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ABSTRACT

Gl reservoirs naturally contain inorganic and organic
materials which may be exploited through sinple mneral
suppl enentation to  support the growh of deni trifying
The growth and netabolic products from the
presence of these mcroorganisns wll aidin the release of oil
from the rock matrix and inprove crude oil quality and oil field
oper ati ons. These studi es have been sucessful in defining new

m cr oor gani sns and processes for MECR

Materials which may serve as nutritional sources for

m croorgani sns are present in the connate or waters or nay
be added to reservoirs during drilling and producti on operations
of oil fields. These materials include sulfate,

volatile fatty acids, nitrogen-contai ning corrosion inhibitors,
phosphor ous-contai ning scale inhibitors and trace elenents. The
experi nent s show that, wth sinple m ni nal m ner al
suppl enentation to the flood waters, the increased growh of
natural |l y-occurring m croorgani sns can contribute to the
enhancenent of oil recovery and are inportant aspects of nany ECR
reduci ng bacteria
denitrifying bacteria, and denitrifying Speci es wer e
successfully isolated from oil field waters. The SRB and
cultures, as a consortium can utilize the volatile
fatty acids and dissol ved carbonates found in these waters and
These cultures were shown to feed each other

sequentially and survive in mxed cultures. In a reservoir
environnent, these types of organisns are limted due to the
devel opnent of an additional cont ai ni ng het er ot rophi c

denitrifying bacteria.
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A consortiumof denitrifying mcroorganisns is useful in new

MECR processes through the production of large volunes of
gases and by the production of viscosifying
and by the renoval and prevention of
synthesis of hydrogen sulfide. These denitrifying cultures can
be easily naintained in an oil reservoir environnent. Thi s
report shows that denitrifying organisns are also potent agents
for the control of growt h thereby preventing the devel opnent
and production of and are inportant agents

for oil field operations. Laboratory experinents wth defined
mxtures of mcroorganisns as well as mxed popul ati ons showed
oil release fromsand pack col unms and

exist inoil reservoirs and are easily cultured
frommany wel | s and produced wat ers. However, their netabolic
activities appear to be limted to a very snall part of the total
mcrobi ol ogical activity.

The follow ng are the results of the project.

1. The ability of denitrifiers to utilize
sulfide, growwth dissolved organic naterials normally found in
oil field waters, and to produce viscosifying agents under the
anaerobic conditions which are present in an oil was

The study showed the potential for sweetening sour
well's by the action of denitrifying organi sns.

Anaer obi ¢ Qul t ures. It was shown that
anaer ohi ¢ cultures utilize linestone carbonate in
rock sanpl es. Inproved oil release shoud result fromthis

di ssolution of carbonates in the oil reservoir.

3. Mxed nsortium The ability to mx
denitrifying bacteria and SRB in the same systemwas studied.
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SRB were established in cores or sand packs or in vitro
Situations and bacteria were I nt r oduced.

the ability of both these types of m croorgani sns
to survive in the presence of each other was tested.

the SRB becane a snall mnority of the active
popul ati on, and the greater netabolic diversity of t he
denitrifiers prevented sulfide production. This conpetitive

interaction should cause the production of significant increased
quantities of oil and would also result in inproved oil quality.

4. Denitrifying Bacteria and Q| Recovery. The ability of

denitrifying bacteria to release additional oil fromcores and
sand in the presence of SRB was The
organisns will produce surfactants and/ or viscosifying agents in

situ under anaerobic conditions and therefore lead to nore oil
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1. EXECUTI VE SUMVARY
The data showthat developnment of a mxed denitrifying

population in an oil reservoir environnent w |
r educe popul ations resulting in the renoval and
preventi on of A the same tine the products resulting from

the growth of this replacenent popul ation wll cause an increase
in ol nobilization and oil release by nechani sns involving gas,

sur f act ant and pol yner production, and in the ~case of
growth, could cause dissolution of carbonates in the
rock natrix. The establishment of this denitrifying popul ation

requires only the addition of sinple inorganic chemcals wthout
the need for organic nutrients. This new MECR technol ogy offers
industry the potential for a sinple, lowcost, and effective oil
r ecovery while at the sane tine provides a solution to
the mcrobially generated sul fide probl em
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1 V. I NTRODUCTI QON.
The ability to produce nore oil fromaging and played out
oi | will have a great inpact on the future energy

dependence of the Lhited Sates. Mcrobial Enhanced Q| Recovery
(MECR offers industry a potentially economcally attractive

nethod to recover additional nmost MECR
processes involve the injection of car bohydr at e- cont ai ni ng
substances into wells to stinulate naturally-occurring or
i nt r oduced These organisns are designed to pl ay
various potential roles, including selective plugging, solvent
and organic acid formation, surfactant production, gas

and possibly oil nobilization through oil The

grow h of these mcroorgani sns necessarily causes a change in the
envi ronnent of the formati on, and MECR technol ogi es are desi gned
to encourage the growh of organisns that have favorabl e

inthe

There is great both economcal ly and technically,
for mcroorganisns to help in the release and nobilization of
oil. However, we believe that instead of overwhelmng the

reservoir envi r onnent wth najor nutri ent addi ti ons, an
understanding of the mcrobiological ecology and a snall
selective alteration of the reservoir environnent would be nore
effective and have greater potential for increasing oil recovery
at | ow cost.

The anaerobic environnment of virgin oil reservoirs is not
usual |y conducive to the gronwth of mcroorgani sns because of the
lack of wvital nutrients, although there is some anecdotal
evidence that mcroorganisns may be indigenous to virgin oil

If oil degrading aerobi c mcroorgani sns were abl e
to grow in oil reservoirs, oil would never be forned except
transiently. snmall changes brought about by the
penetration of the reservoir during drilling and production can
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cause rapid growh of mcroorgani sns wth a concomtant change in
the reservoir Sone of these changes can be
such as souring due to hydrogen

This mcrobi al hydrogen sulfide generation process is currently a
severe problem in nany najor oil fields, including sone A askan
fields. The change in the Aaska fields is probably due
prinarily to the use of sea water in water floodi ng operations as
well as the addition of chemcals to aid in the surface
production and water handling operations. H gh |evels of

cone wth the addition of sea water, conpleting the necessary

mneral balance required for sulfate reducing bacteria to
flouri sh and produce hydrogen This leads to souring of
the field and results in lower quality crudes and higher
operating costs. Thus, this change has brought about an

enornous change in the reservoir ecology and field operati ons.

