with one of the
following: 4C-hexadecane, *C-naphthalene, *C-phen-
anthrene or ¥C-anthracene confirmed the gas chroma-
tographic observation on the removal of simple aro-
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matics like naphthalene before rn-alkanes (Westlake
and Cook®). These studies also showed that phenan-
threne was more readily metabolized than anthracene.

The data of Fedorak and Westlake!® revealed that
sulfur heterocycles, which are eluted in the aromatic
fraction, can be utilized as readily as many of the
components in the aromatic fraction and that many
sulfur heterocycles were used without nutrient supple-
mentation. The approximate order of susceptibility to
microbial degradation was Cz-benzo[blthiophene>Cs-
benzo[b]thiophenes=dibenzothiophene>>C;-dibenzothi-
ophenes>Cz-dibenzothiophenes. The selective removal
of sulfur heterocycles by microbial activities has been
suggested for the improvement of oil feed stocks
(Shockley, Attaway and Finnerty,®® 1982). Finnerty
(1981'4) also recently reported on the bacterial desulfur-
ization of a high sulfur crude oil.

Examples of changes in glass capillary gas chroma-
tographic profiles of the saturate, aromatic and sulfur
heteroeycle fractions of the relatively low sulfur Rain-
bow and Redwater oils brought about by the growth of
mixed bacterial cultures are presented in Figs. 1, 2and
3 respectively. The low molecular weight components
of saturate fraction up to tetradecane (Fig. 1), the
monoaromatics, the aklylbenzenes (region 1) and part
of naphthalene (Fig. 2) would be lost by volatilization
under the conditions used in these experiments. The
n-alkanes and isoprenoids from the saturate fractions
(Fig. 1), and the identifiable aromatic compounds (Fig.
2) which were utilized are listed in Table 1.

The lower molecular weight sulfur heterocycles (Fig.
3 and Table 1) Cg-benzo[blthiophenes (peak A}, Cs-
benzo[bJthiophenes (peaks B and C), dibenzothiophene
(peak D) and Ci-dibenzothiophenes (peaks E, F and G)
were readily removed from both crude oils by microbial

TABLE 1—Aromatic and Sulfur Heterocycle
Compounds in G.C. Profiles

Compounds
Aromatics? Sulfur Heterocycles®
Symbol Compound(s) Symbol Tentative Identification
1 alkylbenzenes A Ca-benzo(b)thio-
phene (3)°
2 naphthalene B C .
) i a-benzo(b)thio-
3 Qﬁtiltglylnaphtha C phenes (2)
4 1l-methylnaphthalene D dibenzothiophene
5 biphenyl E Iy .
6 Ca-naphthalenes F O clij:l)rf:sz?gl 10-
7 4-methylbiphenyl G P
8 Cs-naphthalenes H
9 dibenzothiophene I Cq-dibenzothio-
10 phenanthrene J phenes (4)
11 methylphenanthrenes K
12 Cs-phenanthrenes L unknown
chr chrysene (marker) M benzo(b)naphtha-
thiophenes (2)

agee Figs. 2 and 5; bgee Figs. 3 and 6; Cnumber of isomers
reported by Wiley et al (1981).



action. The Cz-dibenzothiophenes (peaks H, I, J and K)
were more completely removed from the Redwater oil
than from Rainbow o0il whereas the unknown sulfur
heterocycle (L) and (peak M), possibly a benzo[bnaph-
thothiophene, were more resistant to microbial attack
under these experimental conditions.
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FIG. 1—Gas chromatographic profile of the saturate fractions of
Rainbow and Redwater oils using the methods of Fedorak and
Westlake (1982).

The nature of the compounds utilized in an oil by a
-mixed bacterial population depends on the source of

that population, the nutrient status of the environment
(Fedorak and Westlake!?) and the chemical composi-
tion of the oil (Westlake et al®®), The resolution of
mixed cultures of oil-degrading populations into pure
cultures has shown that such cultures utilize hydrocar-
bons in specific fractions of oil.

For example, based on chromatographic studies,
culture Arthrobacter sp. 208-5 utilized n-alkanes but
not aromatics whereas culture Flavobacterium sp. 8W-2

MICROBIAL ENHANCEMENT OF OIL RECOVERY

utilized & ‘omatics but not n-alkanes (unpublished data
DWSW). .soprenoid compounds are more readily uti-
lized under mesophilic than psychrophilic conditions
(unpublished data DWSW). That is, some specificity is

104

demonstrated by microorganisms as to the types of
hydrocarbons metabolized.

Asphaltenes and polar N,S,0-compounds
Alterations in the content of these fractions as a
result of microbial activities are based on weight
changes as there are no readily usable analytical tech-
niques for resolving the components in these fractions.

Earlier studies (Jobson, Cook and Westlake;!® Zajic,
Supplison and Volesky;*® Walker, Colwell and Petra-
kis,® suggested that there was an increase in these
fractions as a result of the microbial attack on petro-
leum. Rubinstein et al?* however reported that there
was no increase in the weight of the polar fraction as a
result of the microbial degradation of Prudhoe Bay oil.
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They suggested that the differences between their
results and previous data could be attributed to the use
of different bacterial cultures. It is also possible that
such differences are a result of insufficient oxygen lev-
els (i.e. aeration) being provided to bacterial popula-
tions growing on oil. Cultures growing under such con-
ditions quickly become acidic reaching pH values in
the range of 4.5 to 5.0 which are characteristic of the
presence of organic acids (unpublished data DWSW).

Such compounds could be recovered in the polar
fraction. Rubinstein et al?® however did observe a re-
duction in the nitrogen and sulfur content of recovered
oil. The loss in sulfur content was attributed to the me-
tabolism of sulfur compounds e.g. thiophenes found in
the aromatic fraction of oil.

CHANGES IN THE PHYSICAL
PROPERTIES OF OIL

Changes in the physical properties of oil are primar-
ily due to alterations in its chemical composition such
as would be brought about by microorganisms. Physi-
cal properties such as pour point, viscosity, gravity, op-
tical rotation and the physical state of oil (i.e.
dispersed, non-dispersed, or emulsified) can be affected
by microbial activity.

In a study on the biogenesis of Alberta tar sands
Rubinstein and Strausz® followed changes in the pour
point, viscosity. A.PI. gravity and optical rotation of

D E J

conventional oils as they were subjected to biodegrada-
tion. Changes in the pour points of oils were correlated
with the chemical composition of the oil. Samples con-
taining relatively large amounts of polar material such
as Lloydminster crude and Athabasca bitumen had
relatively high pour points, +3° and +8°C respectively.

The presence of a large aromatic component com-
pensated for the polar compounds and resulted in a
significant lowering of the pour point. The saturate
content also affected the pour point as the incubation
of Prudhoe Bay oil with Saccharomyces lipolytica,
which utilizes only n-alkanes (i.e. it would “dewax” the
oil), resulted in a drop in the “pour point” from -2° to
_12°C. Further biodegradation of this recovered oil
sample using a mixed bacterial culture resulted in the
pour point being increased to +7°C.

The proportion of polar material also was consid-
ered to be the major factor affecting the viscosity and
A.PL gravity of oil and bitumen samples (Rubinstein

and Strausz?®). For example, Prudhoe Bay oil contain-
ing approximately 10 percent polar material has a vis-
cosity of 208,131 SUS (Saybolt Universal Seconds)
units. Partially degraded Prudhoe Bay oil, that is after
growth of 8. lipolytica, had its viscosity increased
5-fold.

Further incubation of the recovered oil with bacte-
rial cultures resulted in a 26-fold increase in viscosity
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FIG. 3—Gas chromatographic profiles of the sulfur heterocycle
components of the aromatic fractions (flame photometric detec-
tor) of Rainbow and Redwater oils.
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and the formation of a tarry, viscous material with a
high polar content. Biodegradation of Prudhoe Bay oil
also resulted in a reduction of its A.PI. gravity from 27°
to that of water, 10°.

The optical activity of biodegraded oil was found to
increase as a result of an increase in the concentration
of the highly optically active but relatively non-
biodegradable steranes and triterpenes and moderately
optically active, but biodegradable acyclic isoprenoids.

The physical form in which oil exists in the liquid
state has a marked effect on its biodegradability and is
the most readily recognized physical character to be
modified by microbes and their activities. 0il intro-
duced to aquatic systems will disperse as a thin slick
on the surface of the water and if sufficient mechanical
energy is present, emulsions, either oil in water or
water in oil can be formed. This latter type of emulsion
is referred to as a “mousse,” is very stable physically,
and is resistant to microbiological attack (Atlasd).
While these changes in state can be initiated by abiotic
processes, microbial activity can accelerate both the
dispersion and emulsion formation processes.

Many microorganisms produce surface-active com-
pounds which facilitate the utilization of water insol-
uble materials and some produce them when growing

MICROBIAL ENHANGEMENT OF OIL RECOVERY

on hydrocarbons (Reisfield, Rosenberg and Gutnick?’;
Guire, Friede and Ghulson!?). Such compounds should
increase the surface area of oil available for microbial
colonization and hence the rate of biodegradation as
well as the mobility of the ol by reducing surface ten-
sion and the viscosity of oil. In their review on the
chemical nature of surface-active compounds by micro-
organisms Cooper and Zajic? conclude that most of
them are lipid in nature and range from simple mole-
cules like fatty acids to complex heteropolymers con-
taining carbohydrates, amino acids or phospholipids.

A patent has been recently granted (January 1982)
for the industrial use of “emulsan,” a protein-lipo-
hetero-polysaccharide emulsifier produced by a strain
of Acinetobacater calcoaceticus.* However, many mi-
crobes which readily emulsify oil do not bring about
readily demonstrable changes in the chemical compo-
sition of the oil. It is probable however that the produc-
tion of surface active compounds will accelerate the
biodegradation of oil, although the ability to produce
a surface active compound is not a prerequisite for
growth on hydrocarbons.

Non-toxic chemical dispersants have been reported

*McGraw-Hill’s Biotechnology Newswatch 2, No. 7, 1-2, 1982.
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(Mulkins-Phillips and Stewart?! Traxler and Bhatta-
charya®') to accelerate microbial metabolism of oils.
However, Mulkins-Phillips and Stewart® reported that
dispersant-oil combination caused population shifts
and Foght and Westlake!> (1982) showed a selective
sensitivity to the presence of a chemical dispersant in
the utilization of compounds in Prudhoe Bay oil.

RESERVOIR DATA

Direct evidence for the microbial degradation of oil
in sub-surface reservoirs is very limited: altered isotope
ratios being one of the most widely used measurements.
However there is considerable indirect evidence that it
occurs. Such data are usually based on the recognition
of chemical changes in the composition of reservoir oils
(e.g. loss of n-alkanes and isoprenoids) similar to those
obtained in the microbial degradation of such oils
under laboratory conditions. Winters and Williams?®
provided such data for subsurface biodegradation in a
Cretaceous field and Bailey et al* for a series of Missis-
sippian oil pools.

Bailey, Jobson and Rogers® used an aerobic oil-
degrading population under laboratory conditions to
bring about chemical changes in the composition of the
Mississippian oils (Williston Basin) such that they re-
sembled those of “biodegraded” oils found in site in
this field. Burns, Hogarth and Milnerf in a study of
Beaufort Basin liquid hydrocarbons divided 20 oils into
two groups based on their chemical-physical character-
istics and in particular on the gas chromatographic
profile of the Ci1 to Cso fraction of whole oils. Group 1
oils were recovered from deep reservoirs, had a normal
n-alkane content, and higher A.PI. gravities, pour
points and lower viscosities than shallow Group II oils.
These latter oils were hypothesized as being derived by
bacterial degradation of Group I oils.

For example, three samples of Kumak oils were ob-
tained from 4439, 7048 and 7566 ft. The shallow oil
(4439 ft) did not have any n-alkanes and isoparaffins
whereas the next deeper oil (7048 ft) showed only slight
chemical modifications (a loss of n-alkanes up to Cis
and reduction in peak heights of those up to Cao with
the isoparaffins still present) compared with the deep
oil (7560 ft). The deeper oil was in general similar in
chemical composition and physical characters to the
sample obtained at 7048 ft.

The capillary gas chromatographic profiles of the
saturate, aromatic and sulfur heterocycle profiles of
these Kumak oils are presented in Figs. 4, 5 and 6 re-
spectively. The data on the saturate profiles (Fig. 4)
confirm the observations of Burns, Hogarth and Mil-
ner® The oil from the shallow pool (i.e. 4439 ft) shows a
saturate gas chromatographic profile associated with
a biodegraded oil, i.e. the loss of n-alkanes and isopre-
noid components. The n-alkanes in the deeper oils are
susceptible to biodegradation as they, but not the iso-
prenoids, were completely removed by microbial action
under laboratory conditions.

The data in Fig. 5 on aromatic profiles and Fig. 6 on
sulfur heterocycle profiles also confirm the observation
of Burns, Hogarth and Milnerf that is, Kumak oil from
the shallow well (4439 ft) has been subjected to micro-
bial attack ir situ. The gas chromatographic profiles of
the microbially modified deep oils indicates that these
components are also susceptible to microbial attack
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but that the deeper oil (7566 ft) is slightly more recalci-
trant than the oil from the pool at 7048 ft. However,
both these oils could be converted to a chemical com-
position similar to the oil found in the shallow pool at
4439 ft by microbial action.

Changes in the physical properties of these Kumak
oils can be related to their “biodegradation” state
(Burns, Hogarth and Milner?). The A.PL gravity of the
degraded oil (i.e. Group II from 4439 ft) had been low-
ered, the viscosity slightly increased and the pour point
lowered from +25°F to —35°E The change in this latter
characteristic is a benefit for pipeline transportation
of such an oil under arctic conditions. These authors
further observed that the shallow oils which showed
evidence of biodegradation had reservoir temperatures
below 150°F. This suggests that, at least as far as Beau-
fort oils are concerned, this is a maximum temperature
above which biodegradation will not take place.

It is hypothesized that the oxygen, nutrients and
microorganisms responsible for biodegradation of oil
in reservoirs would reach oil pools through meteoric
water via faults, fractures and other conduits. Kuznet-
sova and Gorlenko?® concluded that sulfate reduction
via sulfate-reducing bacteria in reservoirs depended in
part upon the presence of and activity of aerobic bac-
teria belonging to the genus Pseudomonas.

Jobson, Cook and Westlake!® showed that many
other aerobes were able to carry out the aerobic attack
on oil. The degree of sulfate reduction observed de-
pended on the nature of the aerobic population, the
chemical composition of the oil and whether the
sulfate-reducing bacteria were added as pure or mixed
cultures. The microbial production of sulfide in reser-
voirs can result in the conversion of a sweet to a sour
crude (i.e. containing detectable amounts of H2S and
mercaptans). The interaction of aerobic and anaerobic
bacteria in bringing about changes in the chemical-
physical characteristics of oil in reservoirs is shown in
Fig. 7.

The aerobic population initiates the attack on hy-
drocarbons present in oil and the by-products from
their incomplete oxidation e.g. low molecular weight
organic acids would be available for sulfate-reducing
and sulfide-generating bacteria (Obuekwe, C. 0.2%) to
grow and produce H:8. The production of such acids in
reservoirs containing carbonates would also lead to
COs production which can affect the physical proper-
ties of the reservoir oil.

SUMMARY AND PERSPECTIVE

Microorganisms, in particular aerobic bacteria,
readily bring about changes in the chemical and physi-
cal properties of oil under non-restrictive growth condi-
tions. Such changes have been readily demonstrated
under laboratory conditions, in surface terrestrial and
marine oil spills and, based on comparative chemical-
physical observations, implied to have taken place in
some o1l reservoirs.

Chemical changes demonstrated primarily by gas
chromatography may include loss of n-alkanes, isopre-
noids and the lower molecular weight aromatic and
sulfur heterocyclic compounds. The loss of these com-
pounds, some of them of high commercial value, are
associated with changes in the physical properties of



oil such as pour points and viscosity. Some of these
physical changes such as the lowering of pour points
by microbial removal of n-alkanes are desirable as
such an oil would retain fluid mobility at lower tem-
peratures. However, prolonged microbial activity by
mixed bacterial cultures, as would be observed under
reservoir conditions, can result in the conversion of a
fluid crude oil into a tar-like material such as is found
in the Athabasca tar sands.

Pure bacterial cultures isolated from mixed popula-
tions of vil-degrading bacteria do show some specificity
as to the types of hydrocarbons metabolized. If condi-
tions are suitable for the growth of aerobic organ-
isms—that is plenty of oxygen, nitrogen and phos-
phate—such changes can take place relatively rapidly.

Reservoir oils have been found that show all of the
chemical-physical characteristics associated with oils
subjected to microbial growth under laboratory condi-
tions. Thus microbial activity can be assumed to take
place in reservoirs if the temperature is not so high as
to inhibit microbial growth. The microbes, oxygen and
nutrients necessary to sustain growth are assumed to
be provided initially via meteoric water. During the
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MICROBIAL ENHANCEMENT OF OIL RECOVERY

processes of oil recovery, the drilling process and the
use of secondary recovery procedures such as water
flooding add to and alter the microbial flora found in
oil reservoirs.

Theoretically it should be possible to seed oil wells
(i.e. a tertiary recovery process) with microbial popula-
tions capable of bringing about changes in the physi-
cal properties of an oil, which should result in an en-
hanced rate of recovery. However, the oxygen and
nutrients supplied to sustain the growth of the seeded
population would also allow the growth of the indige-
nous population and it is doubtful that the chemical
and physical changes would be limited to those of the
seeded cultures and, for example, souring of the crude
0il could occur.

Anaerobes, which produce CQ2, H: and solvents
have been used in enhanced oil recovery studies with
variable results (Cowey'®). While such organisms do
not require oxygen, and in fact their growth is inhib-
ited by it, they do require the addition of a readily uti-
lizable energy source since they are not able to use
petroleum hydrocarbons as sources of cell carbon and
energy. Thus they have the advantage over aercbes
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FIG. 5—Gas chromatographic profiles of the aromatic fractions
(flame ionization detector) of Kumak oils using the methods of

Fedorak and Westlake (1982).
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found in oil reservoirs of not using valuable hydrocar-
bon components of oil but the disadvantage of requir-
ing the addition of a utilizable energy source which
might not always be readily available.

Surface active compounds are produced by many
microorganisms when growing on hydrocarbons; these
affect the flow properties of oil. It is possible that some
of these represent new classes of surface active chemi-
cals which could be produced by fermentation proc-
esses or by chemical synthesis and injected to facilitate
oil recovery processes.

Thereis a potential for the use of microbes and their
activities for tertiary oil recovery processes. However
before this interaction can be efficiently exploited in-
formation is needed on the factors controlling micro-
bial activities in the diverse environmental reservoir
conditions where oil is found.
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INTRODUCTION

There are many possible uses of surfactants for
enhanced oil recovery. This paper briefly considers the
potential of using biosurfactants and related com-
pounds for enhanced oil recovery. The phrase en-
hanced oil recovery is used here loosely to cover not
only tertiary recovery but also bitumen release from tar
sand and de-emulsification of the products from steam
or fire flooding.

Microbial surface active agents

Microorganisms produce a wide range of surface
active compounds.!’’* The microbial surface active
agents, which have been described, include surfac-
tants, emulsifiers, de-emulsifiers, flocculating agents,
foam stabilizers, etc. Most of these are poorly charac-
terized. Biosurfactants, which have been character-
ized, are lipids. Lipids usually have the classical sur-
factant structure.

Most lipids have a hydrophobic hydrocarbon por-
tion and a hydrophilic polar group. Many different hy-
drophilic groups are found in lipids which results in a
very large range of potential biosurfactants.! These in-
clude neutral functional groups such as esters, alco-
hols, carbohydrates and ethers and ionic substituents
such as amino acids, carboxylic acids, amines, phos-
phates and sulphates.

TAR SAND

A number of organisms from a variety of sources
have been screened for the ability to release bitumen
from tar sand. The initial test was an erlenmeyer flask
with 5 g of tar sand and 50 ml of salt solution to which
was added 0.1 or 1.0 ml of microbial whole broth. This
was shaken for 48 hr and then analyzed for bitumen
release.’

In this way several promising bacteria were se-
lected”"® One of these was Corynebacterium lepus
which was isolated from oil soaked ground at Oil
Springs, Ontario. When grown on kerosene of other
hydrocarbons this bacteria produced large amounts of
a biosurfactant which was extremely effective at bitu-
men release’7 If the product was harvested at the end
of fermentation, the active agent was discovered to be a
mixture of lipids. More than 90 percent of this product
was a mixture of at least two lipopeptides which could
be isolated and shown to be effective for bitumen
release.”

If the active agent was harvested earlier in the fer-
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mentation, during exponential growth, the product
was a mixture of corynomycolic acids.5’® These varied
in total carbon number from 25 to 40. The structure was
a modified carboxylic acid with an alkyl branch on the
« carbon and a hydroxyl substituent on the 8 carbon.
Corynomycolic acid is as effective as the lipopeptides
for bitumen release and is much more stable. This bio-
surfactant can be autoclaved without loss of activity.
Its properties also appear to be insensitive to pH
changes from 2 to 12.%

Some of the biosurfactants, including crude cory-
nomycolic acid, were tested for the ability to improve
bitumen release from a pilot scale “cold water” extrac-
tion apparatus® This was run for eight hr at a time
with a feed rate of 500 kg/hr of tar sand and 22 1/hr of
kerosene. After these were mixed with water at 19°C,
the slurry was passed continuously through settling
chambers where sand and clay were removed, the
bitumen-kerosene froth was collected and the water
taken to a settling tank before being recycled. Various
effluents and streams were sampled periodically dur-
ing several 8 hr tests. These included controls and bio-
surfactant additions to either the kerosene or water
input.

The data from these tests had fairly high deviations
due to the variability of the tar sand feed, but the gen-
eral trends showed that the biosurfactants improved
bitumen separation. The sand and clay residues had
significantly less adhering bitumen, the water had less
suspended particles and bitumen and the crude product
stream contained substantially less water.

ENHANCED OIL RECOVERY

The concepts of MEOR are covered thoroughly in
other papers in this publication. Microbes grown in
reservoirs could enhance oil production by a combina-
tion of products including polymers, organic acids,
alcohols and gases but this paper will concentrate only
on surfactants. The problems encountered with in situ
growth such as harsh growing conditions, nutrient
availability and unwanted side products are covered
by other contributors.

Many of these problems will be circumvented by
strain selection programs. Biosurfactant production is
one more parameter to maximize. The most important
problem for biosurfactant production is the lack of
oxygen. All of the organisms reported to give good
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vields of extracellular biosurfactants were grown aero-
bically.l"® Usually, a hydrocarbon substrate is neces-
sary for good surfactant production and, if anaerobic
degradation of hydrocarbon is possible, it probably is
not very efficient.

All anaerobic organisms do synthesize lipids which
are all potential surfactants. Anaerobic bacteria can
cause some lowering of surface tension’ and there are
several examples of biosurfactant production with non-
hydrocarbon substrates. It seems likely that bacteria
will be found which can produce biosurfactants in good
yield when grown anaerobically.

A possible solution to the above problems would be
to grow the organisms on the surface under controlled
conditions and then pump the biosurfactant down the
well. For this to be economically feasible it is necessary
to produce biosurfactants on cheaper, carbohydrate
substrates and to significantly improve yields.

An example of the possibilities in this direction are
shown by surfactin production by Bacillus subtilis"
Surfactin is a lipopeptide which can lower the surface
tension of water to 17 mN/m. It is produced extracellu-
larly in media with glucose or nutrient broth as the
carbon source. The yield can be increased over 100
times by the addition of a trace amount (10-® moles) of
Mn(ID). Research is underway to determine if the ef-
fects of trace elements on other biosurfactants are this
dramatic.

DEMULSIFICATION

The recovery of heavy oils by steam flooding or fire
flooding results in thick water in oil emulsions which

must be de-watered (less than 1 percent water) before
processing. Recently a number of bacteria have been
shown to be able to coalesce, almost instantaneously,
hydrocarbon and water emulsions?®121314 These test
emulsions were made with water or an aqueous salt
solution, kerosene or another hydrocarbon and a syn-
thetic surfactant. Bacterial broths or isolated products
were added to these very stable emulsions and the rate
of decay monitored.

Several Corynebacterium, Nocardia and related spe-
cies were found to be very effective at emulsion coales-
cence. Initial studies show that the active agents are
insensitive to salt addition and pH changes. The broth
can also be autoclaved or extracted with organic sol-
vents without significant loss of activity.

The studies with these test emulsions do not neces-
sarily prove that these bacteria will be useful in the
field. Preliminary testing with heavy-oil water emul-
sions gave positive results.’®* However, the test used in-
volved thinning the emulsions with a significant
amount of toluene'®1® and thus the results may not be
realistic.

SUMMARY

There are an unlimited number of microbial surface
active agents providing a large range of different prop-
erties. There are also many possible applications of
these compounds in the oil industry.

Biosurfactants can be used to release bitumen from
tar sand at ambient temperatures. They can signifi-
cantly enhance the yield of bitumen in a pilot scale
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“cold water” separation process.

Biosurfactants could be used for in situ oil recov-
eryv—either by inoculating the reservoir or by pro-
ducing the compound on the surface and putting it
down the well. If the surfactant is to be produced in
place it is necessary to select for organisms which pro-
duce good yields of biosurfactants must be improved
and the fermentations must use cheaper substrates
than hydrocarbons.

Another potential use of microbes is for the coales-
cence of oil and water emulsions. Preliminary tests
have shown that several bacteria can cause almost in-
stantaneous de-emulsification. The active agents show
activity at various salt concentrations and pH values
and are stable to heat.
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MEOR Field Applications

The practical application of microbial cultures
to subsurface oil reservoirs imposes several se-
vere restrictions on the microbial cultures. They
must be able to migrate, or be transported, deep
within the reservoir for any applications to be of
practical significance, and the microbes must be
able to multiply in the subsurface environment
over which the engineer has no control. Papers
were presented at the Conference on laboratory
investigations of thése unique problems and field
applications of mixed cultures that exhibited po-
tentially beneficial properties under laboratory
conditions. Finally, one paper reviewed and
summarized a large number of field experiments
that have been reported in the literature.

Bubela examined the effects of simulated res-
ervoir environmental conditions on microbial
cultures. He found that the toxicity to heavy
metals increases at elevated temperature ; and,
since heavy metals are frequently present in res-
ervoir waters, the increase of temperature in the
subsurface (25° + 18°C/km of depth) might pre-
vent the effective application of an otherwise
suitable microbial culture. Therefore, microbes
intended for use in a petfoleum reservoir should
be tested with the reservoir fluids at simulated
subsurface environmental conditions.

Bubela observed changes in the morphology
of Bacillus stearothermophilus when exposed to
pressures up to 20,000 kPa in combination with a
temperature increase up to 60°C. The bacteria
changed from rod-shaped to a spherical form.
This change makes the organism more suitable
for EOR since the coccoidal forms pass through
pore throats more readily.

Marquis remarked that a considerable amount
of pilot testing of bacteria selected for EOR is
necessary to establish barotolerance and the ef-
fects of pressure on the limits of tolerance of bac-
teria for temperature, salinity, and on growth rate
and formation of endospores. He based this on
the lack of research on specific species to deter-
mine the influence of these environmental condi-
tions that will certainly be imposed on bacteria
used for EOR.

In agreement with many others, Marquis
noted that some sulfate reducers have been found
to be more detrimental to oil field operations than
helpful; however, a concentrated study to develop
more information on the numbers and types of
microorganisms indigenous to oil reservoirs may

115

result in the discovery of bacteria that are capable
of releasing oil when activated by proper nutri-
ents. According to Marquis, these bacteria may
have already developed mechanisms to cope with
the extremely harsh environments which are
normally biologically limited factors.

Marquis noted that low pressure generally en-
hances the growth rate of bacterial cultures at
their optimal growth temperature, but higher
pressures reduce the growth rate at all tempera-
tures. Barotolerance has generally been found to
be greatest at the optimal growth temperature.
However, growth is a very complicated function
that is commonly more barosensitive than sim-
pler metabolic functions: for example, sulfate

reducers carried out the reduction of sulfate to
sulfide at pressures up to 1.5 mPa even though
their growth was completely inhibited at one half
that pressure. Marquis concluded that growth is
retarded or even stopped by extremely high pres-
sure, but simpler metabolic activities continue,
although at a slower rate.

M. Grula and Sewell isolated a facultative
bacterium along with Desulfovibrio from crude
oil and brine samples from a depth of 1,000 meters
in the Wilmington oil field, Long Beach, Calif.
The facultative organism is a Gram-negative rod,
motile, non-spore forming, and produces a non-
diffusible biopolymer. It showed a peculiar syner-
gistic relationship to Desulfovibrio; when grown
in close proximity to the facultative organisms,
Desulfovibrio exhibited a more rapid growth rate
and enhanced production of hydrogen sulfide.
The implications of the association of this mi-
crobe with Desulfovibrio are very significant to
petroleum recovery. It may result in an increase
of corrosion, destruction of EOR chemicals, and
resistance to biocides.

M. Grula and Sewell reported that the Desul-
fouibrio bacteria are stimulated in growth by poly-
acrylamide polymers used for EOR and the bac-
teria cause a significant reduction of the viscosity
of polymer solutions. The mechanism by which
the molecular size of the polymer solution viscos-
ity is reduced has not been elucidated.

Certain strains of Pseudomonas also were
found by M. Grula and Sewell to release measur-
able amounts of ammonia from solutions of poly-
mer. This could be due to enzyme action, but the
enzyme involved was shown not to be the low
molecular weight aliphatic amidase found in



many wild-type strains of Pseudomonas aerugi-
nosa. Another strain of Pseudomonas isolated
from an oil field sand-polyacrylamide mixture
was shown to be markedly stimulated in rate of
growth during the early phases of the growth
cycle by the presence of polyacrylamide.

Zhang and Qin stated that because the oil
fields that have thus far been discovered in China
are very heterogeneous and contain viscous oils,
the approach to MEOR in China has been the
development of microbial cultures that can utilize
crude oil hydrocarbons to make bioproducts
which may aid in recovery of oil as waterflood
additives, preparation of drilling fluids, and other
oil field operations.

They have found that aerobic fermentation of
crude oil yields a biosurfactant which readily
forms a microemulsion with crude oil and water
which has a greatly reduced viscosity compared
to the crude oil. When the products of fermenta-
tion are mixed with crude oil having a viscosity
of 2,500 centistokes, in a 1:1 ratio, the viscosity of
the resulting mixture is between 12 and 46 centi-
stokes. Zhang and Qin postulated that biosurfac-
tants of this type will aid in recovery of residual
oil when added to injected water which will be the
emphasis in the future. The properties of the bio-
polymer discussed by Zhang and Qin are very
similar to those of the glycolipid discussed by
Singer et al,

Zhang and Qin briefly described a second mi-
crobial product which they called a thickening
agent because its intended use is to plug high
permeability zones by injection of this product. It
is a viscous polysaccharide obtained from a
Gram-positive, non-spore forming, rod with a
tendency toward V-shaped association. They
have tentatively named the microbe Cornynebac-
terium gummiferm. The bacteria produce copious
yields of polymer from mixed paraffins as their
sole carbon source, but show a considerably
reduced yield when grown with a crude oil
substrate.

The thrust of future work in MEOR in China is
to develop technology for the production of the
biosurfactant and biopolymer in the oil field
where they will be used as additives to injection
water.

MEOR research in Romania was carried from
the laboratory stage directly to field trials with
work starting in 1972 by Lazar et al. The work
began with a concentrated effort to isolate bac-
teria that were adapted to reservoir conditions.
This began by isolation of bacteria from produced
water, but the search was widened to include well
bottom-hole mud, soils around oil wells, food
processing wastes, and others.

Oil displacement experiments showed conclu-
sively that the microbial cultures obtained from
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produced waters and sugar processing plants
were more effective. The mixed cultures were
adapted to reservoir conditions and increased to
concentrations of 107-10° bacteria/ml. Species
identified in these mixed cultures were: Pseudo-
monas, Escherichia, Arthrobacter, Mycobacte-
rium, Micrococcus, Peptococcus, Bacillus and
Clostridium. These mixed cultures were more
efficient in releasing oil than the pure strains or
bacteria obtained from other sources.

Seven oil fields in Romania were inoculated,
but only two of the oil fields responded with an
increase of production ranging from 16-200 per-
cent. The well with the 200 percent increase pro-
duced 6.7 m3/month over a period of several years
and then rose to 20.0 m3/month average produc-
tion after inoculation of the field. The increased
oil production continued for more than one year
and is currently rising. Lazar attributes the fail-
ure of the other five reservoirs to respond to micro-
bial treatment to heterogeneity, low permeability,
and high salt concentration.

Monitoring of the microbial population in the
produced waters after inoculation showed that
about six months after inoculation the microbial
count began to increase from 104/ml to 106-10%/ml
while a nutrient solution of 2 percent molasses
was being injected constantly. One year after the
nutrient injection stopped, the microbial counts
in the produced waters dropped to 103-104/ml. The
results indicate that the inoculated microbial cul-
ture multiplied in the reservoir and migrated from
the injectors to the producing wells.

Yarbrough et al described a successful field
test using Clostridium acetobutylicum in a two-
spot pattern with 120 m between wells. The for-
mation is a loosely consolidated sand of high
permeability containing up to 16 percent carbon-
ates at a depth of 700 meters. Core tests indicated
a maximum residual oil saturation of 8.5 percent
and the test well production averaged 3 m3/month
prior to the inoculation.

Injection of a 2 percent molasses solution and
bacteria commenced in July 1954 and was con-
tinued until November at an average rate of 25
m3/D; a total of 800 liters of bacteria culture was
injected in this period. In October, 3 months after
the initial injection, significant changes occurred
at the production well. The oil recovery increased
from 3 to 10 m3/month and continued through the
duration of the test (May 1955). Production of
acids, carbon dioxide and methane also occurred
at the production well in October 1954. The
cumulative production of acid and CO; over the
test period was 35,000 kg of acids and 5,700 m3
(11,000 kg) of carbon dioxide. No quantitative
measurement of the methane production was
made. Hydrogen was not detected, and the au-
thors believe that it may have been used by other
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bacteria in the reservoir and was involved in the
production of much of the methane.

In considering the application of MEOR to
North Sea reservoirs, Moses et al and Springham
et al conducted experiments to determine the
feasibility of using the crude oil itself as the sub-
strate for anaerobic bacterial growth. The North
Sea wells are widely spaced (1 km or more) from
isolated platforms where the wells fan out radi-
ally from the platform. Thus, according to Moses,
the injection of nutrients to support a microbial
flora that could penetrate from injectors to the
widely spaced producers is not possible since the
bacteria would consume the substrate long before
it could migrate far enough to be effective.

Therefore, they have conducted numerous
experiments under anaerobic conditions with
crude oil as the sole carbon source. Microbial cul-
tures were obtained from a variety of industrial
and natural locations and they were maintained
for many months at 28°C under an inert gas
with a mineral medium and crude oil. Gas and
protein production was monitored. Carbon diox-
ide and protein concentrations rose slowly in all
cases; thus these experiments show that anae-
robic microbial growth on crude oil is possible
and it may be possible to develop a technology for
MEOR in the North Sea. Moses will concentrate
on finding cultures that produce metabolic prod-
ucts at higher rates and elucidation of the mech-
anisms and microbial taxonomy.
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Hitzman reviewed all other published litera-
ture on field application of microbial enhance-
ment of oil recovery. More than 200 field tests
have been conducted since 1954, but only about 50
are documented in sufficient detail for good com-
parison of the results. In most cases, the wells
that were inoculated with bacteria for MEOR
were of very poor quality because of the conserva-
tive attitude of most oil companies toward the in-
jection of bacteria which have a known potential
for plugging wells and for causing entire oil fields
to go sour, due to microbial production of hydro-
gen sulfide in situ.

Hitzman noted that as experience was gained
in field applications of microorganisms, the
techniques became more complex and technically
advanced. They began with simple inoculation of
single wells without prior preparation to more
complex injection of a low salinity water, injec-
tion of various nutrients, establishing a fermen-
tation period for cell growth, etc. In some cases
the MEOR was reduced to a well clean-out proce-
dure and in others the objective was the long term
stimulation of a large portion of the reservoir.

Hitzman developed 12 general conclusions
from his review, and perhaps the most important
are that (1) in several reservoirs a positive re-
sponse to MEOR was obtained, (2) in situ micro-
bial growth results in chemical and petrophysical
changes in the reservoir, and (3) temperature and
pressure conditions are not as restrictive to
MEOR as laboratory experiments indicate.



Combined Effects of Temperature
and Other Environmental Stresses on
Microbiologically Enhanced Oil Recovery

B. Bubela
Baas Becking Geobiological Laboratory
PO. Box 378
Canberra City, Act 2605 Australia

INTRODUCTION

The program of our Laboratory, associated with
microbiologically enhanced oil recovery, is concerned
with the operative conditions present in reservoirs.
Any organism to be effective in situ in Microbiologi-
cally Enhanced Recovery (MEOR) has to be able to
produce surfactants and/or viscosifiers at pressures
and temperatures encountered in reservoirs. Practical
biologically acceptable temperature limits are about
80°C and the hydrostatic pressures in Australian res-
ervoirs are about 20,000 kPa.

Two major factors are involved in the techniques of
MEOR:

1. Biological production of surfactants and/or vis-
cosifiers.

9. Distribution of the organisms and their metabolic
products through the reservoir.

Surfactants and viscosifiers capable of increasing
significantly crude oil recovery may be biolegically
produced:

1. In industrial installations on the surface.

2. In situ in the reservoir.

We considered a surface installation less likely to be
suitable for microbiologically enhanced oil recovery
because of extensive financial and energy expenditure,
limited volume capacity relative to the size of the res-
ervoir, difficulties in distributing dense bacterial popu-
lation uniformly through a reservoir and problems of
distributing a bacterial culture and its products from
an inflexibly located installation.

In considering the in situ technique which requires
the biological activity to take place within the reser-
voir, a number of factors affecting the organism have
to be taken into account. The organisms have to be
active at biologically acceptable high temperatures up
to 80°C, pressures of 20,000-30,000 kPa, at high electro-
lyte concentrations, in the presence of heavy metals, at
low or zero atmospheric oxygen concentration, and to
be able to utilize a readily available substrate while
producing one or more substances having surface
activity and/or being capable to affect favorably the
mobility ratio of the oil/water system.
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The total effect of the factors influencing biological
activity in reservoirs is not equivalent to the sum of the
individual effects caused by a variety of factors. Many
of the factors interact and their activities may be
mutually enhanced or hindered.

Biologically high temperature environments are
those with temperatures higher than 50°C. In some
cases microorganisms living at such temperatures are
classified as:

1. Caldoactive with a maximum growth tempera-
ture above 70°C, optimum above 65°C, and minimum
above 40°C.

2. Thermophilic with a maximum growth tempera-
ture above 60°C, optimum above 50°C and minimum
above 30°C.

A number of oil reservoirs would provide the envi-
ronmental temperature as indicated for the caldoactive
range. A number of reviews have been published re-
garding thermophilic and caldoactive organisms.4 In
the majority of cases the literature cited refers to the
effects of elevated temperaturcs only, without taking
any other parameters into consideration. The com-
bined effects of heavy metal toxicity and elevated tem-
peratures is not discussed frequently. An increase in
thermotolerance with an increase of pressure is dis-
cussed by Morita et al'* who studied the heat inactiva-
tion of malic dehydrogenase and inorganic pyrophos-
phatase at elevated pressures in cell free system.

Marquis® observed that microorganisms usually
show their maximum barotolerance at temperatures
just above their optimum growth temperature. Bubela
(unpublished results) observed a 10 fold increase in the
production of H2S by Desulfotomaculum denigrificans
when the organism was grown at 10,000 kPa and 70°C
than when it was grown at 55°C and 100 kPa. The
increase in HaS production was observed even when a
cell-free preparation was used. The enhancement was 3
times higher than during an experiment where the or-
ganism was grown at 60°C at atmosphere pressure.

The observation of an increase in growth as de-
tected by monitoring the turbidity of the growth media
as reported by Marquis and Matsurma!® has to be
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evaluated cautiously as Bubela (unpublished results)
observed considerable effect of pressure on the mor-
phology of microorganisms resulting in a different
light dispersion pattern at the same bacterial concen-
tration. This paper describes some of the interactions
between biclogically high temperatures and other fac-
tors likely to be encountered in reservoirs.

METHODS AND RESULTS

Effect of temperature, metal toxicity

The toxic effect of heavy metals on microorganisms,
in particular by copper has been known and studied for
more than 50 years. The mechanism of the toxicity is
not known to its full extent even today. Morphological
changes, increase in osmotic fragility, decrease in cel-
lular cytochrome and magnesium content, production
of previously undetected metabolites, changes in the
amino acid composition of bacterial cell walls and
changes in X-ray diffraction patterns of cell-wall mac-
ropolymers are some of the changes reported %131

To evaluate some of the aspects of heavy metals—
temperature effect on the growth of microorganisms,
Bacillus stearothermophtlus strain NCA 1503-4 was
examined with copper present in the growth medium.
The organism was propagated in an apparatus de-
scribed previously by Bubela and Oberhauser” in a
liquid medium containing amino acids, inorganic salts
and glucose® Copper was added as cupric acetate.
The growth temperature varied depending on the
experiment.

When B. stearothermophilus was grown at 53°C a
growth pattern presented in Fig. 1A was observed. The
mean generation time was 33 min. When the tempera-
ture of growth was elevated to 63°C (Fig. 1A2) the
mean generation time was decreased to 24 min. If cop-
per was added to the growth medium during early log
phase, the growth pattern was interrupted for several
hours but the organisms eventually recovered and
resumed their normal growth with the same mean
generation time of 33 min (Fig. 1B1). Ata growth tem-
perature of 63°C the addition of copper inhibited the
growth of the organisms completely (Fig. 1B2).

If magnesium was present in the medium prior to
the addition of copper, the bacterial growth at 53°C
was not delayed as in B1, but proceeded immediately at
a reduced rate, the mean generation time increasing to
57 min (Fig. 1C1). At 63°C in the presence of magne-
sium the copper inhibited the growth for several hours.
The organisms recovered eventually but its mean
generation time has increased to 99 min. The small but
sharp apparent increase of optical density on addition
of copper was due to the slight increase in color of the
medium.

Tt is evident that the copper was much more toxic to
the organism at the higher temperature. The antago-
nistic effect of the magnesium on the copper toxicity
was much less pronounced at 63°C than at 53°C. No
significant differences in the copper and magnesium
contents of the whole washed freeze dried and over
P»Os stored cell was detected, when the organisms
were grown in the standard or copper/magnesium en-
riched medium.

Irrespective of the growth temperature the average
copper content in the copper poor medium was 30 u/g
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of dried biomass; in the copper spiked medium the con-
tent was 3800 u/g, while the corresponding figures for
magnesium were 270 p/g and 750 u/g respectively.
This observation shows that the growth temperature
has no significant effect on the metal accumulation
in the cell and therefore that the higher toxicity at
63°C must be due to parameters other than metal
accumulation.

Bacterial growth in the presence of copper.depended
significantly on the concentration of available oxygen.

"The lower the oxygen tension, the higher was the

copper toxicity. This phenomenon has been discussed
before by Bubela?

A number of propositions may be offered to explain
the increased copper toxicity at 63°C:

1. Lowering of oxygen due to its decreased solubility
at higher temperatures. The solubility of O at 63°C is
only 20 percent less than that at 53°C. The organism
was able to grow at 50 percent of the original oxygen
saturation in the presence of copper. Therefore it is im-
probable that the toxicity increase was due to a lack of
oxygen.