Qur approach to MECR recognizes such changes in the
reservoir environnent. Equivalent |arge and positive changes in

field characteristics wll lead to increased oil production and
product quality. A nodel mcrobial consortiumschene that has
the potential to introduce favorabl e environnental in the
reservoir is shown in Fgure 1.

VW consider that the presence of volatile aci ds

which are nowbeing identified innmany oil field waters, is of
key inportance in oil field mcrobiol ogy. The VFA provide a
natural carbon source for mcrobial growth in the oil reservoir.
This role of the VFA has previously been neglected in the
consideration of reservoir ecology. Qur work has centered on the
mani pul ation of the reservoir mcrobial popul ations by using the
VFA as a constructive carbon source in place of its present
detrinental role as a carbon source for the SRB The VFA are
utilized in the presence of nitrate to grow conpetitive
denitrifying type organisns. This interrelationship of carbon,



FIGURE 1
NUTRIENT AND MICROORGANISM CYCLES
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and nitrogen nutrients in the reservoir waters forns the
basi s of the new MECR t echnol ogy.

The autotroph, and related
denitrifying and heterotrophic denitrifying bacteria
could have applications for MECR especially in oil reservoirs
whi ch contai n Al denitrifying Thi obacill us sp. we
have tested wll dissolve linestone and use it as their sole
source of carbon. I f and can be
mxed in a single then the naturally-occurring fatty
acids inthe field waters wll drive sulfur reduction which w |
serve as the energy source for the denitrifying Thiobacilli. The
targeted environnents could include applications to straight
car bonat e m xed | i nest one- sandst one
formati ons, and even sone formati ons (although

this would be very dependent on other perneability
also could have the effect of the typica MCR

i.e. nobility control and selective plugging by the

celluar materials, production of gas (enough gas is
produced in sone cultures to cause the vessels to be highly
and production of increased pressure through

the dissolution of carbonate which is in equilibriumwth

Li nest one supplies the necessary for the gromth of T.
The dissolution of the carbonate woul d buffer the

growth nedium of the culture to a constant pHof 6.5 which is

optinum for the growh of T. Al acid produced
during growth fromthe oxidation of reduced sul fur conpounds is
neutralized by the dissolution of [inestone. The necessary

additional nutrients are ammonia and nitrate in the form of
amoniumnitrate (supplying both the alternate el ectron acceptor
and a nitrogen source t he a snall anount of
phosphat e (only just enough to satisfy the nutritional
requi renents of the microbes otherw se the capacity of
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the phosphate may interfere wth the dissolution of the

a reduced sul fur source necessary for the energy
reactions of the cultures (we used and trace netal s
(2n, Qo, Fe, M, N, and

A third group of mcroorganisns that nay play an inportant

role in our MECR studies are the Ve
were able to identify fromoil pipelines which nmay be
of wuse in our system The consortiumcited above is

theoretically capabl e of operating as a two conponent system and
we feel that nethanogens mght eventually becone a part of the

mcrobial comunity especially if and are present. The
source of reducing power should be the sinple volatile fatty
acids wth the acceptor being eHw !l be an inportant

factor in the balance of the mxed mcrobial population and if
the eHis not strictly regulated the first nenber of the
community to suffer will be the si nce
these mcrobes are very fastidious, the possibility that they
could play a significant role in MECR appears to be snal | .

V. NMATERI ALS AND
A M CQROORGAN SMB AND ALTURE
Mxed cultures of mcroorgani sns were isolated from produced

water from various oil fields, including prinarily carbonate
reservoirs and sandstone reservoirs. Vdter fromthe and

Bay oi l in Alaska were sources of both water for
analysis and Srains of

were obtained from the American Type Qilture
Ml lection and additional cultures were isolated fromlocal soils
and cultured in nediuml1l (Table 1) wth trace mneral s (Table
QG her strains were obtained fromthe Soda Damthermal area in New
Mexi co and were cultivated in Mdiuml1l supplenented wth 1 n
Trace Metal Sol ution (Tabl e For the dissolution of
limestone, nedium2 was used (Table For the growth of

10
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r educi ng medium3 was used (Table Aci d-
washed Ml Geek sand was used for sand pack experinents and
Berea sandstone was used in the core floodi ng

(A askan) crude oil (24° was used in experinents where crude
oi |l was
Table 1
Medi um1
I ngr edi ent

POONNNEO
3Q®wooocoo

Trace Metal Sol ution
adjust pHto 6.5

Tabl e 2
Medi um 2
| ngr edi ent
Reduced sul fur source* 50
2.5
0.1
QG ushed Li nest one
Tap water 1000 nt

- May be , S, or

11
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Table 3
Medi um3
Bacterial Medi um
Chem cal
. 2.0
Na dtrate 50
0.5
1.0
0.5
Na Acet at e 2.5
Na Propi onat e 0.5
Na 01
Yeast Extract 0.1

5% sol uti on of
20 n

adjust pH= 7.5

The nedia were reduced in the anaerobic
di spensed i n serum capped and aut ocl aved.

The

head space contai ns 5% 10% and 85% Sanpl es

are injected wth a syringe.

Tabl e 4
Trace Metal Sol ution
I ngr edi ent g1l

50
3.0

. 22
55
51
. 5.0
. 1.0
. 1.0
’ 1.0
1.6
1.6
1.0

adjust pHto 6.0 wth KCH

12
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Table 5
-4 Trace Metal s (500X
Chem cal Gonponent

EDTA, di Na salt 500

100

25

10

20

20

30

5

(. 5

25
Inocula were obtained from pigging sanples from the trans
Al aska pi pel i ne and produced water sanples fromthe North 9 ope
in addition to sources from local producing wells and water
f1 oods. Prelimnary results show abundant growh of both
denitrifying cultures and good isolates of sulfate
reduci ng bacteria, presunably Desul fovibriosp. The effect of
redox potential on the growth of both pure cultures of
Thi obaci |l us and Desul fovi brio and the mxed culture enrichnents

obt ai ned above was st udi ed.

B. GAS ANALYSES

In order to quantitatively analyze our experinents, we
devel oped anal yses for any m crobi ol ogical gas mxture containi ng
the foll ow ng: nethane, hydrogen sul fide, ammonia, nitrous oxi de,
nitrogen, hydrogen, oxygen, carbon nonoxide, carbon
nitric oxide and other short chain This capability
allowed us to both qualitatively determne the products of

growh and quantify the gas mxtures necessary to keep
the mxed cultures in a state of balance and also allow the
anal yses of conplex mxtures of A typical
standard analysis is shown in Hgure 2 and an actual cultural gas
analysis in Hqgure

13



RUN 233

START

4.060

STOP

FIGURE 2

OF A STANDARD GAS MIXTURE

5.397

5.950

Closing signal file M: SIGNALBNC

#

SIGNAL

RT
.891

1.131
4.060
4.325
4.600
5.397
5.950

233

TYPE

BB
SBB
PB
SPB
SPB
BB
PB

JAN 4. 1991 10:05:40

AREA
1
2633982
37748
2364610
2364610
1377436
1891396

WIDTH
.368
.062
.064
.090
.090
113
166

HEIGHT

4995

702722
9823
436364
436364
203965

190081

14

4.600

VOLUME %
.000

4.453
3.289
5.520
6.339
4.209
5.251

1131

- 4325

NAME

CARBON DIOXIDE
HYDROGEN
OXYGEN
NITROGEN
METHANE
MONOXIDE



FIGURE 3

GAS OF A TYPICAL DENITRIFICATION CULTURE
RUN 242
START
1135

TIMETABLE STOP

file M: SIGNALBNC

242 JAN 4, 1991

GAS ANALYSIS

RT  TYPE AREA

1.135 BB 1231785
2.924 BV 3357022
4.291 PP 388924
4.517 PB 31881776

WIDTH
.072
.284
.071
.164

HEIGHT
285317
196704

91562
3240626

1R

VOLUME % NAME
2.082 CARBON DIOXIDE
6.378
1117
85.467
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RESULTS.

A DEN TR FYI NG BACTER A

The inorganic constituents in

VI.

oil field ecosystens nay be

mani pul ated to achieve certain ends. When exam ni ng produced
waters fromvarious oil it was found that nmany fields
contained sufficient quantities of nost mneral and ot her
nutrients for the growth of various classes of

Table 6 shows a representative conposition of produced water from
an Aaskan oil field after flooding wth seawater. Thi s wat er
w |l support the growh of W thout any addition, although the
addition of nore nitrogen and phosphate sources greatly enhances

growt h.
representati ve of nany oil
analysis of this water. In addi ti on,
represent the |argest of recently devel oped oil

VW used this as a standard produced wat er,
fields and we have the nost detail ed
the Alaskan oil

because it

pr esent

is

fields

in

North America and the producers are experienci ng severe

and

Tabl e 6
A askan Q| F eld Produced Véter Anal ysis

pH

S5 ppm

Na 7000 ppm

G 94 ppm

56 ppm

Fe 6 ppm

11000 ppm

B car bonat e 2600 ppm

140 ppm

N t rogen 1 ppm

Phosphor ous 11 ppm

Acet at e ppm

Pr opi onat e 80 ppm

A study of
bal ance m ght
m cr obi al

m cr obi al
two comon
ongoi ng, natural

this oil

reservoir
be achi eved t hr ough
pr ocesses. The

16

envi r onnent

first
souring due to hydrogen sulfide production

revealed that a
the cooperation of
process is the
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nmentioned earlier. This is defined by the foll ow ng equati on:

- Clls + + (D

+ Vol atile Fatty

This reaction operates in sone fields in the process of
souring. The SRB which are responsible for these reactions are
capable of using a wde variety of soluble organi c substances as

carbon and energy sources The volatile fatty
acids, which are quite coomon in oil reservoirs are good
substrates for SRB to drive this process (Table

Most are not nornally considered anaerobic
bacteria and woul d not be considered as potential organi sns for

MECR processes because of their typically aerobic nature.
However , Is capable of anaerobic growth if

nitrate is supplied as an electron acceptor. The overall growh
is defined by the foll ow ng equati on:

+ + reduced s— + Cells + + + (2

Conbi ni ng equations 1 and 2 vyi el ds:
Vol atile Fatty Acids + r Gells + + fiT (3)

Equation 3 also describes heterotrophic
with the addition of acid production. The fornmation of acid nay
t hen di ssol ve carbonates |leading to the fornation of dissolved

In addition, this dissolution of carbonate wll buffer the
environnent at approxinately a pHof 6.5 which is optinal for the
grow h of the autotrophic Thus, an oil field

wth sone carbonate and a reduced S source (sulfide) may only
require the addition of nitrate and mnerals for growwh of
di ver se and subsequent oil release.

Thiosulfate was show to be the best all around energy

17
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source for and, although sulfur is also a
good energy source, it presents physical problens for the
organi smwhi ch nakes it nore for them to derive all

avail able energy fromthis energy source. Sulfide is potentially
a very good energy source because of the available chemcal
energy, but its relatively high toxicity inpairs its ease of use
as an energy source.

To test these ideas in initial laboratory studies, the
sequence bel ow was fol | owned:
1. Isolation and characterization of reduci ng bacteria

fromoil field produced water.
2. Isolation and characterization of denitrifying strains of
and their reaction wth |inestone.
Sequent i al
4. Mxing and oil rel ease experi nents.
5. M scosifying agents and

Gaseous products produced by denitrifying bacteria under
condi tions which mght occur in an oil reservoir were determ ned,
i.e. reducing conditions [redox potential about -100 nv, sulfide
as an energy high nitrate Thr ee
sources were tested as sources of energy: sul fide
and el enental sulfur. These cultures were sparged wth helium
prior to sealing. The produced gases were then collected and
subj ected to gas separations and
A key indicator of active is the production of
ni trous oxide and nitrogen by the organi sns. The T.

strai ns forned when wusing thiosulfate as an
energy source. ATQC strains 25259 and 23644 both produced
whi | e using el enental sulfur and ATQC strains 29685, 23642
and 25259 produced nitrous oxide wth sulfide as an energy
source although growh appeared to be nuch less than when
conpared wth growth wth thiosulfate. In addition, large

18
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anounts of nitrogen were produced all cultures wth each of
these sul fur energy

Sulfide is nornally inhibitory at concentrati ons exceedi ng
80 and nust be kept at |ow but may be added
daily for good grow h. Sulfide resistant strains are readily
obt ai ned which can tolerate up to 200 ppmsulfide. Ve tested the
profiles of sulfate reducing bacteria gromn in the presence of
t he sane nedi um as but wth added iron, organic
acids (acetate, lactate, propionate, butyrate and fornmate) and
reduced to an eH of about -200 nv. Wien the cultures are
acidified, significant |evels of dissolved are released from
solution along wth significant Traces of ammoni a are al so
forned in these cultures. It appears fromthese data that these
cultures nay be realistically mxed. It also appears that redox
potential does have sone effect on al t hough t he
ranges where they are tolerant to redox potential overlaps wel l
wth the redox potential requirenents for and
related sul fate reduci ng bacteri a.