9. It was shown by Bubela and Holdworth® that
some of the metabolites in thermophilic organisms
have an extremely high turnover rate. Therefore an
interference with mechanisms responsible for such a
turnover could result in an increase in toxicity at
higher temperatures.

The actual copper distribution through the bacterial
cell is hard to estimate as the copper binding sites are
difficult to determine, since upon the distruption of the
cell the copper becomes rapidly redistributed amongst
the cellular fractions.'®

The possibility of the copper being preferentially
present as Cu* or Cu™ depending on the temperature
was eliminated as electron spin resonance technique
indicated that at least 99.9 percent of the total copper is
at all the time in the Cu** form. The possibility that at
least traces of the copper are present as Cu™ cannot be
excluded. As metal toxicity varies frequently with the
oxidative state of the metal and a partial reduction of
copper at the elevated temperatures could occur due to
the presence of oxidizable organic matter, this possibil-
ity cannot be eliminated.

Bacterial response to temperature variation

B. stearothermophilus was grown on a simple
medium composed of salts, glycerol, sodium glycero-
phosphate and glucose (Bubela?) and on the complex
medium described in the previous section at 53°C and a
variety of elevated temperatures. The duration of the
lag and log phases, and the biomass expressed in mg
dry weight at the end of the log phase were measured.

Mean generation time, number of generations per
log phase, and biomass per generation per millilitre
medium at the end of log phase (expressed in mgm dry
weight) were calculated from such measurements. The
relationship between the temperature and the duration
of the lag and log phases respectively are presented in
Fig. 2A. The minimum lag value corresponds to a tem-
perature of about 50°C and the minimum log phase
value was obtained at about 56°C. The calculated
values for mean generation times as plotted against
temperature are presented in Fig. 2B.
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FIG. 1-—Effect of temperature on Cu-Toxicity to B. stearothermo-
philus: A1; Az: Growth curves at 55°C and 63°C respectively. B;:
B2: with copper added. C;; C2: with copper and magnesium.

The number of generations was plotted against the
temperature, against dry weight per millilitre of me-
dium at the end of log phase, as well as against the
apparent dry weight per generation per millilitre of
medium. The corresponding graphs are presented in
Fig. 2C. The number of generations and the dry weight
decreased with the experimental temperature but the
weight per millilitre per generation was constant,

An inhibition test where the organisms were grown
at temperatures ranging from 42°C up to 69°C, the or-
ganisms removed by centrifugation and the medium
sterilized by a double filtration through a millipore

filter (0.45 u), spiked with its components to their origi-
nal concentrations and freshly inoculated, has shown
that no inhibitory factor was produced during the
growth at temperatures up to 69°C.

The organisms grew well on agar plates containing

the complex or the simple medium or where silica gel
was used instead of the agar at temperatures of 53°C
The organisms did not grow on the simple medium
above 59°C but colonies were observed up to 69°C with
the complex medium.

The results indicate that this organism ean grow in

the ahsence of relatively complex organic molecules.
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The possibility that the organisms assimilate some
components present in agar was eliminated by the ob-
served growth on silica gel.

The possibility that a thermosensitive mutant was
developed during the experimental work was elimi-
nated by the observation that when replicas of the or-
ganisms were made from the simple medium in combi-
nation with agar or silica gel onto the complex medium
agar plates, the same number at corresponding loca-
tions was observed at temperatures above 60°C.

Tt is evident from the above observations that de-
spite the fact that the organism was able to live on a
relatively simple substrate, some specific material has
to be supplemented at higher temperatures.

1t was shown by Bubela and Holdsworth (1966b®)
that a high turnover of proteins and nucleic acids takes
place in B. stearothermophilus requiring a high bal-
anced rate of catabolic and anabolic processes. Should
the rate of catabolic processes taking place at high
temperatures exceed the anabolic processes responsible
for the synthesis, a synthesis of a particular metabolite
usually present in sufficient concentration, may be
decreased. Then the concentration of such a metabolite
may become a factor limiting the bacterial growth.

The enzymes or enzymic systems involved in the
metabolisms of the cell may be labile at the elevated
temperatures. Therefore at extreme temperatures the
cell would lack an endogenous supply of components,
usually produced by such enzymes unless supplied
from the medium. It is possible that both mechanisms
are present and operative concurrently.

Combined effect of temperature and pressure

As the average hydrostatic pressure of Australian
reservoirs is in the vicinity of 20,000 kPa, an apparatus
capable of sustaining a continuous growth of organ-
isms under anaerobic conditions, operative at pres-
sures up to 25,000 kPa and temperatures up to 150°C
based on the principles of a chemostat was constructed
(Bubela 1981%).

To investigate simultaneous effects of pressure and
temperature, an anaerobic, rod shaped organism 6-8 p
long and 3-4 u wide, producing a metabolite capable of
reducing interfacial tension of the oil/water system,
was isolated from Melbourne sewage plant’s anaerobic
digestors. Under atmospheric pressure the optimum
temperature of this organism was 50°C with a mean
generation time of 17 hr.

When a pressure of 20,000 kPa was introduced dur-
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FIG. 2—Effect of temperature on growth characteristics of B.
stearothermophilus: A: duration of the lag (©) and log (®) phases
plotted against the experimental temperature. B: number of
generations (0), the maximum dry weight at the end of the log
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period in mg/1 (@), and the dry weight at the end of the log period
in mg/l (O), and the dry weight per generation/mi (x), plotted
against the experimental temperature. C: calculated mean gen-
eration times plotted against the experimental temperature.



ing the growth period, a maximum growth was ob-
tained at 65°C with MGT of 12 hr. As the organisms
were grown on a complex medium (Bubela’), no addi-
tional nutritional re juirements at high pressures were
observed. On exposure to the high pressure the mor-
phology of the organism changed to a coccoidal form of
about 5 x in diameter.

When depressurized suddenly, the organisms disin-
tegrated. If the pressure was released gradually over a
period of 24 hr the organisms regained their original
rod shape. No gas vacuoles which could have been
responsible for the rupture of the cell were observed
any time during the growth period. This organism
capable of growing apparently normally at sodium
chloride concentrations up to 3 percent, did not grow at
this salt concentration at pressures above 15,000 kPa.

Effect of temperature on biological
alteration of crude oil

Literature reports on the effects of biological activ-
ity on the composition of crude oil are frequent. Practi-
cally all the cases report changes occuring at ambient
temperatures, and in the presence of atmospheric oxy-
gen. The conditions in oil reservoirs differ from the sur-
face environment by e.g. elevated temperatures, pres-
sure and limited amount of available oxygen.

When samples of Australian crude oil were exposed
for 3 months at 30°C to biological activity by an anae-
robic microbial consortium, no significant differences
were observed in the content and composition of ali-
phatic and aromatic hydrocarbons. Neither were
changes observed when an imported heavy oil with an
asphaltene content of 5 percent was used despite the
fact that a viable microbial population was detected at
the end of the experimental period.

When the experimental temperature was elevated to
60°C, the results obtained with the low asphaltene oils
remained the same, but the amount of material isolated
as asphaltenes from the imported oil rose on average
up to 8 percent. Analytical results indicated a number
of components in the 2,000-2,500 Daltons range with
frequent ester bonds. No such a material was detected
in the absence of the biological activity at 60°C. No
significant changes were observed in the absence of
the organisms.

DISCUSSION

The results of the experimental work described in
this paper indicate the necessity of evaluating a mi-
croorganism for its suitability for MEOR by exposing
it simultaneously to as many environmental stresses
likely to be encountered in a reservoir under considera-
tion, as possible.

An elevated temperature, which may otherwise be
quite tolerable to the organisms may become a limiting
parameter in the presence of heavy metals. In cases
where the toxic effect of a metal may be counteracted
by an increase in the concentration of another element,
an example being the antagonistic couples of copper-
magnesium and copper-manganese (Bubela?), such an
antagonistic interaction may become ineffectve at ele-
vated temperatures.

As heavy metals are frequently present in reservoir
waters, biologically high temperatures, in combination
with the presence of heavy metals, may prevent the
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effective application of an otherwise suitable organism.

An increase in environmental stresses e.g. tempera-
ture may affect the nutritional requirements of an or-
ganism. Propagation of a suitable organism in a reser-
voir may require the addition of economically and
technologically acceptable substrates.

We have observed that some substrates become defi-
cient in supporting bacterial growth, when the growth
temperature of the medium is elevated. Additional
supplements have to be provided.

In some cases (e.g. with whey) the substrate may
produce a significant amount of solids at elevated
temperatures and pressures encountered in a reservoir,
thus decreasing the permeability of the reservoir and
interferring not only with the distribution of the or-
ganism through the reservoir rock, but hindering the
movement of reservoir fluids as well.

The morphology of an organism to be used in
MEOR plays a significant role in its suitability. Our
work with simulated systems shows that the average
pore size/bacterial cell size ratio is very important in
producing pore plugging.

The bacterial shape is important as well. Rod-
shaped organisms have the tendency to accumulate at
pore throats and by interlocking at this location they
produce plugs difficult to remove even by an increase of
pressure of several thousands of kPa. Coccoidal forms,
on the contrary, pass through the pore throats more
readily and should plugging occur, it may be usually
cleared by a moderate increase in pressure.

The morphology of an organism is liable to change
significantly when such an organism is exposed to en-
vironmental stresses. Changes due to the presence of
heavy metals have been described by Bubela? Our
work indicates that in some cases the combination of
elevated temperatures and pressure may cause a
change from a rod shape to a spherical form, thus mak-
ing a given organism more suitable to MEOR, than in
its original form.

It is evident from the examples cited that a satisfac-
tory production of a surfactant and/or viscosifier
under laboratory conditions does not necessarily make
an organism a suitable candidate for MEOR.

CONCLUSION

The final evaluation of the suitability of a micro-
organism for MEOR has to be based on experimental
work conducted as closely as possible under reservoir
conditions, in order to obtain a meaningful assess-
ment of the organism under stresses likely to occur in
selected reservoirs.
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Barobiology of Deep Oil Formations

Robert E. Marquis
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School of Medicine and Dentistry
University of Rochester
Rochester, New York 14642

Hydrostatic pressure is considered to be a cardinal
ecological factor in two major regions of the biosphere—
the deep ocean and the deep earth. Of course, we should
realize that hydrostatic pressure is a cardinal envi-
ronmental factor for all living organisms, including
the human species, and all of our enzymes and physio-
logical systems are specifically designed to function
efficiently at a pressure of about one atmosphere. (One
atmosphere = 14.70 1b/in? = 1.033 kg/cm? = 101.3
kPascals.)

The first signs of pressure problems with humans
subjected to compression occur in the form of the high
pressure nervous syndrome at about 50 atm. The syn-
drome can be alleviated, at least partially, by adding
narcotic gases to the compressed helium-oxygen mix-
tures used to apply pressure without at the same time
collapsing the lungs.

Study of the biology of the deep ocean has pro-
gressed steadily for more than a century and has in-
cluded a voyage by J. Piccard and D. Walsh in the
bathyscaph Trieste to the bottom of the Challenger
Deep in the Pacific Ocean (Piccard and Dietz!8), where
the depth is some 11,600 m, and the pressure due to the
weight of the water column 1is some 1,160 atm.

Even these hadal depths of the ocean have a flora
and a fauna adapted to life at very high pressures and
the low temperature of only about 2°C. The combina-
tion of high pressure and low temperature in the deep
ocean makes for a highly restrictive environment bio-
logically and a need for compromises in biomolecular
design that lead to inherently slow reaction rates. Life
in the deep ocean moves slowly.

The microbial flora of the deep earth has been only
very sketchily studied, and there is clearly need for a
prolonged, systematic characterization of the organ-
isms in this frontier of the biosphere. The restrictive
elements of the deep earth include high pressure and
bhigh temperature.

The mean pressure gradient is somewhat in excess
of 1 atm per 10 m of depth, although in overpressurized
strata the gradient may be as great as 2.3 atm per 10 m.
The depth for maximum recovery of oil currently is
about 2,000 m and is expected to increase to at least
2,400 m or even 3,000 m.!' Therefore, the pressures
most pertinent in terms of the petroleum microbiology
of presently productive zones are in the range of 200 to
300 atm. Of course, in terms of enhanced recovery, we
must consider a range from only slightly greater than
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one atm to as high as 500 atm, at the predicted limiting
depth for liquid hydrocarbons.

Certainly, pressures of 200 to 300 atm have signifi-
cant effects on the activities of microbes. When other
environmental conditions, especially temperature and
pH, are not optimal, microbes become hypersensitive
to pressure, and pressures as low as 50 atm can com-
pletely stop growth.*4

Perhaps we can put some of these generalities into
more specific terms by considering the activities of the
group of microbes often considered to be the bane of the
petroleum industry—the sulfate reducers. Certainly, it
seems that these anaerobes are among the least desir-
able bacteria associated with oil formation, although
attempts were made to use them for enhanced recovery,
and one of the first demonstrations in the laboratory
that microbes actually liberate oil from sand was that
of ZoBell with sulfate reducers.

Some of the sulfate reducers appear to be among the
most barotolerant and thermotolerant bacteria studied
to date. ZoBell® reported growth of an isclate from the
deep earth at a pressure of some 1,000 atm and a
temperature of 104°C. A recent report by Heinen and
Lauwers'® indicates that other thermophiles can grow
at 105°C at a pressure of only a few atm. In all, it seems
that we must consider 105 to 110°C as maximal
temperatures for bacterial growth, and 1,000 to 1,400
atm as maximal pressures for growth.

As Postgate!® has pointed out, the thermophilic sul-
fate reducers are generally strains of Desulfotomacu-
lum nigrificans, which usually grows best at about
55°C. We have in the past determined the barotolerance
of the type strain of this organism and found that it
had moderate barotolerance, i.e., it was capable of
growing at pressures of 300 to 400 atm at its optimal
growth temperature. Recently, Rozanova and Nazina®
have described a thermophilic, nonsporulating Desul-
fouvibrio thermophilus isolated from the Apsheron
Peninsula o1l deposits at a depth of 3,100 to 3,300 m and
a temperature of 84°C.

They also isolated D. nigrificans from gas and oil
bearing strata of Western Siberian deposits. From one
of the gas bearing strata, at a depth of 1,600 to 1,620 m
and a temperature of 59°C, they obtained a salt toler-
ant subspecies designated salinus that could produce
H:8 at NaCl concentrations as high as 4 percent {ca.
0.7 M). This salt tolerance is not great in relation to the
salt concentrations of reservoir brines, which generally
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have NaCl concentrations in the range 0.5 to 1.5 M
with maxima approaching 6M.* Rozanova and Naz-
ina2® concluded, however, that high temperature lim-
ited the occurrence and activities of these species.

The adaptations of thermophiles and thermotoler-
ant bacteria to high temperature do not also make
them more pressure tolerant than mesophilic or psych-
rophilic bacteria. In fact, it appears that temperature
adaptation has little influence on barotolerance, as one
might conclude from a review of the effects of tempera-
ture and pressure on the chemical bonds important for
biopolymer stabilization.!* Figure 1. presents represen-
tative data on the temperature ranges for growth of the
thermophile Bacillus stearothermophilus. The pattern
seen here is a typical one for bacterial growth. Low
pressures, here some 132 atm, generally enhance
growth at the optimal temperature and shift the opti-
mum by a few degrees to higher temperatures. Still
higher pressures inhibit growth at all temperatures
and tend to narrow the range of temperatures over
which growth occurs.

It is also generally true that barotolerance is great-
est at the optimal growth temperature, or a few de-
grees above it, and that higher and lower temperatures
reduce barotolerance. Basically, the ideal gas law does
not apply to bacterial growth in condensed systems,
and one can predict that bacteria functioning at high
temperatures in deep oil wells would be hypersensitive
to pressure.

Kuznetsova and Pentskhava'>!® concluded that sa-
linity or the balance of divalent to monovalent cations
limited the activities of sulfate reducing bacteria in oil
formations. Indeed, Dostalek and Kvet® have even
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FIG. 1—Effects of pressure and temperature on the growth of
Bacillus stearothermophilus in tryptone-glucose-Marmite broth
plus 1 percent (w/v) KNO3. Growth was assessed in terms of cul-
ture optical densities for light of 700 nm wavelength. Procedures
for pressurization of cultures have been described previously
(Marquis, 1976).
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suggested that it might be possible to distinguish in-
digenous from introduced organisms in reservoirs on
the basis of salt tolerance.

However, bacteria can become physiologically
adapted to growth in saline environments. In other
words, there are facultatively halotolerant bacteria,
especially among the gram-positive bacteria. More-
over, tolerance may actually be increased by hydro-
static pressure, as we have shown for Bacillus
licheniformis.®

One of the less desirable activities of sulfate reduc-
ing bacteria is in the corrosion of metals. Willingham
and Quinby? have assessed the effects of increased
pressure on attack rates and amounts of corrosion of
iron, stainless steel and aluminum caused by three
strains of marine sulphate reducers. They found en-
hanced corrosion of ingot steel coupons at 200 atm,
compared with 1 atm, and greatly reduced corrosion at
600 atm.

The bacteria did not grow at 600 atm at the experi-
mental temperature of 20°C. At a higher temperature
of 40°C, corrosion without apparent growth of the bac-
teria occurred at 600 atm, but the corrosion was less
extensive than that at 200 or 1 atm, at which both cor-
rosion and growth occurred. Corrosion of aluminum
under that same conditions was enhanced at 200 atm
but reduced at 600 atm. Stainless steel, 316 type, did
not corrode appreciably at any of the pressures. Unfor-
tunately, therefore, it appears that the pressures of
deep oil wells could be expected to enhance corrosion
rather than retard it.

The finding of corrosion at pressures above the
maximum growth pressure can be readily interpreted.
Growth is a very complicated function that is com-
monly more barosensitive than other simpler functions
such as sulfate reduction. ZoBell?* reported that
washed suspensions of sulfate reducers could carry out
reduction of sulfate to sulfide at pressures as high as
1,400 atm, even though their growth was completely
inhibited by pressures well below this level.

In fact, sulfate reduction was maximal at 1,000 atm,
well above the maximum growth pressure. In general,
catabolic functions, including glycolysis, nitrate reduc-
tion, urease activity, dehydrogenase activity and oxy-
gen reduction, all are less sensitive to pressure in a
wide variety of bacteria than is growth.

In contrast, some functions are more sensitive to
pressure than is growth. For example, the production
of flagella by Escherichia coli can be completely sup-
pressed by pressures of only a little over 100 atm at
37°C. At this temperature, the bacterium is able to
grow at pressures as high as 550 atm. The maximum
pressure for motility with previously formed flagella
was found to be about 400 atm.!” With this same organ-
ism, we have found!® that derepression of the lac
operon also is highly barosensitive and can be com-
pletely supressed by pressures of about 300 atm at
temperatures at which growth can occur at some 500
atm. In general, various regulatory systems show a
range of sensitivities to pressure.

The formation of bacterial endospores appears also
to be generally more barosensitive than is growth but
still can occur in many Bacillus species at pressures of
some hundreds of atm.? As far as I am aware, there is



no information concerning sporulation by bacteria
such as Desulfotomaculum in deep oil formations or on
the roles of these resistant forms in the life of bacteria
in the deep earth.

Bacterial spores have been found by a number of
investigators to have enhanced resistance to the kill-
ing actions of kilobar pressures.® Surprisingly, they
are generally very sensitive to lower pressures of 1,000
atm or less. This apparent anomaly is due to the
germinating action of low pressures and the pressure
sensitivities of the germinated forms. Pressure has
become a useful agent for studies of spore germination
because germination can be induced by compression to
a pressure of, say, 800 atm, without the need to add
chemical germinants. :

Fortunately, in terms of the possible use of spores as
inocula for seeding wells, there is generally a threshold
pressure below which germination does not occur to
any appreciable extent. For example, at 25°C, the
threshold for germination of spores of Bacillus mega-
terium ATCC 19213 is ca. 250 atm.! However, the opti-
mal temperature for pressure induced germination is
generally some 40 to 60°C, and the threshold is very
much reduced at these higher temperatures.

There has been very little exploration of the interac-
tions between pressure and oxidation-reduction poten-
tials (Eh) affecting microbial growth. There is a claim®
that hydrostatic pressure greatly sensitizes bacteria to
oxygen toxicity. However we have not been able to
detect this sensitization, even with extensive and
repeated experiments with a variety of bacteria. We
have found recently that the Eh of growth media,
poised with standard Eh buffers, can affect markedly
the barosensitivities of some bacteria but not others.

Examples are presented in Table 1. B. licheniformis
is a facultatively anaerobic bacterium which can grow
in stab culture in complex tryptone-glucose-Marmite
medium at Eh values as low as -571 mV. The data
presented indicate that B. licheniformis is moderately
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barotolerant and can grow at 37°C at a pressure of 500
atm but not at 700 atm. Pressure appears to have no
effect on the capacity of the bacterium to grow over the
Eh range tested here, nor does the Eh value of the
growth medium appear to affect barotolerance.

In contrast, the data presented for Streptococcus
faecalis indicate that the barotolerance of this faculta-
tively anaerobic bacterium is greatly enhanced at low
Eh values. Again, the bacterium is moderately barotol-
erant with a maximum growth pressure of some 500
atm at 37°C in tryptone-glucose-Marmite agar. How-
ever, if the initial Eh value of the growth medium is
reduced with cysteine to -210 mV, the organism can
grow at a pressure of 700 atm. Then, if the initial Eh
value is reduced further to -330 or ~-571 mV, the bacte-
rium is able to grow at the remarkably high pressure of
1,100 atm.

Therefore, it seems that the anaerobic conditions
that develop in deep 0il reservoirs would not adversely
affect barotolerance and may even enhance it. The rise
in Eh values associated with flooding and secondary
recovery may greatly increase barosensitivities of at
least some organisms. Clearly, there is a need for much
more experimental work on this subject.

Yet another factor in oil reservoirs which may mod-
ify barotolerance is the presence of dissolved gases at
high partial pressures, especially in saturated, gas-
capped reservoirs, Buckley et al, 19582 Figure 2 pre-
sents an extensive collection of data obtained by
Stephen R. Thom? on the effects of compressed gases
on growth of Escherichia coli B in complex medium. In
brief, the data indicate that there are two general
classes of gases. He, N3 and Ar had little or no effect on
growth at pressures as high as 100 atm.

In contrast, N2O, Xe and Kr were highly inhibitory
and could stop growth completely at pressures of about
30 atm. Even though He, N: and Ar did not appear to
affect growth, they could modify barotolerance as
shown by the data presented in Fig. 3 for the veast

TABLE 1—Effect of Growth Medium on the Barosensitivities
of Bacillus licheniformis and Streptococcus faecalis

Growth at Pressure (atm)

Eq of
Organism and Eh Buffer Added to TGM Medium® Buffer (mv) 1 300 500 700 900 1100
Bacillus licheniformis
NoOme . e e e +b + + — - -
0.05 percent Na thioglycolate . ....................... —100 + + + - - —
0.025 percentcysteine ........cvivniiieennnneennnnnn. -210 + + + — — —
0.05 percent dithiothreitol ........................... —330 + + + - — —
0.025 percent cysteine plus 0.025 percent Na:S ....... —b71 + + + — — -
Streptococcus faecalis
NOME ottt e e e —100 + + + - - -
0.05 percent Na thioglycolate ........................ —100 + + + + - —
0.025 percentcysteine ............cooiiiiiniiiininnnn. —210 + + + + — —
0.05 percent dithiothreitol ...................c.vvus. —330 + + + + + +
0.025 percent cysteine plus 0.025 percent NasS ....... -571 + + + + + +

2TGM medium is Tryptone-Glucose-Marmite medium. Eh buffers were added following the procedures recommended by Costilow
(1981).

bThe symbol “+” refers to growth along the stab line in the agar media used. Growth was readily visible by eye. The symbol “—”
refers to lack of growth visible with a 10X handlens. The incubation temperature was 37°C, and cultures were incubated for at least
72 h. Vials with flexible seals were used for all cultures, and each agar medium was topped with broth medium of the same compo-
sition. All inoculations and manipulations were performed in an anaerobic glove box.
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Saccharomyces cerevisine, which is a relatively baro-
sensitive organism. The lower curve shows the inhibi-
tory action of hydrostatic pressure alone established
without a gas phase. The upper curve is a composite
one showing the effects of pressures established with
the gases helium, nitrogen and argon.

At pressures below 50 atm, these gases stimulated
growth somewhat. They were inhibitory at higher
pressures, but the inhibitory effects were always less
than those due to hydrostatic pressure alone. In other
words, they enhanced the barotolerance of this faculta-
tively anaerobic organism.

Could the gases dissolved in reservoir waters have
significant effects on the microbes growing there? Gen-
erally, the dissolved gas contents of reservoir water in-
crease with depth, and for example, Buckley et al.
(1958) reported that waters in the Woodbine Formation
collected from depths ranging from 900 to 2,700 m con-
tained per liter from 500 to 2,100 ml of dissolved gas.
The specific gases present vary among sites, but usu-
ally, the predominant gas is methane with smaller
fractions of ethane, propane and higher hydrocarbon
gases.

If in the example above, the dissolved gas was
mainly methane, then the CHs concentrations in the
waters would be 22.3 to 93.8 mM. At 25°C, these
amounts would be equivalent to about 15 to 62 atm on
the assumption that the Ostwald coefficient of 0.03395
volumes of gas per volume of solution does not change
greatly with pressure. These pressures of methane
should affect cells. The anesthetic dose for methane for
the rat is 101 atm.® However, pressures of only 40 atm
have been found (Ferguson et al., 19507) to arrest mito-
sis of Allium cepa root cells.

Unfortunately, at this time, we can only speculate
on the microbioclogical effécts of methane at elevated
pressures in reservoirs, Methane has about the same
narcotic potency as argon. If it were to affect microbes
in the same ways that argon does, then one would ex-
pect that methane would enhance barotolerance but
would also increase oxygen sensitivity.

In this presentation, I have attempted to emphasize
the importance of hydrostatic pressure as a biologi-
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FIG. 2—Effects of helium (®), nitrogen (V), argon (), nitrous
oxide (A), krypton (A) and xenon (x) on the extent of growth of
Escherichia coli B at 37°C in tryptic-soy broth plus 1 percent
(w/v) KNO3.
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FIG. 3—Comparative effects of hydrostatic pressure (®) and gas
pressures established with helium (0), nitrogen (¥) or argon (A)
on growth of Saccharomyces cerevisiae in tryptone-glucose-
Marmite broth plus 162 ug ampicillin per ml at 24°C. The figure
is from the Ph.D. thesis of S. R. Thom (1981).

cally pertinent factor in the deep earth. Certainly, it
seems that pilot operations for enhancement of oil re-
covery through use of microbes need to be conducted
with the test organisms at in situ pressures if they are
going to be useful for predicting microbial behavior in
reservoirs.

Clearly, we would like to have more information on
the numbers and types of organisms indigenous to oil
reservoirs so that determinations could be made of the
mechanisms they have to cope with extremely harsh
environments and of the biclogically limiting environ-
mental factors for the deep earth flora. The limits could
possibly be extended through genetic engineering.

However, the flora already adapted to live at the
extremes certainly should provide good starting mate-
rial for engineering projects, especially if the desired
characteristics for freeing oil from reservoir rock could
be superimposed on inherent high levels of environ-
mental tolerance.
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Microbial Interactions
with Polyacrylamide Polymers

Mary M. Grula and Guy W. Sewell
Oklahoma State University
Stillwater, Oklahoma 74078

ABSTRACT

Polyacrylamides, as they are manufactured for use
in oil recovery projects involving polymer floods, are
capable of stimulating the multiplication of popula-
tions of aerobic soil microorganisms. Aerobic plate
counts of soil enrichment cultures in the presence of
polymer, using 15 soil samples, were 10-100 fold greater
than in the absence of polymer. One possible reason for
this is the release of ammonia from polymer. Several
polymers, with molecular weights ranging from 3-4 X
106 daltons to 9-10 X 108 daltons, were shown to be
capable of supporting growth of several strains of soil
pseudomonads as a sole nitrogen source in a chemi-
cally defined medium.

Extent of growth was a function of concentration
over the range 0.05-0.5 percent. Shear degradation of
polymer did not affect its ability to support growth, nor
did stated degree of hydrolysis (ranging from 1-4 per-
cent to 25-35 percent). Washed cells of certain strains
of Pseudomonas were able, under the right conditions,
to release measurable amounts of ammonia from solu-
tions of polymer. This may be the result of an enzyme
action, The enzyme involved is not the low molecular
weight aliphatic amidase found in many wild-type
strains of Pseudomonas aeruginosa.

A strain of Pseudomonas isolated from a mixture of
polyacrylamide and sand (sample obtained from an oil
reservoir where a polymer flood was in progress) was
shown to be markedly stimulated in rate of growth dur-
ing the early phases of the culture cycle by the presence
of polyacrylamide (0.05-0.5 percent) in a chemically de-
fined medium. This effect could be partially duplicated
by the monomer acrylamide.

Growth and sulfate reduction by strains of Desulfo-
vibrio are stimulated under certain conditions by the
presence of polyacrylamide in the growth medium.
There seems to be a relationship between possible sul-
fate deficiency in the medium and extent of stimulation
by the polymer. Polymer in the medium lowers the O/R
potential; this may be a factor in stimulation of growth.

There is evidence that growth of either aerobic
(pseudomonads) or anaerobic (Desulfovibrio) micro-
organisms in a medium containing polyacrylamide
lowers the screen factor of the solution more than the
decrease that occurs in an equivalent control (uninocu-
lated) medium.
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We have no evidence that any of the microbial cul-
tures we have used are able to metabolically degrade
the carbon chain of the polyacrylamide.

INTRODUCTION

Since polyacrylamides are xenobiotic (i.e., not syn-
thesized by a biological agent), it is presumed that they
are not metabolized by microorganisms and are essen-
tially non-biodegradable. Furthermore, the backbone
consists of a chain of -CH,~ groups linked by carbon-
carbon covalent bonds which, unlike the anhydro
bonds linking the monomeric units of most biopoly-
mers, are not subject to hydrolytic cleavage. The mo-
lecular size should also render biodegradability un-
likely for two reasons:

a) the longest -CH,~ chain subject to attack by
hydrocarbon-degrading microorganisms is approxi-
mately only a little over 40 carbons in length.

Hydrocarbon-degrading microorganisms oxidize a
terminal carbon first to a primary alcohol, then an al-
dehyde, and finally to a carboxylic acid, the latter
being then subject to a process of p-oxidation which
cleaves off two carbon atoms at a time. Such a process
has never been observed with polyacrylamides, whose
chain may be thousands of carbon atoms in length;

b) the molecular size precludes passage of the mole-
cule through the cell membrane—no transport systems

or extracellular enzymes attacking polyacrylamide are
known to exist.

TABLE 1—Polyacrylamides Used
in Biodegradation Studies

Designation Molecular Weight  Degree of Hydrolysis
J332 ... 9-10 X 108 25-35 percent
J333 ... 6-7 X 108 25-35 percent
J334 ...l 3-4 X 108 25-35 percent
AWPJ279) ........... 33X 108 1-4 percent
| 5 2 4 X 108 8-10 percent
Non-hydrolyzed

PAA (obtained as

solution—22.3 per-

cent solids)....... Unknown
Cationic PAA ...... 4 X108  Reacted PAA (none)




Field observations by workers who handle these
polymers indicate, however, that they somehow en-
hance microbial growth. We have urdertaken studies
to find out how they are able to cause this stimulation,
and what effect, if any, the interaction with microbes
has on the polymer.

MATERIALS AND METHODS

Polymers were obtained through the courtesy of
Dowell Division, Dow Chemical Company, Tulsa, Okla-
homa. Average molecular weight and degree of hydroly-
sis are given in Table 1. These polymers were prepared
in such a way that they had a monomer content of less
than 0.1 percent. Except for the unhydrolized and cat-
ionic polymers they were in a powder form, obtained by
methanol precipitation which removes impurities such
as inorganic ions.

For aerobic organisms, a chemically defined me-
dium with the composition given in Table 2 was used.
Sulfate-reducing bacteria were cultivated in the Allred
medium,! or the American Petroleum Institute me-
dium,? or Postgate’s media B, C, and sometimes E.7
Anaerobic incubation was accomplished using an
ANEE anaerobic system flushed with a gas mixture
consisting of 85 percent N,, 10 percent CO,, and 5
percent H,.

Microbial growth of aerobes was monitored by the
aerobic plate count, or by determining absorbance (op-
tical density) of cultures. Growth of Desulfovibrio was
monitored by visual observation of blackening, or
by determining absorbance. Enumeration of sulfate-
reducing bacteria was done using a 5-tube Most
Probable Number test, with blackening of medium
taken as a positive indication of growth. Medium used
for the MPN enumerations was Postgate’s Medium E.

Absolute viscosity in centipoises was determined
using a Brookfield Viscosimeter, and screen factor was
determined using a screen viscometer as described by
Foshee et al3 All of these determinations were done
after removing bacteria and ferrous sulfide by filtra-
tion or centrifugation.

All procedures involving preparation of polymer so-
lutions, sterilization of polymers, and adding to media
were carried out so as to minimize thermal, oxidative,
or shear degradation of polymer? Control media, in
which the polymer was handled in exactly the same
manner as in experimental media, except that the
former were uninoculated, were always done. When
sheared polyacrylamide was desired, shearing was
done by a five-minute treatment at high speed in the
Waring Blender.

RESULTS AND DISCUSSION

Types of microbial interactions with polymers may
be divided into two categories for convenience, aerobic
and anaerobic. These are carried out by entirely differ-
ent microorganisms, by different mechanisms, and
have different effects on the polymer. The aerobic inter-
actions will be considered first.

Early in our biodegradability screening studies* we
noted that serial transfer enrichment cultures prepared
using the chemically defined medium (Table 2) with a
certain polyacrylamide as a sole carbon source and in-
oculated with soil showed a marked enhancement of
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TABLE 2-—-—Composition of Basal
Chemically Defined Medium
Used in Enrichment Cultures

Substance Amount per 100 mi
NH4CL oo e 400 mg
MgSO+TH0 ..o, 3mg
KHoPOu4.oooo i, 136 mg
K2HPO4 ................................ 174 mg
Trace Minerals:

HsBOs ..o 0.5 ug
CaCOs .o 10.0 ug
CuSO45H20 .., 1.0 ug
FeS04-(NH4)2S04-6 H0 ... o..... 50 pug
S 2.0 ug
MnSO4+H20 ..o, 2.0 ug
MoO3z .« i 1.0 ug
InSO4-TH20 ... e, 5.0 ug

growth of populations of soil microbes, as compared
with the control (no carbon source) (Fig. 1). These re-
sults were obtained in the fourth serial culture, in
which carryover of soil nutrients should have been
minimal.

In all cases, viable counts obtained with polymer in
the medium were 100-fold to 10° times as high as in the
control. Similar results were obtained with the same 15
soils samples at 25°C, but a smaller proportion (9 of 15)
were positive at 55°. A positive result was taken as one
in which the viable count was at least 10 times higher
than in the control.

PLATE COUNTS IN POLYACRYLAMIDE
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FIG. 1—Enhancement of growth of soil microorganisms by three
polyacrylamides. Numbers on horizontal axis represent different
soil samples (total of 15). Plate counts are those obtained in the
fourth serial enrichment culture. Data in top graph were obtained
at 25°C, in bottom graph, at 37°C.
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Similar tests with the polymers Jass, Jas, and Ja7e
gave very similar results. However, polymers labeled
“unhydrolyzed’” and “cationic”’ were completely nega-
tive using the same test, i.e., there was no increase in
microbial population in presence of polymer.

From this we inferred that the reason the other poly-
mers stimulated growth was that they were able to
serve as a source of utilizable nitrogen for the soil
microorganisms. This proved to be the case. Using
strains isolated from polyacrylamide enrichment cul-
tures (these were always pseudomonads), the polymers
Jaa2, J333, Js34, and Jore each could serve as a nitrogen
gource in the presence of any of three carbon sources.
Extent of growth was a function of concentration in
the range 0.05 percent to 0.5 percent.

The most important factor in this stimulation is
undoubtedly the ammonia released by spontaneous
hydrolysis of the polymer. Dialysis of the polymer solu-
tion removed this growth-supporting capacity. Neither
the unhydrolyzed nor the cationic polymer was able to
support growth in this fashion. We have no explana-
tion for the fact that in carbon-limited cultures strains
utilizing the polymer as a source of nitrogen were
selected. Several tests have shown that aerobic growth
of pseudomonads utilizing the polymer as a source of
nitrogen does not decrease screen factor of polymer
solutions.

A strain of Pseudomonas isolated from a mixture of
polyacrylamide and sand (sample obtained from an oil
reservoir where a polymer flood was in progress) was
shown to be markedly stimulated in rate of growth dur-
ing the early phases of the culture cycle by the presence
of polyacrylamide (0.05-0.5 percent) in a chemically
defined medium. Ultimate growth attained was not
increased by presence of the polymer. This effect could
be partially duplicated by the monomer acrylamide
(Table 3).

Interactions with anaerobic microorganisms—
These are possibly of greater significance in the recov-
ery of oil using polyacrylamides than the aerobic inter-
actions. We obtained samples of crude oil and samples
of produced water from a number of wells in the Wil-
mington Field near Long Beach, Calif., after this field
had undergone a polymer flood in which Dow poly-
acrylamides (“pushers”) were used. Previously this
field also had been flooded with sea water.

Only certain wells (“T series”) had actually been
involved in the polymer flood. We had samples of crude
oil and water from wells that had been involved in the
polymer flood, and from wells that had not.

TABLE 3—Stimulation of Early Growth

by Polyacrylamide of a Pseudomonad

Isolated from a Polymer-Sand Mixture
from an Qil Field in 1llinois

Ahsorbence (0.D.s4)

Medium* 6hrr  75hr  9hr
Control (no PAA).........oooiiins 0.21 0.48 0.82
0.1 percent J279%** ... ... ... ....... 0.37 0.83 120
0.4 percentd279 ........ et 0.48 0.96 1.15
1.0 mg/liter acrylamide.......... ... 029 073 1.08

*Basal defined medium (Table 2)—complete
**Time after inoculation *+*+[}ialyzed polymer used
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FIG. 2—Stimulation of growth of mixed cultures of Desuifovibrio
by polyacrylamide in the Allred medium.

Four crude oil samples, two from T-series wells and
two from other wells, were received first. These were
cultured in the Allred Medium! for sulfate-reducing
bacteria. The two samples from the T-wells yielded
sulfate-reducing bacteria at 37°C (not at 55°C), whereas
the others did not.

The produced water samples were received about
five months later. Sulfate-reducing bacteria in all were
enumerated using Postgate’s Medium E7 in a five-tube
Most Probable Number test. Results are given in Table
4. The high counts of sulfate reducers in the T-wells are
in striking contrast to the negative or very low counts
of the others.

Several strains of sulfate-reducing bacteria were
isolated from these cultures. They were all mesophilic,
non-spore forming, Gram-negative curved rods, and
were motile by means of a single polar flagellum.
Cultural and biochemical characteristics (except for
failure to grow with choline minus sulfate) corre-
sponded to those given for Desulfouvibrio desulfuricans
by Postgate’.
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FIG. 3—Growth of Desulfovibrio (T-104 isolate) in Postgate’s
Medium C as a function of sulfate concentration. Cultures were
anaerobically incubated 48 hr at 35°C.



Effect of polyacrylamides on growth of Desul-
fovibrio—Mixed cultures of Desulfovibrio obtained
from the crude oil samples showed a high degree of
growth stimulation by polyacrylamide in the Allred
medium. This effect persisted over three serial trans-
fers (Fig. 2). It was shown not to result from the
ammonia content of the polymer.

Since the Allred medium was found to be deficient
in sulfate (it contains 1.4 mM/per liter, or less than
one-tenth the optimum level of sulfate for growth of
Desulfovibrio) (Fig. 3), we next tried the effect of poly-
acrylamide in Postgate’s Media B and C. Growth in the
complete medium C was stimulated only very slightly
by the polymer (Fig. 4). Polyacrylamide was not able to
substitute for lactate in this medium. Preliminary data
indicate that in Medium C suboptimal in sulfate con-
centration, polyacrylamide stimulates more than it
does in the complete medium. Growth stimulation and
an enhancement of the rate of blackening occur in
Medium B, but we do not have quantitative data at
present to document relationship of growth stimula-
tion to degree of sulfate deficiency in this medium.

The mechanism by which the polymer stimulates
growth of Desulfouvibrio is unknown. Presence of poly-
acrylamide in Medium C lowers the oxidation-reduction
potential of the medium (Fig. 5). This may be a factor
in stimulation, but it would not account for stimulation
in the Allred medium, which contains two reducing
agents (ascorbic acid and sodium thioglycollate). The
polymer evidently is not serving as a source of energy,
since it cannot substitute for lactate in Medium C.
Enhancement of sulfate reduction, as indicated by
blackening in Medium B, and growth stimulation as
well, may be an indirect effect of the polymer, occurring
because of its ability to alter certain physico-chemical
parameters of the medium (among them O/R poten-
tial), rather than a direct effect on the microorganism.

EFFECT OF POLYACRYLAMIDE
ON GROWTH OF T104P
AND T103SB2.
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48 hr cultures of T-104P (solid bar) and T-103SB2 (striped par) in Postgates
Medium C, incubated anaerobically at 35°C.
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FIG. 4—Effect of lactate, polyacrylamide, and polyacrylamide
plus lactate on growth of two strains of Desulfovibrio (T-104—
solid bar) and T-1035B2—striped bar) in Postgate’s Medium C.
Cultures were incubated 48 hr at 35°C.
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OXIDATION/REDUCTION POTENTIAL
OF POLYACRYLAMIDE SOLN'S

(NEG. MILLIVOLTS)

REDOX POTENTIAL

% POLYACRYLAMIDE

FIG. 5—Effect of polyacrylamide concentration on oxidation-
reduction potential of uninoculated Postgate’s Medium C after
autoclaving and 5 days anaerobic incubation at 37°C.

Xanthan gum stimulates the growth of Desulfouvi-
brio (Fig. 6). Fig. 6 also shows that sheared polyacry-
lamide (Js32, molecular weight 9-10 X 10%, 25-35 per-
cent hydrolyzed) stimulated growth as well as the
unsheared polymer. A polyacrylamide of medium mo-
lecular weight and only 1-4 percent hydrolyzed
showed only minimal stimulation. Polyacrylamide (no
hydrolysis) showed slight inhibition of growth while
polyacrylic acid and the cationic polyacrylamide were
quite markedly inhibitory.

These observations indicate that growth stimula-
tion is not simply a property of this general type of
polymer, and also that a marked lowering of the aver-
age molecular weight of a 25-35 percent hydrolyzed
polymer does not destroy its growth stimulating
properties.

4t GROWTH WITH VARIOUS POLYMERS
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FIG. 6—Effect of various polymers, 5-OH propionic acid, and
n-dodecylbenzene sulfonic acid (DBSA) on growth of Desulfovi-
brio strain $B-2-A in Postgate's Medium C with a deficient level
of sulfate, 0.1 percent polymer. Incubated anaerobically for 4
days at 37°C.
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TABLE 4—Total Most Probable Number Counts
of Sulfate-Reducing Bacteria in Water Samples
from Oil Wells in the Wilmington Field

Well MPN/m! Produced Water
B 055 0 T AU 4.9 X102

L 055 0 PR e 2.2 X108

4 1012 2 P 7.9 X101

M 5 0 J 4.9 X105

g 8 7 R AP R AU 3.5 X104

4 0 5 U P 4.9 X10°
MABB ittt ie et 0

)Y (55 AR 0
MTIIE i e e e e 24

Effect of growth of Desulfovibrio—According
to Foshee et al® screen factor, in the case of polyacryl-
amide polymers, has been of considerable value as an
easily measured quantity reflecting the activity of poly-
acrylamide solutions more reliably than solution vis-
cosity. The standard screen factor instrument or screen
viscometer, and its method of operation have been
described®

In contrast to the lack of effect on screen factor by
aerobic pseudomonads, we found that growth of Desul-
fouvibrio desulfuricans in presence of polyacrylamide
often results in a significant reduction in screen factor
(Fig. 7). A parallel reduction in absolute viscosity in
centipoises, as measured with a Brookfield viscosime-
ter, also occurred (Fig. 8). In all these tests, a control
medium was always prepared in which the polymer
solution was handled in exactly the same way as in the
inoculated cultures; therefore a reduction in screen fac-
tor or absolute viscosity could be attributed to growth
of the organism. Different strains reduced screen factor
to varying extents (Fig. 8).

We do not know the mechanism of this reduction in
screen factor. Although a reduction in molecular size
has occurred, it probably is not the result of a direct
enzymatic attack on the —CH:—CH— chain of the
polymer. It may, as we suggested in'the case of growth
stimulation, be an indirect effect of physicochemical
changes brought aboutin the medium by growth of the
organism.

Obviously, a loss of screen factor of the magnitude
we have observed with some of our cultures, if it oc-
curred in an oil reservoir, would seriously affect if not
destroy the functioning of the polymer.

Role of other bacteria—In natural ecosystems,
very few, if any, organisms exist in isolation. Nearly
always a variety of microorganisms that affect and
interact with each other are present in a given natural
environment. This is true of oil reservoirs as well as of
other environments, although under the generally
harsh conditions of most oil reservoirs the total
number, and number of kinds of microorganisms may
be less than in more favorable environments.

In every case, with samples of crude oil and of pro-
duced water from the Wilmington Field in which we
found Desulfovibrio, we also found a facultative
aerobe* that produces a non-diffusible pigment. Some

*We use this term to mean an organism which prefers aerobic
conditions, but will also grow anaerobically.
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FIG. 7—Effect of growth on two strains of Desulfovibrio (U9—
from an oil field in Robinson, lll., and $B-2—from an oil field in
Long Beach, Calif.) for 5 days in Postgate's Medium C on screen
factor of polymer (0.1 percent Ja32). Control was handled in the
same way as the cultures except that it was uninoculated.

physiological and biochemical properties of this organ-
ism are given in Table 5.

Five strains, with very similar properties, were
isolated, All are medium-sized Gram-negative rods,
motile, and non-spore forming. Best growth occurs in
the mesophilic temperature range. Growth under aero-
bic conditions is much more abundant than anaerobic
growth. Addition of 1 percent peptone to NH,* -glucose
medium allows growth of all srtrains. All strains grow
well aerobically in Postgate’s Media B and C, and
show varying degrees of blackening of Medium B.
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3. ATCC 7755 fl .
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5. C with no PA (SB-2-A) Fiow time Water
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FIG. 8—Reduction in screen factor and in absolute viscosity
(centipoises) by several strains of Desulfovibrio. Bars 1 and 10
represent uninoculated media. Incubated anaerobically with 0.3
percent J3az in medium for one week.



TABLE 5—Properties of Aerobic Bacterial Strain
Isolated from $amples of Crude Oil and
Produced Water from the Wilmington Field

Cetalase .:.......... —+

Oxidase ............. +

Gelatin.............. Liquefaction

Agar................ No liquefaction

Glucose ............. No fermentation

Lactose ............. No fermentation

Sucrose ............. No fermentation

NaCl.......c..ceet Grows over a range of 0-5 per-
cent; optimum growth at 2.5
percent

KIA. ...l Alkaline/Neutral HzS produced;

no detectable gas
NH,Cl-glucose mini-
mal medium....... No growth

These strains and Desulfovibrio desulfuricans show
a peculiar synergistic relationship when grown in close
proximity. Plates containing solidified Medium F7?
were streaked down the middle with Desulfovibrio
Strain T-103 BB (isolated from Wilmington Field well
T-103), and then streaked at right angles with strains of
the aerobic isolate. Incubation was anaerobic for 3-5
days at 37°C. Growth and H3S production by T-103 BB
were enhanced in the presence of the aerobic organism,
as shown by larger colony size and considerably more
blackening of the medium. The medium was clear (no
FeS) immediately under growth of the aerobic strains,
possibly because of some oxidation process. Growth of
the aerobes also seemed to be enhanced by the presence
of Desulfouvibrio. These effects could not be duplicated
by E. coli, E. aerogenes, B. subtilis, or P. aeruginosa.

The implications of the presence of these aerobic
organisms in oil reservoirs** are important for the oil
industry, especially in connection with polymer floods.
The enhancement of growth of Desulfovibrio might
well occur in the reservoir as it does in laboratory
media. Increased corrosion problems, loss of polymer,

**Recently (since the above results were obtained) we have
found similar bacteria in produced water from oil wells in
Ilinois and West Texas.

134

MICROBIAL ENHANCEMENT OF OIL RECOVERY

and increased resistance of sulfate-reducing bacteria to
biocide could all be associated with the presence of
these aerobic bacteria. It is apparent that the solutions
of these problems will require further research.
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A Survey of Research
on the Application of Microbial Techniques
to the Petroleum Production in China

Zhang Zhaochen and Qin Tongluo

ABSTRACT

Petroleum microbial techniques have been investi-
gated in a number of oil fields, research institutes, and
universities in China. Most of the work has been done
in laboratories. A few pilot tests have been conducted
but no definite conclusions have resulted from the
tests. Screening of microorganisms and the properties
of their products are described in this paper. The results
of in-house modeling are also presented.

INTRODUCTION

Microbial techniques were first applied in the Chi-
nese petroleum industry in the late 1895(0’s. Petroleum
microbes were used as indicators of the presence of oil
in geochemical exploration. Since then a number of
microbial techniques have been used in different fields
of endeavor:

® Microbial dewaxing.is used to improve the qual-
ity, and decrease the pour point, of petroleum white oils.

® Laboratory experiments were conducted on high
sulfur petroleum from the Middle East to develop micro-
bial desulfurization.

® Measurement of drilling fluid invasion into cores
using bacteria as indicators.”

® The distribution of different petroleum microor-
ganisms in oil fields has been studied.2?

® Conditions of the development of sulfatereducing
bacteria in reservoir rock near the well bore of injection
wells and their plugging action have been determined.

e The manufacture of petroleum proteins has

been
studied in laboratories. :

® The use of enzymes in fracturing fluids as degrad-
ing agents has been tested.

® Iron bacteria are utilized to indicate the water
producing horizon of water injection wells.

Some of these have been field tested extensively,
while for some of the others only screening of bacteria
and laboratory tests have been performed. These stud-
ies have resulted in better preparation of both per-
sonnel and technology for the study of microbial
enhancement of oil recovery.
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GEOLOGICAL AND ENGINEERING
CONDITIONS

Most of the oil fields in China, especially those in
the Baochai Bay Area, are characterized by lake depos-
ited reservoir formations and strong tectonic move-
ments; consequently, they are complicated both struc-
turally and stratigraphically. The depths of reservoirs
in many oil fields are greater than 2,000 meters and
they are very heterogeneous, that is: short of continuity
of pay sands, many shale breaks, .a great number of
faults, and great variation in permeability both hori-
zontally and vertically.

Over 90 percent of China’s oil fields are developed
by pressure maintenance through water injection. The
reservoir conditions are complicated by:

¢ High temperature, 80°C, or more.
® High pressure, 200 atmospheres, or more.

® The composition of reservoir fluids, especially
that of water, changes continuously as water injection
proceeds.

® The structure of the pore spaces of the reservoir
rocks change with time as water is injected. Both the
porosity and the permeability are increased, but the
pore-size distribution becomes less uniform. Observa-
tions of cores with a scanning electron microscope
after waterflooding show that clay minerals (usually
kaolinite) adhering to the sand particle surfaces are
removed and some pore throats are clogged.

¢ In the Daqging oil field, after vigorous waterflood-
ing for 20 years, a decrease in temperature at the bot-
tom of the injection wells of 5°C has been observed. A
mathematical model describing the behavior of the
temperature change in the reservoir, using the principle
of conservation of energy, with injection and producing
wells as sources and sinks has been constructed. The
calculated results match with measured results closely.
This shows that reservoir temperature distribution
changes continuously during water injection.

All of these show that physical and chemical prop-
erties of the reservoir rocks and reservoir fluids are dy-
namic ones: that is, they are time-dependent rather



than constant. Taking this into consideration, the in
situ injection of microorganisms to enhance the oil re-
covery will be very difficult to control at the ground
surface,

In addition there are two points to be mentioned
further: (1) with the vast population in China, the high
demand for good food makes the use of carbohydrates
as nutrients for the usual in situ microorganism proc-
ess impractical. Thus using petroleum hydrocarbons
as the sole carbon source for microbial cultivation is
attractive; (2) since the petroleum reservoirs are in a
strong reducing environment, the cultivation of aercbic
bacteria (they are essential for manufacturing biosur-
factants) is not possible in the reservoir itself. This also
makes the in situ injection process very difficult.

With the above considerations, we have focused our
attention mainly on the surface bioengineering proc-
esses using petroleum hydrocarbons as the sole carbon
source, instead of any ir situ injection processes.

DISCUSSION OF RESEARCH

In the middle of the 1960-70 decade, the Umen Pe-
troleum Administration in the Gansu Province, with
the cooperation of the Research Institute of Microbiol-
ogy of the Academica Sinica of China, carried out in-
house experiments on the cultivation of microorgan-
isms to synthesize a polyglucose thickening agent:

Leuconostoc
mesenteroides

Molasses — - Glucose + Fructose

(enzymes for polymerization
l of glucose)

Polyglucose

The products were pilot tested for reduction of water
breakthrough. No definite results were reported.

The microbial processes have been carried out
mainly in three categories:

1. Manufacture of mobility control agents

2. Manufacture of water blocking agents (the plug-
ging of high permeability zones in the reservoir).

3. Manufacture of biosurfactants
MANUFACTURE OF
MOBILITY CONTROL AGENTS

Research groups of Shengli oil field, Dakang oil
field, and Nankai University worked together to study
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the manufacture of mobility control agents by micro-
organism fermentation with petroleum. Tests using
reservoir models have been carried out.

Screening of the types of bacteria—133 samples
were taken from oil-contaminated clays, crude oils, and
produced water. Petroleum microorganisms were sepa-
rated and purified from these samples. The various
strains of bacteria were cultivated with a base fluid
containing petroleum and inorganic salts, and were
isolated and purified by the direct plate method. Those
used for the manufacture of thickening agents were
screened primarily by observation of the mobility of
the resultant fluid when oscillated in a shaken bed, or
by their clogging effect in alcohol or acetone solutions.
Forty strains have been screened. After further cultiva-
tion in a base fluid containing 15 percent (by volume)
petroleum as the sole carbon source, eleven better cul-
tures were obtained.

It was discovered that some of the strains may yield
thickening agents, when cultivated in a base fluid with
liquid paraffin as a sole carbon source, but they will
not yield (or will yield only a small amount of thicken-
ing agents) when petroleum is used instead of the lig-
uid paraffin. Only 4 strains of bacteria were found that
could yield thickening agents when petroleum was
used for cultivation of the base fluid. The color of all
of these colonies is orange-red.

Identification of the bacteria groups—As an
example, take the best one of the above mentioned 11
strains (S-114). Identification by the Research Institute
of Microbiology and Nankai University® showed that
this strain which was separated from the oil contami-
nated clay in the Shengli oil field, is positive in the
Gram stain test, and is a non-spore forming aerobic
bacteria with no flagellum. The colony of bacteria,
with beef juice as the base fluid, appears circular with a
finely toothed border, and is red in color. Each single
bacterium is in the form of a rod and arranged either as
isolated rods or in a V-shape. The nitrogen source may
be taken from inorganic nitrogen compounds and the
carbon from petroleum, to produce viscous polysaccha-
rides. Identification of S-114 has proved that this is a
new type of bacterium, different from all types men-
tioned in Bergey’s Manual of Determinative Bacteriol-
ogy, and has been named “Corynebacterium gummi-
ferm Nov. sp. Wang et Yang.” Its conservation number
is ASI-944. S-114 is not harmful to white mice.

Fermentation tests—Research groups in the
Shengli oil field, Nankai University and Research
Institute of Forrest and Soil at Shenyang performed a
series of tests to study such items as: growing factors,

TABLE 1—Composition of the Base Fluid Used with Culture $-114

Crude 0il CaC03 NHsNO; KH2P04 Na;HP04-12 Hp0 Corn Paste MgS04-7 H20 Fe*+

10 percent (V) ........ 0.5 percent 0.3 percent 0.2 percent 0.2 percent 0.043 percent 0.1 percent 20 mmg/l

TABLE 2—Properties of Crude 0Oil from Well 7-66, Dakang Oil Field

Viscosity Pour Point Water $ Content, Asphaltene Paraffin
Sp. Gr. (dq20) (50°C, cs) (°C) Content, Percent Percent Content, Percent  Content, Percent
08222 ., 5.85 32 7.0 0.078 4.37 17.68
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optimum nitrogen sources, the amount of petroleum to
use, requirements of tracers, and the optimum volume
of fluid in the agitated bottles. Tests were also con-
ducted with 50-500 liter medium fermentors. Some of
the developments were:

¢ Corn paste is not a necessary requirement for
production of thickening agents, but addition of a suit-
able amount may increase the amount of thickening
agents produced.

® Different nitrogen sources and different pH’s of
the base fluid affect both the quantity and the viscos-
ity of the thickening agents. The viscosity is doubled
when ammonium nitrate is used instead of ammonium
sulfate.

® Tracer tests showed that Fe™™ is necessary for the
growth of culture S-114, and that its optimum amount
is 20 mmg/liter.

e Composition of the base fluid was determined on
the basis of 60 batch and bottle tests and is listed in
Table 1. Table 2 lists the properties of the oil.

e The optimum amount of fluid was 20-30 ml per
run. Greater or lesser amounts than this give poorer
results.

e Chromatographic analysis shows that nearly all
normal paraffinic hydrocarbons are completely con-
sumed, but only a part of the iso-hydrocarbons are con-
sumed. For example, in a 50-liter fermentor with a pe-
riod of 80-90 hours, the resultant fluid, at 80°C, still
retains a viscosity of 20 centistokes even when diluted
with an equal volume of water. It is a gum at room
temperature.

e Compositional analysis showed that the compo-
nents in the base fluid of the fermentation by S-114 are
utilized in different ways through metabolism. Some of
these are transformed into nucleic acids, proteins,
etc., and result in growth of the bacteria with produc-
tion of some metabolites such as thickening agents.
The transformation efficiency of the petroleum into the
thickening agents is calculated as only 19.2 percent on
the basis of reducing saccharides. It is important there-
fore, to pay close attention to selection of microorga-
nisms with a high transformation efficiency.

e Modification of the proteins by the bacteria re-
maining in separated thickening agents is the main
reason for degradation of the polymer. Separation of
the bacteria from the biopolymer, or addition of for-
maldehyde as an inhibitor, stabilizes the thickening
agents, but the viscosity may be reduced by a third.

e The thermal stability and corrosiveness of the
thickening agent solutions were studied.

Laboratory-scale oil-displacement tests

Using sand-packed models and the following condi-
tions: water saturation = 25-30 percent, viscosity of
the synthesized oil (a mixture of degased crude oil and
refined oil) = 33 c.s., temperature = 55-60°C, viscosity
of the thickened water (thickening agents added) =3-5
c.s., rate of injection = 15-68 ml/hour.

Results from 69 runs (with 64 successful runs)
showed that with the addition of biochemically syn-
thesized thickening agents, the recovery before water
breakthrough was increased by 18.8-8.4 percent (com-
pared with conventional water displacement). The time
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of water-free oil production was increased by 1.5-4.3
times, in the case of Dakang crude oil. In the case of
Shengli crude oil, tha amount of water-free oil increase
was 3.9-7.2 percent. The ultimate recovery for the
Dakang crude and Shengli crude oil when displaced
with this thickened water was increased by 9.5-29.4
percent and 8.3-27.6 percent respectively.

A displacement test using this thickened water was
run after a conventional waterflood on the model to a
water cut of 95 percent, and an increase in the ultimate
recovery of 11-23 percent resulted.

If the thickened water is not treated, the permeabil-
ity of the sand is decreased by 75 percent. The reduc-
tion of permeability will be 15-35 percent, similar to
the injection of other polymer solutions, when proper
treatment has been made.

Another research group with scientists and engi-
neers from the Daqing oil field and the Research Insti-
tute of Microbiology of the Academica Sinica of China
selectively obtained a new strain of bacteria from 700
strains which were separated from 110 samples of oil
contaminated clays, crude oils, and oilfield water. The
bacterium was named Brevibacterium viscogenes Nov.
sp. 74-230 obtained from oil contaminated clays from
the Naking refinery. This bacterium produces a vis-
cous extracellular polysaccharide from a base fluid
containing petroleum as the carbon source. This bio-
polymer is described in detail in the paper by Mr. Wang
Xieyuan in these proceedings.

The dimensions of the cells are 0.5 X 1.3-4.5 mm
(after 16-24 hours of growth) and 0.5 X 0.8-1.7 mm
after 72 hours. This strain of bacteria is present in the
S-114 colony and it is positive in Gram’s stain test.

In the initial stage of cultivation, the petroleum is
first emulsified. The degree of emulsification is in-
creased with respect to time as fermentation continues,
and it is thickened apparently after 36-48 hours. After
3-5 days (the end of the fermentation period) a brown
colored, viscous, fluid is obtained. Its viscosity is 42-74
c.s. at 45°C, when diluted 1:1 with water.

It was also discovered that better results may be
obtained with the crude produced from region II in
Daging oil field (saturated hydrocarbon content: 80.1
percent) with a transformation efficiency of the satu-
rated hydrocarbons of 95.83 percent, and that of crude
oil, 28.57 percent. Crude polysacchrides obtained from
150 samples by precipitation in alcohol amounted to 8.0
grams/liter. The recovery efficiency, calculated on the
basis of total amount of crude oil used, is 6.7 percent.

0il displacement tests with this tickened water in-
jected after the sand packed model was flooded to an
end point of 98 percent water cut, showed an increase
in ultimate recovery of 5.59-9.12 percent when a slug
size of 0.1-0.2 pore volume was used. The displacement
pressure increased, the water to oil producing ratio de-
creased and oil production increased in this process.

Manufacture of water-blocking agents—In the
Shengli oil field, a cooperative research group has
screened out a kind of pseudomonosporrin bacterium
desighated as Yuan-A-144. The fermentation fluid has
the peculiar property of viscosity increase with tem-
perature rise, and forms a gum-like substance at the
end of the fermentation period. A preliminary analysis
showed that it contains saccharides, proteins and
ashes.



Tests to block high permeability zones were con-
ducted in laboratories at 65°C. Thermal stability tests
showed that some of the gum-like substance could be
kept unchanged as long as 60 days, and at least a 10-
day stability was obtained. It is recognized that this is
more suitable to the Shengli oilfield which is character-
ized by greater depth and heterogeneity of the reservoir.

Field pilot tests were carried out, but interpretation
of the data has not been definitive; therefore, no con-
clusions can be drawn from the field tests.

Similar experiments have been carried out in the
Dagqing oil field.

Manufacture of biosurfactants—Research crews
of the Peking Petroleum Institute and the Research In-
stitute of Microbiology Academica Sinica held a meet-
ing in 1968 to discuss this subject. In 1970, research
groups from these organizations, with the cooperation
of research scientists of the Shengli oil field, carried out
a series of in-house and field pilot tests.

In the early 70’s it was discovered that fermented
hydrocarbon fluids of certain petroleum bacteria, when
added into a viscous crude cil, disperse the crude into
the fermented fluid creating a dispersed fluid system
similar to an oil/water emulsion, or microemulsion
system.

Samples taken from the oil-contaminated clay were
cultivated in a base fluid with the petroleum from Yuen-
ancheng oil field as the sole carbon source, and oscil-
lated on a shaking bed 4 times successively. Seven mil-
liliters of the fermented fluid was removed and mixed
with 10 grams of viscous crude oil (viscosity = 2344
c.s. at 50°C) and then stirred mechanically for a long
time. If the viscous oil was dispersed, the fermented
hydrocarbon fluid was considered an effective viscos-
ity reducing agent, and vice versa.

Using this standard procedure, ten strains were
screened out from a total of 60 samples as those having
viscosity-reducing properties. Among them, cultures

TABLE 3—Viscosity of Fermented Oils

Activated Fermented Maximum Viscous

Hydrocarbon Crude Oil
Type of Bacteria Volume (ml) pH Volume Dispersed
4B105g ........... 10 8.5 (4-9) 29-35
413 ...l 10 6 (5-6) 29-31

labeled 4B105g and 4-13 have been further tested on a
larger scale in a 500 liter fermentor.

The fermentation experiments showed that the fer-
mented hydrocarbon fluid separated into 2 layers. The
upper layer contained metabolites and a densely seg-
regated bacteria group, while the lower layer was a
turbid aqueous mixture. The interface disappears im-
mediately when shaken and appears again after set-
tling. Viscous oil dispersion is mainly caused by the
activated upper layer. When examined under a micro-
scope hydrocarbon fluids are adhering to the surfaces
of viscous oil droplets. It can be postulated that this
fermented hydrocarbon fluid is a kind of activated
material with a certain HLB value and has the ability
to disperse the viscous crude to form oil/water emul-
sions which modify the mobility of such a system.
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The maximum amount of viscous oil dispersed is
given in Table 3. The pH noted in the table was de-
termined by titration with standard NaOH or HoPOs
after 1:1 dilution with distilled water.

The time of stabilization of the system changes with
the pH and the relative amount of the fermented fluid
added. For 4B105¢g fermented fluid, with the addition of
10-25 grams of viscous crude (10 ml fermented fluid) at
a pH = 8.5, the system is stabilized for a period of
23-168 hours,

Fermented fluid from culture 4B105g can retain its
activity after exposure to the atmosphere for 132 days.

The effect of viscosity reduction is illustrated by
taking 4B105g fermented fluid as an example. When
the fluid is mixed with viscous crude in a ratio of 1:1 or
2:1, the viscosity of the system is reduced from 2344 c.s.
to 12.0 and 46.0 c.s., respectively.

It has been found that the activity of the fermented
fluid differs to a great extent when NaNQ; or NHY salt
is used as the nitrogen source in fermentation.

No field pilot tests have been conducted. Further
study on this product will be carried out.

CONCLUSIONS

1. It is attractive and desirable to manufacture
chemical additives and water blocking agents in the oil
fields by fermentation of crude oil, especially in Chi-
nese oil fields.

2. There are many advantages to extensive screen-
ing of strains of bacteria for different purposes using
crude oil as the sole carbon source.

3. Great attention should be paid to the suitability of
the type of crude oil which is available for the bacterial
culture screening process. Screening should be carried
out in every isolated petroliferous area.

4. Efficient bioreactors should be designed and
installed to produce sufficient fermented products for
further field pilot tests.
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Microbial Enhancement of Oil Recovery
in Romania

l. Lazar
Institute of Biological Sciences
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Bucharest, Romania

ABSTRACT

The paper is a review of the investigations carried
out in Romania, during the last 10 years, on the use of
bacteria for the stimulation of oil release from reser-
voirs. The research was based on the idea of using bac-
terial populations adapted to the reservoir’s conditions.

The main sources of bacteria for obtaining such
adapted populations were the formation water of the
reservoir submitted to microbiological treatment and
the fermented scum from sugar processing plants.

Under laboratory conditions, the “adapted” bacte-
rial populations obtained, cause 19.5-48.8 percent of oil
release in a collector. Under the field conditions, the
same “adapted” bacterial populations produce an in-
crease of oil flow, from some wells, up to 200 percent for
1-5 years. Such an increase of oil production was re-
corded only in 2 out of the 7 reservoirs injected with
“adapted” bacterial populations and nutrient support
on molasses basis.

BRIEF HISTORY

After finishing primary energy, an important
amount of crude oil (about 60-70 percent) remains in
the reservoirs, partly blocked in the rock pores in the
form of discontinuous globules. As mentioned by Guy
de Lamballerie,?® a 1000 times difference of pressure
than the usual one between upstream and downstream,
is necessary for this oil recovery. Part of this immense
quantity of crude oil blocked or retained—usually
called “dead” crude oil—can be extracted by secondary
or tertiary recovery techniques. The microbiological
technique is one of several others which received spe-
cial attention after the oil crisis of 1973.

Since Beckman’s idea in 1926 concerning the use of
bacteria in oil release (cited by Beerstecher!) several
stages were covered as follows: the period 1943-1952
was characterized by the special research project API
conducted by ZoBell; the period 1950-1960 character-
ized by intensification of investigations and develop-
ment of ZoBell’s methods; period 1960-1970 character-
ized by field trials in countries such as Czechoslovakia,
USA, Hungary, Poland, Soviet Union; period 1970-
1980 characterized by renewed, and intensified, re-
search in countries such as Romania, USA, Great
Britain, Australia, Canada, France, Switzerland and
West Germany.

In the framework of microbial enhanced oil recovery
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processes the bacterial treatment of wells played an im-
portant role. As it developed so far in Czechoslovakia
(Dostalek and Spurny?®?®), USA (Updegraff® Hitz-
man,4® Coty? Johnson!®), Hungary (Dienes and
Jaranyi,? Jaranyi 7 Jaranyi et al!8), Poland (Karaskie-
wicz202l), Soviet Union (Ekzertsev? Kuznetsov et al 2
Senyukov et al*’) and Romania (Lazar 1976,2* Lazar et
al 197825-28 1982a 3% 1982b%) it consists of injecting
bacterial inoculum and nutrient support, generally
based on molasses, into the formation.

At the formation level a series of bacterial products
results such as gases, organic and mineral acids, bio-
polymers, biosurfactants, etc.,, which act on the one
hand on the oil retaining rock, and on the other hand
on the oil and water, facilitating the oil release from the
rock pores and its migration to the production wells.

The results of the field trials, carried out in the last
10-15 years in the countries mentioned above, indi-
cated increased oil productions between 20-200 percent
or even up to 300-360 percent for periods of a few weeks
to 8 years.

The perspective of the period 1980-1990, as under-
lined in the Final Report of the International Confer-
ence, San Diego,® an intensification of research is nec-
essary at least along the following lines:

1. to develop the aspects of bioengineering with spe-
cial reference to obtaining bacteria by mainly using
genetic engineering technique, that after injecting into
formation act as we desire;

2. to produce and to use the bioproducts of the bio-
polymers and biosurfactants type in the processes of
oil recovery;

3. to know the ecology of reservoirs so that after
injection with bacteria these must behave like large
bioreactors or fermenters;

4. to know all transformations taking place in res-
ervoirs at the phases rock-oil-water-gases under the
action of bacteria.

STATUS OF INVESTIGATIONS
IN ROMANIA

General considerations

In Romania, the investigations regarding the use of
microorganisms for enhanced oil recovery have an or-
ganized character after 1971. Such investigations are
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focused both on using the bacteria as such as some of
their products such as biopolymers and biosurfactants.
At the same time, aspects related to control some phe-
nomena generated by bacteria such as corrosion and
plugging, frequently met in the oil fields where meth-
ods of secondary or tertiary recovery with water injec-
tion or other fluids are applied.

Such phenomena have negative implications on the
continuity of the technological flux of oil recovery. In
the period 1971-1981 special attention was paid to in-
ject “adapted” bacterial population as well as nutrient
support based on molasses into formation in order to
stimulate the release of retained oil. The other aspects
were a small part of our research; these will be ex-
tended in the period 1981-1985. This is the reasor for
which the present paper refers exclusively to the prob-
lem of well injection with bacterial inoculum and nu-
trient support based on molasses. The investigations
were carried out in three phases by a group of microbi-
ologists of the Institute of Biological Sciences, Bucha-
rest, in collaboration with the Research Institute for
0il and Gas “Cimpina” and a number of economic
enterprises for oil extraction.

The first phase refers to the characterization of
the bacterial flora of the formation water with special
reference to that of the reservoirs selected for micro-
biological treatment; the second refers to obtaining
bacterial populations adapted to the conditions of the
reservoirs submitted to microbiological treatment; and
the third one refers to the field trials. The results of
our investigations in the first two stages are presented
in several papers published in the period 1976-
1980;6.71,25-30,32,37-39.414243,5051 and those obtained in the
last stage in two recently elaborated papers.3536

We present further, in a synthetical form, some
aspects widely presented in the papers mentioned
above. Special attention will be paid to the aspects
related to obtaining and characterizing the bacterial
inoculum injected into formation together with the
nutrient support based on molasses, as well as to the
technology of well injection and the results obtained so
far in the field trials carried out in several enterprises
of oil extraction.

Bacterial inoculum
injected into reservoirs

As presented in detail by Lazar?! the bacterial inoc-
ulum used for injecting the wells was represented by
bacterial populations adapted to the conditions in the
oil reservoir, using a simple methodology. Obtaining
such populations implies activities regarding natural
sources or environments from which the bacteria are
isolated, the equipment or systems for the adaptation
of bacteria, isolated from various sources, to the reser-
voir's conditions, the method of adapting and obtain-
ing the adapted bacterial populations in the quantities
necessary for well injection.

Sources of bacteria: Using the Hungarian experi-
ence!™® as well as the Polish one? in our coun-
try?25-31.35.373841 gpecial attention was paid to the sources
for isolating bacteria to be adapted to the reservoir’s
conditions, selected for microbiological treatment.

Two categories of sources for bacterial isolation
were used. In the first one are included the formation
water from the reservoirs that must be injected, the
well mud resulting as the cleaning of the bottom of the
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well, the soil around the well, sewage mud from purifi-
cation stations for formation waters; the second cate-
gory of sources refers to residual waters especially in
food industry, anaerobically fermented sludge from
biogas stations, sewage collected from the municipal
or petrochemical treatment plants, residual water or
scum from sugar processing plants, as well as sapro-
pelic muds from the bottom of therapeutic lakes.

As for the microbiological aspects of reservoir water
even if it was collected directly from wells as copro-
duced water or from formation water treatment plants
as water for injection processes, many investigations
were carried out 10-12.25.29,33,34.40,45,46,49,52

The formation water collected as coproduced water
from wells opened at the depth up to 1000-1200 m was
populated by a rich mesophilic flora, both facultatively
anaerobic and aerobic, as well as strictly anaerobic
and also heterotrophic and chemoautotrophic. The
same flora was found in water from formation water
treatment plants, which is used both for evacuation or
enhanced oil recovery processes.

Such waters are double or triple contaminated with
bacteria if they are treated with such substances as
multi-metal polyphosphates or polymers without bio-
cide protection. Based on the investigations mentioned
above23387-3942 jt is evident that the formation water
is an important source for isolating bacteria to be
included in the adapted bacterial populations for well
injection.

The study of various residual muds or sludge from
treatment plants for formation waters, town drainage
systems (sewage) or from petrochemical plants, biogas
stations, therapeutical lakes and sugar processing
plants, permitted us to affirm that the fermented scum
collected from sugar processing plants is the best
source of bacteria, having at the same time a stimu-
lating action on bacterial growth on media with
molasses 22373842

The data acquired during experiments to obtain
“adapted” bacterial populations for injection, indi-
cated two sources to be used during the processes of
adaptation and multiplication, namely: (1) the forma-
tion water collected as coproduced water from the re-
servoir to be subjected to microbiological treatment
and (2) the fermented scum collected from sugar proc-
essing plant deposits.

Installations for bacterial adaptation: The method
previously applied in Hungary and Poland, based on
well injection with “adapted” bacterial populations
was used as well during the investigation in Romania.
Both in Hungary and Poland such populations were
obtained by means of an installation presented by
Karaskiewicz2? and Lazar?™* in their papers.

The bacterial inoculum prepared in Romania be-
tween 1975-1980 and injected into reservoirs with var-
ious physicochemical and petrophysical peculiarities
was obtained simultaneously from 4 installations.
These installations were called A, B, C, and D 272937-3943
Installation D provides anaerobic conditions and is the
one previously used in Hungary and Poland.®

The other three were designed by us, and among
these, installation C offers anaerobic conditions, A
offers partial anaerobic and B offers aerobic condi-
tions. All these installations were obtained in variants



of different capacities or in several copies according to
the quantity of required bacterial inoculum. For prepa-
ration of inoculum for injection wells, the maximum
capacities of each installation are as follow: 10 liters
7-10 samples for installation A, 2-4 rotary shakers with
60-80 places of Erlenmeyer flasks of 750 ml for instal-
lation B, 25 liters in 5-7 samples for installation C, and
50-100 liters for installation D. They all were used only
when inoculum was prepared for well injection.

Method of bacterial adaptation: The experience ob-
tained in Hungary and Poland!"%:20 mainly supported
all our investigations in bacterial adaptation.

The adaptation of some bacteria present in sources
as formation water and scum from sugar processing
plants, was carried out by a single method of adapta-
tion, without implying the mutagenesis or other special
technique of selection. Both pure cultures and bacterial
populations were isolated and adapted to the oil reser-
voir conditions. The results of laboratory experiments
on collector models demonstrated that the bacterial
populations are more active in releasir.g oil than bacte-
rial strains or mixed strains. Therefore, the bacterial
inoculum used for well injection was represented only
by populations isolated from the formation water in
the reservoir to be subjected to microbiological treat-
ment and from the scum from sugar processing plants.

These populations were adapted to the conditions
of the respective reservoir according to the method
described in our papers.3%?" By this method, carried in
three stages, bacterial populations with concentrations
107-10° bacteria/ml were obtained. In these popula-
tions the following genera were prevailing: Pseudo-
monas, Escherichia, Arthrobacter, Mycobacterium,
Micrococeus, Peptococcus, Bacillus and Clostridium.
Besides these, occasionally bacteria of the genera Aero-
bacter, Flavobacterium, Brevibacterium, Cellulomonas,
Corynebacterium, Nocardia and also some yeasts were
also noticed.

After the adaptation process, these populations are
able to metabolize the molasses with production of gas,
organic or mineral acids, biopolymers or biosurfac-
tants in the presence of formation water, oil and at
reservoir temperature. Such populations as well as the
bacteria in the formation water or isolated from it,
have the capacity to partially degradate oil, but unfor-
tunately not always using the heavy fractions 513.30.5051

The bacterial populations resulting from all the four
systems of adaptation are characterized from the point
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of view of bacterial concentration/ml, main types of
bacteria, capacity to release oil from a collector and to
use oil. Only the populations that released the largest
quantity of oil in collector models were retained and
multiplied for well injection 7394143 The mixture of
populations obtained from the four installations is
much more active in oil release than each population
used separately.®? Therefore it was useful to consider
the mixture of “adapted” bacterial populations ob-
tained simultaneously by the four systems of adapta-
tion for field trials.

Inoculum preparation for well injection: The bacte-
rial populations selected during the adaptation process
as the most active ones in oil release from a collector
are multiplied in the quantities necessary for well in-
jection. Before injection, the inoculum containing a
mixture of bacterial populations from the four installa-
tions is tested again (on each installation both sepa-
rately and in mixture form) in order to characterize it:
bacteria/ml concentration, the main types of bacteria,
and the capacity to use and release oil from collectors.

As two recently published papers explainL% the
bacterial inoculum (Table 1) obtained in the period
1975-1979 and injected in 7 wells of different reservoirs
(from petrophysical and physicochemical point of view)
had the following characteristics: cell concentration/
ml of the range 107-10° and a structure in bacterial
types as mentioned before; the capacity to cause the
release of 19.5-48.8 percent oil from collectors (in 5-10
days) and the capacity to use oil in ideal laboratory
conditions from 2 to 51 percent 303135

Nutrient support injected
into the reservoirs

The nutrient support used for well injection was
based on molasses and several bioproducts obtained by
its fermentation. As mentioned in previous papers 2842
the nutrient used in the field trials in the period 1975-
1977 had a similar composition to the one used in Hun-
gary 1718 that is, besides 2 percent molasses, little
quantities of sugf™and mineral substances as addi-
tional nitrogen and phosphorus sources.

After 1977, the nutrient support injected into reser-
voirs together with the bacterial inoculum was based
only on 2 percenrt molasses that is very similar to the
one used in Poland?® This change is based on the
laboratory experiments which demonstrated that Ro-
manian molasses together with mineral salts in the
formation water is a complex nutrient support for the

TABLE 1—Some Characteristics of the Inoculum Injected into the Formation (Lazar et al, 1982a)

Number of Crude Oil Released Crude 0il Utilized in
Reservoir Bacteria/ml2 from a Collector (Percent)  Laboratory Conditions (Percent)
Baicoi.......ooooviiii 4 X 108-5.6 X 10° 36.6-48.5 4-27
Vb, 8.6 X 108-1.6 X 10° 19.5-29.6 7-51
SutaSeaca ............iii i, 7.2 X 10%-2.0 X 10° 27.2-34.8 8-36
Bragadiru ........... ... ... ... .. ... 3.5 X 10%-5.7 X 10° 30.7-48.8 7-31
Tintea..... ..o i 2 X108~ 4Xx10° 31.2-36.5 2-35
Beciu..... ..o 1.2X10°- 9 X 10° 27.3-44.3 2-49
Moreni .....oooviiniiiiiie 6.5 X 108-8.2 X 10° 23.5-30.5 3-29

aThe main identified genera: Pseudomonas, Escherichia, Arthrobacter, Mycobacterium, Peptococcus, Bacillus, Clostridium.
Cellulomonas, Micrococcus, Sarcina, Spirillum, Desulfovibrio and

Sporadically: Acrobacter, Flavobacterium, Brevibacterium,
some yeasts.
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bacteria to be injected as inoculum. Two tons molasses,
90 cubic meters of formation water, and 300 liters of
bacterial inoculum, were used for an injection. The
nutrient support is 90 cubic meters of formation water
with 2 percent molasses.

Equipment required
for bacterial injection

One of the advantages of the microbiological
method is that no special equipment, materials or in-
vestment are required. %2 Qur own experience®4
demonstrated that the method can be applied by
means of the usual equipment and materials that are
commonly in any field. These materials and equipment
are:

1. 110-120 cubic meters of formation water from
wells to be subjected to microbiological treatment.

9. 10-cubic-meter tank where the molasses concen-
trated solution is prepared. In this tank, 2 tons of mo-
lasses, 8 cubic meters of formation water and 300 liters
of bacterial inoculum are introduced.

3. 1-8 30-cubic-meter tanks where the final solution
for well injection is prepared. About 3.3 cubic meters of
concentrated solution from the 10 cubie meter tank are
transferred in each tank of 30 cubic meters containing
27 cubic meters of water.

4. 1 truck for cementing, a usual tool in any derrick;
used to mix the nutrient support and bacteria in the 10
cubic meter and 30 cubic meter tanks and to inject the
nutrient support and bacteria into formation.

Conditions fulfilled
by the reservoir

The field trial results so far showed that every res-
ervoir cannot be subjected to microbiological treat-
ment. 17820 The method is only successful when the
physiochemical, petrophysical and biological peculiar-
ities of the formation to be injected with nutrient sup-
port and “adapted” bacterial populations permit the
reservoir to behave as a large scale bioreactor, or
fermenter.

Therefore the reservoir to be subjected to the micro-
biological treatment based on using heterotrophic,
mainly mesophilic, bacteria must have at least the fol-
lowing properties: permeability greater than 300 md;
temperature as much as 50-55°C and a pH close to the
neutral; moderate degree of water mineralization espe-
cially in chlorides; stratum continuity between the in-
jection well and the production wells; best technical
parameters of the injection well—it should open in the

formation lower or at least at the oil/water level in
comparison with the production wells; the coproduced
water produced by reservoir wells should be more than
30-50 percent; the reservoir fluids should not be toxic
to the injected bacteria; the rock oil saturation should
be between 60-80 percent; the microflora of the respec-
tive reservoir should be known and to what extent it
can influence the nutrient support and the “adapted”
bacterial populations.

The reservoirs with such properties are also suitable
to other methods of secondary or tertiary recovery,
with well known efficiency. This could be a disadvan-
tage for the microbial enhanced recovery as the oil field
enterprises prefer to use the well known methods. For
this reson not all 7 reservoirs under experiment in the
period 1975-1979 fulfilled the conditions required by
the method (Table 2). In fact, the microbiological
treatment was applied to reservoirs in an advanced
stage of depletion.

TECHNOLOGY OF WELL INJECTION

As mentioned in other papers®®® the wells were
subjected to injection in the period 1975-1979 according
to two methods:

1. To the special chosen well (with daily oil flow of
0.2-1 ton and with high percentage of coproduced
water) 4 injections with nutrient support and bacterial
inoculum, at the interval of 2 months, were applied.
After 4 months, a new injection with nutrient support
and bacterial inoculum was applied. After about 4-5
months from the fifth injection, another 1-3 injections
with nutrient support and bacterial inoculum—if
necessary—are performed only if positive results are
recorded in the production wells. Between injections
the well is closed and the effects are investigated in the
production wells.

2. The application of bacterial inoculum and nutri-
ent support in wells where previously water injection
was applied as a method of enhanced oil recovery. Such
wells, after injection with bacterial populations and
nutrient support based on molasses, are kept closed for
1-2 months, then the water injection is given again for
1-2 months. This cycle is repeated 5 times. After 4
months break this cycle is repeated only if positive
results are noticed in the production wells.

THE EFFECTS OF TREATMENT

The production evolution as well as the production
decline data were recorded for 2-3 years from each well

TABLE 2—Some Characteristics of the Reservoirs Submitted to Microbiological Treatment (Lazar et al, 1982a)

Characteristics

Tempera- Perme- 0il Coproduced
Depth ture ability NaCl/! Saturation Water

Reservoir {m) (°C) {mD)} (grams) {percent) (percent)
BalCol ..o iieiieiime et m e 663-5b64 27 600-1500 60-80 80 40-70
Vata. oo e e e e 1027-971 40 700 76-83 72 15-95
SutaSeaca ........ciieieiiirnas 1559-1484 52 400 170-190 75 98

Bragadiru ........oovveiiiiiiiiaes 785~772 29 100-1000 5-10 95 70-90
2 7=711 ) AP O 619-371 25 150 48-50 71 30-93
TINEA ..o iv e e vsarnaaenns 505-336 15-32 600-1200 40-90 80 15-80
MOTENI « oo eein e eeananinres 825-788 35 800 26 71-81 83-92

143



of the reservoir before starting the treatment.

In this way reference data regarding the well’s pro-
duction before applying the injection with bacteria are
obtained. At the same time, microbiological analysis
as well as physicochemical analysis of fluids extracted
from each well are carried out. Then, periodically
(monthly or every 3 months) after the starting of the
microbiological treatment, microbiological and physi-
cochemical analysis of extracted fluids are performed.
Also daily, or at least at every tenth day, measurements
of extracted fluid flow through each production well is
recorded.