VW have not been able to show signifi cant in
any of our cultures. It could be sinply a natter of the nmedia we
envision necessary for MCR cannot support the growh of
significant popul ati ons of or also it could be that
the redox potential necessary for the successful cultivation of
both denitrifying and sulfate reducing bacteria is

not reducing enough to neet the requirenents of typical

Li nestone supplies the necessary for the growth of T.

by the dissolution of carbonate which is in
equilibriumwth dissol ved Qdinarily, is supplied to
Thiobacilli in vitro in the form of dissolved carbonate or
bi car bonat e. The dissolution of carbonate buffers the growh

19
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medi um of the culture to a constant pH of whi ch is opti num
for the growth of Al acid produced during
growth from the oxidation of reduced sulfur conpounds is thus
neutral i zed the dissolution of linestone. The necessary added
nutrients are ammoni a and nitrate in the of ammoniumnitrate
(supplying both the alternate electron acceptor and a nitrogen
source for the a snall anount of phosphate (only just

enought to satisfy the nutritional requirenents of the nicrobes
ot herw se the capacity of the phosphate nay interfere
wth the dissolution of the a reduced sul fur source

necessary for the energy reactions of the cultures (this nay,
be any of the followng: sulfur,

or and trace netals (nost brines contain

hi gh enough concentrati ons of Zn, M, and

Se to satisfy the requirenents of typical denitrifying mcrobes
trace

As can be seen, under the best the only

necessary naterials which would need to be injected into a well

t he proposed new MECR processes woul d be ammoni umnitrate and
low concentrations of phosphate. Under the least ideal
conditions this list woul d i ncl ude ammoni umnitrate, phosphate, a
reduced sulfur source, the mcrobes, and possibly sone trace
netal nutrients in very | ow

These results denonstrated that the autotroph
related denitrifying Thi obacilli and
denitrifiers should have potential for MECR especially in
reservoi rs which contain carbonate rock. These reservoirs shoul d

include straight car bonat e m xed
| i rest one-sandstone formations and even sone
fornati ons, although these could be very dependent on
perneability and factors. It was shown that

and related denitrifying Thi obacilli are capable of

20
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di ssolving linmestone under a variety of conditions (exanples are
shown in Tables 7-10 below which could allowthe release of oil

trapped in the linestone natrix, the matri x

possi bly even shal e-1i nest one since shal e al ways
contains sone |inestone wth sone By the
selective dissolution of linestone, oil trapped in that |inestone
will be released, thus increasing the ability to recover oil from

economcally nargi nal reservaoirs.

Al denitrifying sp. that were tested wll
dissolve linestone, using it as their sole source of carbon. The
exanples cited in the tables used T. ATQC 25259 and
ATCC as well as sone wild isolates fromour |[aboratory
experinents and enrichnent i ncl udi ng
i sol ates (40-45° Al though there are no reported

true thernophilic strai ns of denitrifying
proprietary strains fromproduced waters and other natural oil
related sites and areas that grew at higher

tenperatures were

According to The T. may al so
denitrify. Ve included this organismin our studies, but it did
not appear to have any superior capabilities and was not as good
a denitrifier as

Table 7
DO ssol uti on of crushed 100 nesh) linestone wth as
energy source by denitrifying cultures.

Sran % DO ssol ved

ATQC 25259 88.3

ATQC 23642 82.9

Buck Tai l 85.0

Meadow O eek

1 N HCL 87.4

It appears fromthese data that there is about 12-17% acid
insoluble naterial in this |inestone sanpl e.

21
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Table 8
Dssolution of solid |inestone wth as sour ce
by denitrifying cul tures.
Sran DO ssol ved
ATQC 25259 740
ATQC 23642 760
Buck Tail 723
Meadow O eek 635
Tabl e 9

O ssolution of solid |inestone with sulfur as energy source by
denitrifying cultures.

Srain DO ssol ved
ATQC 25259 380
ATQC 23642 320
Buck Tail 370
Meadow O eek 330

Tabl e 10

O ssolution of solid linestone with sulfide as energy source by
denitrifying cultures.

Sran D ssol ved
ATQC 25259 60
ATQC 23642 160
Buck Tai l 30
Meadow O eek 35

The anount of |inestone dissolved creates the potential for
new channels to be opened for water flow which would have
significant effects for oil recovery. |In addition to the obvi ous
effect of I|inestone dissol ution, woul d al so have

22
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the effect of the typicaah MECR mcroorgani sns, i.e selective
plugging by mcrobes of water washed channels, production of
consi der abl e gas for well (enough gas is

produced in sone cultures, that if the vessel is sealed tightly
then the gas pressure can actually cause a glass tube or bottle
to rupture) and production of increased pressure through the
di ssol ution of carbonate which is in equilibriumwth A so,
this produced may dissolve into the oil increasing oil
nobi | ity. Wth optimzation, about 1 g of linestone can be
di ssol ved by per liter of culture in the
| aboratory. Thus, a waterflood which injects 15,000 liters of
wat er per day coul d di ssol ve about 15 kg of |imestone per day or
2 to 3 tons of carbonate could be dissolved ina year in a

typical well if the mcroorganisns are continuously and actively
gr ow ng. This is not likely to happen, but the nunbers do
indicate the potential of wusing T. in MR

Heterotrophic denitrifying bacteria can be readily isolated
fromoil field produced waters as long as the tenperature is |ess
t han Above less nitrogen is fornmed fromnitrate and
nmore ammonia is forned, wth a concomtant swtch in the
m crobi ol ogi cal popul ati on from type m croorgani sns
to organisns resenbling and However ,
both T. and other denitrifying bacteria are present
in significant nunbers.

B. 1 SAATI ON AND GHARACTER ZATI ON GF REDUA NG
BACTER A FROM AL H BD PRODUCED WATER

In addition to the culture work done wth
and ot her we also isolated and obtai ned strai ns of
reducing bacteria fromoilfield produced waters (Table

11).
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Table 11
Al FHeld Produced Vét er

Location TDS§ % Acetate Propionate pH
Al aska #1 2.2 12 1000 80 8.1
Al aska #2 2.4 22 95 1100 79 81
CGalifornia #1 12.3 0] 5 60 O 7.6
Galiforni a 7.6 21 250 200 12 7.7
CGalifornia #3 4.8 23 65 710 44 8.4
Texas #1 3.6 17 120 920 37 8 2
Texas #2 11.5 23 30 80 2 8.5
Ckl ahoma #1 o 50 0] 0] 7.9
k|l ahonma #2 15. 1 11 23 10 (0] 8.0

x acetate and propi onate are expressed as
Sul fide were determned using an ion specific

electrode. Sulfate levels were determned using a wet chem cal

nmethod. Amounts of acetate and propionate were determined by a
gas nmet hod. Total dissolved solids were
determned by residue after evaporation. V¢ also analyzed for P
and N which were not expected nor detectible in nost of the

VW inected sanples fromthese produced waters into nedi um
whi ch supports the growth of sulfate reducing bacteria. Thi s
medi um contained 3.5% salt and contai ned acetate or a mxture of
acetate/lactate as the carbon and energy source. V¢ determned a
rough titer of nunbers by serial dilution techniques. The
results are shown in Table
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Table 12
Presence of in Produced Vdters
Vdter Sanpl e S)B SR)B

A aska #1

A aska #2
Galifornia #1
Galifornia #2
Galifornia #3
Texas #1
Texas #2

|l ahoma #1
|l ahoma #2

10°
10°
<1

<1

+' 4+ 4+

It can be noted that the produced waters which had no
sulfide also had no (or snmall amounts) acetate or propionate and
had the lowest pH neasured and high | evel s. Thi s
relationship of the volatile fatty acid content and sulfide
presence and other water characteristics should be investigated
and conpared wth data from other sanples of produced

wat er s. Should a correlation between content and SRB
(sulfide) content it may offer industry a nethod to
predict which oil fields woul d becone sour through SRB
action. These studies enphasize for the first tinme the

I nportance of the VFA content of flood and connate waters.

(ATCC and
(ATAC 19858) were obtained fromthe Anerican Type
Qulture llection and have been cultured at These

organisns were cultured on a mni mral nedi umcont ai ni ng

propi onate and butyrate as carbon sources. These fatty acids are
the typical ones found dissolved in waters fromnost oil fields
and the concentrations wused (100 to 750 are also typical
(Tabl e VW have also isolated strains fromnaterial obtained
from the Trans-Alaska pipeline and other pipeline fouling
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Sulfate reduci ng bacteria were very comon in these sanpl es
and could use a wde variety of organic substances including the
common vol atile fatty acids normally found in produced
These organi sns were active from30-75¢ C and could use acetate
and propionate individually or together. Wen both acetate and

propi onat e were the propionate was used preferentially
over the acetate. The key to these organisns is that if
and can be mxed in a single culture

then the naturally-occurring fatty acids which drive sulfur
reduction wll serve as the energy source for the denitrifying

the only necessary nutrients which wll need to be
added wll be ammoniumnitrate and sone phosphat e. Al other
nutrients wll be supplied by naturally-occurring chemcals in
the fornation and brines. It should be noted that these
organisns exist mxed in nature, but it is difficut to know
whether or not they can be artificially mxed in a
environnent and both be active at the sane tine. There is a
possibility that eH nay be an inportant factor.

The addition of nitrate to the produced water systens (Table

11) caused the level of reduci ng bacteria in the system
to drop to and the heterotrophic denitrifying bacteria
I ncreased to about (Tabl e These data show that
high concentrations of the carbon sources

are required for both SRB and denitrifying organi sns. In the
presence of the nitrate and carbon sources the gr ow

and reduce the level of SRB.  These results show the inportance
of the presence of the carbon source on both sulfide generation
and its renoval. Sulfide dropped to O and was no apparent
new sulfate reduction. Ve were also able to recover about 500
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Tabl e 13
I nhi bition of by Bacteria (DB
in the Presence of Ntrate

Sanpl e Acet at e

Al aska #1 0] <5 + - <10

Al aska #2 0] <5 + + <10
Galifornia #1 55 o <10 o
Gilifornia #2 (0] <5 + - <10
CGalifornia #3 (0] <5 + - <10
Texas #1 (0] <5 + + <10
Texas #2 70 15 - - <10 0
Ckl ahona #1 (0] o - - <10 0]
Ckl ahona #2 10 15 - - <10 0]

C BACTER A

The third group of mcroorganisns which nay play an
inportant role in these MCR studies are the
are a part of the mcrobial

community in nost oil but they are always a mnor
proportion of the popul ation. The source of reducing power
should be the sinple volatile fatty acids, but these have not
been identified in oil fields wth the acceptor being

Instead we have found that the naj or are those whi ch
use as a source for nethane and that they conprise |ess
t han of the mcrobial popul ation. For these reasons we feel
that this aspect of the project is not as favorable t he

positive response wth denitrifying popul ati on effects.

D MX NG AND AL RELEASE EXPER MENTS
Sequenti al Feedi ng S udi es.
Under nornal |aboratory conditions, both the SRB and the
denitrifying grow at roughly the sane rates.
Therefore, the organisns mght be capable of coexisting and
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supporting each other. If and Desul fovi brio can
be mxed in a single then the fatty
acids which drive sulfate reduction wll serve as the energy

source for the denitrifying

V¢ again grewvarious species of Desul fovibrio in nedia
containing acetate and propionate (25:1) on a nolar whi ch
is the typical ratio of these volatile fatty acids found in oil
field This nediumwas then filtered through a .22
filter and sodium bicarbonate and ammoni um nitrate were added.
The nmedi um was then inocul ated wth whi ch grew
well as long as the sulfide content was not too hi gh

did not growin the nediumif no reduced sul fur
was present in the medium Qearly the products of the
net abol i smof the sulfate reducing bacteria can supply necessary
nutrients for the denitrifying bacteria, especially the reduced

sul fur

once the systens were not controlled for pure
cultures, heterotrophic denitrifiers becane domnant and used the
acetate, propionate and nitrate for growth. They did not prevent
the growth of sulfate reducing bacteria or the
but they becane nore than 90% of the total popul at i on.
Snply put, the addition of nitrate to oil field waters prevents
the growth of sulfate reducing bacteria because denitrifiers are

nore efficient and grownore rapidly. They al so

renove sulfide. The results denonstrate the inportant advantage
in that sulfate reducing bacteria are conpletely inhibited, but
not immediately killed, by the introduction of nitrate into
their environnent.