Results of field trials

Spreading of injected bacteria into formation: The
results presented in a recent paper® showed that 6-8
months after microbiological treatment, an evident in-
crease of bacterial number was registered in the copro-
duced water of the reaction wells situated at a distance
of about 100 meters from the injection well. The higher
number of bacteria was maintained in the formation
water as long as the nutrient support and bacterial
inoculum were periodically introduced through the in-
jection well. After about 6 months from the last injec-
tion with nutrient support, the number of bacteria/ml
in coproduced water of the reaction wells returned to
the initial value or even lower than this (Table 3).

Such results were obtained from the same reservoirs
where increased flow was registered. For instance, the
bacterial number increased from 104/ml to 106-10%/ml
after injection with inoculum. But it reduced to 103
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after 1 year from the last injection of nutrient support,
But, for some reservoirs, a full concordance is not es-
tablished between the increased bacterial concentra-
tion in coproduced water of the production wells and
the oil increase.® This nonconcordance could be ex-
plained due to some shortcomings of the measuring
system for extracted fluids flow or due to the methods
of estimation of the oil production of wells from respec-
tive reservoirs. For instance, in the 3 reservoirs from
which an increased oil flow is not reported there are
some reaction wells from which both increase of oil
flow and concentration of bacteria per ml were re-
ported. Such kinds of reservoirs were not considered as
with positive oil production, since the registered plus
oil production from some production wells is less than
the minus oil production from the other production
wells (Table 6), which initially it was appreciated could
be under the influence of microbiological treatment.

The results presented in a recent paper®® showed
that the identified bacterial types in coproduced water
of the production wells are much more numerous as
compared to the pre-microbiological treatment period
(Tables 3, 4, 5). This demonstrates that the injected
bacteria multiplied and spread up to the production
wells. A stimulation of growth of some specific reser-
voir bacteria, which were lost or were sometimes very
sporadically present in the injected “adapted” bacte-
rial populations was observed.

Physicochemical alterations of the extracted fluids:
The physicochemical analysis carried out periodically
on the production wells fluids showed, especially in the

TABLE 3—The Evolution of Aerobic Heterotrophic Bacterial in Formation Water
of the Reservoirs Submitted to Microbiological Treatment (Lazar et al, 1982b)

Number of Bacteria/m!

Before Treatment After Treatment

Reservoir 1975 1976 1977 1977 1978 1979 1980

Baicoi............ 4 X 104 1.6 X 10° 3.5 X 108 3.5 X 103 3.8 X103
Vata.............. 1.0 X 102 3.6 X 108 2.7 X 108
Suta Seaca ....... 1.2 X108 6.4 X 102 4.3 X 102 1.7 X 108 2.9 X 108
Bragadiru ......., 4.0 X 108 2.4 X 104 1.7 X 10% 1.5 X 10¢ 3.2 108
Tintea............ 1.2 X 103 8.0 X 10¢ 9.2 X 104 1.7 X 108 7.8 X 102
Beciu............. 9.6 X 102 2 X 105 1.2 103 2.2 X 108
Moreni ........... 1.1 X 104 56X 105 25X 10?

1In addition to those mentioned at Table 1: Corynebacterium, Nocardia, Alcaligenes, Acinetobacter.

TABLE 4—The Evolution of Anaerobic Heterotrophic Bacteria (Type Clostridium) in Formation Water
of the Reservoirs Submitted to Microbiological Treatment (Lazar et al, 1982b)

The Intensity of Bacterial Growth

Before Treatment

After Treatment

Reservoir 1975 1977 1978 1977 1978 1979 1980
Baicoi..........o..ooo o + +++ ++ ++++ A+t
Vata ..o + . +4+F+ 4+
SutaSeaca ..., +++ +F +++
Bragadiru................. .. ... ... ... ... ... .. +H++ R A
Tintea .......... ..., ++ A+t +
Beciu ... ++ +++
++ ++++ +
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case of the reservoirs where the evident increases of oil
production were reported, some decrease of oil viscos-
ity, of water pH, as well as increases of acidity and
some alterations in the salts content of formation
water. As it was mentioned in a recent paper of Lazar et
al* such alterations were for a short time, even at the
reservoirs where positive results were reported.

It is possible that at least some of the bacteria from
the inoculum prepared and injected into formation
water so far, utilize less or not at all the heavy fractions
of the crude oil. Such bacteria have preferences for the
light fractions of the crude oil (Dumitru et al, 1982).
These results are not totally in accord with those ob-
tained in Hungary®'%'8 and Poland.?*2! In framework
of the investigations now in progress, special attention
is given to aspects concerning the methods for obtain-
ing “adapted” bacterial populations with ability to de-
crease the crude oil viscosity.

Production under the microbiological treatment:
Details on the fluids flow extracted before and after the
microbiological treatment of the wells are presented in
two recent papers.®3 As explained in these papers,
from 7 reservoirs subjected to microbiological treat-
ment, in the period 1975-1979, only for 2 reservoirs
positive results were reported by the economic units
which administered the respective oil fields.

From the other reservoirs, although in some wells
the increased oil flow was registered, the general bal-
ance of the oil production did not give clear indications
of increased production as the minus oil production of
some wells was covered by the plus oil production of
the others.

At the two reservoirs with positive results, namely
those from Baicoi and Vata oil fields (Table 6), the in-
creases of oil production, which in some wells reached
to 200 percent for periods’of 1 to 5 years, were regis-
tered. Thus, at the Vata oil field, the well which before
microbiological treatment had a production of 0.2 ton
of oil/day, after the treatment the oil production was
0.6 ton oil/day for 1 year, indicating a 200 percent
increase.

At another well of the same reservoir from Vata,
whose production before microbiological treatment
was 8.8 tons of oil/day, after treatment an oil produc-
tion of 10.2 tons of vil/day for one year was registered,
indicating 16 percent increase. At another oil field,
namely Baicoi, 1 from the 3 reaction wells of the reser-
voir subjected to microbiological treatment had, before

bacterial injection, an oil production of 0.9-1.0 ton/day,
for 5 years. After the treatment its production was 1.4-
1.9 tons/day, indicating an increased oil production of
50-~-90 percent. At present, for some of the reaction
wells, the increase of oil production is still rising, while
in other reaction wells the oil production declined to the
initial level or even less.

The unsuccessful results from some reservoirs could
be due to the fact that these did not meet all the
conditions required by microbiological method. For in-
stance, in one of the reservoirs (Beciu) the rock per-
meability was less than 200 mD; in the case of another
reservolr (Moreni) it was established later that some
deficiencies, under the aspect of strata continuity be-
tween injected well and reaction wells, exist. At a third
reservoir (Bragadiru), it was established that there
were sand movements. At a fourth reservoir, from Suta
Seaca oil field, it is possible that the high temperature
(52-56°C) and high salt concentrations (170-190 g
NaCl/]) partially influenced negatively on the micro-
biological treatment, although at this reservoir, in 1 of
the 5 production wells, an important increase of oil
production was registered (Table 6).

The low percentage of success, that is 2 from 7 reser-
voirs, is proving once more how important the reservoir
ecology is for the success of microbiological treatment.
If the physiochemical, petrophysical and biological
parameters of the reservoirs do not allow the reservoir
to behave as a large bioreactor or fermenter, the growth
and activity of bacteria as well as the production of the
bacterial metabolites involved in oil release, are not
possible.

CONCLUSIONS

1. The investigations concerning the use of bacteria
for enhanced oil recovery, carried out in Romania dur-
ing the last 10 years were in three stages. In the first
two stages, the research was concentrated on the bac-
terial flora of the formation water from oil reservoirs
and on the methods for obtaining and producing
“adapted” bacterial populations; in the third stage, the
attention was on the field trials.

2. The “adapted” bacterial populations that were
injected into 7 reservoirs, having different physio-
chemical and petrophysical characteristics, had domi-
nant mesophilic heterotrophic bacteria which in the
presence of oil, formation water, and temperature of
reservoirs, fermented molasses with intensive gas pro-

TABLE 5—The Evolution of Some Special Groups of Bacteria in the Formation Water of the Reservoirs Submitted to Microbiological Treatment (Lazar et al, 1982b)

Intensity of Bacteria! Growth

Before Treatment

After Treatment

1975 1976 1977 1978 1977 1978 1979 1980

Reservoir a b ¢ a b ¢ ? b < 2 b 4 E] b 3 2 b ¢ 2 b c ] b 4
Baicoi ...~ + — 4 ++ ++ e+ ottt + ot + +4++
Vata...... o+ 4t R o S S S S ++
Suta Seaca - - - + - - + - ++ - - ++ -+ 4 ++
Bragadiru + o+ B ks L LA e e - R T
Tintea ... + 4+ 4 L R ik ++ +-+ o+t ++ ++ - -
Beciu..... + o=t b + 4t ++ e+ - R e
Moreni + ++ - b+t A - + ++ ++

a Sulfur oxidizing bacteria rThicbacillus)

b Sulfate reducing bacteria (Desuifovibrio)
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duction as well as other bioproducts as: biopolymers,
biosurfactants, organic and mineral acids, etc. Such
bacterial populations are releasing 19.5 to 48.8 percent
oil contained in a collector and have also the capacity
to partly degrade the crude oil.

In the field trials, the bacterial populations caused
in 2 from 7 reservoirs subjected to microbioclogical treat-
ment, an increase of oil flow up to 200 percent from 1 to
5 years. The unsuccessful results from the other 5 res-
ervoirs proved the importance of the physiochemical,
petrophysical and biological parameters.

3. Until the practical use of “superbacteria” ob-
tained by genetical engineering techniques are avail-
able, the use of “adapted” bacterial populations re-
mains a working possibility which could be improved
by adaptation process and stimulation of bacterial
activity in the formation. At the same time, more
knowledge about the ecology of the reservoirs subjected
to microbiological treatment as well as the transforma-
tions taking place in situ at the rock-oil-water-gases
level is necessary.
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ABSTRACT

A field test to evaluate the gaseous bacterial fer-
mentation of sugar as a means of enhancing oil recov-
ery is described. The test was conducted on the Lisbon
Unit, Union County, Arkansas, using a two-spot pat-
tern with 400 feet between wells. Laboratory experi-
ments, which preceded the field test, showed that bac-
terial gases produced within the reservoir rock prior to
waterflooding led to better oil recoveries than could be
obtained by either waterflooding or gas flooding alone.

A two percent solution of beet molasses in fresh
water was injected into the Nacatoch formation for a
period of six months. Eighteen 220 gallon inoculations
of Clostridium acetobutylicum were injected at sched-
uled intervals. Fresh water began to appear at the pro-
duction wells seventy days after initial injection
began. Fermentation products appeared 80-90 days
after the first inoculation. Fermentation reactions are
discussed which explain the products recovered.

An increase in oil production rate occurred soon after
breakthrough of fermentation products. Increased pro-
duction, its significance and the possible mechanisms
responsible are discussed.

INTRODUCTION

At the time this work was done, enhanced oil recov-
ery processes were employed primarily to reestablish
reservoir pressures depleted during primary produc-
tion. Repressuring a petroleum reservoir was usually
accomplished by the injection of gas, water or other
fluids, but as laboratory experiments had shown, re-
pressuring could be achieved by means of bacterial
fermentations within the reservoir. However, in order
for a bacterial process to yield a recovery advantage
over other methods it was reasoned that it should re-
sult in a mechanism of oil release not obtained during
the course of the usual recovery procedures. Such a
mechanism could be provided by the in situ production
of gases which, by resisting displacement, serve to
alter the flow of injected water, thereby improving
sweep efficiency.

149

If gas-producing bacteria can be flooded into a res-
ervoir, fed and encouraged to grow there, pressure
build-up due to gas formation would be initiated in
many small loci within the formation. The forces re-
sponsible for pressure build-up are thus exerted inter-
nally, rendering unnecessary the huge expenditures of
energy required for surface gas injections. Of greater
importance, however, is the probability that pressure
bleed-down after fermentation would result in gas enu-
cleation and movement in and from areas not reached
by injected gases. Therefore, certain quantities of oil
not reached or affected by normal flooding procedures
could be forced into existing streamlines by fermenta-
tion pressures.

The anaerobe Clostridium acetobutylicum was
chosen to test this theory principally because of its
ability to produce a free gas phase (hydrogen) under
reservoir conditions. Fortunately, it also grew vigor-
ously in 2 percent beet molasses-water media and was
not affected by sodium chloride concentrations up to 3
percent. Higher salt concentrations, however, inhibited
both growth and gas production.

Fermentations using the test bacteria were carried
out in the laboratory using core samples and sand
packs under a variety of conditions designed to simu-
late reservoir environments. Total gas production,
measured at one atmosphere and 100°F, ranged from
8-30 volumes per volume of medium fermented. The
carbon dioxide/hydrogen ratio ranged from 50/50 to
55/45 (compared to a 60/40 theoretical ratio). Resulting
gas pressures in closed non-liquid filled systems varied
from 100 to 300 psig, while those in hydrostatic sys-
tems ranged from 600 to 1,300 psig. The addition of
carbonate growth media increased total gas produc-
tion. However, in closed systems it only slightly af-
fected total pressure. No adverse effects of pressure on
the growth of bacteria were ever detected.

FIELD TEST

The principal purpose of the field experiment was



to study the progress and problems of a very large un-
derground bacterial fermentation. Laboratory experi-
ments, though encouraging in their results, were con-
ducted on an infinitesimally small scale when viewed
from the standpoint of practical application. In the
laboratory, bacterial fermentations can be carried out
under conditions of pinpoint control with respect to
maintenance of pure cultures and proper environmen-
tal conditions (pH, temperature, substrate concentra-
tion). Such control would seem to be extremely difficult,
if not impossible, in a petroleum reservoir. The selec-
tion of a suitable environment was based primarily on
a knowledge of what the bacteria would require for opti-
mum growth and activity. Bacterial oil release was, of
course, one of the chief aims in all experimentation.
But the areas most suitable for field fermentation
studies were not necessarily suitable for oil release
measurements. After much careful study Magnolia’s
Lisbon Unit, Union County, Arkansas, was selected as
the test location because of its near ideal conditions for
the growth of Clostridium acetobutylicum. At the same
time it was recognized that this field was quite unde-
sirable for oil release studies.

The Lisbon Field was discovered in 1925. It covers
an area of approximately 4400 acres and is divided
into north and south sections. The north section, in
which the test area was located, had been on water
flood for five years prior to the test. The field produces
from the Nacatoch sand, a loosely consolidated sand of
high permeability and porosity, at an average depth of
2100 feet subsurface. Carbonate content of the sand
ranges from 1 to 16 percent over the field and 8 percent
in the test area. The test was conducted on a two-spot
pattern, using Well 30 as the injection well and Well 31
(400 feet distant) as the producing well. Very late in the
test, Well 32 (665 feet from Well 30) was opened to pro-
duction and Well 31 closed in. These three wells are
indicated by arrows on the north section isopachous
map (Fig. 1). Field data indicated that the area around
the test wells had been almost completely flooded out
at the beginning of the test.

Wells 112 through 137 were new wells drilled for the
north section water flood. All of these wells were cored.
Cable tool cores were taken with oil, and rotary cores
with a high water loss water-base mud. The weighted
average core analysis data were:

Residual oil saturation, rotary cores,

percent pOre Space ....... ..o iearinns 4.5
Residual oil saturation, cable tool cores,

percent pore Space . ..........oviiiinn.nt 8.5
Interstitial water saturation, rotary

cores, percent porespace .............. 77.3
Interstitial water saturation, cable tool

cores, percent pore space.............. 72.3
Porosity, percent ..., 30.5
Permeability toair mD .................. 408
Permeability range, mD .............. 1-5770

Reservoir fluid properties at the beginning of the water
flood were:

Estimated oil formation volume factor,

reservoir bbl/stock tank bbl..... ... 1.00
Formation oil viscosity at 100°F, ¢p ... 4.48
Formation oil gravity at 60°F, °API ... 36
Fresh injection water viscosity

at100°F, ep .o 0.59

Formation water salinity, ppm NaCl .. 42,000
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FIG. 1—Isopachous map, Lisbon unit.

The structure of the Lisbon Field is believed to be a
terrace on a continuation of the El Dorado anticline.
Therefore, the subsea depth to the top of the Nacatoch
sand is fairly uniform throughout the field. This depth
is about 1920 feet in the test area, and it is the average
depth for the field. The net pay thickness ranged from
0-30 feet with a field average of 11.3 feet. The test area
is located between the 20 and 25 foot contours on the
isopachous map (Fig. 1). Bottom hole temperatures in
this area range from 90°F to 105°F.

Normal secondary recovery operations already in
progress continued throughout the test period. Accord-
ing to bottom-hole pressure data the water moved in a
southward direction. Since Wells 30 and 31 are located
near the south end of the north section, flood waters
were constantly being pushed around and through the
two-spot pattern. The effect, if any, that these opera-
tions may have had on the fermentation and its results
were not determined. However, it is certain that the
rate of flow between Wells 30 and 31 was determined by
the field flood rather than injections into Well 30. Plots
of total north section water injection, injection into the
four wells immediately north of Well 30, and into Well
30 itself are shown in Fig. 2.

The field test was begun in May, 1954, with the in-
jection of fresh water (less than 200 ppm sodium chlo-
ride) into Well 30. Previously, a mixture of produced
and fresh waters (20,000-25,000 ppm sodium chloride)
had been used for flooding. Two months later beet mo-
lasses was added to the injection water—{first in a 60
bbl slug and then in amounts necessary to maintain a
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two percent concentration. This mixture was injected
continuously for 51/2 months. At first the injection mix-
ture was allowed to flow into the well under gravity at
a rate of approximately 100 bbl/day.

Later, because of a reduction in injectivity due to
either gas or bacterial cells, it became necessary to in-
stall an injection pump in order to maintain rates of
100 to 500 bbl/day. Soon after the last bacterial inocu-
lation, initial injectivity was restored.

Bacterial inoculations were begun simultaneously
with the addition of molasses. Approximately 4000 gal-
lons of heavy bacterial suspensions were flooded into
the test well in 18 separate batches of 220 gallons each
during the four month period (July-November). Bottom
hole samples taken from the injection well in Sep-
tember gave ample evidence that an active clostridial
fermentation was proceeding at the sand face. Samples
of gas, water and oil were also taken at varied intervals
from the test production well and all other producing
wells in the vicinity of the test area throughout the
experimental period. Analyses were performed on all
samples for bacterial fermentation products, and on
produced water samples for bacteria and salinity.

Fresh water breakthrough occurred in 70 days.
During this period the average injection rate was 160
bbl/day in the test well. Fermentation products and
sugar (unused molasses) appeared in produced water
and gas 80 to 90 days after the initial inoculation. Av-
erage injection rate during this period was 70 bbl/day.
The production of sugar, acids and carbon dioxide
throughout the test is shown in Figs. 3, 4, and 5, respec-
tively. After 286 days, fermentation products were also
recovered from a producing well 665 feet from the test
injection well and 265 feet from the test production
well. All other producing wells were more than 1000
feet from the injection well and failed to show any evi-
dence of bacterial fermentation after eleven months.

The principal fermentation products recovered in
the produced gas and water from the test well were
seven short chain fatty acids (formic through caproic,
and caprylic) and carbon dioxide. Very small amounts
of ethyl and butyl alcohol and acetone were also de-
tected. The total bacterial acid production over the test
period is calculated to be approximately 77,000 lb. This
amount represents 59 percent of the sugar injected.

The carbon dioxide content of the gas produced
from the test well varied between 39 and 82 percent (air
free) during the experimental period. Wells not affected
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FIG 3.—Beet molasses produced from Well No. 31.

20

BEET MOLASSES, PPM

gso-

wl

= 40+

w

8 sl ND. 31

g

w 20

=

- 7

10+

<O/ ND. 32

o oﬁlnullnllllnnlnunluucnuuulnm‘fff

> T 3 23 B 3 28 31 30 25
OCT NOV DEC  JAN  FEB  MAR  APR  MAY

1954 1955

FiIG. 4—Volatile acids produced from Well Nos. 31 and 32.

5] HENS TR MR VR TN TNNND VO N S SN SN E
2 22 11 1 21 10 30 19 1 31 20 10 30
ocT NOV DEC JAN FEB MAR - APR  MAY

1954 1955

FIG. 5—Carbon dioxide production, Well No. 31.
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by the fermentation ranged from 0.3 to 8.8 percent. The
total carbon dioxide produced in the fermentation was
calculated to be approximately 200,000 cu ft (25,000 1b)
which represents 19 percent of the sugar injected. The
remainder of the gas from the test well was primarily
methane. Little or no hydrogen was ever detected.

These results would not be expected from a pure
Clostridium acetobutylicum fermentation. These orga-
nisms alone would produce three (formic, acetic, bu-
tyric) rather than seven acids, accounting for 35 to 40
percent of the sugar used. Also, 47 percent and 2 per-
cent of the sugar would be converted to carbon dioxide
and hydrogen, respectively. Presumably competing



INCREASE, PERCENT

DECREASE, PERCENT

+250

+200

+150

+100

-50

—100

MICROBIAL ENHANCEMENT OF O

800r 8r q 800

~4
1

< 700

~
[=]
(=)

Y

»

4 600

D
[=]
[=]

Y

13
Q
o
T
n

- 500

IS

- 400

4 300

(]
Q
o
T
w

N

- 200

AVERAGE DAILY OIL hATE. BBL/PRODUCING DAY

AVERAGE WATER TO OIL RATIC, BBL/BBL

AVERAGE DAILY WATER RATE, BBL/PRODUCING DAY
o
3

ESTIMATED OIL

100f 1 ECLINE CURVE 1%
..P.........______ |
L ] MO N | L ’ 'l A A A A A A ' [ ' A L A,
O00NDIJFMAMJJASOND1JFMAMO
1953 1954 1955

FIG. 6—Average daily production per producing day, Lisbon Well
No. 31.

DASHED O LINE = WELL NO. 31

0.8 BBLS FOR WELL 31
. 10.0 BBLS FOR WELL 33
18.0 BBLS FOR WELL 34
20.0 BBLS FOR WELL 25

WELL NO. 25

oy WELL NO. 34

IL RECOVERY

AUG SEP oct NOV DEC JAN FEB MAR APR MAY
1954 1955

FIG. 7—Percent change in oil production from August 1, 1954.

152

JUN



MEOR Field Applications

fermentations (utilization of molasses) and secondary
fermentations (utilization of primary fermentation
products) occurred in the test area. Many bacteria, but
not Clostridium acetobutylicum, were isloated from the
produced water during the test. However, the numbers
of the various types were too small and erratic to be
correlated with the fermentation products recovered.

The actual occurrence of some of the postulated
reactions has been demonstrated in the laboratory. Ev-
idence for the conversion of the shorter chain acids
(formic to butyric) into longer chains (valeric and cap-
roic) has been obtained using a large sand pack in
which field conditions were simulated. After four
months, caproic acid appeared in the effluent. The bac-
terium responsible for this conversion was isolated and
identified as Clostridium kluyverii. The bacterial con-
version of carbon dioxide and hydrogen to methane
was also demonstrated using field waters. Additional
evidence for this latter fermentation was obtained by
measuring the carbon isotope ratios (C'4/(C!2) in the
methane from the test well.

Twenty percent of this gas was found to be derived
from a modern carbon source (presumably molasses),
indicating that some of the carbon dioxide and hydro-
gen produced in the fermentation were converted to
methane. Using the same analytical technique it was
also shown that 20 percent of the produced carbon di-

oxide came from an ancient carbon source—presumably

the result of acid attack on reservoir carbonate.

Samples of oil taken from the test well contained
neither viable bacteria nor any of the fermentation
products found in gas and water samples. These sam-
ples were also analyzed for various direct and indirect
effects of bacterial action. Statistical evaluation of the
data obtained showed no significant differences be-
tween samples taken from the test well and those from
producing wells outside the test area.

The effect of the fermentation processes on oil re-
covery was studied by taking daily production data on
Well 31 and by making periodic production tests on
nearby wells. Figure 6 shows the production data for
Well 31 from the time it was reopened on October 1,
1953, until its abandonment on May 27, 1955. A statis-
tically significant increase in oil production occurred
after October 1954. The water/oil ratio dropped corres-
pondingly since water production was fairly constant.

Since Well 31 was watered out, the quantity of pro-
duced oil was not large, but the relative increase in oil
production is significant. Based on the assumed nor-
mal decline curve shown as a dashed line in Fig. 6, the
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average oil production rate for the period November
1954 to May 1955 should have been approximately 0.6
bbl/day while the actual average production was 2.1
bbl/day. The actual rate was 3.5 times the “normal” or
an increase in oil production of approximately 250
percent.

As previously stated, the test area was affected by
the regular field water flood operations. Therefore, the
production rates of nearby wells were checked to see if
the oil increase at Well 31 was unique or to be expected.
The nearest regularly producing wells to 31 were 25
(northeast), 33 and 34 (southwest). Beginning with Au-
gust 1, 1954, as a zero point the average daily produc-
tion for each month from each of these four wells (25,
31, 33, 34) is plotted in Fig. 7 as percentage increase or
decrease with respect to production on August 1.

It can be seen that none of these wells except 31
showed any significant increase in c¢il production. In
fact, 33 and 34 declined on the average. Therefore, the
increase in oil recovery rate at Well 31 differs from the
norm and is assumed to have been favorably affected
by the bacterial fermentation.

The mechanism responsible for increased oil pro-
duction at the test well is not known. We can logically
conclude that hydrogen was produced in the fermenta-
tion. It must have remained there, at least for some
time, since no hydrogen was detected in produced
fluids. Therefore, it is quite possible that after its pro-
duction, free hydrogen resisted fluid displacement and
acted as an effective blocking agent, forcing flood wa-
ters to seek new flow paths. This would, of course,
cause previously unaffected oil-containing areas to
vield oil.

Much carbon dioxide was produced both from fer-
mentation and probably from the neutralization of
fermentation acids by reservoir carbonate. This gas
may also have exerted beneficial effects in the reser-
voir—such as lowering the pH of the water and viscos-
ity of the oil. However, it is not likely that CO3 contrib-
uted to a free gas phase. Reservoir pressures should
have kept all of it in solution.

An analysis of recovery mechanisms must also in-
clude the unexpectedly high yield of organic acids re-
sulting from the fermentation. The effect of these acids
on reservoir carbonates must have been considerable.
Many tons were required for neutrailzation. It is reason-
able to suppose that dissolution of carbonate, with the
concomitant production of CO: at the wetted surfaces,
may have exerted appreciable effects on flood patterns
and total recovery.
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All the field tests so far reported in which microor-
ganisms have been injected directly into the reservoir
strata have depended on nutrients, usually molasses,
injected from the surface. It has never been clear how
large a radius of effective action this has conferred on
the injected microorganisms; however, it is probable
that the nutrient itself, and hence microbial growth,
would have been limited at most to a few tens of meters
from the injection point. This may nevertheless not
preclude the products of microbial action being carried
further on a waterflood or that some bacterial cells
might not similarly have been washed into the reser-
voirs, particularly if high permeability zones were
present.!

The primary reason for a limited radius of action is
not difficult to discern. Rich sources of nutrition, in-
cluding molasses, promote relatively rapid bacterial
growth. Under anaerobic conditions of fermentation,
about 10 percent of a carbohydrate substrate is con-
verted to cellular dry wt.f Thus, 1 ton of molasses might
yield 100 kg of microbial mass which, for small-sized
organisms, would correspond to about 5 X 1017 cells.

The nature of bacterial growth, in which a mother
cell enlarges and divides to give two daughter cells,
means that a single bacterial cell in the course of some
59 generations would yield a progeny of 5 X 1017 cells
and completely consume 1 ton of molasses. A very
modest doubling time of, say, three hours, would result
in total exhaustion of the molasses in about 7.5 days.
Increasing the charge of molasses to 10 or even to 100
tons would delay exhaustion by only 10-20 hours.
These values are, of course, very rough approximations
but even if they contain two- or three-fold errors it is
clear that the maximum period of in situ fermentation
is likely to be very restricted indeed.

Valuable though microbial enhancement methods
with surface feeding might be in many geographical
locations, they would obviously pose severe problems
for fields with wide well spacings, many of which are to

*Present address: Glaxo Operations U.K. Ltd., 891-995 Green-
ford Road, Greenford, Middlesex UB6 OHE, England.

154

be found in offshore locations. In the North Sea, for
example, the difficult weather conditions, coupled with
the depth of water and the distance from the nearest
shore base, have resulted in extremely high drilling
costs. A small number of platforms are therefore sited
in the most opportune portions in the fields and from
them a minimum number of deviant wells are drilled to
provide optimum drainage of the reservoir.

The oil-bearing strata themselves lie more than
2000 m below the sea bed. The combination of all these
considerations has led to well spacings of the order of 1
km. Estimates vary of the fluid transit times required
for water injected at one point to appear at a neighbor-
ing production well, but periods of 5-12 years are
spoken of. It need hardly be remarked that under such
conditions there is no prospect whatever of using in
situ microbial enhanced oil recovery procedures based
upon the injection of organic nutrients as growth
substrates.

In theory an alternative lies readily to hand: crude
oi], the very material it is sought to recover, and which
is distributed in large quantities throughout the reser-
voir, might itself be a potential substrate for microbial
growth. The ability of many microorganisms to metab-
olize and grow on crude o0il is well known, but normally
requires the presence of molecular oxygen as an elec-
tron acceptor.

Because of its corrosive effect on steel pipework,
oxygen is usually removed from injected floodwater,
but even if it were not the quantities dissolved in sea-
water would be inadequate to maintain microbial
growth on crude oil for the requisite periods of time.
The only feasible microbial methodology for these
deep, offshore reservoirs is one in which crude oil
would act as a carbon and energy source under condi-
tions of strict anaerobiosis in which the electron ac-
ceptor would be a substance other than molecular
oxygen®

The question of whether or not constituents of crude
0il can be metabolized by bacteria under such anae-
robic conditions has been approached by the use of
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anaerobic enrichment techniques. In this paper we
shall be concerned with demonstrating only that such
growth is possible and not with the identity of the
microorganisms involved or with any details of their
biochemical mechanisms.

Microbial populations were obtained from a variety
of industrial and natural locations: from oil-water
separator tanks at refineries, oil-soaked soil, the
marine sediment beneath production platforms in the
North Sea and from soils in the vicinity of natural sur-
face hydrocarbon. The presumed mixed populations in
such samples were maintained for many months at
28°C under nitrogen with a suitable mineral medium
and Forties crude oil (kindly supplied by British Petro-
leum Ltd.) as the sole carbon source.

Activity in the mixed cultures was monitored at
weekly intervals by measurement of the volume of gas
produced. Periodic subcultures into fresh mineral me-
dium plus additional crude oil were made. The mineral
media were selective for bacteria using nitrate as a
terminal electron acceptor in the respiratory chain and
for methanogenic bacteria.

Nitrate-reducing cultures were incubated under he-
lium or argon gas so that the concentration of nitrogen
in the tubes after incubation might be determined, and
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FIG. 1—Release of nitrite (A), nitrogen (B) and carbon dioxide (C)
by mixed cultures of nitrate-reducing bacteria cultured anaero-
bically on Forties crude oil.

the experiments included suitable controls. At each
sampling the concentrations of carbon dioxide and of
nitrogen in the head space of the cultures were ana-
lvzed by gas chromatography. The pH, absorbence at
650 nm and the concentrations of protein and of nitrite
were determined for the agqueous phase of each culture.

Under these conditions no significant pH changes
were observed over a 14-18 day incubation period.
However, nitrite concentration increased during the
first 4 days and then declined over the period 5-10
days, possibly as a consequence of further reduction to
nitrogen gas (Fig. 1). Carbon dioxide concentrations
also rose during the first 10 days of incubation (Fig. 1)
showing that anaerobic metabolism of crude oil was
taking place since no other carbon source was present.
Protein concentration increased markedly during the
first 3 days of incubation, thereafter remaining con-
stant until 18 days, while the absorbence of the culture
measured at 650 nm increased for 6 days and then re-
mained fairly constant (Fig. 2).

TABLE 1—Anaerobic Gas Production
on Various Substrates
A natural mixed population of sediment bacteria was incu-
bated anaerobically with various substrates at 28°C. Gas pro-
duction was measured at 10-day intervals.

Cumulative Gas
Production During 168  Lag Period Before Gas
Days (as Percent of Production Exceeded

Carbon Source Added Control) That of Control (Days)
Control ........... 100 —
Cyclohexane car-

boxylic acd .... 102 67
Decane ........... 60 —
Dekalin .......... 156 49
Forties crude A ... 209 31
Forties crude B ... 177 49
Gasoil ........... 5 —
Hexadecane ...... 121 127
Naphthenic acid.. 133 67
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FIG. 2_—The effect of incubation period on optical density (W) and
protein contentration (®) in mixed cultures of nitrate-reducing
bacteria grown anaerobically on crude oil.



Prolonged incubation of cultures in this way ap-
peared, in the course of time, to favor the growth of a
few bacterial species. Samples were removed from en-
richment cultures which had been subcultured many
times over a period of several months and were plated
onto Bakker’s medium' supplemented with 1 percent
glucose and 2 percent agar. After incubation anaerobi-
cally for 4 weeks at 28°C, individual cultures were
plated onto Bakker’s agar supplemented with 1 percent
Forties crude oil emulsified into the agar by ultrasonic
agitation.

The plates were again incubated anaerobically for 4
weeks at 28°C and growth of bacterial colonies was
observed on all the plates. Microscopic examination of
the colonies showed an apparently homogenous popu-
lation of bacteria in all cases, although microscopic
observations of growth in liguid culture indicated the
presence of at least two bacterial types on morphologi-
cal criteria. Further investigations are in progress.

Enrichment cultures were set up strictly anaerobi-
cally under nitrogen gas on Ferry & Wolf medium,? se-
lective for methanogenic bacteria, with Forties crude
oil as the sole carbon source. Incubation was at 28°C
and by the weekly addition of more crude oil and min-
eral medium continuous gas production has been
maintained for many months (Fig, 3). In the 18 days
after subculturing methane concentration showed a
steady rise after an initial 2-day lag (Fig. 4).

Measurement of the gases produced during a 20-
week incubation showed a methane:carbon dioxide
ratio of 1.51(6) = 0.23(1.26-1.90). These data demon-
strate the occurrence of methanogenesis in mixed mi-
crobial cultures in a suitable mineral medium with
crude oil as a sole source of carbon. Methanogens are
generally recognized to be among those bacteria show-
ing the least tolerance to molecular oxygen?® The ob-
servation of methane production thus demonstrates
the effectiveness of our precautions to exclude oxygen.

The abilities of natural mixed populations of sedi-
ment bacteria to degrade anaerobically a range of hy-
drocarbons and related materials were investigated by
incubating a slurry of sediment in the presence of the
carbon source under test together with water from a
waste lagoon at 28°C. No electron acceptors were
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FIG. 3—Cumulative gas production from crude oil by anaerobic
cultures enriched for methanogenic bacteria. Three parallel cul-
tures (® O W): control without bacteria (0J).

MICROBIAL ENHANCEMENT OF OIL RECOVERY

added; gas production was measured at roughly 10-day
intervals over a 6-month period. Growth, as repre-
sented by gas production, was slow. Table 1 shows the
production of gas as a percentage of that shown by the
control, which received no carbon source. All the poten-
tial substrates were able to support growth except for
decane and gas oil, both of which showed inhibition of
gas production.

Table 1 reports the period in days before gas produc-
tion with added substrates unequivocally exceeded
that of the control. Once established, gas production in
excess of the control was maintained at a constant rate
throughout the incubation period. It should be noted
that gas production in the control tubes was also linear
for the whole 6-month experiment.

The susceptibility of ostensibly anaerobic growth
on Forties crude oil to the presence of oxygen was de-
termined. Three parallel cultures were incubated for 62
days in mineral medium selective for nitrate-reducing
bacteria under our standard conditions of anaerobiosis
in the presence of Forties crude oil. Linear rates of
gas production were observed essentially from the com-
mencement of the incubation period.

One vessel received no further treatment and acted
as a control. The second received an injection of gas-
eous nitrogen, while the third was injected with air to
give a concentration of oxygen in the gas space of
about 13 percent (v/v). Figure 5 shows that the pres-
ence of oxygen rapidly terminated further gas produc-
tion although the injection of nitrogen gas was without
effect. Experiments are currently in progress to deter-
mine more precisely the concentration of oxygen nec-
essary to achieve inhibition.

The experimental results reported in this communi-
cation show that anaerobic microbial growth on hy-
drocarbons and related materials is possible. It is of
particular interest that, among the potential substrates
tested, Forties crude oil promoted the fastest growth
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FIG. 4—Release of methane from crude oil by an anaerobic cul-

ture enriched for methanogenic bacteria.
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FIG. 5—Effect of molecular oxygen on anaerobic gas production
from Forties erude oil by cultures enriched for nitrate-reducing
bacteria. Control (x); nitrogen injected (®); oxygen injected (M).

rate. This observation suggests the presence in such
crude oil of a growth substrate(s) more favorable than
any of the pure substances which were tested. At this
time we are not able to identify the chemical nature of
the substrate(s).

It has been our immediate purpose in conducting
these experiments to determine whether or not anae-
robic growth on crude oil is a biological reality which
can be incorporated into a scheme for developing a
technology for microbial enhanced oil recovery. It is
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our conclusion that such growth is indeed feasible. It
must nevertheless be noted that growth rates were very
low.

Whether faster growth would be necessary or desir-
able for an operating system cannot be decided with
certainty until other aspects of such a system have
been determined: these would include defining the na-
ture and quantities of the microbial products required
for oil mobilization and the relationship between mi-
crobial growth rate and the synthesis of such products.
It does seem likely, however, that more rapid growth
rates will be necessary and it remains to be seen
whether or not they can be achieved.

The experimental work reported in this paper was
carried out under contract to the United Kingdom De-
partment of Energy.
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All but a small proportion of UK. oil production
presently comes from the offshore fields of the North
Sea. Production and exploration here are dominated by
the depth of the water, and by the unfavorable weather
which makes supply, and even access, a major prob-
lem. Because of the expense of maintaining platforms,
fields are exploited by divergent drilling, many wells
being serviced from a single platform with typical well-
spacings of several hundreds of meters.

Water injected at one well is likely to take seven
years or more to penetrate to a production well so any
enhanced oil recovery process needs to operate with an
unusually high degree of stability with respect to time
and distance. Chemical procedures for enhanced oil
recovery would require an enormous investment be-
cause of the amounts of materials needed to treat the
large swept volumes between wells coupled with the
cost of maintaining and operating platforms for sev-
eral years before any return in the form of increased oil
output could be expected.

Even the transport of materials to the platforms
would pose severe logistic problems during the large
part of the year when the weather is particularly
unfavorable.

The North Sea fields are clearly difficult targets for
enhanced oil recovery (EOR) but their size and their
dominant position in U.K. oil production dictate that,
despite the difficulties, careful attention should be
given to the possibility of EOR operations. Qur group
has been conducting a study, funded by the U.K. De-
partment of Energy and the Science & Engineering
Research Council, to investigate the feasibility of mi-
crobial enhanced oil recovery (MEOR) methods in the
North Sea fields. It was clear at an early stage that
problems of cost and supply ruled out the provision of a
carbon source for bacterial growth via the waterflood.

An alternative approach which we envisaged prom-
ised considerable reductions in cost and in the prob-

*Present address: Glaxo Operations Ltd., 891-995, Greenford
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lems of transporting materials to the rig and this is
described in a later paper (Moses et al., these Proceed-
ings). With this in mind we were encouraged to con-
sider how some of the other major problems might be
overcome.

MEOR processes depend on the injection of a bacte-
rial inoculum with the waterflood. Success depends on
adequate penetration of bacteria into the reservoir
rock. Since the injected bacteria constitute an inoculum
it is not essential that they all penetrate: in principle a
single bacterial cell is sufficient to start growth at one
particular site. Nor is it essential in all cases for the
bacteria to penetrate throughout the reservoir. Thus,
for instance, bacterial surfactants, generated in situ,
may be able to move ahead of the cells and mobilize oil
in regions not reached by the cells, and operations de-
pendent on selective plugging by bacterial cells or their
gaseous products require, by definition, uneven distri-
bution of cells.

Nevertheless, an MEOR operation on anything but
a small scale, demands the ability to predict with some
confidence how cells will move through the reservoir.
In a particular case we need to know with confidence
whether cells will move away from the injection face
and, if so, the linear rates of movement which can be
expected, so that the time taken to establish bacterial
growth throughout a specified portion of the swept
pattern can be calculated.

The converse of penetration by bacterial cells is
plugging. It is well known that fine particles in aque-
ous suspension can reduce the permeability of a porous
matrix and, under unfavorable circumstances, bacteria
in injection waters could decrease injectivity. Any
MEOR operation other than the most casual field trial
must attempt to assess the dangers of plugging; a large
scale operation on a valuable field could only proceed
on the basis of a clear understanding of the risks in-
volved and of the operating procedures necessary to
reduce them to negligible proportions.

There are many reports in the literature on bacterial
penetration and plugging based on both field expe-
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rience and on laboratory experiments (for a review, see
Moses & Springham)¥® and this topic is considered in
detail by some of the later papers at this Conference.
It is clear from theoretical considerations and from
experimental evidence that many factors can influence
the penetration or plugging of cells in a porous matrix,
these include:

1. Properties of the rock matrix such as permeabil-
ity, pore-throat size, porosity, chemical properties such
as surface charge, presence of oil, salinity of formation
water.

2. Properties of the cells such as size, shape, whether
the cells grow singly or in clumps or chains, surface
charge, production of capsules, slimes, chemical pre-
cipitates, acids or gases and, possibly, whether or not
cells are motile.

3. Properties of the injection system such as water
flow rate, salt content and the density of the cell
suspension.

While it is undoubtedly true that bacterial cells do
have the potential to plug porous rock, reports of prob-
lems caused by bacteria must be interpreted with some
caution in relation to the potential dangers of MEOR.
Plugging associated with bacterial cells may be due
either to the cells themselves or to their metabolic
products. Bacteria which reduce sulfate to sulfide or
oxidize iron may produce inorganic precipitates which
are far more troublesome than the bacterial cells them-
selves. The lesson for MEOR is that many problems
may be avoided by the choice of an appropriate bacte-
rial strain and it is perhaps significant that none of the
field trials reported in the literature seems to have en-
countered any serious problem from plugging.

To predict the behavior.of bacteria in reservoir rock,
a quantitative model is required which takes into ac-
count all the important variables. An approach to such
a model is described in the paper by Teh Fu Yen later in
this Conference.

Qur approach to the study of penetration and plug-
ging has made use of bacterial cells labelled with 3P
Bacterial cells are grown in defined media containing
limiting ~wmounts of inorganic orthophosphate and to
which high specific activity 32P-orthophosphate is
added. Aftec growth, cells are washed to remove excess
radioactivity and suspended at a known concentration
in pre-filtered buffer. For most of the preliminary expex-
iments we have used columns of glass microbeads with
diameters less than 60 p, packed to give various per-
meability values. Cores of Clasach sandstone, an out-
crop rock of very uniform structure have been used in
occasional experiments.

Suspensions of radioactive cells are injected into the
column or core by a precision syringe pump at a rate
sufficient to give a linear movement of the liquid of
about 1 ft per day. The fluid emerging is passed
through the counting chamber of a continuous flow
scintillation counter; counts from emerging bacterial
cells are summed over each 10-min period by a scaler
and the results recorded on a teleprinter.