Aiter these data were collected a series of cultures were
prepared to determne if heterotrophic denitrifying bacteria were
present and to determne their on the popul ati on and
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Ffty m of each water sanple was put
into a 100m serumbottle and sparged wth H for 15 mnutes to
drive off nitrogen and oxygen gas. The bottle was then capped
wth a butyl rubber stopper and a deaerated solution containing

and was introduced wth a 10 m syringe. The
syringe was left in the stopper to collect produced The
produced gas was separated and quantified by
gas If denitrifying bacteria were present they
woul d consune the acetate and produce and In
they should also inhibit the fornation of sulfide by and

reduce the nunber of viable SRBrenaining in the system The
addition of nitrate to this system indeed did cause the | evel of
sulfate reducing bacteria in the systemto drop to and
t he heterotrophic denitrifying bacteria increased to about

Sul fide dropped dranatically and there was no appar ent

new sul fate

the injection of nitrate into these waters hel ps
renove sulfide. It was also found that high salt (i.e TD&55 7%
inhibits the growth of these denitrifying bacteria. There are
hal otol erant (up to 8%salt) denitrifiers and very halophilic (up
to saturation) denitrifiers reported in the literature.
these mcrobes may not be present in all ol field produced
wat er s. Qearly the denitrifiers not only renove existing
sul fide but al so prevent sulfide production. This action
extends to the inhibition of SRB growth and possibly al so acts to
kill viable SRB cells. These results offer a potential treatnent
for the control of i nduced corrosi on.

The next stage in these experinents was to link the cultures
nore directly. This was done via a tw stage culture as
diagrammed in figure 4. This systemwas designed to supply the
necessary reduced sulfur sources as sulfide fromthe growh of
the sulfate reducing bacteria to the denitrifying bacteria in the
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second vessel. The first vessel contained all of the necessary
nutrients for sulfate reducing bacteria and after 12 days good
growth of the sulfate reducing bacteria was evident. Heliumwas
passed through the first vessel to scrub the as hydrogen
out of the culture and introduce it into the second
vessel where the nedium was conplete for the growth of the
denitrifying bacteria, except that it lacked a reduced sul fur
source. GQowh commenced 3 days after the first vessel began to
turn black, but was not very vigorous. V¢ found it necessary to
attach an gas trap fromthis culture through 1 N NaCH to trap
whi ch conpl etel y passed through the system

The first vessel supported the growh of sulfate
reduci ng bacteria per m and the second vessel contai ned about
denitrifying per m culture. Thus, the

products of the netabolism of sulfate reducing bacteria can
supply necessary nutrients for the denitrifying Dbacteria,
especially the reduced sul fur source. S nce these two cul tures
could be directly linked in to each other we began the

next stage of mxing in sand packs.

2. Q| Release by Denitrifying Qultures.

a. Sand Pack Gowh

To determne the effect and extent of I nteractive
gowth on the ol releasing capabilities by  enploying
denitrifying cultures and conditions, a series of sand pack
growth and oil releasing studies were conducted. A sand pack
containing acid washed MIl Qeek sand and 0.1% ww crushed
l'inestone was constructed. This was an 80 cmcolum and was fed
from the bottomusing an hydrostatic head. The feed was the

nutrient solution representing field water conpositions at a
redox <-300 and 100 nesh iron filings were included in a | ayer
to detect the formation of FeS See Hgure 5 for a diagramatic

31



FIGURE 5
DI AGRAMVATI C REPRESENTATI ON OF A SAND PACK COLUWN
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representation of this experinent. After two weeks the colum
became bl ackened at the layer of the iron filings and gas was
produced in the sand natrix above the iron layer. This gas was
shown to be nitrogen and sone carbon consistent wth
what would have been expected from the process of

Ater the experinent was concluded we found
high levels of sulfate reducing bacteria in the iron filing |ayer

of the sand pack. In addition, the effluent water conta ned no
acetate or was found in the
effluent at approxinately and sulfate reducing bacteria
were also found in the effluent at about These

experinents showed that these two nicroorgani sns can survive well
together and that one organism was sequentially feeding the

b. Sand Pack Experinents - G| Rel ease.
Sand packs also were used to sinulate cores for oil rel ease

A X 70 cm colum was packed w th acid washed sand
and (ww crushed M1l Qeek sand was saturated
wth oil over a period of one week exposure and was then washed
very slowy wth a reverse gravity flow of water until very
little oil was released over a period of 24 This washi ng
took approximately two weeks. This sand was then drained of free
wat er . The systemwas flooded wth a liquid which contained an
artificial produced water as well as different carbon and energy
sources in the presence and absence of ammoni um nitrate. The
systemwas inoculated wth a mxed consortiumof organi sng whi ch
contained denitrifying bacteria. A r was renoved by sparging
wth helium The colum was fed from the bottomusing a
hydrostatic  head. The feed was the nutrient solution
representing field water conposition at a redox <-300
Rel eased oil was neasured on the surface of the liquid in the
graduate cylinder as the oil was rel eased (Table
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Tabl e 14
Sand Pack Q1 Rel ease Sudi es
In the Presence of Denitrifying O ganisns.

Addi ti ons Al Rel eased % | ncr ease
to Wt er m over ntrol
None 1) 0]
Ntrate 8 6
1000 ppm acet at e .75 0]
100 ppm pr opi onat e .85 13
Acetate + nitrate 1.64 119
Propionate + nitrate 1.55 107
Acetate + Propionate

+ nitrate 93
Mol asses (. 2% 1.25 67
Mbl asses + nitrate 1.38 84

These data in Table 14 are very revealing. The addition of
a carbon source (such as by itself does
not increase oil release. This woul d be expected because such
carbon sources are already present in nany oil fields. The data
show that the addition of nitrate in the absence of a carbon
source also does not release oil. The introduction of a

carbon source such as in
(whi ch contai ns sone nitrogenous causes an i ncreased
oil release. This is the standard MECR technol ogy whi ch has been
shown to have sone applicability. However, the additional
additive of nitrate wth the fernentabl e carbon substances w ||
produce additional oil. Mre inportantly, the data showthat the
addition of nitrate in the presence of car bon
sources (acetate and propionate) wll cause a significantly
greater increase in oil release. These data denonstrate that the
new MECR system which enploys the utilization of pre-existing
carbon sources in the reservoir waters in the presence of
has the potential to cause additional oil recovery.
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Gore H oodi ng Experi nents.
a. Flooding in Absence of Ntrate.