The counter has three channels which can be used
in parallel to monitor three experiments simultane-
ously. A solid state pressure transducer, connected
across the column, monitors pressure changes to as-
sess the extent of any plugging. As an alternative,
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emerging cells can be monitored by viable counts, a
procedure which is more laborious than the isotope
method but which, unlike the latter, is suitable for use
with growing cell suspensions. The isotope method is
designed to permit the rapid collection of data as three
experiments can be run at once and the continuous
presence of an operator is not required.

Some problems have been experienced due to the
effects of the isotope on the living cells. For instance,
32P has an inhibitory effect on growth if the specific
activity is high®!! and cells incorporating 3P into their
DNA lose viability when the radiophosphorous decays.
The specific activity of the 32P-phosphate used must
therefore be chosen to compromise between a value
high enough to provide adequate sensitivity of cell-
detection and a value low enough to permit growth. At
present we are using specific activities of about 18.5
MBq/r mole. This permits us to detect as few as 10°
cells per ml.

Another problem arose when we passed labelled cell
suspensions of Escherichia coli through a column.
Cells lysed at some point during their passage through
the column with the result that radioactive debris of
some sort became adsorbed onto the surface of the flow
cell producing a very high background count which
made accurate measurement of the concentration of
cells emerging from the column impossible. This prob-
lem was not encountered with Pseudomonas putida
and Bacillus megaterium which were used for subse-
guent experiments but we have had problems with sol-
uble radioactive compounds which leak from the cells.

This phenomenon is easy to detect by filtering cell
suspensions on membrane filters and measuring the
radioactivity in the soluble and particulate fractions
respectively but loses the advantage of the automatic
measurements. At present we are trying to solve this
problem by pretreatment of cells to prevent loss of label.

The North Sea fields, besides their other difficulties
are characterized by high values of temperature, pres-
sure and salinity. For instance, Forties field has a
temperature of around 90°C and an initial pressure of
22 MPa (Hawes, et al).! These are not the most extreme
conditions to be expected, thus Ninian field has a
temperature of 102°C and initial pressure of 48 MPa
and for Magnus field the figures are 120°C and 40 MPa
respectively.

Most bacteria will tolerate pressures up to 20 MPa
but above this an increasing proportion of strains are
inhibited by pressure even when all other conditions
are optimal (for reviews see Zobell and Kim,!2 Mar-
quis,’ Marquis & Matsumura? and Marquis, these
Proceedings).

Temperature appears to be a more serious limiting
factor. Until recently 85°C appeared to be about the
upper limit at which reproducible growth of bacteria
under laboratory conditions could be clearly estab-
lished. If this were indeed an absolute limit it would
place considerable restrictions on the exploitation of
deep reservoirs by MEOR techniques. There was, how-
ever, some reason to believe that bacterial growth
could occur above this temperature under the right
circumstances.

The growth of bacteria in hot springs in Yellow-
stone National Park, U.S.A., has been known for some
years and Thomas Brock and his collaborators have



made a long and detailed study of microbial life at the
highest temperatures. They were unable to culture or-
ganisms above 85°C but, in an extensive survey in
which microscope slides were immersed in hot springs
in Yellowstone and in Iceland and New Zealand they
found microbial growth on the slides in the vast major-
ity of cases, including those in which pool tempera-
tures were as high as 101°C.123

In interpreting this work it is essential to establish
that the bacteria detected are really growing and are
not merely non-growing contaminants from outside. In
this instance the experiments were performed by a
well-respected group with considerable experience in
working with thermophiles. They took considerable
care to establish that cells on the slides did not arise by
contamination from outside and there appears to be no
reason to doubt their conclusion that bacterial growth
is indeed possible up to about 100°C.

Since many earlier attempts to isolate organisms
capable of growth above 85°C have been unsuccessful,
and lacking easy access to suitable hot springs, we
decided to try to increase the temperature limit for
existing cultures of extreme thermophiles by selection
of mutants. We reasoned that thermal tolerance, like all
or most other properties of living organisms, would be
under genetic control, and that in a population of
bacterial cells there would be some degree of variation
in tolerance from cell to cell due to spontaneous muta-
tion. A thermotolerant mutant could, in principle, be
isolated by growing the culture at a sufficiently high

~ temperature.

Figure 1 shows the typical relationship between
temperature and growth rate for bacterial cells in the
absence of nutrient limitation. For a given culture
growth rate will increase with temperature to a maxi-
mum value at the optimum growth temperature (Topt).
Above this temperature the growth rate will decline
rapidly with increasing temperature. Thax is the maxi-
mum temperature at which growth is possible. The
exact values of Topt and Tmax will vary over a very wide
range among different species and strains of bacteria,
and, for a given strain, will vary to a smaller extent
under the influence of other factors such as pressure,
salinity and the types of substrate used for growth.
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FIG. 1—Generalized relationship between temperature and hac-
terial growth rate.
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If a culture is grown in the region between Topt and
Tmax under conditions where nutrients are nonlimiting,
a mutant with a slightly improved temperature toler-
ance would be expected to grow slightly faster than
other cells in the population. If a system of continuous
culture were used, the tolerant mutant would eventu-
ally supplant the other cells in the culture vessel. 4

priori we assumed that only slight improvements in
thermal tolerance would be obtained at a single step:
all cellular components need to be able to tolerate the
highest growth temperature, above this a particular
component would become rate-limiting and to increase
thermal tolerance this component would need to be
changed by mutation. At this point another component
would presumably limit thermal tolerance and this in
turn would have to be changed by mutation to achieve
a further improvement and so on. We thus assumed
that a series of mutations would have to be selected,
each resulting in a small increase in thermal tolerance.

The most commonly used system for laboratory-
scale continuous culture, the chemostat, works by lim-
iting the nutrient supply to the bacterial culture. As we
wished to work with cultures where growth was limited
by temperature rather than by nutrient supply, the
chemostat was unsuitable and we had to use an alter-
native system known as the turbidostat. To our knowl-
edge, no commercial instrument of this sort was avail-
able at the time, so we had to construct our own. Figure
2 is a block diagram of the instrument. It is based on a
commercial chemostat with modifications to the tem-
perature control and readout (not shown) to permit pre-
cise temperature control up to at least 90°C.

In the turbidostat fresh growth medium is added
whenever the cell density reaches a predetermined
value as measured by light absorbance of the culture in
the external flow cell. The culture is thus diluted, but
when sufficient growth has occurred to restore the orig-
inal cell density more medium is added and so on. This
system ensures that adequate medium is always pres-
ent and permits the growth rate to be controlled by
temperature. In our apparatus each medium addition is
of a fixed volume and is recorded as a bar on a chart
recorder.

The rate of addition of medium, which is propor-
tional to bacterial growth rate, can thus be simply ob-
tained by inspection of the chart. The system worked
well in trials with Escherichia roli, and with Thermus
thermophilus at temperatures well below Tmax, but at
about 80°C, a temperature very close to Tmax, erratic
operation occurred due to growth of cells on the surface
of the flow cell. The apparatus has been redesigned to
eliminate this problem but no further experiments have
been performed with it. Instead we have been investi-
gating reports which have appeared in the literature of
organisms able to grow at or near 100°C in laboratory
culture.

Thus Heinen and Lauwrers® and Lauwrers, Heinen
and Mulders® reported that a strain of Bacillus caldoly
ticus, originally isolated from a hot spring in Yellow-
stone Park, could be grown in continuous culture at
temperatures up to 100°C (105°C with pressurization),
using media based on mineral salts and yeast extract.
We attempted to repeat this experiment using the media
described by Heinen, both in a conventional chemostat
and in an exact replica of the continuous culture vessel
used in his experiments. Despite visiting his laboratory
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and using two different cultures of B. caldolyticus
which he kindly supplied, we were unable to obtain
growth in continuous culture at any temperature above
73°C. We cannot say for certain why we were unable to
repeat the work of Heinen’s group but we have now
shifted our attention to another organism. This is a
methanogen and is presently growing in our laboratory
at 95°C.

We are now investigating the effects of temperatures
and pressures in the range of interest on some thermo-
philic strains. This work is at an early stage but good
growth has already been observed at 70°C and 30MPa
pressure and we are seeking to extend the range. We are
now optimistic about the chances of getting bacterial
growth at pressures and temperatures representative
of a significant proportion of the North Sea fields.

The exploitation of deep fields still presents many
special problems. Assuming that bacteria able to grow
in these extreme environments can be found it is un-
likely that they will possess the other necessary attri-
butes for MEOR such as, for instance, anaerobic
growth on hydrocarbons, the ability to mobilize oil
and to spread throughout the rock formation without
causing plugging. Strains with a complete range of
appropriate properties will thus have to be constructed
using the techniques of genetic manipulation to trans-
fer attributes between strains: most probably this will
require genetic information to be transferred from other
strains into a strain which is temperature, pressure and
salt tolerant.

There are two other serious problems which have to
be faced in MEOR operations. One is the growth of
unwanted bacteria: there is much evidence of bacterial
activity on oil fields where waterflooding has occurred
and the injection of organic nutrients such as molasses
is likely to stimulate growth of the indiginous popula-
tion which may compete with bacteria injected deliber-
ately. Nutrient penetration may also be a problem
since nutrients added from the surface will tend to be
removed by bacteria in the immediate vicinity of the
injection well, thus restricting bacterial growth to a
small region of the reservoir. It has not escaped our
attention that these problems are likely to be much less
serious in deep hot fields where crude oil is the only
carbon source.
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Petroleum Microbiology and the History of Its Role
in Enhanced Oil Recovery

D. 0. Hitzman
Phillips Petroleum Company

INTRODUCTION

The world moves on an oil economy. Thus even a
small oil shortage results in higher prices which are
magnified in economic and social effects in both pro-
ducer and consumer countries. This situation has
resulted in a concentrated effort to find and produce
more oil.

It is now recognized that only about 30 percent of
the oil discovered in the world can be recovered using
current technology. The realization that most of the oil
is left in the reservoir after primary and secondary
oil recovery techniques has prompted the widespread
investigation of tertiary oil recovery methods. While
there are many proposed tertiary processes such as
chemical flooding, steam, micellar, CO,, polymer, etc.,
no single one will be applicable to all oil reservoirs due
to the wide variations which occur between reservoirs.
In addition, these tertiary recovery processes while
technologically successful, must also be economically
successful. Unfortunately, in many cases, it appears
that the costs of tertiary processes have escalated at
the same rate as the price of oil due to their dependence
on raw material or energy costs so their cost effective-
ness becomes reduced.

One tertiary oil recovery process that is now receiv-
ing renewed interest worldwide is the use of micro-
organisms and their metabolic products to stimulate oil
production. I have termed this use of microorganisms
as a tertiary oil recovery method the MORE (Microbial
Oil Recovery Enhancement) process. Basically the
MORE technique involves the injection of selected
microorganisms into the reservoir and the stimulation
of their growth in situ in order that their presence
improves oil recovery. This unique process differs from

TABLE 1—Proposed Mechanisms
of Microbial Qil Release

1. In situ generation of CO, for pressure and
solubilization

2. Microbial production of organic acids

. Conversion of hydrocarbons to lower molecular
weight

. Production of surface active agents .

. Encourage consolidation of oil to droplets

. Enzymatic modification of hydrocarbons

Viscosity improvement

W
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other cbnventional tertiary oil recovery processes in
that a self-duplicating unit is injected into the reser-
voirs and by its multiplication in situ, magnifies its
effects out of proportion to its small initial volume.
Some of the mechanisms proposed by which these
microbial agents could stimulate oil release are shown
in Table 1. (See Table 1.)

That microorganisms could exert such massive
changes in oil reservoirs has been demonstrated in the
past, much to concern of the oil industry, by reports of
entire oil and gas reservoirs turning sour with HyS due
to microbial action. If such uncontrolled microbial
action has occurred, it is possible that a similar con-
trolled microbial process can be employed that will lead
to additional oil recovery. This report compiles and
summarizes the available data from past field tests in
which wells and reservoirs were purposely inoculated
or microbial growth was encouraged to produce such a
favorable oil release.

BACKGROUND

The introduction of microorganisms into reservoirs
for the purpose of enhancing oil recovery was first sug-
gested by Beckman in 1926. The pioneering studies by
C. E. ZoBell under API Research Project 43A (1943-53)
showed possible mechanisms by which microorgan-
isms could cause oil release. Workers in the USSR,
including 8. I. Kuznetsov, I. L. Andreyevsky, L. D.
Shturm, V. M. Senyukov, and others, were extremely
active and completed extensive examinations of the
microflora of oil field waters and developed a strong
geomicrobiological base. Such work was complemented
by M. Dostalek and M. Spurny in Czechoslovakia and
by J. Karaskiewicz in Poland and I. Jarnyi, M. Dienes,
and L. Kiss in Hungary who were involved in various
aspects of the laboratory and field tests of the tech-
nique. In 1954, V. F. Coty, D. Updegraff and H. Yarbor-
ough conducted a field test for Mobil Oil in the United
States while other field tests were made in Czechoslo-
vakia (1954-58).

Various techniques, cultures, modifications, and
studies were made during this period but most results
were restricted by proprietary interests and were
released only through the patent literature (D. Bond
and D. Hitzman). In the 1960’s additional field tests
were conducted in Poland, Hungary, and USSR but
interest in the United States had declined due to low oil
prices. Such is not the case today.
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More comprehensive discussions of the theory,
laboratory tests, cultures, and the advantages and
disadvantages of the MORE technique have been cov-
ered in previous publications and reviews. However the
area that has received limited attention, except for
generalized statements, is that of actual field results.
The reasons for this omission are varied but include
factors such as: the data are published in obscure or
nonbiologically oriented journals, not readily available
and usually requiring translation, test results span
years and are reported only as fragments in different
publications, proprietary interests delaying or prevent-
ing publication of results, etc. Since the actual field
tests provide the most valuable data to determine the
success of the MORE process, I have attempted to
gather together the available published information on
all field tests of the MORE process.

The information reported is restricted to field test
data and does not cover research laboratory tests
which may have been made preceding or in conjunc-
tion with the field tests. It must be recognized and em-
phasized that this compilation is not complete, and will
contain some discrepancies and inaccuracies due to the
revisions of the data in later publications, translation
errors, etc. However, in spite of these limitations the
data do provide a background for evaluating the field
tests and are offered as a preliminary effort to docu-
ment such field tests. It is requested that if additional
data on these or other field tests are available, or cor-
rections can be made, that such information be made
available so this record of field tests can be made as
accurate and complete as possible. It is anticipated
that additional field test data will be presented at this
meeting that will supplement this information.

DISCUSSION

The purpose of this paper is to provide a record of
past field tests of the MORE process. Each field test
has been recorded in the addendum to this paper and
the reports are divided by country and within each
country by the year of the test. Thus the tests are desig-
nated as Poland field test, P-I through P-XVIII, Hun-
gary, H-I through H-X, Czechoslovakia, C-I through
C-VII, USSR I and IT, Netherland, D-I and D-1I, Roma-
nia, R-I, and United States as USA-I through USA-1V.
In some of such designated field tests there was more
than one test well inoculated, and in others there is an
overlap between tests with multiple inoculations,-etc.
However the data are organized in an attempt to segre-
gate out “cause and effect” events for each field test.
The data are reported in a standardized format so that
comparisons can be made more easily. In each such

TABLE 2—Number of Wells in European Countries
Treated with Microbial Cultures

Number of Wells
Treated with Cultures

Poland ...t 17
HUNEAYY « . oveieie e e ee e 10
Czechoslovakia...................... 6
USSR, ... 2
ROMANIA . ..o i 9
Netherland ................cooviv... 2
US A, 178

field test section the figures and tables have been num-
bered for that test (example, Fig. P-1-1, Table P-I-1, etc.)
for ease of reference.

No attempt has been made to draw conclusions
from the data which are presented in the same form as
in the original report or have been reorganized from
different reports to a more concise form. All the factual
data offered by the investigators are reported but their
interpretations were minimized except where it con-
cerned events which influence the observed data. By
an examination of the individual field tests followed by
a study of the combined data, each investigator can
compare and evaluate the data for his own interests.

However, an overview of the data is provided by the
comparison and summarizing tables which follow. In
the years since 1954 over 200 wells have been treated
with microorganisms (see Table 2). While this number
looks impressive, most of the wells in the U.S. were in
the stripper well category with minimum control and
almost no data available due to proprietary considera-
tions. A more realistic number of tests with some data
would be 40-50. Most of these were field tests run 15-20
years ago when technigues were being developed.

Of the wells treated the depth of the reservoir varied
between 50 and 1550 meters. (See Table 3.)

As could be expected the earliest tests were mainly
in the very shallow reservoirs but a trend to treating
deeper producing formations occurred as confidence in
the process was gained. In almost all cases the wells
treated were very poor, marginal, or closed wells. Most
wells fell in the category of 1 to 2 bbl/day. This prob-
ably influenced the results reported, either favorably or
unfavorably, but in some cases the control wells and
their response was more revealing of changes in yeser-
voir conditions due to microbial growth than that
observed in the inoculated well,

Considering the small number of wells treated the
diverse range of parameters encountered in the reser-
voirs was quite large. (See Table 4.)

The comparison of parameters to microbial action

TABLE 3—Depths of Wells
Treated with Microbial Cultures

Number of Wells

Well Depth (m) Inocufated
BO=250 e 7
251-500 ... e 1
BO1-750 i e 16
TB1-1000 .. e s 4
1001-1250 ...t ie i 5
1251-1500 . ...t i it 2
Over 1500 ..ot i 1
Reported as between 250-1550............ 38
TABLE 4—Extremes Reported
in Reservoir Parameters
Temperatures (°C) ...t 22 to 97
Porosities (percent) ........c.coiiiiiiriiaenen 11 to 36

........ 10 to 8100-highly fractured
Heavy asphaltic-light paraffinic
Sandstone-limestone

Permeability (md)
il types
Rock

...........................
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and oil production show several interesting relation-
ships. Permeability will play a key role in the MORE
process while the effects of pressure and temperature
are less clear, It appears that the temperature tolerance
for microbial growth may be higher than would be
expected from laboratory tests. Besides the one test at
97°C, it has been reported that reservoirs in this same
temperature range have gone sour due to microbial
action. It is possible that thermophilic cultures will
play a more important role in deeper reservoirs than
thought or suspected at present.

The cultures employed in the tests varied depending
on the investigator and country (see Table 5).

The predominant species in early tests were mix-
tures of aerobic and anaerobic organisms (except the
Mobil test using CI. acetobutylicum). As testing con-
tinued it became evident that the anaerobic forms were
preferred and the use of aerobes, except as contami-
nates, declined. Initially sulfate reducing bacteria were
favored but due to their reputation involving corrosion
and H,S generation, their importance decreased and
the inocula evolved into simple mixtures designated as
stable mixed anaerobic cultures. The use of polymer
(gum) producing types was restricted to special cases
where the need was for an improved water viscosity.

A trend in the size and amount of inoculum and
molasses also seemed to develop from a very small
quantity used in early tests to the larger amounts used
later (see Table 6).

This observation must be tempered by the fact that
as larger and deeper wells were treated, and techniques
improved, the larger quantities would be needed. An
important point and one which is eritical is the obser-
vation that these relatively small amounts of inoculum
were able to reproduce to the extent disclosed. Consid-
ering the volumes of fluids injected, produced, and
remaining in the reservoir, the self-duplication of the
inoculum or the stimulation of the native microflora
seems impressive. In most cases crude molasses was
employed as the nutrient due to its low cost, avail-
ability, and nutritive value. The use of supplemental
mineral additions seems to have declined with field
practice. Whether this was due to adequate microbial
growth without its addition, its cost, or lack of effec-
tiveness, etc., is not known. Certainly the addition of
molasses alone, with the inoculum, or its addition later
seemed adequate to show significant microbial growth
stimulation,

TABLE 5—Cultures Used as Inoculum

Poland—Mixed aerobic and anaerobic
Hungary—Thermophilic mixed cultures
—Sewage sludge
Czechoslovakia—Sulfate reducing and hydrocarbon
utilizing types
—Sulfate reducing bacteria
U.S.S.R.—Mizxed aerobic and anaerobic

Netherland—Betacoccus dextranicus
—Slime forming bacteria

Romania—Adapted mixed enrichment cultures

U.S.A.—Clostridium acetobutylicum
—Mixed cultures
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TABLE 6 —Amounts Reported injected

No. of Wells No. of Wells
Inoculum Size (1) Treated Molasses (kg) Treated
10-50 ....... 4 10-100...... 4
51-100....... 6 101-500...... 4
101-200....... 1 501-1000.....
201-300..... 1001-1500..... 3
301-400 ....... 2 1501-2000..... 10
401-500 ....... 9 2001-10,000 ... 1
501-600 ....... 2 Over 10,000 ... 4
601-700 .......
701-800 ....... 1
Over 800 ...... 4

A summarized comparison of the techniques used to
inoculate and treat a well shows that different coun-
tries had different methods. The microbial treatment
advanced from the simplest technique of only injecting
a small inoculum into the well such as the Czechoslo-
vakia early trials (see Table 7) to a staged operation
involving cleaning the well, adding a buffer formation
water slug, followed by the inoculum and nutrients and
pushed by water and an oil slug (see Tables 8 through
12). In some cases the well was shut in to allow cell
growth while in others the well was produced or water-
flooded immediately. Thus in some cases the microbial
injection acted as a modified well cleanout treatment
while in other tests the purpose was to favor inocula-
tion of the entire reservoir so the production response
would occur in the control wells. Variations of all these
approaches were tried including “huff and puff,” vis-
cosity improvement, etc. In addition, the effect of frac-
turing with microorganisms was tested and compared
to fracturing in the absence of microorganisms. Within
each country the method was improved with experience
and it is evident that the inoculum and treament will
evolve into even more favorable practices in the future.

The data from the individual field tests in each
country have been summarized (Poland, Table 13;
Czechoslovakia, Table 14; Hungary, Table 15; USSR,
Romania, Dutch and USA, Table 16) for comparative
purposes. These tables show the progress of techniques,
treatments, objectives, and responses. To make the data
more amenable to review they have been condensed to
an overall tabulation in Table 17.

It is unfortunate that all the information is not
available that would allow a more intensive evaluation
of the results of microbial action on an oil reservoir.
However by a more detailed examination of individual

TABLE 7—Method of Microbial Treatment
of Wells (Czechoslovakia)

Period

Early Later

Culture: Sulfate reducing + Sulfate reducing

hydrocarbon bacteria

Injection sequence:
1. Inject culture 1. Clean well

2. Inject culture

3. Inject nutrient

4. Increase pressure
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TABLE 8—Method of Microbial Treatment

of Wells (Poland)
Period
Early Later
Injection sequence;

1. Formation water (1) ......... 3050 50000

4+ Molasses(kg) . ............ 250 2000

+ Culture ) ....coovviiiinnn 80 500

FOUKE) v eereranaaaas — 150
2. Shutinwell ................ 3-4 months

3. Well frac sometimes done following treatment.

Culture preparation—Mixed inoculum grown in 10 1 bottles
with formation water + 4 percent molasses + 0il + sand 32°C).

sections of the tables it is possible to formulate some
interesting generalized statements.

Some of these are:

1. Microbial activity occurs in some reservoirs under
some conditions and a positive oil response occurs.

9. In situ microbial growth can be stimulated by the
addition of nutrients.

3. Such microbial growth influences the properties
of the fluids in the reservoir and the changes are both
physico-chemical and petrophysical.

4. The flow patterns in the reservoir can be traced
by following microbial growth patterns.

5. Most of the mechanisms proposed for the MORE
process (such as CO,, acid, surfactant, etc., and
changes in oil viscosity, gas production, etc.) have been
shown to play a role in oil mobilization.

6. Some reservoirs have conditions such as low
permeability, salinity, pH, etc., that could limit micro-
bial growth.

7. The temperature and pressure conditions of
some reservoirs may not be as restrictive as previously
considered..

8. Fracturing with microorganisms seems to be a
successful technique in some cases,

9. Even a small inoculum, or the stimulation of the
native reservoir population, appears to exert an effect
out of proportion to what would be expected from size
alone.

10. Anaerobic organisms seem to be preferred and
more effective than aerobic forms.

11. The technique employed to introduce the inocu-
lum into the reservoir and their rate of penetration and
action is dependent on the formation characteristics
and must be carefully considered to have a successful
project.

12. Better records and monitoring must be made to
truly evaluate the success or failure of a test.

While no mention has been made of the economics
of the MORE process the reported data indicate that
the oil production was obtained at a cost which would
be competitive to other tertiary oil recovery processes.
However this remains to be proven under vigorous field
test conditions.

The data emphasize a key factor which must be
considered in any application of the MORE technique.
The success of a project will depend on close coopera-
tion between the microbiologists and the reservoir and
production engineers. In the future, genetic recombina-
tion studies may also play a role by the development of
optimized cultures.

While much remains to be done to evaluate the
potential role of microorganisms in tertiary oil recov-
ery, the available data suggest the MORE process may
be a cost effective oil recovery technique in some
reservoirs.

TABLE 9—Method of Microbial Treatment of Wells (Hungary)

Period
Early Mid Later
1962-65 1968 1973
Injection sequence:
1. Formation water (m?) 20 20 —
2. Formation water (m?) 100 100 ?
+Molasses (T) ...... 4 2 2
+KNO3 (kg) ........ 120 70 50
+Na phosphate ..... 50 10-20 5
+Sucrose (kg) ....... 100 50 none
*Injected L/2 of solution
3. Culture(l)............ 100 100 ?
*Injected 17z of solution
4. Formation water (m®) 50 50 ?
5. Closewell............ 5-6 months
“then huff and  Remained closed ex- Halted supplemental nutrients after 2-3
puff.” ceptto add morenutrients.  yr to eliminate microbial products.
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TABLE 10—Method of Microbial Treatment
of Wells (U.S.S.R.)

Geobiore_agent: Consists of mixed aerobic and an-
aerobic types. Together with hydrolysis substances
from peat and silts.

Culture preparation: Culture grown adjacent to
wells in pits containing formation water and oil.

Injection sequence: 1. Inject geobioreagent; 2. Inject
fresh water; 3. Waterflood

TABLE 11—Method of Microbial Treatment
of Wells {(Romania)
Divide reservoirs into 3 types—treat differently

Reservoir Type Treatment Based on

1. Producingoil ....... .
2. Producing only water
3. Waterflooded

Hungarian process
Hungarian process

Hitzman process (U.S. Pat.
3,340,930)

MICROBIAL ENHANCEMENT OF OIL RECOVERY

TABLE 12-—Method of Microbial Treatment
of Wells (U.S.A.)

Mobil process
Culture: Clostridium acetobutylicum
Injection sequence:
1. Culture in 2 percent molasses injected in 18 sepa-

rate injections (4000 gal water) over 5.5 months.
2. Waterflood at 100-500 bbl/day.

Pure Oil fracturing process
Culture: Desulfovibrio
Frac sequence:
1. Inject 5000 gal of lactate medium with gel agent
and culture.
2. Apply pressure.
3. Close well 3 months.

TABLE 14—Summary of Available Data on Microbial Treatment on il Fields in Czechoslovakia

Test | 1] "l v v Vi vil
Date.....coovvriienianinnn 1954 1955 1955 1957-58 ? ? ?
Reservoir ..v=............ Deposit Z Deposit Z Deposit H Deposit H Hodonin Petrova Ves Petrova Ves
Well treated . .............. Z1 Z1 Hi1 78 78 404 481
‘Control wells ............. 22,4,5,7 Z2-8 H2-§ 10 wells 10 wells 15 wells 9 wells
Depth(m) ................ 30 50 150 150 150 700 700
Porosity, percent ,......... 24-32 24-32 36 36 —_ — —
Permeability (mD) ........ 3000-8000 3300-8100 3300~8100 3300-~8100 3300-8100 Tens of mD Fractured
Well treatment
Inoculupa (1) ............ 40 40 40 60 60 None ?
PE e SRB+HC SRB+HC SRB-+HC SRB+HC SRB — ?
Molasses (kg) ........... None 30 30 50 100 200 Amt unknown
Reported results
Bacteria count .......... Increased Increased Increased Increased Increased Increased Increased
Oilprod................. Unchanged Small increase  Small increase  Increased
(4 percent) 6.85 percent
Water ...........o.oeut. Unchanged Decreased
Oil viscosity .............. Decreased
Observations ........... .. Little growth Oil increase as  Oilincrease as  Oil increase as  Bacteria follow Native bacteria Faults stop
no change bacteria bacteria bacteria flow pattern stimulated in migration
increased increased increased permeable zones

SRB = sulfate-reducing

HC = hydrocarbon oxidizers
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TABLE 13 —Summary of Available Data on Microbial Treatment on 0il Fields in Poland

Test I 1) m v v vi vil Vil X
RESETVOIT. . cvnseerernees Potok Kroscienko Potek Jakub Swierchowa Weglowka I Weglowka I Swierchowa WeglowkaI
Inoculation date......-.- May 1961 June 1961 April 1962 May 1963 May 1964 July 1965 Sept. 1965 Dec. 1965 March 1966
Well inoculated .......... P4 K18 L140 R13 SWi14 w169 W254 Z12 W25h6
Control wells . ........... T4 K21,K31 1.138,L143 417,320,521, SW8,5W9, None None z7 None

J23 R14,R18 SW13
Well depth (m)........... 558.7 578.8 71513 403.9 519 510 533.5 520.5 514.9
Porosity, percent ........ 13 251
Well treated with
Imoculum (I} .. c.ovvncnt 400 480 400 750 800 500 500 600 500
Molasses (kg). .. ... 1100 1100 1100 2300+ 200 2000 2000 200 2000
Water (). ....... .. .48000 43000 48000 57000 50000 40000 40000 50000 40000
(0311173 R 150 150 150
Shut in time (days) .....- 138 175 138 Till 1968 566 208 122 217 150
Production before test ...P4 T4
05l (kg/month) ..... .4 4650 60 kg/yr 1200 1500 7500 600 1200 6000
Water (kg/month) o 16590 600 3000 9300 279000 3000 37000
Gas (m*/month} ....... 7 None None 730 None None 11000
Production after test
Tons of extra oil
after Lyear........-. 16.5 3 Increased 2212 3218 16.94 4.77 3314
Extra water produced. . 250 kg/day Increased Same 20% increase Increase
Extra gas (m%month). 1000 Some Increased Some Increase
Wellhead pressure (atm). To 8 To 2.5 Te7 To 17
Total extra oil due to
microbial action......... 636 tons  29.5 tons Large increase 260 tons 230 tons 212.7 tons 87.7 tons 73.55 tons 221.84 tons
in95yr indyr after well shot in8yr in7yr in5yr in 6 yr in7yr in4yr
Percent oil increase
reported .......cooninians 360 150~-200 112 28 340 184
Bacterial count (no/ml).. Results in 4
contral wells
Beforetest ............ 1x10° 1x108  1X18® 1300-3000
During test............ 7.5 X 10¢ 6 X104 5% 108 Increased 8000-600000  Increased Increased Increased Increased Increased
PH .o 8.8—6.7 8.7-8 8.7—6.8 Decreased 87—-74-19 8.4-T.4 8473 8.4—-7.3 8.8=70
Viscosity (e8t) ..........t 1.05-1.4 1.29—1.29 10.67—-4.4 16—10 6-7—4 9-11-10 7—6.6
Key observation ......... Qil, CO, prod. Increased  Fracturing Stimulated oil Good increase Good initial Late peak of  Quick re- Well frac. in
increase signif. production  after inoc. prod. added initially and  response oil but sponse to 1970 large oil
very nutrient for sustained sustained sustained bacteria increase
successful more response production action
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TABLE 13 (continued)--Summary of Available Data on Microbial Treatment on Oil Fields in Poland

Test X X Xi X1 xw v i i xvi
Reservoir .......coovviunnnn.. ? Bobrka Bobrka Rowne Weglowka II ~ Weglowka Il ~ Weglowka II  Weglowka Il  Weglowka II
Inoculationdate .............. 19677 Dec. 1967 May 1968 July 1968 April 1969 April 1969 April 1969 April 1969 April 1969
Well inoculated ............... w8 B118 B117 A35 w176 W266 w2 w288 w273
Control wells ................. None None None None None None None None —

Well depth (m) . ...ovevnnennn. 597 740.3 802 578 1100 1144.2 1124.4 1125 1100
11 11 1 11
Well treated with
Inoculum () ................ 200 ? ? 500 500 500 300 500 None
Molasses (kg) ............... 240+ ? ? 1600 2000 2000 2000 2000 None
Water (1) .................... 5600 ? ? 45000 40000 40000 40000 40000 None
Oilkg) e
Shut in time (days)............ 120 145 85 100 90 90 90 90 90
Production before test
Qil (kg/month) ............. 3600 3200 3100 5500 22700 9400 7100 8000
Water (kg/month). 2000 2400 4600 37500 25900 14400 2800 3200
Gas (m%month) ............ 200 15450 10500 11000 6000 3800
Production after test
Tons of extra oil after 1 yr .. .Slimy oil 31.95 33.85 55.9 6.2 tons/ No increzse No report No increase in
produced 1.5 yr 2yr
Extra water production ..... Increased
Extra gas (m®/month)....... Inecreased
Wellhead pressure (atm)....... To 7 To 2.5
Total extra oil due to
microbial action .............. 152.83 tons 93.75 tons 85.56 tons 139 tons in 90 tons oil loss
indyr in3yr in 3 yr 1.8 yr includes
hydraulic frac
1970
Percent oil increase reported .. 143 46 68 32
Bacterial count (no/ml)
Beforetest.................. 2 X 105
Duringtest ................. 3% 10° Increased Increased Increased
pH .o 85—-78 8.4-7 8.5—75 8.5~7.5
Viscosity (¢St) ................ 2.02 11-13—9.9 Increased 1 4.5-3.8
Key observation ............_. Unknown Good bacteria Slow response Good bacteria Perforation Frac. success  Perm. too low No report No response in
slimy oil response quick decline  stimulation success with with bacteria well
bacteria low
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TABLE 15— Summary of Available Data on Microbial Treatment on 0il Fields in Hungary

Test 1 1] 11 W v Vi Vil yin X X
Date......... 1961 1969-70 1970 1970
Reservoir Lendvaufalu Nagylengyel Demjen East Demjen East Demjen West
Rock type Sandstone Sandstone Sandstone Sandstone Limestone Frac. -

sandstone
Oiltype ....ooiovinnninnes Naphthenic Light Highly Naphthenic
paraffinic paraffinic

Well inoculated ........... Well closed Unproduc- DK114 DK192 Desl

2 yr before tive for 7 yr

inoculation
Control well .............. 100 m distant 300m 288 to 1700 m Many -

distant distant
Depth(m) ...ovvnivninn-- 200 700 1400 994 1392 2457 700 300-1000 300-1000 200
Temperature (°C) ......... 25-35 50 50 70 72 97 50 25-30 -
Permeability (mD) ........ 600-700 10-70 150-300 Low 67-104 -
Well treatment ..........-. Unknown Unknown Unknown Unknown Unknown
Inoculum{l) ..........vs 50 100 100 -

PE. e . Thermophilic Sewage Sewage sludge -
Molasses (kg) 2000 40,000 20,000 -
Water (m?) 60 120 170 —-
Other additions ......... Nutrients KNOQ,, PO, KNO,, sugar KNOy, PO,

added sucrose -
Shut in time (days). -.... .. 150 90 Closed except Closed Closed
to add
nutrients
Reported results
Bacteria Increased Increased Increased Increased Increased Increased
pH ..... 9—6-7 -6 Unchanged 9—6 -6 Decreased
Viscosity . 42—+18-26 3—3 Unchanged 600—300 Reduced Reduced Reduced
Production
[ 91 S, 18-26 pet Increased Unchanged 10 pect Unchanged 60 pct 60 pet 126 pct 117 pet
increased increased increased increased increased increased
WALEL ..oovuieneiiinnas Unchanged Decreased Decreased Decreased
oil/water ratio
Gas Pressuré.........--»-- To 33 atm To 228 atm

e To 40 m*/day Increased Unchanged To 60 pct

QObservations ............. Effect lasted No effects, No effects, High temp. Effect lasted Added Effects No evaluation,
8 mo., CO, perm. too low low perm. growth and 2 wk to 18 mo nutrients decreased as  combustion
stimulated oil recovery  in different  increased nutrients process tested

wells effects used in well
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TABLE 16 —Summary of Available Data on Microbial Treatment on 0il Fields in USSR, Romania, Dutch and USA

MICROBIAL ENHANCEMENT OF 0iL RECOVERY

Test USSR | USSR 11 Romania Duteh | Dutch i USA | Usan usaim USA IV
Date ...oovviiviiiinianinnnn. 1966 1975-78 1956? 1954 18572 1977-81 1977-82
Reservoir.................... Arlansk Sernovodsk Natotoch Mid-Continent Mid-Continent
PE oo Sandstone Sandstone Sandstone Varied Varied
Well treated ................. 1455 150 treated 24 treated
Controlwells . ............... Many 400" distant
Depth(m) ...oovveieiiinnn, 1200 1000 500-1500 608 912 90-1400
Reservoir temp. (°C) ......... 22-24 27-56 34 Variable Variable
Porosity (percent)............ 20-23 30
Qiltype ... v Heavy asph. Variable Proprietary
Proprietary
Permeability (mD)........... 1D 80 to 1000 Variable 1-5700
Well treatment .............. Hungarian or
Hitzman
process
Inoculum...........c.v.... 190 m? ? Inoculated 18 injections 5000 gal in
molasses sol. 30001 over 5.5 mo. lactate and
gel fluid
TYPe - ot Geobioreagent Geobioreagent Betacoccus Slime forms Clostridium Desulfovibric  Bacillus Mixed
dextranicus bacteria acetobutyli- hydrocarbon-  Clostridium
cum clastus clastus
.................. ? 2000 2-4 pct 1000 1. of 100 m3 of 4000 gal of Proprietary Proprietary
10 pet sol. 50 pet sol. 2 pet sol.
650 m¥/day 100~500 bbl/day
Fresh water Uninoc. Sand frac
molasses
None 6 mo 5days 90 days
5-6.5—6.5-8.3 Changed
Decreased 40.3—49.3 Increased
water visc.
Increased
Increased 37T—40T/mo I[ncreased 30- 1-3 bbl 15—~25 bbl Increase Of 24 wells
Water, percent . ............ Reduced 7.5~4-6 100 pct of Oil/water Unchanged 4 double prod.
decrease production ratio 1:50—1:20 for 6 mo. 12
Gasfactor................. 8-18-18-66 11~15—-16 CH,+CO, increased 50
pet for 3 mo.
1 increased 6
fold. 30 control
wells stimulated
Pressure ...........o0...l. Increased To 1.5 atm Increase 75 pet of wells
had 10-200 psi
increase
COzeiin i, To 3 pet Increased To 80 pct Increase
Operator ..........ovevvvnn.. N.V. deBataafsche Mobil Pure Qil A. C. Johnson Petrogen
Petroleum Co,
Observation................. Bacterial 0Oil viscosity Increased Increased Too much Stripper wells 24 wells had
growth gave  increased prod. pore vol. of oil/water molasses treated overall inerease
18 pct oil increase oil from viscosity of 42 pet
increase 40—70 pet.
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TABLE 17—Surnmary of Microbial Tests in 0il Fields Throughout the World

Year Test No. of Inocutur Molasses Shut In Reservoir
Test Started Dutation (Yr)  Control Wells Amt () Type {kg) Time (Day$) Temp. (°C) Depth (m) Porosity (Pct)
PIl.. .. 1961 9.5 1 400 Mixed 1100 138 558 13
PIl ..ot .. 1961 5 2 480 Mixed 1100 175 579
PO c.oooen .. 1962 3 2 400 Mixed 1100 138 715
PIV ......... .. 1963 8 € 750 Mixed 2300 5yr 404 25.1
PV . .. 1964 7 4 600 Mixed 200 566 519
PVl ... .. 1965 5 (] 500 Mixed 2000 208 510
PVII ...... .. 1985 6 0 500 Mixed 2000 122 533
P-VII...... .. 1963 7 1 600 Mixed 200 217 529
PIX e 4 0 500 Mixed 2000 150 515
PX oo 0 200 Mixed 240-- 120 597
PXI oo 4 0 ? Mixed ? 145 740
PXIL ..o 3 0 ? Mixed ? 85 802
P-XIII 3 0 500 Mixed 1600 100 378
P-XIV 0 500 Mixed 2000 90 1100 11
P-XV 1.8 [0} 500 Mixed 2000 90 1144 11
P-XVI. 0 500 Mixed 2000 90 1124 11
P-XVII 0 500 Mixed 2000 90 1125 11
P-XVIII 2 1} None Mixed None 90 1100
HI... 1.6 ? Unknown Unknown * 25-35 200
H-II.. 8 Some 50 Thermophilic 2000* 150 50 700
H-IIL. Unknown 50 1400
HIV. ? Unknown 70 994
H-V.. ? Some Unknown 72 1392
H-VI. ? 100 Sewage 40000* 90 97 2457
HVII..........o.oos ? L5 Some Unknown 50 700
HVIII ..o 1969 6 100 Sewage 20000* Closed 25-35 300-1000 20-28
HIX oo 1870 6 100 Sewage 20000* Closed 25-35 300-1000 20-28
3 . G 1970 5 100 Sewage 20000* 25-35 200 20-28
ClI.. 4 40 SRB+HC None 507 24-32
C-11 6 40 SRB+HC 30 50 24-32
cl 7 40 SRB+HC 30 150 36
C.Iv 10 60 SRB+HC 50 150 36
C-v 10 &0 SRB 100 150
C-VI 15 None 200 700
C-VII 9 Yes? Yes 700
USSRI ... 1966 Many 190 m?* Geobioreagent None 22-24 1200 20-23
USSRII. ... ? ? 2000 180 1000
Dl 1956 1000 Betacoccus 10 pet sal.
DIl . ? 3000 Slime bacteria 100 m®~50 pct sol. 5
Rom-I...oooiiviiiniiiainninn 1975-8 9 wells inoc.—2 methods Mixed 2-4 pet sol. 27-56 500-1550
USAT.. ... 1954 1 4000 gal.  Cl acetobutylicum 2 pet sol. 34 808 30
USAIL.........ooiivinis 1957 Desulfovibrio Lactate medium® 90 912
USAII ..., .. 1977-81 150 wells inoc. Variable Bacillus & Clost. Yes* 10-15 Variable 60-500 Variable
USAIV ... 1977-82 24 wells inoc. Mixed Variable  90-1400 Variable
Increase or effect noted
*_gupplemental nutrients added + = small positive effect observed +slight SRB = sulfate reducing bacteria
¥ _test failure or incomplete ++ = some positive effect observed -~—~-more HC = hydrocarbon utilizing bacteria
+++ = successful test ++=large
—unchanged
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TABLE 17 (continued)—Summary of Microbial Tests in 0il Fields Throughout the World

Production Increase

Gas
Observed Effects - Atm. Notable Paints or Results
Test Perm. (ml.) Type of 0il Bacteria pH Vis (cSt) 0il Water Amt. Pres. co, of Test or Area
- 8.8—6.7 Same +++ + Te 8 +  Stimulated 1 control well
+++ 87-6.8 ++ No prod. well stimulated
- Decreased Same -+ Success after well shot
+ 8.7-74 -6 ek + To 2.5 Shut in well-control helped
Increase 8.4—7.4 -6 +++ Increase To 7 Stimulate control well
Increase B.4—7.3 -2 ++ Increase + Stimulate inoc, well
Increase 8.4-73 +++ High water volume well test
Increase 8.8~7.0 -2 ++ 20 pct increase + T 17 Stimulate control well
Increase -1 +++ Increase + Frac well response
Slimy+ 8.5—7.8 * Slimy oil produced
Increase 8.4—7.0 -1 +++ + To7 Stimulate inoc. well
Increase 8.5-75 +1 + + Stimulate well, inc. vis.
Increase 8.5—15 -1 +-++ Increase + To 2.5 Stimulate inoc. well
+++ Stimulate inoc. well
++ Frac inoc. wells
- No oil increase
No results reported
Lost 90 T well shut in for control Well shut in as control
Increase Decrease Decrease + Added nutrients to stimulate
600-700 +++ 9—8.0 -15 ? Same + + Temporary response due to CO,
10-70 No significant effect noted - Permeability too low
150-300 Paraffinic T Same + + Hi temp. reservoir, med. perm.
Low Paraffinic Unchanged Same - Hi temp. reservoir, low perm.
Increase 9—6 +++ To 288 Hi temp. reservoir-growth
Limestone res. -6 Decrease +++ Decrease ++  Prior 7 yr nonproductive
€7-104 Increase Decrease Decrease +++ Decrease Effects parallel added nutrients
67-104 Increase Decrease +++ Decrease Inoc. well remained close
. 67-104 No evaluation due to well used for combustion test No evaluation
.. 3000-8000 Asphaltic Increase Same Little growth, no change
.. 3000-8000 Asphaltic +- + Oil increase with growth
.. 3300-8100 +rht+ Decrease + Oil increase with growth
.. 3300-8100 ++ ++ Decrease Suggested surfactant effect
.. 3300-8100 Increase SRB showed flow patterns
.. Tens of mD Natural flora stimulated
Fracture pattern—2 zones
USSR-I.... >10 Asphaltic Increase 6—-83 Decrease + Decrease + + + Tested in fresh water flood
USSR Increase +9 + Decrease + To 1.5 +  Viscosity increase
DI ........ + Increase vis. Increased viscosity of water
DII........ Variable Increase vis. of water Decreased oil/water ratio
Rom-I...... 80-1000 Changed Increase Decrease Method depends on well
UsSAal ..... 1-5700 Too much molasses ++ ++  Waterflood process
USAIL. ... Fracture treatment Increase Frac. treatment success
USAIII Variable Increase Increase + + + Stripper wells treatment
USAIV Variable Increase Increase + + -+ Production stimulation
Increase or effect noted
*—supplemental nutrients added + = small positive effect observed +slight SRB = sulfate reducing bacteria
**_test failure or incomplete -++ = some positive effect observed ++more HC = hydrocarbon utilizing bacteriu
+++ = successful test ++-+large
—unchanged
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POLISH FIELD TEST I
Year of test: 1961. Location: Potok Reservoir

Geological data—The test area lies in the region of
the Potok anticline which is part of the central Car-
pathian depression filled mainly with Krasno strata.
Older strata from the Eocene and upper Cretaceous
periods emerge from these layers and form several
larger anticlinal structures. In cross section the Potok
anticline is represented by a steeply folded form with
dislocations running crosswise and lengthwise (Fig.

P-I-1). The wells selected are located in a region of tec-
tonic elements bordered by two transverse faults run-
ning north and south. Wells selected have only one oil
producing zone and produce oil with water. The 1I
Ciezkowicki sandstone is productive (30 m thick)
whose structure varies from fine to coarse granular and

shows conglomerate arrangement. The area is heavily
flooded.
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FIG. P-1-1—Geological profile in the area of the Potok crude oil
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Depth: 558.7 m (production from Ciezkowice sand-
stone). Porosity: 13 percent. Viscosity: 1.05-1.4°E. (sp.
grav. 0.823 to 0.840 g/cm?®). Permeability: 1-120 mD.
Interfacial tension: 26.5-28.3 dynes/cm.

Prior production history—The Piast 4 (P4) well
was used for inoculation with the production wells,
especially the Tryumf 4 (T4) well, serving as control
wells and were within a radius of 100 m (see Fig. P-1-2).
At the time of the test the area was not subject to other
recovery methods.

Well P4: Had been producing since 1895 and had a
4 in. casing to 558.7 m. The well was operated by gas
drive since 1933. In May 1961 the well produced 4460 kg
oil without paraffin, 18,610 kg water, and 3780 m? of
gas. One month before inoculation it produced 2750 kg
oil.

Well T4: Located 50 m from P4. In April 1961 (1 mo
before test) the mean daily average oil production was
155 kg oil and 553 kg water.

Well L-160: Was a gas injection well (gas injected in
this area for 30 yr) which had influenced Well P4 since
1933.

Microbial well treatment—Well P4 was inocu-
lated May 25, 1961 with 400 1 of bacterial suspension
(2 X 10° cells/ml) together with 1100 kg molasses and
48,000 1 of formation water at 35 atm. The above mix-
ture was injected in 5 portions (each of 80 1 culture, 300
kg water, 100 kg molasses) followed by the remaining
molasses and water. Finally 150 kg of native oil was
added and the well shut in for 138 days.

Culture employed: Mixed culture isolated from soil
and water samples.

Generalized inoculum-preparation
and well-treatment procedures—Poland

Cultures employed: Cultures were isolated from soil
and water samples in vicinity of oil and also from wa-
ters from sugar factories. Identified organisms were:
Arthobacter, Clostridium, Mycobacterium, Peptococ-
cus, and Pseudomonas species. Pure cultures were iso-
lated but mixed cultures were used for field tests.

Inoculum medium and procedure: Various media
were employed for laboratory studies but for wells the
inoculum was prepared in 10 1 bottles containing 10
cm of sand plus culture inoculum + oil (.1 percent) plus
formation water and 4 percent molasses. The bottles
were sealed and incubated at 32°C. When growth oc-
curred the bottles were emptied, refilled with 4 percent
molasses, 0.1 percent ammonium phosphate (pH ad-
justed to 5.4 with 10 percent KOH) and the process re-
peated to cell density of 3 X 106 cells/ml. The inoculum
was put in cylinders, 1 ¢cm oil added and transported to
the field.

Well selection: In selecting wells the geological
structure of the deposit was analyzed in detail for an
understanding of the tectonics, kind of reservoir rock,
its petrophysical properties, the chemical composition
of oil and water, the temperature and pressure in var-
ious horizons to obtain a correct lighostratographic
picture. Wells were selected that were drilled and cased
correctly and ranged in depth from 500-1500 m to
insure a temperature optimum.

MICROBIAL ENHANCEMENT OF OIL RECOVERY
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FIG. P-1-2—Structural map of the roof of the seam of II Ciezko-
wice sandstone in the area of the Potok deposit of crude oil.

Injection procedure: The culture and nutrients were
injected by a simple fire engine pump using a siphon
devise (pressure never exceeded 100 atm). In the early
tests a typical inoculum consisted of 3050 1 of forma-
tion water, 250 kg molasses and 801 of culture. In later
tests the injection fluids generally consisted of 50,0001
of formation water, 2000 kg of molasses and 500 1 of
culture inoculum containing 6 X 10% cell/ml per well
followed by 150 1 of the native oil. The well was then
shut in for 3-4 mo and then monitored. In some cases
hydraulic fracturing was used following the inoculum.
In this case a typical process used 14 m® of formation
water, 18 m? of carrier formation water, 5 tons of quartz
sand (0.3-0.8 mm diameter) and 9 m® of wadding for-
mation water. The minimum flow rate was 3 m®/min.

Sampling procedure: The well connection was
washed with 50 percent ethanol. The initial sample
was discarded and the microbiological samples col-
lected in 250 ml opaque bottles with corks. The physico-
chemical samples were taken in 1 | clear flasks. The
gas samples were taken in 500 ml aspirators filled with
saturated solution of NaCl. Microbial counts were
made by microscopic observations.

Response—The test results have been divided into
effects observed on control Well T4 and inoculated Well
P4.

Control Well T4—75 days after inoculation of Well
P4, Well T4 responded with a 360 percent increase
which averaged 260 percent for 6 mo (Table P-I-1) (sta-
tistical increase of 16.5 tons of oil in 1961) and increased
to 87 tons additional oil in 1962.
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TABLE P-1-1—0Qil Production in 1962 from Well T4

(kg/month)
Expected

Decline Curve Actual 0il Extra Oil Percent
Month 0il Production Recovery  Produced  Increase
Jan. 1962.... 2480 8610 6130 250
February.... 2240 9220 5980 268
March ...... 2480 11430 8950 360
April........ 2400 10960 8650 360
May ........ 2320 10870 8550 358
June ........ 2250 8490 6240 278
July......... 2260 7940 5580 257
August...... 2170 7420 5250 242
September... 2100 6120 4020 190
October ..... 2170 5620 3450 160
November... 2100 5840 3840 182
December ... 2170 6420 4250 196

Plots of the production from Well T4 from 1937-1962
(Fig. P-1-3) show the overall production history of this
well while Fig. P-I-4 shows in more detail the produc-
tion immediately preceding and during the test.
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In 1963 gas injection in Well P160 was interrupted
(injection about 40,000 m*/mo) yet Well T4 still main-
tained a 52-ton/yr oil increase. In 1964 the gas injection
in P160 was increased to 55-56,000 m3/mo which re-
sulted in an increased oil yield during the first quarter
of 1964 but oil production dropped in the second quarter.
However, overall the increased yield in 1964 was 91 tons
of 0il. The production increased the following amounts
for the years 1962-1970.

Increased 0il Production

In 9.5 yr there was a total increased production of
470 tons of oil from Well T4. There was a minimum
change in oil viscosity (0.5°E).

Well response injection Well P4: After being shut in
for 138 days, Well P4 was put on production. Although
there were periodic shutdowns the response in this well
is shown (Fig. P-1-5).

Year in Well T4 (Tons/Year)
1962 .ot 87
1965 .ttt 52
1964 . oot 91
1965 - oot 65
1966 ..o eeee e 41
1987 o o 46
1968 . e i e 39
1969 . e 12
1970 ..o e 29.5
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FIG. P-I-5—The effect of inoculation on production from Well P4.
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TABLE P-1-2—Bacterial Counts and pH Changes
in Wells P4 and T4

Well P4 Weli T4
Bacteria Numbers  pH Bacteria Numbers  pH
Before
inoculation 1.2 X 10° 8.8 1x 108 8.7
Days after
inoculation
15.. 1.5 X10? 8.8
23.. 2.0 X103 8.6
43.. 5.0 X108 8.7
64.. 7.0 X 10* 8.7
75.. 6.5 x 10¢ 8.4
139. 7.5 % 104 6.7 6.3 X 10¢ 8.0
360 7.0 X 104 8.0 6.0 X 10* 8.2

Bacterial counts and measured pH of Wells P4 and
T4 were made periodically and showed an increasing
count of bacterial numbers and a decrease in the pH
(Table P-1-2).

Effects of inoculum on gas volumes and compost-
tions: Gas production in Wells P4 and T4 are given in
Table P-I-3 but are considered as estimates. The com-
position of gas from Well P4 (Table P-I-4) shows the
observed increase in CQO, and ethane.

Remarks—By 1970 the net oil production increase
from Wells T4 and P4 was 636 tons of oil. The two wells
sustained a 40 percent increased oil production for 4 yr
(reported as a gain of 1-1.4 bbl/day at each well). There
was an observed increase in bacterial numbers and a
decrease in the pH.

TABLE P-I-3—Monthly Gas Yield
from Wells P4 and T4

p-4 T-4
1961 1962 1961 1962

md m3
I 4460 3710 2330 3610
1 S 3810 3130 1400 3080
5 4770 3300 2170 4200
IV 4530 2400 2010 2220
Vo 3780 2440 1860 3720
VI oo — 2900 1170 3820
VII ..o —_ 2600 2080 3600
VII.............. ... — 4350 1860 3240
IX o _ 3750 3222 2700
X o — 4720 2200 3260
XI oo 2740 4830 2210 3420
D4 § I 2240 4900 2020 3650

177

TABLE P-i-4—The Composition of Gas from Well P4

Gas Com-

position 12/14/61 5/5/62 6/30/62 7/27/62 9/21/62 11/7/62
Air 2.6 21 03 2.05 1.9 2.1

Methane 81.0 79.9 7556 79.80 79.0 795

Ethane 0.9 1.6 3.2 1.8 1.9 2.4

Propane 2.22 03 32 1.0 1.5 1.8

i-Butane 2.15 2.2 1.9 1.9 2,0 1.2

n-Butane 2.5 1.6 — 1.4 1.2 1.0

CO, 863 123 1544 1255 125 119

POLISH FIELD TEST 11

Year of test: 1961. Location: Kroscienko Field

Geological data—The Kroscienko field is situated
on the Potok ridge entering into the central forma-
tion of the Carpathian depression, filled mostly with
Krasno layers. The area is divided into 3 fields. The
test well K18 is in the southern portion of the central
area with production from the Third Ciezkowice sand-
stone. This production zone is uniform but contains
numerous variegated slate (black) and clays sometimes
causing the isolation of the Second layer of sandstone.
The oil zones occur essentially in 3 levels, situated in
the top, center, and lower part of the Second Ciezkowice
sandstone layer. The layer measures 60-80 m in width
at a variable depth of 300-450 m.

The test area (consisting of 6 producing wells) is
separated from the rest of the field by a series of faults.
The inoculated Well K18 is positioned in the saddle sec-
tion of the block at the highest point with respect to the
surrounding 5 wells. Depth: 578.8 m.

Prior production history—Well K18 was drilled
in 1902. In 1951 the depth was extended to 578.8 m. The
production history of the well showed that in 1951
production was 8147 tons of oil. Between 1955-56 air
(26,348 m®) was injected with no results and the well
was shut down in 1975. In 1958 production was 180 kg,
in 1959 production was 170 kg and in 1960 only 60 kg oil
was produced. Production during 1958-60 was inter-
mittent. There had been no gas production for many
years.

Microbial well treatment—Well K18 was treated
on June 28, 1961 with 480 ] of inoculum (containing 2
X 10° cell/ml), 1100 kg molasses, 43 m? of formation
water, 150 kg oil by the same procedure used on Well P4
(see Field Test I). K18 was shut in for 175 days. The con
trol wells were K21 and K31.

Culture employed: Mixed culture (same as in We
P4).

Response —After 110 days the wellhead pressu
increased to 8 atm and a gas analysis showed a com)
sition of methane 89.6 percent, ethane 6.1 percent, p
pane 2.8 percent, butane 0.5 percent and i-butane
percent (converted to air free gas content). After
days the well was put on production and withi
mo produced 2121 kg oil. Control wells K21 and
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FIG. P-11-1—The effect of bacteria on the yield of oil in Well K18.
showed even more production. The additional oil pro-
duction to the end Of 1966 was: POLISH FIELD TEST III
Well K18 8.2 tons Year of test: 1961. Location: Potok Reservoir—
K21 5.6tons Well L140

K31 15.5tons
Total 29.3 tons

Microbial counts increased from 1< 10° to 5 X 10 in
the reservoir waters and the pH decreased from 8.7 to
6.8. The effect of microbial treatment on oil production
in Well K18 can be seen in Fig. P-I1I-1 and on production
from Wells K21 and K31 in Fig. P-II-2.

Remarks—The inoculation of bacteria in Well K18
increased oil production in the control wells.
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FIG. P-11-2—The effect of injected bacteria into Well K18 on the
oil yield in Wells K21 and K31.
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Geological data—Same as Test I. Depth: 715.13 m.
Viscosity: 1.29.

Prior production history—Well L140 produced
since 1914. In 1922 it was deepened to 715.13 m with
production of 3600 kg oil/mo. The well was shot in 1958
with no success. Gas injection in an adjacent well did
not increase production significantly.

Microbial well treatment-—Well 1140 was inocu-
lated on Apr. 26, 1962 using the same procedure as in
Well P4 Test I. The well was shut in 138 days. The con-
trol wells were 1.138, 1.130, L.134.

Response—There was no immediate increase in oil
production despite an observed increase in bacterial
numbers, and a pH change. There was no major change
in the viscosity of oil (Table P-II1-1).

TABLE P-111-1—Changes in Oil Viscosity Observed
After Inoculation of Well L140

Measured Oil Viscosity at 20°C on

Well Number April 26, 1962  Sept. 1,1962  Nov. 8, 1962
L130.............. 1.21 1.07 1.23
L134.........l 0 1.17 1.43 1.43
LI38.. ...l 1.15 1.15 1.19
Li40.............. 1.29 1.36 1.23
Li43.............. 1.25 1.19 1.17

However, in 1963 there was an observed increase in
oil production (Fig. P-III-1).
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FIG. P-11l-1—Resuit of microbial action and fracturing on produc-
tion from Well L140.

The large increase in oil production in 1965 followed
a fracturing of Well L140 on Oct. 25, 1965. A previous
shooting of this well in 1958 resulted in no increase in
production so it was suggested the fracturing increase
was influenced by 3 yr of microbial action.

Remarks—There was a delayed response in oil
production but fracturing the well 3 yr following inocu-
lation was very successful.
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FIG. P-IV-1—Structural map of top of Ciezkowice sandstone.
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POLISH FIELD TEST IV
Year of test: 1963. Location: Jakub Field

Geological data—The Ciezkowice sandstone of the
Lipinek ridge has a large facial variability. Production
is from the First Ciezkowice sandstone which has a
large variation in sand grain size ranging from 0.04 to
0.3 mm with the major portion having a diameter
smaller than 0.2 mm. It is expected that large differ-
ences in pore sizes and permeability exist in the field.
In the Jakub field oil production is from the First Ciez-
kowice sandstone layer which is split into 2 layers. The
inoculated Well R13 is drilled to the upper layer and is
situated on the southern flank of the Lipinek anticline.
The water contour is to the south of Well R14 and is not
active. The control wells R12, R14, R17, R18, J21 and
J23 are 50 m from the inoculated Well R13 and are all
structurally lower (Fig. P-IV-1).

Depth: 403.9 m. Porosity: Calculated at 25.1 percent
but variable. Viscosity: Paraffinic oil. Permeability:
Variable.

Prior production history—Well R13 has bheen
producing since 1942. In April 1963 production was
1200 kg oil and 600 kg light-brine.

Microbial well treatment—Well R13 was inocu-
lated on May 7, 1963 with 750 1 of inoculum, 2300 kg
molasses and 5700 1 of formation water and the well
closed. Response on the control wells was such that the
well was left shut in until March 1968 when the well
was examined by pulling the pipe and 8 m of fill was
found. On Mar. 10, 1968 the pipe was returned (with the
pump cylinder) to a depth 10 m from the bottom of the
well and 100 kg of molasses in 30001 of formation water
heated to 60°C was injected. The well was again shut
in.

Culture employed: Mixed culture as in Well P4.

Response—Control Well J21 responded 22 days
after inoculation with increased production of 150-200
percent. Wells R17 and R18 responded next, followed by
R14, J20, J21 and J23. The increased production in the
control wells equaled the losses by R13 closure (produc-
tion in 1963 was 1140 kg oil). R18 responded only in 1964
and 1965 while R12, R14, R17, J20, J21 and J23 main-
tained increased production to the end of 1971. Since
the response was so favorable during the observed test
period (1963-1972), Well R13 was not reopened but was
reinjected with 100 kg molasses in 3000 1 of formation
water on Mar. 30, 1968 and shut in. Production from the
control wells attributed to the bacterial treatment was
estimated at 260.2 tons by the end of 1971 (see Table
P-IV-1).
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TABLE P-1V-1—Production from Control Wells Influenced by 1963 Inoculation of Well R13

Ri2 R14 R17 J20 J2l J23
Year Norm. Surpl. Norm. Surpl. Norm. Surpl. Norm. Surpl. Norm. Surpl. Norm. Surpl.
1964.. 7.69 2.31 11.15 7.11 1.40 5.60 2.55 0.65 9.06 9.94 2.67 3.53
1965.. 10.01 0.51 10.17 8.08 2.00 4.72 2.87 0.71 9.63 9.97 6.83 6.62
1966.. 9.68 1.08 8.97 8.16 2.67 4.11 2.62 0.98 8.70 413 6.11 3.57
1967.. 8.29 2.23 8.74 9.26 2.67 1.19 2.50 1.10 8.86 5.75 5,93 1.44
1968.. 5.27 8.40 7.59 10.31 1.11 0.33 2.22 1.38 7.91 7.35 6.87 6.88
1969.. 8.89 9.91 7.31 10.69 0.21 0.98 2.44 1.16 7.05 1095 4.36 11.64
1970.. 8.26 7.30 6.27 8.25 2.00 0.85 1.86 1.74 6.89 11.33 4.90 7.77
1971.. 7.25 10.24 6.04 8.56 2.48 0.83 1.83 1.85 7.38 9.41 4.08 6.03
The effect on Wells J21 and J23 has been shown in Following inoculation the viscosity and specific
Figs. P-IV-2 and P-1V-3. gravity of the oil was measured (Table P-IV-2). The oil
viscosity decreased from 10.67 ¢St and sp. grav of
0.8516 to 4.37 ¢St and 0.8320 g/cm?.
™
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FIG. P-IV-2—The effect of bacterial inoculation of Well R13 on oil
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FIG. P-1V-3—The effect of bacterial inoculation of Well R13 on oil
production in Well J23.
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TABLE P-I1V-2—Viscosity and Specific Gravity of Oil
from Well R13 and Control Wells

The viscosity and specific gravity changes are most
apparent in Well J23. Such changes were maintained
for 9 mo after which return to normal values occurred.

Viscosity, Specific Gravity, A 10 <. . .
K 3 o step distillation of oil from Well J23 before and
Well Number Date Sampled ¢St at 20°C g/cm at 20°C during the test period of microbial action showed an
R13....... Sept. 26, 1963 7.41 0.8623 increase in the lighter fractions and a decrease in the
QOct. 26, 1963 6.48 @ 36°C 0.8516 heavier fractions (Fig. P-IV-4). The same observations
Nov. 23, 1964 10.67 0.8504 were made to a lesser extent on the oil from the other
Nov. 29,1964 9.66 @ 30°C 0.8626 wells as shown for Well R12 (Fig. P-IV-5).
Ri12....... Oct. 26, 1963 741 0.8510 .
June 18, 1964 6.48 0.8439 The reservoir waters were examined for microbial
Oct. 29, 1964 11.13 0.8617 counts and pH changes and showed increased microb-
Rl4....... Sept. 24, 1063 6.82 0.8421 ial numbers and decreased pH values (Table P-IV-3).
Oct. 26, 1963 6.33 0.8405
Sept. 13, 1964 9.66 0.8568 Well R13 before inoculation had no gas cap and the
June 18, 1964 8.20 0.8506 2 :
Oct. 29. 1964 10.84 0.8610 water was not gassy. After 3 mo of being shut in the
Ct. 29, : : wellhead pressure increased to 2.5 atm which was
R17....... Oct. 26, 1963 6.12 0.8423 maintained for several months. The gas was composed
June 18, 1964 9.11 0.8579 of methane 86.35 percent, ethane 2.01 percent, propane
J20....... Apr. 10, 1964 6.46 0.8433 0.23 percent, CO, 11.27 percent, nitrogen 0.11 percent
Oct. 29, 1964 6.31 0.8440 (converted to air free gas). In the control wells there
Jer....... Sept. 24, 1963 4.40 0.8328 was a noticeable but small increase in gas production
Oct. 26, 1963 4.47 0.8349 in the oil and formation water.
Sept. 9, 1964 4.37 0.8320
June 18, 1964 7.39 0.8556
Oct. 26, 1964 4.49 0-8€’68 Remarks—Inoculation of the reservoir resulted in
J23....... June 22, 1963 7.70 0.8550 increased oil production. In the 5 yr after injection, in-
Sept. 24, 1963 4.85 0.8360 creases in production were still being noted. Initially
Oct. 26, 1963 5.27 0.8420 the treatment stimulated 4 wells and with time it stim-
Apr. 11, 1964 4.95 0.8374 ulated 6 wells.
June 13, 1964 4.79 0.8368
QOct. 29, 1964 9,72 0.8615
ml
5
A Initial oil
[ \ i) Pested ofd
4 d }I'-'\\
/| \\ 2
3t M e R .
() 3] s
// / /::,- \ \ \. . . : .
4 v ' ¥ N
- ] s ——— .‘0 \ \
2t r /4 ...\-. 7=\ ‘ .
A 4 .
’ 3 ° ‘
Sl L/ ‘
A~ :
J ;'"'/ owa H
.,'_s«_{/
V-4
<)
§-
Y 1 1 2 i
0 100 200 00 ‘c

FIG. P-IV-4—The fractional composition of oit from Well 123 after injection of Well R13 (Engler distillation).
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.Y

FIG. P-IV-5—The fractional composition of oil from Well R12 afte: injection of Well R13 (Engler distillation).

200

300 °C

TABLE P-1V-3—Changes in Microbial Numbers (No/ml) and pH of Control Wells After Inoculation of Well R13

R14 R17 Jj21 J23
Microbial Microbial Microbial Microbial

Count pH Count pH Count pH Count pH

Beforetest.................... 3,000 8.7 3,000 8.6 2,800 8.6 1,300 8.7
Days after inoc. R13

15 8,500 7.9 7,800 8.0 8,000 82 40,000 8.4

2 e 8,700 7.6 8,000 7.8 8,500 7.9 65,000 8.0

43 e 70,000 7.4 600,000 7.7 8,000 7.7 60,000 7.9
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POLISH FIELD TEST V
Year of test: 1964. Location: Swierchowa Field

Geological data—The test area is in the southern
submerged extension of the Bobrki ridge whose center
consists of layers of Eocene. On the edges of this for-
mation are newer links of Krasno layers. The Eoceneis
separated into 4 layers of variegated fragments which
are separated with 4 layers of Czarnorzeki sandstone.
With respect to the tectonic formation a clear long split
ridge is evident together with further long dislocations
on the southern wing which are a result of tectonic
action characteristic of the central Carpathian region.
In addition to the lengthwise faults, the ridge in the
area of Swierchowa and Zalezu are transected by a
number of sideways faults. This double system of tec-
tonic disturbances results in the oil being selectively
placed in individual blocks. The oil bearing strip of
tectonic blocks is found on the southern side. On two
such adjoining blocks are situated Wells SW14 and 212
(Fig. P-V-1). The Swierchowa field produces oil from the
upper section of the Czarnorze sandstone in 4 separate
blocks. Each of the mentioned wells is in a different
tectonic block.

Depth: 519-530 m. Viscosity: Approximately 16 cSt.

Prior production history-—Well SW14 was drilled
in May 1951 to the Third Czarnorzecki sandstone (519.4
m) and produced 180 tons of oil. In 1953 production was
107 tons followed by a gradual decline until by 1963 oil
production was only 20.5 tons. Monthly production in
1964 was 1500 kg oil and 3000 kg water.

©- Inoculated wells I
e- Control wells

~- Isobars

=" Fault

FIG. P-V-1—Structural map of the Czarnorzeckiego sandstone
showing showing location of Well SW14.

Microbial well treatment—Well SW14 was inocu-
lated on May 14, 1964 with 6001 of bacterial culture, 200
kg molasses, and 50,0001 of formation water and closed
for 566 days. The control wells were SW8, SW9, and
SW13.

Culture employed: Mixed culture.

Response—Well SW14 was opened and by the end
of 1965 the extra oil produced was 22.12 tons (112 per-
cent increase) and water production increased from 100
to 350 kg/day (Fig. P-V-2). A large effect was noted on
Well SW9 (Fig. P-V-3).
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FIG. P-V-2—The effect of bacteria on production from inoculated Well SW14.
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TABLE P-V-1—Production from Wells in Swierchowa Field After Inoculation of Well SW14—Tons of Oil

Sw14 Sws Sw9 SWI8
Year Normal Surplus Normal Surplus Normal Surplus Normal Surplus
1965 ... o 19.98 22.12 41.46 4.51 43.55 10.63 — —_
1966 . ..o 16.34 15.78 32.66 5.58 40.75 4.47 7.44 0.56
1967 ..o 14.20 7.20 30.90 9.47 37.56 6.48 7.48 1.62
1968 ... 10.13 6.53 27.73 12.64 33.74 10.30 8.0 3.0
1969 ..o 10.03 6.20 25.05 15.15 29.99 13.51 7.0 3.7
1970 . o 10.99 3.53 24.91 15.02 31.01 12.89 7.24 3.65
1971 10.83 3.40 15.05 14.8 30.61 12.89 7.33 3.65
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FIG. P-V-3—The effects on Well SW9 from inoculation of Well SW14.
A 7 yr total production increase of 230.3 tons of pil —,
for all wells in this test area was attributed to microbial e ,
action (Table P-V-1). The increase was continuing in 5 83 —
1972 with additional stimulation of Wells SW9 and .é- 5%’ o2,
SW13. § &k

The measurement of viscosity and specific gravity
showed a notable decrease in Wells SW9 and SW13
(Table P-V-2) which was attributed to microbial action
and increased oil production.
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FIG. P-V-4—The effect of microbial treatment of Well SW14 on
total production of Wells SW8, 9, 13, 14, and 18.
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TABLE P-V-2-—Changes in Qil Viscosity
Observed in Well SW14
and Control Wells SW8, SW9, SW10, and SW13

Date Viscosity
Well Number Sampled (¢St at 20°C)

SWi4 ............... Nov. 5, 1964 16.95
Nov. 6, 1964 15.96

Nov. 10, 1964 16.59

May 24, 1965 15.00

May 21, 1971 17.72

Oct. 27, 1971 14.72

SW8 .......clll Dec. 16, 1964 13.93
May 24, 19656 15.48

SW9 ... July 8, 1964 17.86
Aug. 28, 1964 10.54

Sept. 5, 1964 11.29

May 21, 1971 13.56

SWIO ....covvevannn, July 8, 1964 13.94
Aug. 28, 1964 12.28

Nov. 5, 1964 13.21

May 24, 1965 14.38

SW13 ............... July 8, 1964 16.95
Aug. 28, 1964 11.65

Nov. 5, 1964 11.49

May 27, 1971 15.42

A fractionation of the oils showed an increase in the
lighter fraction of the oil after microbial action (Fig.
P-V.5).

ml
5 po

—_— Initial oil
Tested oil

seaarvere
— — —

In Well SW14 the pH declined in the light brine for-
mation water. pH before inoculation was 8.4, 566 days
after inoculation and at first production the pH had
declined to 7.4, 5 mo later the pH was 7.9. The water
volume increased for 6.5 yr (Fig. P-V-4) while the bac-
teria count increased for almost 2 yr. Before the test
Well SW14 produced no gas while 3 mo later a pressure
of 7 atm was noted. Its composition was methane 93,71
percent, ethane 3.44 percent, propane 0.59 percent,
i-butane 1.59 percent, n-butane 0.47 percent (air free
basis). There was a show of gas at the control wells but
it was of no commercial value.

Remarks—The oil production increased signifi-
cantly following microbial injection. The effect was
noted for at least 7 yr following treatment.

POLISH FIELD TEST VI
Year of test: 1965. Location: Weglowka I Field Well W169

Geological data—The test wells are found in the
southern part of a block which was exploited for years
as coal fields. The block was bisected by two lengthwise
faults so a southern, central, and northern part can be

FIG. P-V-5—The fractional composition of oil from Well SW14.
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TABLE P-VI-1—0i! Production from Well W169
Following Microbial Treatment

Tons Qil/Year

W169 Production Normal  Surplus
1066 .o e i 53.3 32.18
10687 et s 78.33 26.87
1968 . i, 83.75 23.95
1969 .ot e e, 81.28 28.22
1970 . i s 77.60 10.48

separated. All three sections have oil-gas horizons with
the central being most important. The oil bearing lower
Cretaceous levels are found in the coal bearing sand-
stone (lower chalkpit). The test wells are in the central
block which has two productive horizons, the First and
Third (the Second is flooded). The surrounding water is
found in the First horizon (-160 m). The depth of First
layer is from 250 to 500 m with a thickness of 16 m, and
a saturation coefficient of 0.5 (low because the block is
drained by adjacent wells). The Third horizon layer is
360-670 m and the oil-water interface is 300 m with a
thickness of 25 m and a saturation coefficient of 0.5
(Fig. P-VI-1).

Depth: Well W169, 510.3 m. Porosity: First horizon 11
percent, Third horizcn 15 percent. Viscosity: T cSt.

Prior production history—Well W169 produced
since 1957 from a depth of 510.3 m. Prior to inoculation
produced 7500 kg oil, 9300 kg water and 730 m?
gas/mo,

.
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FIG. P-VI-1—Structural map of the Third horizon and location of
test wells in Weglowka field.

Microbial well treatment—Well W169 was treated
on July 19, 1965 with 500 | culture, 2000 kg molasses
and 40,000 1 of formation water. The well was shut in
for 208 days.

Culture employed: Unknown.

Response—By the end of 1970 the well had pro-
duced 212.7 tons of excess oil which averaged as a 28
percent increase (Table P-VI-1).

After 1970 the well returned to the normal expected
decline (Fig. P-VI-2).

The microbial count increased, then decreased. The
pH decreased from 8.4 to 7.3 and was maintained at a
level of pH 7.3 to 7.8 for 140 days after which it returned
to normal. The water production increased greatly and
remained thereafter at this high level.
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TABLE P-VI-2—Changes in Qil Viscosity Noted

in Well W169
Vis Specific Gravity POLISH FIELD TEST VII

Date Well W169 Tested (cStat 20°C)  (g/cm? at 20°C) Year of test: 1965, Location: Weglowka I Field
July 8,1965 .......coeenn... 6.65 0.8640 Well W254
July 19, 1965 (inoculation)
Oct.9,1965 ................ 6.07 0.8560
Apr. 26,1969 ............... 4.25 0.8437
Dec. 12,1970 ............... 7.06 0.8588
Apr. 12,1970(?) ............. 7.60 0.8590 Geological data—See Weglowka I WI169 test.

Depth: 533.5 m.

The viscosity was measured for the 5 yr period and
showed a drop, then a return to normal (Table P-VI-2).
The decrease of 2 ¢St was considered important to the
oil release noted.

Prior production history—Well W254 was drilled
in March 1906 to depth of 533.5 m. In April 1965 the
.. . well produced 600 kg oil and 279 tons of water.

The gas production increased (especially in the first
vear) and in the third month following inoculation its
composition was: O, 1.78 percent, N, 3.04 percent, CH, Microbial well treatment—Well W254 was inocu-
83.83 percent, C, 3.54 percent, CO, 1.0 percent, C; 3.44 lated on Sept. 22, 1965 using same technology as in
percent, i-C, 0.79 percent, n-C, 1.4 percent, i-C; 0.69 per- W169 test. Well W254 was shut in for 122 days.
cent, n-C; 0.46 percent.

A distillation of the oil showed an increase in the
lighter fractions (Fig. P-VI-3). Culture employed: Same as in W169 test.

Remarks—Inoculation of the well showed a posi- .
tive response in oil production. Water production Response—In the 6 yr of observation the well pro-
increased. A change in viscosity was considered duced 87.7 tons of excess oil (average increased yield of
important in oil production increases. 340 percent) (Table P-VII-1).
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FIG. P-VI-3—The fractional composition of oil from Well W169 (Engler distillation).
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TABLE P-Vil-1—Effect of Microbial Inoculation

on Well W254
W254 Production Normal Surplus
1966 ..ot e e 3 16.94
1967 o e e e 4.72 17.53
1968 ..o e 4.77 13.03
1969 ... e 4.52 13.63
1970 . e e 4.43 12.77
1971 e 5.07 13.19

The bacteria count increased and the pH changes
were similar to those observed in W169 (Fig. P-VII1).
The viscosity decrease was minimal.

Remarks—As in Well W169 an increased oil pro-
duction followed microbial inoculation of the well.

POLISH FIELD TEST VIII
Year of test: 1965. Location: Swierchowa Field

Geological data—Same as Test V. Depth: 529.5 m.
Viscosity: A paraffinic oil, 9-11 cSt.

Prior production history—Well Z12 drilled in
1950 to depth of 529.5 m and produced 267 tons of oil in
1951. In 1952 production was 9.4 tons and by 1963 only
10 percent of original production. Monthly production
in 1963 was 1200 kg oil and 3000 kg water.

0il T/imo
Water T/mo

MICROBIAL ENHANCEMENT OF QIL RECOVERY

TABLE P-VIlI-1—Production from Wells Z12 and Z7
After Microbial Treatment

Tons of Qil
112 17
Year Normal Surplus Normal Surplus
1965 ......cco. ..., 16.12 4,77 —_ —
1966 .......0...L. 13.69 25.28 12.72 0.64
1967 ... ..., 11.69 6.66 12.22 2.46
1968 .............. 9.28 7.67 11.05 3.93
1969 . ... vvivvnnts 8.81 6.69 10.31 2.09
1970 . ...l 8.82 5.70 10.01 0.94
1971 ... .. ... 8.75 5.56 9.82 1.16

Microbial well treatment—Well Z12 was inocu-
lated on Dec. 16, 1965 with 600 1 bacterial culture, 200
kg molasses, and 50,000 1 of formation water and shut
in for 217 days The control well was Z7.

Culture employed: Mixed culture.

Response—O0il production increased in Wells Z12
and Z7 (Table P-VIII-1).

The total excess production from the wells in 7 yr
was 73.55 tons and the increased rate was continuing.
(1 yr after treatment 184 percent increase, 7 yr later
72.4 percent increase.)

The increase in production in Well Z12 is plotted in
Fig. P-VIII-1.

There was a small increase in water production (20
percent) the first year which decreased to normal. The

° Bactenia

QOit

ra———

Water

- =~ Natural decline curve

{ M E:j Sumplus oil

3 \

l" H )

, L4 t ' 'r._ A Lost oit

. ' I8

. ' L e Pt aammasta, =y meL TN, e e — A e e e T SN

10,200 100 1 K N T - -
\ :

+ 1]
E 8 1160 80 l| i o
& 1 = s !
2 el120 - .,
g.7! 1 £ !
e |}
100 4lgoa0 VI {
10 ‘ v =
103 2140 20 ‘l l" ! HH 1

} > N ‘
1012\ ‘ : iy |l R U] ” ‘L.Ui.j.‘w-‘_ iUl '-'JHHMUH
10" )o = v
1965 1966 1967 1968 1969 1970 1971

FIG. P-VII-1—The effect of bacterial inoculation of Well W254.
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TABLE P-VII1-2—Changes in 0Qil Viscosity
Observed in Wells Z12 and Z7

Viscosity (cSt at 20°C)
Date Sampled Well 212 Well 27
Apr.8,1964 ... .o 11.03 10.12
Oct. 29,1964 .....coovvvveeeeeeennn. 9.26 10.09
Mar. 15,1965 . ... ooii e enn 9.90 9.00
May 29,1965 ... ..cvveeinnennonnn. 8.90 11.02
Inoculation Dec. 16, 1965
May 12,1971 ..o eians 10.50 10.48

microbial count increase paralleled the oil increase.
The pH dropped from 8.8 before inoculation to 7.0 after
being shut in for 217 days. It remained for 2 mo at 7.0
then returned to pH 8.8.

The viscosity of the oil in the test area was mea-
sured (Table P-VIII-2) and showed a decrease.

There was no gas before the test but built up to 17
atm during closure of the well. Its composition was
methane 93.71 percent, ethane 3.44 percent, propane
0.59 percent, i-butane 1.5 percent, and n-butane 0.67
percent.

As observed in previous tests on Well SW14 a distil-
lation showed an increase in the lighter fractions of the
oil in Well Z12 (Fig. P-VIII-2).

Remarks—A positive response of o0il production to
microbial growth was noted.

POLISH FIELD TEST IX
Year of test: 1966. Location: Weglowka I Field
Well W256

Geological data—See Weglowka I field test VI
(Well W169). Depth: 514.9 m. Porosity: 11 percent. Visos-
ity: 7 cSt.
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FIG. P-VIlI-2—The fractional composition of oil from Well Z12
(Engler distillation).

Prior production history—Well W256 produced
from 1956 from a depth of 514.9 m. In February 1966
Well W256 produced 6 tons of oil and 37 tons of water
from the Weglowieckie sandstone (Lower Cretaceous).

Microbial well treatment—Well W256 was inocu-
lated on Mar. 1, 1966 using the same technology as in
W169 test. The well was shut in for 150 days. On Feb.
26, 1970 Well W256 was hydraulically fractured.

Culture employed: Same as W169 test.

Response—By the end of 1971 the well had pro-
duced 412.36 tons of excess oil. However, part of the
production from 1970-71 could be due to the fracture
treatment (Table P-IX-1 and Fig. P-1X-1).
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FIG. P-VIII-1—The effect of bacterial inoculation on Well Z12.
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MICROBIAL ENHANCEMENT OF OIL RECOVERY

TABLE P-1X-1—Effect of Treatments on Well W256 TABLE P-IX-2—Changes in Viscosity
Observed in Well W256
W256 Production Normal Surplus
Viscosit Specific Gravity
logy IS0 eogs  Datesameld AT (e 200
1 45.2 59.8 Oct.9,1965 ....cvvnnnnn.... 7.28 0.8672
1969 . o e 41'33 6817 Mar' 1’ 1966 (inoculation)
1970 e e e 4281 69.47 Nov.15,1968 .....cuenn... 8.01 0.8653
Well fractured Apr. 20,1969 ............... 6.60 0.8589
1971 e e 36.8 121.0 Sept. 10,1969............... 743 0.8600
Sept. 12,1969............... 7.43 0.8607

Apr. 10,1970 ....... ... ... 7.08 0.8601

Bacterial counts increased to a maximum 152 days
after inoculation and paralleled increased oil pro-
duction. The viscosity measurements (Table P-IX-2)

showed:
Remarks—(Good response from microbial action
A distillation of the oil showed an increase in the and an improved fracturing response when bacterial
lighter fraction of the oil (Fig. P-IX-2). action is present.
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FIG. P-1X-1—The effect of bacterial inoculation and fracturing on production from Well W256.
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FIG. P-IX-2—The fractional composition of oil from Well W256 (Engler distillation).
lonic
Dry Weight (g/L) Content of
pH  After Drying at 180°C  Cl, HCO,
Beforetest .......... 8.5 9.722
POLISH FIELD TEST X After opening well ... 7.8 10.176 Decrease
Year of test: 1967(?). Location: Unknown—Well W8 Months later ........ 8.1 10.212 Increase

The bacteria at the boundaries were maintained at
a count of 2 X 10° and reached counts of 3 X 10%/ml.

A distillation of the oil showed the following

. i . changes in fraction content (Fig. P-X-1).
Geological data—Production of paraffinic crude

from the Type I Ciezowice sandstone. Depth: 597 m. - Initial 0il

Viscosity: 2.02°E (specific gravity 0.876 g/cm?® at 41 02N rested otl :
ZOOC). sssonn
Prior production history—Well W8 was drilled in 3
1947 and had produced 6200 kg oil and 900 kg
water/mo.
Microbial well treatment—Well W8 was inocu- 2

lated with 2001 of bacteria, 240 kg molasses, 5600 kg of
formation water. An extra amount of water and mo-
lasses was added and the well shut in for 4 mo. "

Culture employed: Mixed culture isolated from sew-
age and industrial and petroleum sources.

Response—The water was characterized by a large 00 200 o xp
quantity of very slimy crude. The chemical composition

of the water changed: FIG. P-X-1—The fractional composition of oil from Well W8

(Engler distillation).
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Remarks—The reason for this well producing a
slimy oil is unknown. Since no production figures are
given, the results of this effect are unknown.