A Berea sandstone core 400 nmD) was prepared and
f | ooded. The water contained sufficient mneral nutrients to
support about reduci ng bacteria/m at C WV made
an artificial mxture of salts to approxinmate this analysis for
use in our core flooding and bottle experinments. A rate of
flooding of 1m of was targeted as a steady state.
The driving force was nitrogen gas pressure. The water was
constantly sparged with nitrogen to keep it anaerobic. Duri ng
the course of this flood the sulfate reducing bacteria increased
t o about the sulfate concentration went down to O,
sul fide increased to 85-120 the propionate was totally used
up and the acetate reduced to <800 ppm In order to keep the
flowrate, the pressure on the systemwas increased up to
about 250 psi. This systemrepresented a typical flood that is

experi enci ng and sul fide probl ens.

b. Hooding in the Presence of
A simlar Berea sandstone core 400 nD) was prepared and
flooded with nitrate present. The systemutilized the sane feed
as but wth bicarbonate added, since we felt that the
Berea sandstone may not have enough carbonate to satisfy the
denitrifying bacteria. The results were essentially the sane as
for the sand except it was for the first

that heterotrophic denitrifying bacteria were present in high
In experinments wutilizing pure cultures of
and t he

het er ot r ophi ¢ did not have a chance to conpete.

In the Berea sandstone <cores, and probably in the sand
packs, the heterotrophi c organi sns becane dom nant, although they
did not obviate the growh of either the sulfate reducing
bacteria or the denitrifying Quite sinply, once the
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systens were not controlled for pure t he
became domnant and utilized the acetate and
propionate and nitrate for growh. They did not conpletely
prevent the growh reducing bacteria or the
but they becane nore than 90% of the total
popul ation. Thus, the addition of nitrate to oil field
waters reduces the growh of sulfate reducing bacteria because

are nore efficient and grow nore rapidly. However ,
in nost oil the concentration of total volatile fatty
acids dissolved in the water is below 500 ppmand if sulfide is
present then coul d becone a dom nant organi smas

long as nitrate is present.

The big unexpected advantage of the results of this
experinment is that sulfate reducing bacteria could be conpl etely
inhibited by the introduction of nitrate into their environnent

(see Tabl e we have a nethod for the prevention of
additional souring in an oil and the sweetening of the
field by the renoval of the sulfide. Both the heterotrophic
denitrifiers and T. are capable of oxidizing

sulfide, even in the precipitated formof FeS

c. QI Recovery
A flood water representing a produced field water was

prepared and contai ned nutrients to support about

sul fate reduci ng bacteria/m at A new sandst one core (200
400 6 inch core) was flooded wth this solution for about ten
days and then flooded with oil obtained fromthe sane field. The
oil was filtered through a 1 filter to renove particul ate
nmatter which mght clog the core. Arate of flooding of 1m of
liquid/ hour was targeted as a steady state. The driving force
was hitrogen pressure. The water was constantly sparged wth
nitrogen to keep it After about 12 days a steady rate

of oil production was noted through the core and the test flood
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began. This core was flooded for 60 days, constantly neasuring
the amount of oil produced. The data are graphically presented
in Hagure A second core was treated in an identical nanner,
except after oil loading the core was inoculated wth 10 nm of a
m xed cul ture of reduci ng and
heterotrophic denitrifying bacteria. Then the systemwas fl ooded
wth sterile water supplenented wth nonobasi ¢ anmoni um
phosphat e. During the course of this flood the sulfate reduci ng
bacteria increased to about the sulfate concentration
went down to sulfide increased to 85-120 t he propi onat e
was totally used up and the acetate reduced to <200 ppm In
order to keep the rate the pressure on the systemwas
Increased to about 250 As can be seen, about 15%nore oil
was recovered when conpared to the control

An additional core was treated identically up to the point
of water flooding. At this point, the flood was treated
simlarly, but 2g/| ammonium nitrate was additionally added.
Uhder these conditions, the |evel of sulfate reducing bacteria in
the system decreased and the heterotrophic denitrifying bacteria
I ncreased to about The results of this flood are shown
in Hgure 7. As can be seen, additional oil was recovered

Sul fide content dropped to O and there was
no apparent sulfate reduction. V& were also able to recover
about 500 T. Ve did not observe any in the

previ ous fl ood.

E M SOXH FY1 NG ACENTS AND HETEROTRCOPH C
V¢ have shown that the heterotrophic denitrifying bacteria

In produced water of oil are uniformy able to produce
cultures of high viscosity when starved for ammoni a. Many
denitrifying bacteria are not capable of operating both

and nitrate reduci ng processes

Therefore, the addition of the Nm or K salt of
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nitrate causes the cultures to becone nitrogen starved; under
these conditions excess carbon is transforned into Vviscous

extracel | ul ar Qultures grown wth acetate and
propi onate and mxtures readily showed the
formation of viscosifying (150- 500 | f
potassiumnitrate is wused in place of ammoniumnitrate, cultures
usi ng propionate and a mxture of acetate/propionate

as sole sources of carbon and energy produced highly
vi scous cul tures. These vi scosi fying agents can al so be i nduced
wth ammoniumnitrate if the level is very carefully controlled
such that the cells becone starved for nitrogen. It should

therefore be possible to use these organisns to produce
viscosifying agents in situ and therefore get better water
during water fl oodi ng.

Thus, denitrifying bacteria found in oil field produced
water wll produce highly viscous cultures when starved for
ammoni a. The limtation of only nitrate additi on and no ammoni a
as a source of nitrogen drastically reduces the nature of the
mxed mcrobial population. Wth only nitrate alnost all of the
organisns belong to the genus and rel ated genera,
whereas the addition of ammonia to the waters induces a
m xed popul ati on contai ni ng nmany di verse types of

VW also know that as the tenperature increases, the ability
of denitrifying bacteria to perform nitrate
reduction becones nore limted, such that at tenperatures over

nitrogen gas is formed at |ower concentrations wth the
majority of the nitrate being reduced to ammoni a. Unhder these
conditions, a reduction of in situ produced viscosifying agents
occurs. However, at tenperatures less than dissimlatory
nitrate reduction is predomnant and, in the absence of
causes the popul ation to produce hi ghly viscous sol utions.