POLISH FIELD TEST XI
Year of test: 1967. Location: Bobrka Field—Well B118

Geological data—The long narrow Bobrka field is
bounded by faults with the southern end being rather
steep and the north gradual. The center of the fold
forms the surface of the First Type Eocene aggregated
slate and the southern wing is made up of mineralite
slate. The deep structure in the area of the Third Type
Ciezkowice sandstone is present in small folds not
more than 150 m wide. The best Third Ciezkowice
sandstone area is in vicinity of B115 at -285 m. B115 1s
the top and descends on both sides with B117 at -282 m.
The oil reservoir is the Third Ciezkowice at a depth of
650-680 m (30-40 m thick). Production is from the sand
just below the Type Three slate (at -300 to ~400 m). It
is assumed there are two producing zones—the Third
Ciezkowice sandstone and the nearby sand. These two
zones are separated by large partitions composed of
compressed sandstone of small grain size, imperme-
able, with irregular slate inserts. Wells B117 and B118
are in the southern area (Fig. P-XI-1).

Depth: 740.3 m. Porosity: Main porosity (variable).
Viscosity: 11-13 ¢St. Permeability: Core samples from
an adjacent northern area showed a variable perme-
ability.

Prior production history—Well B118 has pro-
duced from February 1956. In September 1967 from
740.3 m it produced 3600 kg oil and 2000 kg water
monthly.

Microbial well treatment—The well was inocu-
lated on Dec. 15, 1967 and shut in for 145 days (loss of
12 tons of oil).

Culture employed; Unknown.

Response—Upon resuming production in Well B118
the following production was obtained (Table P-XI-1).

The largest production increase occurred 4 mo after
inoculation (300 percent increase) while production for
the 4 yr increased by 143 percent.

.+ s 1 i -

~— = Iscbsr
" Fault

© - Incoulated wells
- Control wel's

FIG. P-XI-1—Structure map of the top of the Third Crezkowickiego
sandstone and locations of Wells B117 and B118.
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TABLE P-XI-1—0il Production k<) from Well B118
Following Bacteria Inoculation

Normal Prod. Actual Surplus Percent

Month Expected Prod. Obtained  Production  Incicase
Apr. 1968 1800 5350 3550 198
May .... 2640 5970 4330 125
June .... 2550 6400 3850 65
July..... 2600 10430 7850 300
Aug. .... 2540 5440 2900 120
Sept. .... 2450 4420 1970 80
Oct...... 2500 5650 3150 125
Now. .... 2400 5780 3150 140
Dec...... 2450 4650 2200 90
Year Tons of Oil

1968..... 22.14 31.95

1969..... 26.50 44.98

1970..... 24.33 42.54

1971..... 23.48 33.36

The bacteria counts increased for 1.5 yr (Fig. P-XI-2).
There was a minimal increase in water production. The
pH decreased from 8.4 to 7 after 106 days of production.

The observed change in viscosity showed its great-
est decrease 10 mo after inoculation after which it
returned to normal (Table P-XI-2).

The wellhead pressure increased to 7 atm (gas cap)
and showed the following composition: O, 4.80 percent,
N, 13.35 percent, C, 71.11 percent, Cy 3.55 percent, CO,
2.69 percent, C; 2.70 percent, i-C, 0.76 percent, n-C, 0.27
percent, i-C; 0.43 percent, and n-Cg 0.34 percent. The
gas yield was maintained for 1 yr.

Remarks—The injection of bacteria showed a sig-
nificant improved oll recovery response.

TABLE P-XI-2—Effect of Bacterial Inoculation on
Viscosity and Specific Gravity on Well B118

Date Sampied Viscosity  Sp. Gravity
Feb.5,1968 .. ..., 12.2 0.8563
Apr. 12,1968 ....................... 9.91 0.8520
Sept. 12,1968, ..., 9.88 0.8518
Oct. 30,1968 ....... ................ 14.256 0.8641
Feb. 20,1969 ...t 8.92 0.8433
Apr. 41969 ................ ... 10.92 0.8538
Dec.2,1969 ............ ... ... ..... 11.65 0.8544
Sept. I8, 1970. .. ... ..ot 13.19 0.8598
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FIG. P-XI-2—The effect of bacterial inoculation on production in Well B118.
POLISH FIELD TEST XII Prior production history—Well B117 has pro-

duced since May 1956. In 1969(?) from the 802 m level it
produced 3200 kg oil and 2400 kg water monthly.

Microbial well treatment—Well B117 was inocu-
lated on May 3, 1968 and closed for 85 days.

Culture employed: Unknown.

Year of test: 1968. Location: Bobrka Field—Well B117

Geological data—See data Bobrka test XI (B118
well). Well B117 is in the southern area. Depth: 802 m.
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FIG. P-X11-1—The effect of bacterial inoculation on production in Welt B117.
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Response—Upon resuming production of Well B117
the following production was obtained:

Well B117—Tons OQil/Yr

Year Normal Surplus
B 1 71.09 33.85
1970 i e e e . 70.35 50.29
R R 55.00 9.60

By 1971 a total of 93.74 tons of excess oil (yearly
increase 46 percent) was produced. After 2 yr the oil
production returned to normal (Fig. P-XII-1),

The microbial count increase occurred in the first 6
mo of production then decreased. The viscosity de-
creased only 1.0 ¢St in the first year. No change in
water composition was observed but the pH decreased
from 8.4 to 7.5 in the first 6 mo. There was some produc-
tion of gas. The oil composition changed with an in-
crease in the lighter fractions (Fig. P-XII-2).

Remarks—The well responded after the microbial
growth had reached its peak and did not have aslong a
sustained production increase as Well B118.

POLISH FIELD TEST X111
Year: 1968. Location: Rowne Field

Geological data—The West August area is bound-
ed from the west by a lateral dislocation which runs
past the Bobrka A35 well. The area is divided by two
lengthwise fractures which separate the south, center,
and northern areas. The surface of the center area is
Type I Eocene variegated slate. The structure is rather
smooth, falling to the south at an angle of 40-50° and
more steeply to the north. The West August field is a
Type II Ciezkowice sandstone. Poor oil horizons are
also in Types I and III. The depth of the III is between
450-500 m and is 120 m thick. The o0il zones are grouped
in the second ridge of sandstone, The lower series is
producing but hydrated. No cores are available (Fig.
P-XIII-1).

The Fractional Composition of 0il from Well Bl17
{Engler Distillation)

m —— Initial oil

{ ==={Tested oil
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FIG. P-XII-2—The fractional composition of oil from Well B117
(Engler distillation).

MICROBIAL ENHANCEMENT OF OIL RECOVERY
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FIG. P-XillI-1—Structural map of the Ciezkowickiego sandstone
(Type I} and location of Well A35.

Depth: 578 m. Viscosity: 4 cSt.

Prior production history—Well A35 has pro-
duced since October 1960. In March 1968 it produced
3100 kg oil, 4600 kg water, and 200 m? gas.

Microbial well treatment—Well A35 was inocu-
lated on July 22, 1968 with 500 1 of inoculum, 1600 kg
molasses and 45,0001 of formation water. The well was
shut in for 100 days.

Culture employed: Unknown.

Response—In the period from 1968-71 the well had
produced 85.56 tons of excess oil (average increase 68
percent) (Table P-XIII-1).

In 1970 production started to decline and declined
further in 1971 (Fig. P-XIII-2).

The pH declined from 8.5 to 7.5 with an increase in
microbial counts. The water production increased.
During the shutdown period the wellhead pressure
increased to 2.5 atm and the water was gassy. The
viscosity declined as shown (Table P-XIII-2).

The oil in A35 is nonparaffinic so even a minimal
decrease in viscosity could have a large effect on pro-
duction. The distillation of the 0il showed an increase
in the lighter fractions of the oil (Fig. P-XIII-3).

Remarks—Microbial growth caused an increasein
oil and gas production.

TABLE P-XIllI-1—Production from Well A35
Following Bacterial Inoculation

Well A35 Production Normai Surplus
1968 . .. e, 19.20 6.35
1969 ... o e 32.90 41.75
1970 . e e, 34.84 27.21
1971 o e 21.85 9.75
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MICROBIAL ENHANCEMENT OF OIL RECOVERY

TABLE P-XIII-2—Effect of Bacterial Inoculation Since the tgst wells are all within this plotted area,
on Viscosity and Specific Gravity in Well A35 they are described together (Table P-XIV-1).
Well W176is bounded on the south by a lateral fault

Viscosity Specific Gravity in the profile of Well W280. On this productive block
Date Sampled (cStat20°C)  (g/cmd at 20°C) there is only the first vein (thickness 16 m), porosity 11
percent, with a saturation coefficient of 0.19. The oil-
June 20, 1968 e N 4.57 0.8429 water interfaceis at 810 m. The depth of the first vein is
July 22, 1968 (inoculation) 980-1130 m
Oct. 24,1968 ............... 3.90 0.8418 ’
Oct. 30,1968 ............... 3.90 0.8358 Well W266 is bounded on the south by a lateral fault
Dec. 19,1968 ............... 3.99 0.8369 running near W176 and W280. The parameters are the
dJan. 23,1969 ............... 3.84 0.8348 same as for W176.
gell;. ;’ 1969 ......oinnnin. §7Z 8ggig Well W271 is situated in the same fashion as W176
eb. 20, 1969 ............... -8 : and W266 in tectonic block 176 and has the same
June4,1969................ 3.83 0.8365 arameters
July2,1969 ................ 4.74 0.8519 P :
Sept. 19,1970............... 4.70 0.8520 Well W288, also in block 176 which is bounded on
Nov. 20,1970 ............... 4.18 0.8500 the south by a lateral fault from the profile of Well

W230. It has the same parameters as Well W176.

Well W273 is a control well in tectonic block 276
separated by tectonic faults from the wells used in the
test. It possesses the same parameters as the above
wells. It was closed for 3 mo but not inoculated.

POLISH FIELD TESTS XIV-XVI
Year of tests: 1969. Location: Weglowka IT Field

Geological data—The structural map of the lower Microbial treatment of test wells—All inocu-
Chalkpit ridge in the Weglowka field is shown (Fig. lated using technology employed in Weglowka I test on
P-XIV-1). Well W169.

.
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Key:

+ Closed exploratory wells

<+ Dry holes

e Wells extracting oil with water
for inoculation

® Inoculation wells - phase 1

* 0il wells without water

© Yells removing o}l without
water - control phase 1

* Drilling wells g Layers of lower Chalkpit

¢ Projected wells "\«, Normal fault
¢ Gas.wells -”~ Background fault

-
Viell mumber -7 Perpendicular fsult

42 Lower vault Chalkpit ppm — Geological boundary
Nonhydrated oil field

FIG. P-XIV-1—Structural map of the Lower Chalkpit ridge and the location of wells of the Weglowka Il (see key).
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TABLE P-XIV-1—Data on Test Area in Weglowka Il Area

Prior Monthly Production

Production

™ oilsat ke m3
Well Date Drilled Depth® Coeff. Date 0il Water Gas
WI176 .. ie it Qct. 1959 ..o 1100 0.19 Feb. 1969 5500 37500 15450
W266 ...oevieiiiinieenes May 1961 .........c.ovene 1144.2 0.19 Feb. 1969 22700 25900 10500
W2T1 it Apr. 1960 ... ...ttt 11244 0.9 Feb. 1969 9400 14400 11000
W88 oot Sept. 1963 ............-... 1125 Feb. 1963 7100 2800 6000
W73 i Control well .............. 1100 8000 3200 3800

*Thickness of production zone in the wells was 16 m, the porosity was 11 percent, and the oil-water interface was at 810 m.

Shut In
Well Date Inoculated Period (Days)
W176..... Apr. 10,1969 ...........oiieet 90
W266 ..... Apr.9,1969 ... ..ot 90
W271..... Apr.5,1969 ....... ...t 90
W273..... Control well only shut in, not
inoculated ......... ... ..., 90

Well W176 was perforated on Sept. 2, 1970 so oil
production after that date is due to both treatments.
Well W266 was hydraulically fractured on Oct. 15, 1970.

Response—W176: In 1969 reported to have an ex-
cess oil production of 55,900 kg (increase of 32 percent)
and in 1970 an excess of 70,730 kg (20.7 percent in-
crease) (Fig. P-XIV-2). However during the 90 day shut
in period 95,000 kg was lost so the surplus was only
31,600 kg. The data in 1970 include production resulting
from the perforation treatment.
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FIG. P-XIV-2—The effect of bacterial inoculation and perforating
on production from Well W176.
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Well W266: In 1.5 yr the excess oil was reported as
6200 kg. With the fracturing on Oct. 15, 1970 the excess
oil by the end of 1970 was reported as 139.39 tons. This
marked increase was claimed to be the result of the
combined microbial and fracturing treatment—espe-
cially of formations of lower permeability.

Well W271: No excess oil was reported. The reason
cited was the low permeability. At the time of inocula-
tion it was necessary to use 130 atm for 2 days to inject
the inoculum.

Well W273: Control well—due to shut in period, 90
tons of oil was lost. There was no increase in produc-
tion observed for 2 yr.

Remarks—The injection of bacteria into the forma-
tion was both successful and unsuccessful. The per-
forating and fracturing of wells which had been inocu-
lated showed marked success. Wells in areas of low
permeability showed no effect of microbial treatment.
A control well showed no response due to bacterial
injection.
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TABLE C-I-1—Number of Sulfate Reducing
Bacteria/ml, Days After Phase 1 Inoculation

Well 0 5 18 26 64

/7 10° 10° 1X10t 88X 100 2Xx 102
Z4 ...l 10° 10° 1X10' 2X108 2x10°
Z5 ... 10°  10° 10° 2X100 3X10°
/X 10° 10° 10° 10° 1x10°

CZECHOSLOVAKIA FIELD TESTSI AND II
Year of tests: 1954. Location: Southern Moravia

Geological data—Deposit Z is composed of coarse
Tortonean sands of variable granularity. The upper
boundary of the well (depth about 50 m) is regular
while the lower boundary was not defined. Only the
main part of the sand contains oil with the water con-
tent increasing with depth. The oil is characterized as a
heavy asphaltic oil of high sulfur content (average 79.6
mg/1) with a small content of H, S,

Depth: 50 m. Porosity: 24-32 percent, Permeability:
3000-8000 mD. Residual oil saturation: 30 percent.

Prior production history—The Well Z1 is on the
boundary of a flooded-out area. The daily o0il recovery
is in the tens of kg/well. The pH of the water is 8.3.

Microbial well treatment—There were two phases
to the test. In 1954 Well Z1 was inoculated with 40 liters
of a mixed culture of sulfate reducing bacteria and
hydrocarbon bacteria without the addition of nutrient.
In the second phase in 1955, the same inoculum was
used (40 1) but in addition 30 kg molasses wastes were
add.d and pushed with water at 4.9 atm. The culture
was inoculated into Well Z1 with the surrounding wells
serving as controls (Fig. C-I-1).

Response—Phase I (1954). Inoculation without nu-
trient addition. The microbial count increased in the
wells (Table C-1-1).

MICROBIAL ENHANCEMENT OF OIL RECOVERY
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FIG. C-I-1—Location of wells in Deposit Z test.

Phase 2 (1955): Inoculation with added molasses.
The presence of nutrient stimulated microbial growth
(Table C-1-2),

The effect of the added nutrient is evident between
Phase 1 (no nutrient) and Phase 2 (added nutrient)
since in Phase 1 the count increased only one order
while in Phase 2 the count increase was 6 orders. The
exhaustion of nutrient was shown by drop in counts
100 days after inoculation (some loss of nutrient was
attributed to water production from the wells).

The growth of bacteria and the response in oil pro-
duction are shown in Fig. C-I-2.

Although the observed oil recovery was not impres-
sive the point is made that the increase did correlate to
the time of maximum microbial growth. The microbial
increase was faster and was maintained for a longer
time in the structural high (Well Z2) and was less in the
lower part of the structure (Well Z3).

Remarks—Microbial counts increased in the res-
ervoir after inoculation with added nutrients stimu-
lating microbial growth. The oil production increases
paralleled microbial increases.

TABLE C-1-2—Number of Sulfate Reducing Bacteria/ml, Days After Phase 2 Inoculat. ;n

Well 0 20 48 68 97 17 145

/R 10° 10° 10° 4 X 108 4 X 108 2% 107 3 X 10%
/7 10° 10° — 12X 10° — 7X 10! —

Zhd o 10° 10° - 23X 10° 5% 10¢ — 2x10°
/1 S 10° 10° 2 x 10! 2X 108 2% 104 1X10° 2% 104
/S O 10° 10° 2 X 10 3 X108 1 X108 4 X107 4 X 104
LB e 10° 10° 10° 7% 10! 8 X 10? 1108 6 X103
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FIG. C-1-2—Microbial growth and oil production in deposit and selected wells.

CZECHOSLOVAKIA FIELD TEST II1
Year of test; 1955. Location: Deposit H

Geological data—The area isin the Moravian part
of the Vienna Basin. The geology and reservoir pa-
rameters are reported to be similar to the Hodonin
deposit (see Field Test IV). The wells involved in the
test are shown in Fig. C-III-1.

FIG. C-11l-1—Location of wells in Deposit H test.
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Microbial well treatment—The Well H1 was first
cleaned and the water level lowered. The well was in-
oculated with 40 1 of culture and 30 kg of molasses
wastes. The inoculum and nutrients were injected at
9.4 atm pressure.

Culture injected: A stable mixed culture which con-
tained sulfate reducing bacteria (10°/ml) and Pseudo-
monas hydrocarbon bacteria (10°/ml). (Same as Deposit
2.)

Response—The growth of the sulfate reducing bac-
teria was evident (Table C-III-1) within 48 days follow-
ing inoculation.

The growth of sulfate reducing bacteria compared
to oil and water production for selected wells and for
the deposit as a whole are shown in Fig. C-ITI-2.

The oil recovery was calculated only on the basis of
the wells in the test program and not for the entire
deposit. During the test about 5,000,000 liters of water
were produced from the test wells.
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TABLE C-llI-1—Multiplication of Sulfate Reducing Bacteria (Number/ml) in Deposi: H

Days of Test
Well No. 0 7 28 48 73 99 118 169
H2 ................... 10° 10° — 4 X 10! 1x108 3 X 104 —_ —
H3 .o 10° 10° 10° 1108 — 1X10°% — 2% 105
He ...l 10° 10° 10° 1108 7 X 108 43X 108 3 X107 1% 108
H5 ..o 10° 10° 10° 1X103 6 X 10° 8 X 104 5% 104 1 X103
H6 ................... 10° 10° — 1X10% 8 X 10? 1.2 X 104 1X104 —
H7 (o 10° 10° 4 X 10! 1% 104 1X10° 1X10° 1 X 10° 1104
H8 ................... 10° —_ 10° 1.7 X 108 3 X 104 2.5 X 105 — 2% 10°
The viscosity of the oil was measured before and H3 was there a noticeable decrease and they report this
during the changes of microbial growth (time un- well had the highest microbial activity during the test.
known). The results show (see Table 4) that only in Well
Well H3 Well H4
10 ' ] 10
9 I Water i, d
/| ] " 14
o 1 Perotess 8r
7t {3 71 /" N ' 3
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ot , il /
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FIG. C-l1l-2—Microbial growth and oil and water production in Deposit H and selected wells.
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CZECHOSLOVAKIA FIELD TEST1IV
Year of test: 1957-58. Location: Sarmatian
Region, Vienna Basin (Hodonin Deposit)

Geological data—The field is the smallest deposit
in a portion of the Vienna Basin which is situated in an
intermediate block confined by two faults: one to the
east, one to the west. Both faults dip eastward at an
angle of 55°. The strata within the block creates a semi-
vault apexing at the bend of the eastern fault and the
strata dips westward. The productive Sarmatian hori-
zon occurs at the Pannonian-Sarmatian interface. The
upper boundary of the apex portion is 150 m deep with
the relative difference in elevation being 30 m. The
zone originally had a free gas cap, now depleted. Pro-
duction has caused the whole zone to have a waterbed.
Water enters across the yvestern fault or from the north
where the fault does not'seal (Fig. C-IV-1). The water is
saline of the Na bicarbonate type, pH 6.5-7.5, with a
sulfate content of 9.5-14.4 mg/1.

Depth: 150 m (first Sarmatian zone). Porosity: 36
percent (fine to medium granular sand). Viscosity: 100
¢St (specific gravity of oil 0.941 g/cm3). Permeability:
3300 to 8100 mD. Residual oil saturation: 40 percent
after waterflooding (composed of naphthenic 53 per-
cent, paraffinic 30 percent, aromatic 17 percent).

Prior production history—The test area had pre-
viously been injected with molasses through Well 78,

Microbial well treatment—The injection Well 78
was first cleaned and the water level lowered. The well
was inoculated with 60 liters of a 4-day-old culture of
Desulfovibrio and Pseudomonas cultures (contained 2
X 10° cells/ml). Simultaneously with the culture was
injected 50 kg of distillery effluents at a pressure of 5.4
atm. The pressure was increased after 24 hr to ensure
the inoculum was injected into the formation. After 10
days the water level was normal.

l

® Production well Injection
I3 Terminated well well
O Nonproducing well // Fault

FIG. C-IV-1—Structural map of the deposit and the location of the
producing wells.

Culture injected: Stable mixture of Desulfovibrio
and Pseudomonas with decomposed hydrocarbons.
Culture grown at 32°C.

Response—Well 78 was inoculated and tests were
made on 10 control wells. An increase in microbial
numbers was observed throughout the test area (Table
C-IV-1). Sulfate reducing bacteria counts were deter-
mined by the lead acetate paper technique. The micro-
bial numbers reported are only for sulfate reducing
bacteria since the Pseudomonas did not follow the
pattern nor did viscosity measurements indicate their
activity.

TABLE C-IV-1—Variations of the Number of Sulfate-Reducing Bacteria in Oil Water After Injection of Culture

Well Number
Days 61 62 64 65 66 68 69 70 n 78 58
Before ex-
periment 4.6 102 2.8X 10% 25X 10 15X 102 5X 102 1X10® 1.3X10° 3X 10 18X 100 1X10® O
3. 2% 102 6 X102 - 9% 102 2xX10° 3X10% 3x10%8 4x10% 2X10° 1.3X10° 0
T 2% 102 8X102 1X102 1X102 1X102 1X10%2 1X10*® 1X10? 0 0 0
15....... 7102 4% 10° 3X10° 1X102 X108 9X10® 1xX102 1X10?® 3xX10* 1X10° 0
22....... 0 2% 103 2X108 1X10° 4X10¢ 2xX108 6X10* 1X10¢ 0
29....... 5% 107 3X10° 5x10% 15X 103 3X105 2x10* 5X10° 5X10* 4X10° 1X10° 0
36....... 4% 100 4X10° 4X10*° 4X100 4X10* 4X10* 4X10° 4X10° 1.2X10° 1X10° 4x10
43 ....... TX10¢ 2X10° 6X 100 6X10! 3X10° TX10¢ 6X10° 4X10° 2X10° 1X10% 6X10
52.. ...t 1X105 1x105 1x10° — 1.7X10° 5X10° 5X10° 5X10° 8X10° 1X108 8X 104
63....... 2% 105 5%X10* 5X105 6X10° 8X10° 8Xx10° 7X10° 5X10 0 1% 108 5% 10
99 ....... 1X10* 1.2 10! 3X10° 14X 105 3X10° 1.3X10° 2X10° 1X10* 6X10* 1X10°® 8Xx10*
148 ....... 1% 108 5%10° 4X10° 5x10% 1X1068 5x104 1xX10* 1X10* 1X10* 1X10° 1X10°
168....... 2% 108 2X10° 2%X10°2 3X102 9x103 5X10° 4X10° 1X10* 2x10% 0 2 X 10*

Note: 0 = Not analyzed — = Cannot be evaluated
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FIG. C-IV-2—Changes in sulfate reducing bacteria counts and oil production in Well 68.
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FIG. C-IV-2—Changes in sulfate reducing bacteria counts and oil production in entire test area.

The number of sulfate reducing bacteria was com-
pared to the oil and water production and the oil/water
ratio (Fig. C-IV-2, Table C-IV-2),

The oil production increases and the change in oil/
water ratios show that in 7 wells the oil production
increased 12-36 percent while for the deposit as a
whole oil production increased by 6.85 percent.

There was reported a dramatic increase in the wells
in the lower part of the strata which produced the most
water while in the structure high the favorable results
were not observed.

The growth of bacteria was calculated for both the
oil/water ratios (Fig, C-IV-3) and for maximum rise in
production (Fig. C-IV-4).
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FIG. C-IV-3—Correlation of time between beginning of bacteria
growth and maximum drop in oil/water ratio,
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TABLE C-1V-2—Average Daily Production and the Oil/Water Ratio for the Individual Wells

Production of 0il and Water, Percent

In the Individual Months of the Test

Before Throughout
Well Test Vi Vil Vil X X Xl the Test
N 100 112.67 111.97 115.49 112.67 109.85 112.67 112.55
61V 100 100 131.25 144.14 144.14 141.40 144.14 134.17
N/V 0.027 0.031 0.024 0.022 0.021 0.021 0.022
N 100 85.63 82.97 88.82 117.55 126.59 101.06 100.43
62V 100 100 53.28 48.43 48.43 66.78 87.28 67.36
N/V 0.029 0.025 0.045 0.054 0.071 0.056 0.034
N 100 90.27 118.05 151.38 202.77 220.20 198.61 163.54
64V 100 39.01 58.14 55.52 55.42 47.73 38.08 49.00
N/V 0.009 0.020 0.018 0.025 0.033 0.042 0.047
N 100 97.07 96.53 97.94 97.40 95.77 90.80 95.91
65V 100 97.14 97.25 92.30 88.79 88.00 88.79 92.04
N/V 0.101 0.101 0.100 0.108 0.111 0.109 0.103
N 100 96.46 101.82 104.18 88.63 69.66 65.38 87.68
66V 100 100.16 102.00 102.00 70.33 25.88 20.00 70.06
N/V 0.156 0.149 0.155 0.159 0.196 0.418 0.508
N 100 100.17 100.70 100.70 150.70 166.07 160.95 129.88
68V 100 66.67 89.79 83.49 89.79 72.33 47.64 74.95
N/V 0.143 0.142 0.122 0.131 0.181 0.248 0.365
N 100 111.18 115.38 136.36 139.68 134.96 124,47 127.03
69V 100 116.86 394.98 376.01 372.62 373.81 372.40 334.40
N/V 0.047 0.046 0.014 0.017 0.018 0.017 0.016
N 100 125.00 128.12 155.46 153.90 139.84 96.09 133.06
0V 100 129.50 294.11 192.20 187.64 190.50 184.68 196.40
N/V 0,030 0.028 0.013 0.023 0.023 0.021 0.015
N 100 107.08 127.55 126.77 173.22 130.70 132.28 132.93
71V 100 106.62 108.84 108.84 108.84 108.21 72.49 102.30
N/V 0.012 0.012 0.014 0.014 0.019 0.015 0.020
N 100 194.48 115.74 125.98 125.98 133.85 125.98 120.33
58 V 100 101.39 92.17 89.76 89.76 142.95 106.28 103.71
N/V 0.022 0.019 0.027 0.029 0.029 0.027 0.018
N = oil V = water N/V = oil/water ratio (calculated from production in tons)
50 X axis = beginning microbial growth; Y axis = maxi-
mum decrease in oil/water ratio; Wells 58 and 61 could
=} ’f not be evaluated.
o .
E X axis = maximum growth of bacteria; Y axis =
« 140 maximum rise in oil production; Wells 61, 65, and 66
"; / could not be evaluated.
8 F e The growth curves (Fig. C-IV-2) show a log and sta-
5 . tionary curve and indicate the nutrients added were
&9 gradually exhausted or washed out in the produced
:{20 2 water. In the area of the injection well the pattern
t 0 differs in a steep log phase and longer stationary
o ”n phase. The maximum increase in microbial numbers
generally occurred between the 50th and 78th days of
?, / the test except in Wells 62, 66 and 71 where nutrients
« 100 penetrated faster. On the basis of microbial counts the
a o) 40 50 &80 JO 80 test could be divided into two stages: (1) time from first

Davs after inoculation

FIG. C-IV-4—Correlation of time with maximum growth of bac-
teria with maximum production.
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growth to maximum growth, and (2) the stationary or
decline period of counts.



0il Water
Number of Production, Production, 0il/Water
Period Bacteria Percent Percent Ratio
Before test 1 10° 100 100 .058
Stagel ...1.4 X 10° 101.22 108.13 .056
Stage 2 ...2.3 X 10* 112.70 101.97 .085

In the second stage the production of oil increased
n § of the 10 wells observed (no increase in Wells 62, 65,
66). In most wells they observed a pattern that would
follow the following trend:

Stage 1—Water production up—oil production
unchanged or decreased.

Stage 2—Water production down to original level —
0il production up.

Remarks—The increase in oil production was at-
tributed to the production of surface active substances
and changes in the surface tension of the oil-water rock
surfaces. This would cause an inversion of wettability
of the rock surface changing it from oil to water wet.
They had observed changes in deabsorption of oil in
laboratory experiments. If this surface tension theory
1s correct, they explain the observed effects in the two
stages as:

Stage 1: The oil/water ratio dropped. More water
influx compared to oil. Bacteria increase the effective
permeability of the reservoir to water and the oil is
assumed to be released by the microbial growth.

Stage 2: The oil/water ratio increased. Oil released
from smaller pores. This release of oil does not affect
the permeability of the reservoir.

CZECHOSLOVAKIA FIELD TEST V
Year of test: ? Location: Hodonin Deposit

Geological data—See Field Test IV. Depth: 150 m.
Porosity: Fine to medium grained sand. Permeability:
3300-8100 mD.

MICROBIAL ENHANCEMENT OF OIL RECOVERY

FIG. C-V-1—Map of time distribution of changes in activity of the
microflora in the deposit after the injection of nutrients. Hodonin
deposit. Isolines of infitration of nutrients from the injection bore
after 10 days.

Prior production history—1It is not known if this
test is before or after Field Test IV or even if it is differ-
ent. However, since there are reported differences in the
procedure and results, it is assumed to be a separate
test.

Microbial well treatment—Well 78 was injected
under pressure with a 60 inoculum of sulfate-reducing
bacteria and 100 kg of molasses. There were 10 control
wells sampled.

Culture injected: Sulfate-reducing bacteria.

Response—A significant increase in microbial
counts was observed in all wells (Table C-V-1).

This unequal distribution of the nutrient penetra-
tion of the formation is also shown in Fig. C-V-1,

Microbial counts increased most rapidly in Wells 61,
62 and 66 which was explained by the drainage pattern
in the oil sand. It should be noted that variationsin the
number of bacteria in the water before this test do not
exceed the limits of one order. Well 78 is the exception
and was used previously for stationary culture tests.
After these tests, microbial counts reached values 3

TABLE C-V-1—Changes in the Number of Sulfate-Reducing Bacteria After Nutrient Injection,
the “Mean Proliferation Time” and the Rate of Infiltration of Nutrients Through the Hodonin Deposit

Distance from Rate of

Log of Numbers of SRB/m| MPT Injection Infiltration
Well Before Injection After Injection Days Well (m) m/10 Days
£ T 5.000.37(6) 5.80=0.28(10) 4 0 0
T 3.2520.35(7) 4.60=0.83(10) 17 140 82
BB ... e 2.70£0.40(7) 4.65+1.20(12) 22 95 43
L3 3.451+0.52(4) 4.37+0.90(12) 22 125 57
Bl e 2.6610.39(6) 3.98+0.96(11) 24 110 46
B8 e 3.00£0.64(3) 4.74+0.25( 7) 24 165 68
T 2.4810.38(4) 4.02+1.29(12) 27 85 34
B e 3.11+0.62(6) 4.41+0.37(12) 28 30 11
415 2.18+0.81(7) 3.760.70(11) 31 70 22
B8 e e 3.00+0.80(5) 4.45+0.70(12) 35 35 10
B4 e 3.40+0.90(7) 4.40%£1.05(12) 36 80 22

204




MEOR Field Applications

orders higher with the highest values in the injection
well and nearest wells. Wells over 400 m distant did not
show a large increase.

Results—The results show microbial numbers can
be used to ascertain the direction of the most rapid and
slowest fluid flow and to estimate the permeability.

CZECHOSLOVAKIA FIELD TEST VI
Year of test: ? Location: Petrova Ves Deposit
in Vienna Basin

Geological data—In the Petrova Ves deposit pro-
duction is from the basal Helvetian zone (3-10 m thick)
at a depth of about 700 m and is inclined at an angle of
about 18°. The structurally lower parts of the deposit
are filled with water.

Depth: 700 m. Porosity: Fine-grained sand. Perme-
ability: Ranges in tens of mD.

Prior production history—Unknown.

Microbial well treatment—Well 404 was first
pumped to reduce the water volume to a minimum fol-
lowed by injection of 200 kg of distillery molasses.

Culture employed: None.

Response—First test in Petrova Ves deposit. Well
404 was injected with only nutrients and the number of
sulfate reducing bacteria determined in 15 control wells
by the spot test method (see Fig. C-VI-1). The first con-
trol well was 600 m from the injection well (see Fig.
C-VI-2). A significant increase in count was found in 13
of the control wells while in Wells 445 and 461, both
over 500 m away, the count increase not significant
(Table C-VI-1).

The spread of bacteria (Fig. C-V1-2) shows that in
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FIG. C-VI-1-~Response of sulfate-reducing bacteria (No/ml) after
injection of nutrients (Wells 404, 421, and 425). — Nutrient injec-
tion into Well 404. MPT = mean proliferation time.

areas near Wells 429 and 430 the spread of nutrients
wzs retarded while near Wells 421, 427 and 402 the
spread was most rapid. When these results were com-
pared to a permeability map of the same area (Fig.
C-VI-3) it was found that Wells 429 and 430 lie in area
of lowest permeability while Wells 421 and 427 are in
highest permeability (over 40 mD). The spread of nutri-
ents to Well 444 shows that the fault is not tight in this
area.

Remarks—The spread of nutrients and microbial
response generally follows the areas of highest perme-
ability. The natural microflora of the reservoir can be
stimulated by the injection of nutrients.

TABLE C-VI-1—Changes in the Number of Sulfate-Reducing Bacteria After the Injection of Nutrients
into the Deposit, the “Mean Proliferation Time” and the Rate of Infiltration of the Nutrients
Through the Deposit. Petrova Ves Deposit, First Experiment

Log of Number of Sulfate Reducing Bacteria

Distance from Rate of

in 1 mi Water Injection Infiltration

Before Injection After Injection MPT, Bore, Nutrients,

Bore Xts,(n) X+s,(n) P Days Meters m/5 Days
. 4.62+0.35(10) 6.52+0.86(10) < 0.01 8 0 —
416 . e 3.9540.40( 8) 6.30+0.90( 9) < 0.01 14 100 36
;3 4.84+0.11(10) 6.260.84(10) < 0.01 14 11C 39
. P 4.00£0.74( 9 6.10£1.65( 9) < 0.01 14 110 39
443 e 4.62+0.49( 6) 6.00x0.90( 9) < 0.01 14 170 60
424 e e 5.00%0.84( 7) 6.30-+1.10( 6) < 0.05 23 170 38
402 . e 4.62+0.60( 7) 5.841+0.80( 8) < 0.05 23 205 45
A28 e 4.76x0.46( 9) 5.44+0.77(12) < 0.05 28 255 45
5745 S 4.60+0.32(10) 6.00£0.79(10) < 0.01 28 200 36
444 e 3.95+0.40(10) 5.78+0.90( 7) < 0.01 28 200 36
Q0D s 4.0040.83( 8) 5.20+1.34( 6) <0.10 28 290 52
429 e 4.60+0.63( 9) 5.45+1.03( 7) < 0.10 51 260 25
480 ..t 4.00+0.71¢10) 5.12+1.26( 8) < 0.05 51 180 18
AT e 4.30+1.36( 8) 5.30£1.90( 4) < 0.50 56 420 37
A4D e e 4.60£1.20( 8) 5.00+2.20( 6) > 0.50 — 505 -—
AB1 o e e 4.43+0.53( 7) 4.70£1.10( 6) > 0.50 — 615 —
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FIG. C-VI-2—Map of time distribution of bacteria activity after
nutrient injection. Petrova Ves deposit, first test. 1 = injection
well, 2 = test wells, 3 = fault, 4 = water-oil contact line, 5 =
iosolines of infiltration after 5 days.

CZECHOSLOVAKIA FIELD TEST VII
Year of test: ? Location: Petrova Ves Deposit
in Vienna Basin

Geological data—The test was made in the same
deposit as the first test but in the area lying near the
water-oil line further to the southeast (Fig. C-VII-1).
This area is highly faulted. It can be assumed the
parameters are similar to those in Field Test VL.

Microbial well treatment—Well 481 (open to zone
2a) was used for injection of nutrient while 9 wells
served as control wells. Seven of these opened into zone
2a into which the inoculum was injected while 2 (Wells
477 and 482) were in the higher zone 2b. These 2 wells
served as a control on zone 2b.

Culture employed: Unknown and it is unclear if one
was really injected.

Response—In this second test in the Petrova Ves
deposit, there was a significant increase in bacteria

MICROBIAL ENHANCEMENT OF OIL RECOVERY
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FIG. C-VI-3—Map of effective permeability in Petrova Ves deposit.
Permeability: 1 = 0-20 mD, 2 = 20-40 mD, 3 = over 40 mD.

count in 4 wells (420, 470, 476, 486) in zone 2a. No in-
crease was noted in the other 3 wells in zone 2a nor in
the zone 2b wells (see Table C-VII-1).

The growth of sulfate reducing bacteria in response
to the injection of the nutrient was interpreted together
with the fault pattern (Fig. C-VII-1).

The results show that the fault transecting com-
munication between Wells 481 and 486 is not tight and
nutrient passed between the two wells. However, the
fault between 481 and 483 is impermeable. Communi-
cation existed between 481 and 470 but not between 481
and 471 and 472. There was no communication be-
tween Zones 2a and 2b.

Remarks—The test showed that sulfate reducing
bacteria counts increased when a nutrient solution was
injected. The results suggest permeability is the key to
the movement of nutrients (microorganisms) and
communication between wells can be determined.

CZECHOSLOVAKIA REFERENCES
Dostalek, M. (1961). Bacterial Release of Oil III

TABLE C-VII-1—Changes in the Number of Sulfate-Reducing Bacteria After the Injection of Nutrients
into the Deposit, the “Mean Proliferation Time” and the Rate of Infiltration of Nutrients
Through the Deposit. Petrova Ves Deposit, Second Experiment

Log of Number of lSulfIa\}‘? Reducing Bacteria D'ﬁgﬁfi;ﬁ"" Infii::fa?ifon

in 1 ml Water MPT, Bore. of Nutrients,

Bore Zone Before Injection After Injection P Days Meters m/10 Days
481 o 2a 4.6220.49(6) 6.40+0.90( 9) < 0.01 9 0 —
420 ..o 2a 5.10£0.19(9) 5.50+0.47( 9) < 0.05 22 105 47
476 ... 2a 5.06£0.26(8) 5.824+0.38( 6) < 0.05 25 100 40
486 ... .., 2a 5.21+0.25(7) 6.03x£0.54( 7) < 0.01 30 180 60
470 .o 2a 4.76+0.46(9) 5.44+0.77(12) < 0.05 46 230 50
o 2a 4.83£0.76(9) 5.05+0.78(10) < 0.50 - 165 —
472 e 2a 5.2710.21(6) 5.35+0.06( 7) > 0.50 — 200 —
483 . 2a 5.27£0.23(5) 5.19+0.26( 6) > 0.50 — 300 —
477 e 2b 5.024+0.33(9) 5.13%0.38(10) > 0.60 — 180 —
482 . 2b 4.70=0.34(8) 4.82+0.40( 8) > 0.50 — 205 —
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FIG. C-VlIl-1—Map of time distribution of bacterial activity after
nutrient injection. Petrova Ves deposit—second test. Isolines of
infiltration after 10 days.
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HUNGARIAN FIELD TEST1I
Year of test: ? Location: Unknown

Geological data—Test was made in sandstone reser-
voir. Depth: 200 m. Reservoir temp.: 25-30°C.

Prior production history—Unknown.

Microbial well treatment—Unknown except re-
ported supplemental injections were made. Culture
employed: Unknown.

Response—The bacteria migrated from the injec-
tion well to the surrounding control wells. The viscosity
of the oil was reduced and the pH decreased. There was
a reported 12-26 percent increase in oil production for
18 mo.

Remarks—Little is known of this test but in-
creased oil and bacterial migration occurred.
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HUNGARIAN FIELD TEST II
Year of test: 1961. Location: Lendvaujfalu area.

Geological data—Oil of intermediate naphthenic
type—color blackish brown. Depth: 700 m. Reservoir
temp.: 50°C. Viscosity: 42.57 cSt. Permeability: 600-700
mD. -

Prior production history—Unknown.

Microbial well treatment—Inoculated well with
50 1 of thermophilic mixed culture (containing 13 X
10™8 cells/ml) + 2 tons molasses + 100 kg KNO;3, 10 kg
superphosphate mixed in 60 m? of formation water and
injected at 120 atms. The well was closed for 5 mo. The
control well was 100 m distant.

Culture employed: Anaerobic thermophilic mixed
sewage inoculum grown on molasses at 50°C in forma-
tion water.

Response—The microbial count increased in both
the test and control wells.

Microbial Count (No/ml)

Before 14 Days 16 Days
Well Test After Test After Test
Inoculated well . ...... 53X 102 104 2 X 108
Control well.......... 5 x 102 Fluctuated between
102 and 106

The pH of the water prior to the test was 9.0 which
decreased to 6 (Table H-11-2). The water production re-
mained unchanged. The viscosity decreased from 42 to
18.6 in the inoculated wells while the control well de-
creased from 42 to 26. This same effect of greater
changes in the inoculated well than the control well
was observed in the specific gravity measurements
(Table H-II-2). These effects were reportedly due to in-
creased microbial action which was explained as: more
gas dissolved in the oil, added microbial products, or
the breakdown of the oil. This bacterial effect persisted
for 8 mo after which the viscosity returned to normal.

Samples from the reservoir were checked for inter-
facial tension of the oil, water, and th-. oil/water mix-
ture (Table H-II-1). The results showed a noticeable
decrease in the water surface tension.

TABLE H-1l-1—Surface Tension at 20°C (dynes/cm)

Date Sampled 0il Water Qil /Water
August, 1960 .................. 33.33 61.71 14.81
June, 1961 ... 34.74 55.96 1.24




TABLE H-lI-2—Changes of Composition of Oil and
Water in Test and Control Well

Inoculated Well
Datc Sampled

Viscosity  Sp. Grav. Carbonate GO,
cStat40°  G/cmd pH °DH mg/

Feb. 19, 1961..... 19.7 0.885

Apr. 10,1961..... 21.9 0.888

June 8,1961 ..... 22.8 0.892

June 16, 1961 .... 24.5 0.820

July 4,1961 ..... — _ 208.0 352
July 10,1961 .... 24.2 0.890 6.1 2089 339
July 21, 1961, .... 18.6 0.888 6.0 208.3

Aug. 1,1961 ..... — — 78
Oct.9,1961...... 29.1 0.888

Control Well

Sept. 29, 1960.... 26.7 0.892

Dec. 20,1960 .... 25.6 0.891 7.5 189.9

Feb. 19,1961..... 26.3 0.889

Apr. 10, 1961..... 25.1 0.891

May 3, 1961 ..... 27.8 0.893

June 8, 1961 ..... 25.5 0.891

June 15,1961 .... 27.2 0.892

June 19,1961 .... 27.6 0.893

July 4,1961 ..... —_ —_ 1974 371
July 10, 1961 .... — — 6.2 198 372
July 21,1961..... 25.7 0.892 6.1 197.1
Aug.1,1961 ..... — — 7.6

Oct. 9,1961...... 30.0 0.890

Prior to the test the inoculated well did not have a
free gas cap and its oil contained relatively little dis-
solved gas so there was no analysis of volume or com-
position of produced gas. Seven days after inoculation
the waters from the control were very gassy and by the
9th day the first free gas sample was taken. The CO,
was reported after 4 mo to amount to 40 m®/day (reach-
ing 11 percent CO,) and the CO, dissolved in the water
was 370 mg/l. The composition of the gas analyzed
(Table H-1I-3) showed:

While laboratory studies had shown high concen-
trations of H, produced there was no Hy, measured in
field samples. There was no H,8 produced. It was esti-
mated that 42 m® of gas leaked from the reservoir each

TABLE H-11-3—Composition of Gas Samples (Vol. %)

Date Sampled ¢ C; G+ co, N:
Aug. 1,1960 ...... 93.75 0.96 0.56 451 0.22
Aug. 4,1960 ...... 91.56 1.06 0.71 590 0.77
Oct. 20,1960 ... ... 89.84 0.87 071 833 0.25
Nov. 4, 1960....... 89.85 1.06 0.80 813 0.16
Nov. 14,1960...... 88.06 0.87 086 9.88 0.33
Feb.3,1961 ....... 8763 7.10 2.08 249  0.70*
Feb. 13,1961 ...... §7.00 080 022 11.76 0.22
Mar. 1,1961....... 8706 095 025 1140 0.34
Mar. 16, 1961. ... .. 8752 106 025 11.03 0.18
Apr.5,1961 ....... 8735 1.01 023 1123 0.11
May 3,1961....... 8847 095 022 1066 0.30
June 8,1961 ...... 88.73 0386 0.25 9.86 0.30
June 15,1961 ..... 88.46 0.77 026 10.27 0.24
June 19,1961 ..... 88.33 097 026 1001 0.43
July 4,1961 ....... 88.37 0.84 0256 1045 0.09

*Note—low conc. of CO, presumably due to destruction of
hydrocarbons.

MICROBIAL ENHANCEMENT OF OIL RECOVERY

day during the measured period and the reservoir pro-
duced 2100 m® gas. This is considered low because some
gas leaked before measurements could be made. The
gas volume fluctuated but the reason was unknown
and it was assumed it related to molasses utilization.

The changes noted by bacterial action reportedly
affected an area of 60,000 m2. The production increase
continued for 8 mo after which the well production fell
below that reported before the treatment. There was a
temporary improvement upon an additional injection.

Remarks—The results showed an increased gas
production (especially CO,) and a decreased pH, vis-
cosity, and surface tension. These changes were all at-
tributed to bacterial activity. The increase was short
term and additional treatment gave only a temporary
improvement.

HUNGARIAN FIELD TEST III
Year of test: ? Location: Unknown

Geological data—Sandstone reservoir. Depth: 1400
m. Reservoir temp.: 50°C. Permeability: 10-70 mD.

Microbial well treatment—Unknown.
Response—No significant effects were observed.

Remarks—The permeability was probably too low
for microbial action.

HUNGARIAN FIELD TEST IV
Year of test: ? Location: Unknown

Geological data—Sandstone reservoir, light paraf-
finic oil. Depth: 994 m. Reservoir temp.: 70°C. Perme-
ability: 150-30 mD.

Prior production history—Unknown.
Microbial well treatment—Unknown.

Response—A comparison of the reservoir parame-
ters before treatment to those observed 3 mo after treat-
ment show:

Before After
Treatment 3 Months
Oil production.......... — Increased 10 percent
Oil viscosity........... 3 Unchanged
CO, contentof gas .... — Increased
PH ... 7 6

Remarks—A medium permeability reservoir at
70°C showed a positive response to microbial action.
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HUNGARIAN FIELD TESTV
Year of test: ? Location: Unknown

Geological data—Sandstone reservoir with highly
paraffinic oil (solidification point 30°C). Depth: 1392 m.
Reservoir temp.: 72°C. Permeability: Low.

Prior production history—Unknown,

Microbial well treatment—Unknown. The injec-
tion we'” was 300 m from the producing well.

Res} »nse—No change in oil production, oil viscos-
ity, pH, or gas output was noted in a period of 18 mo fol-
lowing injection.

Remarks—No response to treatment probably due
to low permeability.

HUNGARIAN FIELD TEST VI
Year of test: ? Location: Nagylengyel Region

Geological data—Unknown. Depth: 2457 m. Res-
ervoir temp.: 97°C. Pressure: 228 atms.

Prior production history—The well was not op-
erated for 2 yr prior to the test. The production wells
were 288-1700 m from the injection well.

Microbial well treatment—The well was injected
with 1001 of culture, 40 tons of molasses, 120 kg KNOj,
100 kg sugar and 120 m?® water. The well was shut in for
3 mo.

Culture employed: Mixed sewage sludge culture—
Desulfouvibrio desulfuricans.

Response—The bacteria spread throughout the for-
mation with a total increase in numbers and especially
Desulfovibrio desulfuricans. The treatment also stimu-
lated the indigenous microflora. The pH decreased from
9 to pH 6 while the oil viscosity decreased from 600 to
300. The oil production increased 60 percent.

Remarks—This is a very deep and hot reservoir
which responded to microbial treatment.

HUNGARIAN FIELD TEST VII
Year of test: ? Location: Unknown

Geological data—The reservoir was reported to be
a limestone type with a naphthenic oil. Depth: 700 m.
Reservoir temp.: 50°C.

Prior production history—The wells had various
oil/water production or were unproductive for 7 yr.

Microbial well treatment—Unknown.

Response—The effects observed in the wells lasted
from 2 weeks to 18 months depending on the well but
no values were offered. A comparison was made be-
tween observation before and 8 mo after treatment of
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the following parameters. It is not known if these are
for one well or more than one well.

Before After
Treatment 8 Months

Viscosity, ¢St at 40°C ... 600 300
pH ... 7 6
CO, content of produced

gas, percent .......... 124 60.5
Oil production .......... Increased 60 percent
Oil/water ratio ......... Decreased

Remarks —This test in a limestone reservoir
showed a positive effet due to microbial action.

HUNGARIAN FIELD TESTS VIII AND IX
Year of tests: 1969. Location: Demjen Area (East)

Geological data—The field was discovered in the
1950’s and includes 3 sectors separated (100 m to sev-
eral kilometers) by nonproductive areas. Demjen East
is the main sector (80 percent of reserves) while Demjen
West and Demjen Punkosdhegy contain 20 percent. Al
sectors have the same geology composed of sandstone
of the Oligocene which form the rocks of the Demjen
carbonate (?) reservoirs. The minimum strata dip is 4
percent, maximum 15 percent (averaging 7-8 percent
dip). The sandstone grains are fine to average (physi-
cal parameters vary widely) and contain argillaceous,
clayey marl and calciferous binding materials. The
reservoirs are tectonic fractured containing more than
100 blocks. The faults form obstacles and shut off
hydrodynamic connections horizontally but water can
rise vertically to areas of reduced pressure.

Depth: 300-1000 m. (up to 15 stratum in a single
reservoir). Reservoir temperature: 25-30°C. Porosity:
20-28 percent (depends on stratum). Viscosity: 5 cps at
30°C. No gas cap but oil is at bubble point (oil viscosity
is 8 times that of water). Permeability: 104 mD horizon-
tal, 67 mD vertically. Residual oil saturation: Primary
oil production 10-20 percent (main obstacle is fractur-
ing and faults water saturation 30 percent.

Prior pro ' sction history—Unknown.

Microbial well treatment—Inoculated 2 wells
(DK 114 and DK 192) by the following procedure: In-
jected 20 m? of formation water followed by /2 of a
solution containing 2 tons of molasses, 70 kg KNOs,
10-20 kg of sodium phosphate and 50 kg of sucrose in
100 m? of formation water. This was followed by 1001 of
the inoculum and the remaining /2 of the nutrient solu-
tion, followed by 50 m? of formation water. The wells
were closed and remained closed except to add more
nutrients when noted.

Well DK 114: Was first inoculated in August 1969.
Additional nutrients were added to this well in October
1969 and also in July 1970. The control wells were DK
111, 112, 115, 138, 161 and 280. The distances to these
wells and their locations in regard to faults can be seen
in Fig. H-VII-1.

Well DK 192: Inoculated July 1970. Control wells
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FIG. H-VIIl-1— Location of wells and faults in Demjen East area.

were DK 101, 169, 171, 188, 191, 207. In this area was
also well DK 232 (see Fig. H-VIII-1).

Culture Employed: The mixed culture was derived
from 70-100 strains found in sewage sludge which
required minimum nutrients and that could convert
residual oil to CO; and acids.

TEST WELL DK 114 AREA

Response—The count of inoculated type organ-
isms increased as well as organisms native to the
reserervoir. By Sept. 10, 1969 bacteria were first seen (at
105/ml) in wells DK 138 and 112. Increases were later
observed in wells DK 111, 115 and 280. By 1971 counts
in wells DK 111, 115 and 138 were present at 10°/ml.
The pH of water at DK 114 and its congrol wells de-
creased. To improve microbial mevement sMrients
were added to Well DK 114. If the nutrient was low or
absent counts remained low or decreased.

The viscosity of 0il in Well DK 114 decreased and the
viscosity of the control wells was altered with time and
flow pattern (see Fig. H-VIII-2).

In Well DK 111 the changes observed were less evi-
dent because high volumes of oil concealed the reduced
viscosity caused by microbial action. In DK 280 the
viscosity remained below its initial value. The viscos-
ity increased as the nutrients were depleted and the
microbial action decreased.

MICROBIAL ENHANCEMENT OF OIL RECOVERY
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FIG. HVIII-2—Viscosity curves of the DK-114 well zone.

Fluid production in an illustrated 2 well zone in the
DK 114 area showed that the daily total yield during
the inoculation period decreased slightly. The oil
increase during the test period exceeded the amount
before inoculation but declined to the normal decline
curve value. The water production declined following
inoculation but returned to it original value in the test
period (see Fig. H-VIII-3).

TEST WELL DK 192 AREA
Counts increased in Well DK 192 but by 1971 the
count had decreased to less than 103/ml because well
DK 192 received no nutrient additions as had been
injected in well DK 114. There is no pH data for Well
DK 192.

The flow patterns and distances to control wells
together with the viscesity changes are shown (Fig.
H-IX-1). The viscosity in well DK 192 initially de-
creased but as the nutrients were consumed the viscos-
ity increased.

The oil and water production during the test period
July 1970 to December 1971 show a slight decline in oil
production but remains above the normal decline
curve. The water production declined (Fig. H-IX-2).

Production during the test period of 2009 days in the
control wells were compared and showed:
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FIG. HVIII-3—Recovery status of the DK-114 well zone.
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FIG. H-1X-1—Vscosity curves of the DK-192 well zone.

Daily 0it Yield (m?)

Production before
inoculation ............ 0.4668
Expected normal
decline production ..... 0.4914
Production after
inoculation ,........... 0.5475 (117 percent increase)

A conclusion reached was that one inoculation
stimulated the control wells for 15 months.

Well DK 232: Well DK 232 is in the area of inoculated
Well DK 192 but was separated by a main fault line (see
Fig. H-VIIL-1). It was not expected to respond to the test
program but it was found that bacterial counts in-
creased to the highest level (104~10%/ml) in this well
and there was a large increase in oil and gas recovery.
For these reasons the well was included in the test pro-
gram. This well responded for the longest period of
time but by the end of 1971 the microbial count dec'ined
as had been observed in the other control wells The
conclusion drawn was that an unsuspected hy fody-
namic link existed between wells DK 192 and DFE. 232.

Overall production increases: The comparisen was
made on 12 control wells selected in the vicinity of both
wells DK 192 and DK 114. The production from a total
of 5967 days after inoculation was compared to the
production for 1010 days before inoculation. The daily
oil production increased from 0.4264 m® before inocula-
tion to 0.5359 m?> after inoculation (126 percent in-
crease). The total net oil increase was 651.73 m? for the
two areas while the water production dropped from
63.26 percent to 57.2 percent. These favorable results
were achieved at the expense of 8 tons of molasses and
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FIG. H-1X-2—Production status of the wells in the zone of the
DK-192.

costs of the operations.

Remarks—An increase in oil production was at-
tributed to microbial action. The periodic addition of
nutrients enhances the microbial action. As nutrients
are depleted microbial growth ceases. It is suggested
however, that microbial products could be produced
which are inhibitory to growth and that waiting 1-2
years may be necessary to clean the reservoir before
reinoculation.

HUNGARIAN FIELD TEST X
Year of test: 1970. Location: Demjen area (West)

Geological data—See information from Demjen
East. Marl deposits between sandstone layers are
cracked and do nat seal well.

_Depth: 200 m. Reservoir temperature: 25-30°C. Por-
osity: 20-28 percent depending on stratum. Viscosity:
30-40 cp at reservoir temperature. Specific gravity is

%86 (practically gas free). Permeability: See Demjen
ast.

Prior production history—Unknown.

Microbial well treatment—Inoculated Well De 61
in August 1970 using method of Demjen East wells.
Control wells were De 19, 20, 21, 23 and 60.

Culture employed: Same as in Demjen East test.

Response—Counts increased in De 61. However
Well De 61 and its control wells were not evaluated be-
cause underground combustion tests in Well De 62 in-
volved injection of air as well as a combustible testing
mixture, which interferred with the test results.
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USSR FIELD TEST I
Year of test: 1966. Location: Arlansk field, Bashkiria
ASSR. (Nikolo-Berezovsk and Arlansk areas.)

Geological data—The Aleksinsk horizon (forma-
tion C-0) is characterized by oil of high viscosity,
sulfur, tars, etc., components in a heterogeneous sand-
stone horizon. The field had intensive water encroach-
ment and a poor recovery by water flooding. (See Figs.
USSR-I-1 and USSR-I-2). The initial reservoir pressure
was 142 Kg/em? and bottom hole pressure was higher
than saturation pressure (82-96 Kg/cm?). The surface
gas factor was 16.6-17.9 m3/m® with a high nitrogen
content (40-50 percent) and a methane content of 8-15
percent. No HzS was present. When water flooded the
gas factor diminished to less than initial values. Dif-
ferent sections of the field were developed differently.

Depth: 1200 m (oil water contact 1144.5 m). Reser-
voir temperature: 22-24°C. Porosity: 20-23 percent.
Viscosity: 18.5-30.7 (specific gravity 0.883 to 0.991
g/cm?®). Permeability: >1D. Residual oil saturation: 55
percent.

Prior production history—The deposit is under-
laid with water and did not respond well to natural
water drive or waterflooding. The oil composition was
sulfur 2.82-3.65 percent, solid hydrocarbon 3.51-10
percent, asphaltic-tar components 22-30 percent. The
development of the Aleksinsk horizon is divided into
3 phases (see Fig. USSR-1-3). Phase 1 1960 to March
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FIG. USSR-I-1— Schematic structural chart of the sandstone roof
of the Aleksin horizon of the Arian petroleum formation. 1) Wells,
working in the Aleksin horizon; 2) wells, in which the sandstone
of the Aleksin horizon is not perforated; 3) producing wells of the
carboniferous horizon; 4) pressure wells; 5) stratoisohypse along
roof of Aleksin sandstone; 6) upper contour of presence of oil; 7)
lines of geological sections; 8) water saturated part of stratum.
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FIG. USSR-1-2—Geological section along line AA. 1) Limestone;
2) argillite; 3) sandstone; 4) aleurolite.

1966—characterized by drilling and new well pro-
duction. There was a high level of flooding by natural
waters; most wells showing water within a few months
and a decreased oil production, Phase 2 March 1966 to
November 1966—Well 387 subjected to waterflood
which accelerated flooding of field. Phase 3 November
1966-—injected geobioreagent into Well 1455 and water-
flooded.

Microbial well treatment—Well 1455 was in-

jected in November 1966 with 190 m?® geobioreagent

followed by fresh water injection at 650 m3/day. The
geobioreagent consists of a mixture of aerobic and
anaerobic organisms together with a nutrient solution
containing peat biomass and silt characterized by their
content of hydrolyzable substances. The culture is
grown in oil and formation water in pits which are
adjacent to the well.

Culture employed: Anaerobic and aerobic forms
(sulfate reducing bacteria, denitrifying, putrefactive
and butyric acid fermenting, cellulose digesting, fatty
acid, etc. types).

Response—The injectivity of the reservoir at Well

1455 increased from 66-100 percent (Fig. USSR-1-4)
and the water factor was reduced (Table USSR-I-1).

Although the injection of water confused the issue it

was reported the microbial action and waterflooding
increased the recovery factor from 11.7 to 14.6 percent.
The treatment caused an increase in oil production
from 180 to 200-300 tons/day (stabilized water content
at 60-65 percent). In 1968 1300 m?® water/day was in-
jected and 300 tons oil/day was recovered while in 1972
only 700 m® water/day was injected to recover 300
tons/oil day. In both cases the produced total fluid con-
tent was 800-900 m?/day.

The analysis of the strata waters before and during

the test together with the changes in microbial popula-
tions are shown in Table USSR-I-2. The pH of the
water at the beginning of the test was 5-5.6 and by

1969 had increased to 8.5-8.3. As the zone of fresh
water spread in the stratum the circle of bacterial dis-

tribution widened. The introduction of the fresh water

and some dissolved oxygen (about 10 mg/1) favored the
development of both aerobic and anarobic forms. Suit-
able conditions for microbial growth were present after



MEOR Field Applications
TABLE USSR-I1-1—Water Factor by Year in Wells

Water Factor

By Wells
By the
Year 1016 167 1015 957 309 310 1451 Reservoir
1964 . — —_— - = = 05 — 0.1
1965 . —_ —_ - — 01 o7 — 0.2
1966 . — — 01 08 10 13 141 Q.7
1967 . — — 08 08 14 76 4.8 1.6
1968 . — — 17 30 12 73 82 2.3
1969 . — 01 23 74 11 76 85 2.8
1970 .... — 03 1.2 67 12 60 175 2.0
1971....03 05 25 83 1.2 51 85 1.7
1972....08 0.7 4.0 08 3.0 62 9.0 1.9
1973....0.1 1.0 22 04 32 22 14.7 2.1
1974....0.3 15 82 04 35 4.7 85 3.1
1975....0.03 1.0 93 52 26 4.2 145 2.9

3 years for a distance of at least 600 meters, the dis-
tance between Well 1455 and 957.

The density and viscosity of the oil decreased. The
gas ratio increased from 17 to 70 m®/ton with more N3,
CO2, and higher hydrocarbon gases. The changes in
gas composition show (Table USSR-1-3) an increase in
the heavy hydrocarbons with the ratios of C3>C1>Cs
to C3>C2>Ci, being different in the Arlansk and
Nikolo-Berezovsk areas. The observed decrease in
methane was reportedly due either to an outflow in the
Nikolo-Berezovsk area or an influx of gas in the Ar-
lansk area. There is a general tendency that gas pro-
duction increases as the formation pressure increases
(wells 310, 957, 1015 and 1451) with regular fluctua-
tions governed by injection of fresh water in Well 1455.

Remarks—Although the results are clouded by the
water injection it was observed there were changes in
the gravity and the composition of the dissolved gases.

The greatest effects coincide with fresh water injection
and microbial growth. In the Arlansk field the recovery
coefficient was 66 percent which is 12-18 percent
higher than in a similar field without treatment.

USSR FIELD TEST 11
Year of test: Unknown. Location: Sernovodsk USSR

Geological data—Unknown.
Depth: 1000 m. Viscosity: 40.3 ¢St.
Prior production history—Unknown.

Microbial well treatment—The well was inocu-
lated with a mixed bacteria culture and 54,000 liters of
4 percent molasses. After inoculation the well was
closed for 6 months.

Culture employed: Mixed culture of bacteria grow-
ing on molasses under anaerobic conditions.

Response—OQil viscosity increased to 49.3 cSt. The
wellhead pressure increased by 1.5 atm. The nitrogen
content of produced gas increased from 20 to 35 per-
cent, the CO2 and propane content increased but meth-
ane decreased. The production increase and duration
reported were:

Production/Month
0il Water Gas Factor
(Tons) Content (m3/ton)
Beforetest........ 37 7.5 percent 11-15 percent
Aftertest ......... 40 5-6 percent 16 percent
4 months later .... 36.4 4 percent 16 percent

Remarks--A positive response in oil and gas in-
crease noted but the oil viscosity did not decrease as
expected.
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FIG. USSR-1-3—Diagram of the development of the Aleksinsk

horizon, Arlansk field.
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FIG. USSR-I-4—lInjectivity profile of Well 1455.

TABLE USSR-1-2 —Results of Microbiological Investigations of Water from Wells of the Aleksin Horizon and of Fresh Water (KNS No. 4) Used for Injecting the Stratum

Bacteria Growing on Media

With Gil
In Anaerobic In conditions With Limited §
Sampling Well Exploited Degree of  Specific Gravity of Sulfate-  Denitri —.. Eonditions Orygen Mvilabiity With With :J'It':i::lr‘asl Cellulose-  Methane-  Hydrogen-  Sulfur-
Date No. Horizon Flooding, pct  Water at 20°C  reducing  fying " =H H H—A N—H H H—A  Paraffin  Mannite Acids digesting  producing producing oxidizing
2/10/67 1455 Ct 100 1.01 - -+ - -+ - - -+ - + + - - - +
12/22/69 1455 » 100 101 - - + - - + - + + + + - + -
6/29/68 1435 » 100 1.01 + + - + + + + -+ + + + - + -
6/29/68 957 » 62 1.18 - - - - - + + - - - — - - _
6/29/68 KNSNo.4 @ 100 1.00 - + - + + - - + + + - - - -
2/25/69 1455 : 100 101 + + - + o+ = - + + + + - + -
2/25/69 309 » 75 1.18 - - - - - — - - - - - - — - -
2/25/69 310 » 90 118 - - - - - — - - — - - - - . —
2/25/68 957 » 90 1.05 + - - - + - - — - — + — - - -
2/25/69 1015 » 65 1.08 - - - - - - - — — - - - — - -
2/25/69 1451 » 85 1.18 - - - - - - - - — — — _ - _

Note: 1. +)good bacterial growth; ~) no growth. 2, M-N) petroleum of methane-naphthenic composition with d%o = 0.85; N) naphthenic petroleum d%o = 0.85; N-A) naphthenic aromatie petreleum d
0.04

20 _
§=

Composition of Water in Equiv.-Pct Ratios
Well  Sampling Specific Gravity Composition of Water. mg-equiv in 100 m! of Solution Wars _Lmer Chancteristic "y Lo Nae Cat | S07_ CatteMg
No. Date w20 oM G SOf HCO3 Catr Mg Na+K+ ¥ CF SO} HCO Cat Mgt Kt S, S, A, € W@t Mgt OF WaHke

187 7/5/66 1.1840 6.7 4024 179 0.09 39.06 18.74 346.3 808.52 498 0.2 0.0l 48 23 429 857 143 002 08 288 2.08 00004 017
309 11/9/66 1.1828 6.5 398.8 1.89 0.22 347 1760 3488 801.98 497 0.2 003 43 22 435 870 130 006 087 285 197 00005 0.15
310 11/9/66 1.1827 6.5 898.8 1.93 0.17 35.08 16.73 349.2 8020 497 02 002 44 21 435 871 129 004 087 286 202 0005 0.15
957 7/18/66 1.0800 7.9 229.8 5.64 056 20.3 1099 2047 4720 487 1.2 002 4.3 23 434 867 130 024 089 234 185 0020 0.15
937 2/25769 1.0546 — 1247 565 029 158 4.41 1165 2613 477 21 0.0l 50 1.7 435 87.0 126 0.02 080 340 3.59 0.050 0.17
1015 2/25/69 11151 — 1494 6.09 049 13.81 991 1322 3119 480 194 015 44 32 423 826 1528 030 085 219 140 004 0.18
1451 5/27/66 1.1826 5.8 4006 0.08 009 3731 1826 3452 8015 30.0 001 0.0l 47 23 431 861 158 002 086 30 204 00002 016
1451 7/14/67 11735 7.4 3805 0.38 0.05 362 1600 3287 7620 50.0 005 001 48 21 432 863 13.7 002 086 32 226 0001 0.16
1451 7/18/68 11831 8.1 403.1 1.93 017 354 17.73 352.0 8100 497 0.24 0.02 44 22 434 869 131 004 088 26 200 0.005 0.15

1451 2/25/69 1.1769 — 4543 241 010 39.2 9.03 4086 9137 493 0.28 001 43 15 446 892 992 002 089 49 434 0005 0.12
1455 3/24/66 11821 5.0 3988 1.78 021 366 17.08 3470 8015 498 0.22 0.03 46 2.1 43.3 866 133 006 087 30 214 0.004 0.15
KNS No. 4 7/23/68 1.00 — 008 0.07 020 020 005 0.10 070 114 100 286 286 7.1 143 286 143 57.14 125 —04 4.00 0.88 2.5

Note: pH valves not determined.
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TABLE USSR-I-3—Composition of Gas in the Aleksinsk Horizon (Reservoir C-0)

Components. Percent (Volume) Before and After Inoculation

Asphotic

Gas Factor m3/m?3 N2 C C; + Higher C0; Content of Gas
Before  After Before  After Before  After Before  After Before  After Before  After

Nikolo-Berezouvsk area
Well No. 167 ....... 12 27 52 49.5 8.5 3.1 38.1 449 14 2.5 45 145
1016 ...... 23 34 56.6 40 8.0 9.5 33.8 482 1.6 2.3 4.2 5.1
1015...... 10 32 52.2 175 9.4 8.1 36.8 71.3 1.6 3.1 3.9 8.8

Arlansk area
Well No. 957....... 8 18 47.3 454 13.3 8.5 37.4 436 2.0 2.5 2.8 5.1
310....... 18 66 43.8 374 15,5 10.9 39.2 501 1.7 1.6 25 -46
ROMANIAN FIELD TEST
REFERENCES Years of test: 1975-1978 (9 wells inoculated).

1. Kuznetsov, S. I. (1955) Razrabotka Metodov Mik-
robiologecheskogo Vozdeystviya na Plast s Tsel’yu In-
tensifikatsii Neftedohychi i Uveluheniya Nefteotdachi,
Sh. “Metody Uvelicheniya Nefteotdachi Plastov” (The
Development of Methods of Microbiological Reaction
Upon a Stratum in Order to Intensify the Extraction
and Increase the Oil Yield of Strata”). Materialy Vses.
Soveshchaniya Ministerstva Neft. Prom. SSSR.

2. Kuznetsov, S. 1., Ivanov M. V. Lyalikova, N. N.
(1963) Introduction to Geological Microbiology. Mc-
Graw-Hill.

3. Yulbarisov, E. M. (1976) Evaluation of the Effec-
tiveness of the Biological Method for Enhancing Oil
Recovery of a Reservoir. Neftyanoye Khozyaystvo. No.
11, pp. 27-30. '

4. Senyukov, V. M., Yulbarisov, E. M., Taldykina
N. N., Shishenina, E. P. (1970) Mikrobiologiva 39, pp.
612-616. Translated from Mikrobiologiya 39 No. 4 pp.
705-710 July-Aug. 1970.

5. Cowey, E K. (1976) Enhanced Recovery of Petro-
leum Using Microorganisms—Literature Survey. In:
The Genesis of Petroleum and Microbiological Means
for its Recovery. (Group Symposium on Oct. 6, 1976,
Institute of Petroleum, London), pp. 57-75.

6. Lazar, 1. (1979) Microbiological Methods in Sec-
ondary Oil Recovery. European Symposium on En-
hanced il Recovery. Edinburgh, Scotland, July 5-7,
1978, pp. 279-287.

7. Rozanova, E. P (1978) Sulfate Reduction and
Water-Soluble Organic Substances in a Flooded Oil
Reservoir. Mikrobiologiya 47, pp. 401-405. (Translated
from Mikrobioligiya 47 No. 3 pp. 495-500 May-June
1978.

8. Yulbarisov, E. M. (1972) Results from Analysis of
Petroleum Gas on Introduction of Biochemical Proc-
esses in the Qil Formation: Gazovoe Delo. No. 4 pp.
26-28.
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Location: Romania

Geological data—Sandstone reservoirs.

Depth: 500-1550 m. Reservoir temperature: 27-56°C.
Permeability: 80-1000 mD. Residual oil saturation:
Wells produced 30-100 percent water. (Salinity from
5-200 g/1 NaCl.)

Prior production history—Three types of wells
inoculated: (1) those which still produced oil (0.2 to 1
T/day, (2) those producing only water, (3) those used for
waterflooding.

Microbial well treatment—First well inoculated
June 1975 and in same year 4 more wells were inocu-
lated. For types (1) and (2) wells the Hungarian process
was used and for type (3) wells a method described by
Hitzman was used. The nutrients added thru 1977 were
similar to Hungarian test nutrients. Only unsupple-
mented 2-4 percent molasses injection is now used.

Culture employed: Adapted mixed bacteria popula-
tions obtained from enrichment cultures. It is sug-
gested bacteria that have the ability to metabolize the
oil be used.

Response—Have observed modifications in physio-
chemical properties of produced fluids and some signif-

icant increase in oil production (still observing).

Remarks—It is reported the greatest release of oil
occurs when sand is 78-82 percent and oil is 11-20
percent.

REFERENCES

1. Lazar, I. (1979) Microbiological Methods in Sec-
ondary Oil Recovery. Presented at the “European
Symposium on Enhanced Qil Recovery,” Edinburgh,
Scotland 5-7 July 1978, pp. 279-287.

2. Lazar, 1. (1976) Use of Bacteria in the Methods of
Qil Liberation and Migration from Deposits. Mine, Pe-
trol. Gaze 27 (10) pp. 475-480.

3. Lazar, ., Zamfirescu, I. (1978) Instalatii si moda-
litati de obtinere la scara industriala de bacterii adap-
tare conditiilor din zacamentel de titei. (Installations



and Methods for Obtaining Industrial Scale Quantities
of Bacteria Adapted to the Conditions Existing in Pe-
troleum Deposits). In Proceedings of the Symposium of
Industrial Microbiology, 18-19 Dec. 1976, Iasi Romonia
pp. 284-289,

4, Lazar, 1., Zamfirescu, I., Dumitru, L., Grigoriu, A.,
Mihoe, A. (1978) Cercitari privind obtinerea de bacterii
adaptate conditiilon din zacamintele de titei (Studies
on the Method for Obtaining Bacteria Adapted to the
Conditions—Existing in Oil Deposits). In Proceedings
of the Symposium of Industrial Microbiology, 18-19
Dec. 1976 Iasi Romonia pp. 290-296.

5. Lazar, L., Dumitru, L., Zamfirescu, 1., Mihoc, A.,
Grigoriu, A. (1978) Cercctari asupru capacitatii bacte-
riilar in eliberarea si migrarea titeiului dintr-un colec-
tor (Studies on the Capacity of Bacteria to Cause the
Release and Migration of Petroleum from a Collector).
In Proceedings of the Symposium of {ndustrial Micro-
biology, 18-19 Dec. 1976, Iasi, Romanie, pp. 297-302.

6. Hitzman, D. O. (1967) Oil Recovery Process
Using Aqueous Microbiological Drive Fluids, U.S. Pat-
ent 3,340,930.

DUTCH FIELD TEST 1
N.V. de Bataafsche Petroleum Company
Year of test: 1956(?). Location: Unknown.

Geological data—Unknown.
Depth: Formation 10 m thick. Viscosity: 300 cp.
Prior production history—Unknown.

Microbial well treatment—Injected 1000 1 of in-
oculated sucrose-molasses medium (10 percent sugar
content) whose viscosity had increased to 2 cp, followed
by a solution of the same composition but uninoculated.

Culture employed: Betacoccus dextranicus.

Response—Continuous production from the well
showed oil to water ratio of 95:5 and total oil produc-
tion then amounted to 70 percent of the total pore vol-
ume of the formation (f only water had been injected
total oil production would have been only 40 percent of
its total pore volume).

Remarks—The increased oil production is sug-
gested to be the result of increasing the viscosity of the
water to that of oil so as to equalize the permeability of
the formation by forming viscous plugs in regions of
greater permeability. (Even 3-5 cp improvement shows
some effectiveness).

DUTCH FIELD TEST 11
N.V. de Bataafsche Petroleum Company
Year of test: Unknown. Location: Unknown.

Geological data—Formation charactex_'ized by non-
uniformity, 30 m thick, variable permeability.

Prior production history—Unknown.

Microbial well treatment—Injected 3000 1 of in-
oculated medium (same as in Dutch Test I) and 100 m?3
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of a 50 wt percent molasses solution into the oil bearing
sand. After a 5 day waiting period, water was pumped
in the well.

Culture employed: Slime forming bacteria.

Response—The oil to water ratio changed to 1:20
compared to 1:50 when untreated.

Remarks—Improved oil to water ratio by viscosity
improvement.

REFERENCES

1. Von Heiningen, J., Jan de Haan, H. and Jensen,
J. D. (1958) Process for the Recovery of Petroleum from
Rocks. Netherland Patent 89,580 (N.V. de Bataafsche
Petroleum Maalschapij).

USA1
Mobil Field Test
Year of test: 1954. Location: Union Co., Arkansas

Geological data—Nacotoch formation 30 ft sec-
tion.

Depth: 2000 ft (608 m). Reservoir temperature: 34°C.
Porosity: 30 percent. Permeability: 1 to 5700 mD. Re-
sidual oil saturation: <10 percent (4-9 percent of pore
volume).

Prior production history—Waterflood operations
started in 1949 using brine of 20-25,000 ppm salinity.
In May 1954, fresh water injection started. Prior to test
the oil production had declined steadily. Estimated de-
cline curve predicted mean production rate of about 0.6
bbl/day for period November 1954 to May 1955.

Microbial well treatment—In July 1954 started
inoculation of culture and a 2 percent beet molasses
solution into one injection well. A total of 4000 gal of a
dense inoculum added in 18 separate injections. Pro-
cess continued for 5.5 months (to Nov.) at an injection
rate of 100-500 bbl/day.

Culture employed: Clostridium acetobutylicum; se-
lected from a number of species.

Response—Only the control well nearest the inoc-
ulated well (400 ft) showed a resy onse and bubbled like
soda water. Water production ren:ained fairly constant
so the reportedly increased production was not attrib-
uted to a water flow increass. Fresh water break-
through occurred after 70 days and fermentation prod-
ucts and sugars appeared at the production wells 80-90
days after first inoculation of the injection well. Prod-
ucts observed consisted of C;-C- fatty acids, ethyl al-
cohol, acetone, butanol, CO; and CH; which were con-
verted from 50 percent of the molasses injected. No
significant increase in Hs. Products observed were un-
like those of a pure culture so probably contamination
occurred.

Isotake: Analysis of gases showed 80 percent of COq
was recent (from molasses), 20 percent of the CO; was
ancient (neutralization of acids by carbonate forma-
tion), and 20 percent of the CH4 was recent.

Production rate: Actual production rates started
to rise in September 1, 1954 and remained above pro-
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jected curve until end of test in May 1955. Mean oil
production during this period was 2.1 bbl/day.

Production increase: Increased from 1 bbl/day to 3
bbl/day (200 percent increase).

Production duration: After 8+ months the test
stopped due to the low cost of oil.

Remarks—Successfully conducted an underground
fermentation. The test period was too short and too
much molasses was said to have been used. No further
tests were made as at that time there was no prospect
for an economically viable process and bacteria were
not expected to penetrate formation of low permeability.

USAII
Pure Oil Co. Fracturing Field Test
Year of test: 1957(?). Location: Unknown U.S. location.

Geological data—Sandstone reservoir, 20 foot sec-
tion. Depth: 3000 ft (912 m).

Prior production history—Oil production prior to
test was 15 bbl/day.

Microbial well treatment—5000 gal of fracturing
medium consisting of Ca or Na lactate medium (com-
position [g/1]—Ca or Na lactate 3.5, ascorbic acid 0.5,
yeast extract 1.0, MgS0; 0.2, KzHPO, 0.5, NaCl 10.0) 2
percent agar gel agent (or CMC) and a propping agent,
sand, etc. was injected into the well and formation in-
oculated with D. hydrocarbonoclastus. A packer was
set immediately above the oil bearing interval and ap-
proximately 400 gal of gel filled the tubing and space
adjacent to the producing zone. Applied 900 psi and
fractured with the pressure drop to 100 psi and the re-
maining portion of the gel injected. Well shut in 3
months, then normal production resumed.

Culture employed: Desulfouvibrio hydrocarbonoclas-
tus.

Response—Production rate increased to 25 bbl/
day. Conventional fracturing jobs on other wells in this
area had little or no effect on their production rate.
Rate of production on this and similar wells in the
same formation was unchanged by shutting in wells.

Remarks—Microorganisms in fracturing fluids in-
creased oil production.

USAIII
A. C. Johnson Process
Years of test: 1977-1981. Location: 150 wells in U.S.A.

Geological data—Varied; all stripper wells.

Depth: 60-500 m. Reservoir temperature: 38°C
(optimum). Porosity: Variable.

Prior production history—The wells were mainly
stripper wells which produced less than 10 bbl oil per
day (average 2 bbl/day), most had almost no wellhead
pressure.

Microbial well treatment—The wells were in-
jected with mixed cultures together with an aqueous
colution of fermentable carbohydrate (usually crude
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molasses and a suitable [proprietory] mineral nutrient).
The size of the inoculum slug was dependent on the
type of recovery process which was being used. The
recovery processes were divided into 4 types. These
types are: “huff and puff,” well bore clean-up, partial
repressurization, or in conjunction with a waterflood.
The well was normally shut in 10-15 days following
treatment.

Cul_tu.re employed: Mixed cultures of Bacillus and
Clostridium not utilizing hydrocarbons in their normal
metabolism.

Response-—The results varied depending on the
treatment and well but reportedly if the proper oil type
and reservoir conditions were chosen an average in-
crease in oil production in excess of 350 percent could
be expected (can recover an additional 20-30 percent of
the oil in place). The treatment was found to be most
effective: if the process used was on 15-30° API gravity
(viscosity less than 400 cp) reservoir, if the salt content
was less than 100,000 ppm, if it was a carbonate reser-
voir, and if the temperature was about 38°C. The
mechanisms proposed for oil release are the production
of gases (COz, CH; and N3), and the production of
acetic acid, (releasing CQO: from carbonates), surfac-
tants, acetone, higher alcohols.

Remarks—The number of wells tested and the suc-
cesses reported are impressive. The effect of CO2 pro-
duction is stressed.

USA IV
Petrogen, Inc.
Years of test: 1977-1982.
Location: Mainly mid-continental U.S.

Geological data—Varied—6 different formations.
Depth: 300 to 4600 ft (90-1400 m).

Microbial well treatment—Unknown—24 wells
treated.

Culture employed: Unknown.

Response—Of 24 wells treated, 75 percent showed
pressure increase of 10 to over 200 psi, the 25 percent
remaining had no pressure increase for known (i.e.,
cracks in casing wall) or unknown reasons. In addition
to the 24 injected wells, 30 additional wells were influ-
enced by pressure or increased production or both.

Of the 24 wells: 4 wells doubled production for over 6
months; 12 wells increased production 50 percent for 3
months; and in one 5-spot pattern production levels in-
creased 6 fold for a short time (most recent test) and
this test is still being monitored.

For all tests the overall production-increase aver-
aged 42 percent (the level would have been higher if the
data had been selected from wells where the specific
goal was to increase production).

Remarks—All reported results are preliminary.
Suggest at least 100 wells need to be treated under
strict criteria to confirm results.
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Overall Summary

SUMMARY

1. Biopolymers are already in use by the petro-
leum industry for a wide variety of applications.
The biopolymer from Xanthamonas campestris
is used extensively for drilling mud preparations
and it has been field tested as a waterflood addi-
tive. An extracellular polysaccharide prepared
from aerobic fermentation of crude oil has been
developed in China and is proposed as a water-
flood additive to increase the sweep efficiency of
oil recovery. A biosurfactant product (a glycopro-
tein) from Acinetobacter calcoacetius RAG-1 is
being prepared in commercial quantities for use
as an emulsifier of crude oil and may be impor-
tant for cleaning tanks and pipelines. The biosur-
factant produced by Corynebacterium lepus has
been demonstrated to be effective for the release
of bitumen from tar sands. Recently a mixed cul-
ture was discovered that produces a biosurfactant
when fermented aerobically with crude oil; it
causes a decrease of the oil phase viscosity of 95
percent and produces a non-wetting (on glass or
steel) emulsion,

2. Salt tolerant bacteria of the genus Clostri-
dium have been isolated and shown to produce
large amounts of carbon dioxide and solvents in
5-6 percent salt solutions. Spores of these bacte-
ria do not adsorb on sandstone rock samples,
thus the spores can penetrate deep within a petro-
leum reservoir to germinate where most needed.
In addition, a field test in the United States with
Clostridium acetobutylicum resulted in a two and
a half increase in production from a two-spot in-
jection test and production of 35,000 kg of acids
and 5,700 m3 of carbon dioxide during the nine
month test period.

3. Mixed bacteria cultures (Gram-negative,
facultative rods) have been isolated that produce
copious amounts of gas and are designated for
possible repressurization of oil fields in Canada.
A nutrient solution also was developed that aids
in the injection of the bacteria by inhibiting ad-
sorption. A second growth medium activates the
bacteria to produce a biopolymer in situ.

4. Living cells have been found to be strongly
adsorbed on sandstone which restricts the injec-
tion of non-spore forming bacteria unless carrier
solutions are developed that inhibit cell adsorp-
tion and thus allow deep migration of the cells
into the oil reservoir.
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5. Bacteria were isolated from the Wilmington
oil field in California at a depth of 1,000 meters
that are capable of degrading polyacrylamides
that are used for mobility control and formation
of biopolymer that may inhibit treatment by
biocides.

6. Two of seven field tests in Romania with
mixed cultures of bacteria that were acclimated
to reservoir conditions resulted in a two-feld
increase.

CONCLUSIONS

The presented papers and discussions at this
Conference revealed many positive aspects in the
use of microorganisms in enhanced oil recovery.
Numerous field tests throughout the world have
in general been successful, although the release
of residual oil in these tests was not maximized.

Biological production of chemicals, such as
biopolymers and biosurfactants, for enhanced oil
production shows promise for both in situ pro-
duction and for surface production. The use of
microorganisms and their products for recovery
or treatment of heavy oil and tar sands has been
demonstrated. The potential for the use of crude
oil as a substrate for anaerobic growth of MEOR
organisms continues to be investigated and the
possibility exists that a consortium of micro-
organisms might successfully be used whereas a
pure culture of microorganisms would probably
not grow under these conditions.

From the papers and discussions, it is obvious
that there is still much to be learned before MEOR
is an established procedure for use in the oil field.
The workers in this field of research gave realistic
appraisals of the vast amount of knowledge that
is still missing, but which can be attained. This
was not an expression of negative attitudes to-
ward the potential for MEOR. Instead it was an
expression of an awareness of the amount of work
yet to be done. With more knowledge and develop-
ment, MEOR will be a viable tool in the oil field.
It may not become a universal means of recover-
ing residual oil, but it will become another tool in
the arsenal of tools available for enhanced oil
recovery, and under certain reservoir conditions,
it should be the tool of choice.
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