In core studies, the injection of mcroorganisns and a

40



New for

nitrogen poor nmediumrapidly causes the increase in pressure such
that flowis quickly stopped at 200 psi. The reintroduction of a
nitrogen bal anced nedium into the injection stream causes the
pressure to drop to less than 100 psi wthin a week of floodi ng.
Wen these organi sns were introduced into a Berea sandstone

the production of viscosifying agents caused a rise in the
pressure on the core necessary to maintain a 1 rate to
>250 psi (the limt of our existing The core becane
plugged and we were not able to reverse the plugging by the
i ntroducti on of ammoni a whi ch we bel i eve woul d happen if we coul d
force new nutrients into the core.

Vil. D SQUSSI ON
In reservoirs undergoi ng souring, significant popul ati ons of
reduci ng bacteria occur. These nmicroorgani sns nay be
supported by mnerals native to the reservoir and sinple
dissolved organic nmaterial in the formation water. Even wthout
significant dissolved organic material, are capable of
autotrophic gromth in oil reservoir environments where sulfate
and other mneral nutrients are available. They are al so capabl e
of integrating sulfate reduction and of nitrate.
Gten sulfate is absent fromfornation waters, and therefore, the
growth of sulfate reducing bacteria is not favored. However ,
when operations begin, new substances (such as
are introduced into the reservoir (especially if sea
water is used to nake up volune and naintain pressure) and SRB

t hen beconme active and powerf ul agents.
V¢ determned the ability of denitrifying
bacteria to grow in typical reservoir and to produce gas

and other products in sand packs and in cores and the effect of
denitrifying organisns on oil release fromthese cores. V¢ also
showed that heterotrophic may produce viscosifying
agents in situ. Snce the fuel for by
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bacteria is dissolved organic naterial in

denitrificans will then becone active when these depl et ed.
In reservoirs where there is significant reduced sul fur (probably
prinmarily as and little dissolved organic naterial

nay becone an inportant tool in MECR

In sour or souring carbonate-containing reservoirs that have
negligible levels of sinple dissolved organic materials, active

popul ations of denitrifying can be supported by the
introduction of nitrate and |ow concentrations of other mneral
nutrients. Under these conditions SRB and the denitrifying
Thiobacilli forma nmutually supporting mcrobial popul ation.
This work has led to US patent There are al nost
always netal sulfides present in oil formations and we have shown
that denitrifying bacteria are capable of t hese,

releasing the sulfide for netabolic purposes. Gher Thiobacilli
are well known for this property. These nicroorgani sns nay be
very beneficial for MECR processes, both for oil release and
sweetening of the reservoir.

In typical reservoirs which have conplicated mxtures of
available nutrients such as sinple dissolved organic substances
(volatile fatty acids) and reduced sulfur conpounds, the

introduction of nitrate wll produce several effects. FHrst,
het er ot r ophi ¢ denitrifying bacteria wll rapi dy becone
predomnant and wll slowy renove sulfide, including both
di ssol ved sulfide as hydrogen sulfide and sone crystalline netal
sul fi des through The growth of these organi sns

rapidly inhibits the growh of SRB and inhibits new sulfide
formation. This sulfide netabolismis apparently not involved in
energy netabolism

Second, these gi ven enough nutrients, wll
conpl etely oxidize the sinple dissol ved organi c conpounds to
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w th concomtant production of nitrogen gas. The contribution of

produced by these organisns leading directly to oil
nobi i zation may be floods are an accepted and
val uabl e ECR technique. The possibility of the conpl ete renoval
of dissolved organic naterials fromthe reservoir 1is quite real

and woul d al | ow organi sns such as to then becone

And they nay formhighly viscous solutions if the
available nitrogen is limted. Al of these effects would be
positive factors for MECR processes. An additional possible
advantage is since the alterations to the natural
envi ronnent are mni nal and it may be possible to avoid

wel | bore clogging by mcroorgani sns since the sinple inorganic
nutrients could nore readily penetrate into the rock

This work has denonstrated the potential of a new MECR
technology to recover additional oil from reservoirs. In
addition to the information developed on the mcrobial
popul ations present in reservoirs, their interactions and energy
sources that already exist or are introduced into reservoirs is
I nport ant . It can now be theorized that the content of the
reservoir is a key factor in the souring of a reservoir. In
addition it has been shown that the mcrobial popul ati on dynam cs
and interrelationships can be nodified by sinple mneral
additions or deletions. These interactive and sequential
popul ations wll play an inportant role in any MECR process and
nore inportantly these interactions are now occurring in the

even in the absence of deliberate nanupul ative MECR

The data show that when containing waters are
introduced into reservoirs wth a VFA content it can be expected

that hydrogen sul fide generation wll result. Thus, the |evel of
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sulfide could be governed by the content of the VFA Thi s

expl ain why a has a progressive increase in sulfide content
wth but then the level of sulfide reaches a plateau even
though high |evels of are present. Thi s inportance of

the VFA content of flood waters has not been recogni zed
previously and may be the key factor in determning which fields
will suffer wth sulfide and pr obl ens. Qur work has
taken advantage of this VFA factor and have used it to devel op a
new technology in which a favorable mcrobial population is

devel oped which out-conpetes an undesirable popul ation. Thi s
r epl acenent can be induced by the addition of only a
si npl e i norgani ¢ conpound The denitrifyi ng popul ati on

whi ch devel opes can be nani pulated by the ammonia content and
offers the potential to produce reservoir profile

In the denitrifying autotrophic have the
capability of attacking carbonates in reservoirs and produce high
| evel s of and These effects of rock dissolution and gas

generati on should have positive effects on increasing oil rel ease
and recovery.

Thus, in developing this new MECR technology many factors
and observations pertinent to reservoir ecol ogy and oil
production practices were uncovered and It is
believed the application of this new MECR technology w Il have a
significant inmpact on oil field operations and offers industry a
net hodol ogy for treating sour reservoirs and concurrently
recovering nore oil.
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