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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO

RAD: 13­133429­  ­4
DEP: 2020  DIRECCION DE NUEVAS CREACIONES 
TRA: 11  PCT­PATENTE DE INVENCION CAPITULOS I Y II 
ACT: 519   PRESENTACION 

FECHA:  2014­07­03 15:20:43
EVE:  378  FASE NACIONAL INCLUIDO CAPITULO I 
FOLIOS:   7

Como resultado del Examen de Fondo realizado, con fundamento en el Artículo 45 de 
la Decisión 486 de la Comisión de la Comunidad Andina, se comunica:

1. Documentos estudiados  
                                         :

Descripción: Rad. N° 13-133429-00000-0000 31/Mayo/2013
Reivindicaciones: Rad. N° 13-133429-00000-0000 31/Mayo/2013
Dibujos: Rad. N° 13-133429-00000-0000 31/Mayo/2013
Prioridades      US 61/408,731 01/Noviembre/2010

          
                              
2. Análisis de la Prioridad

Se acepta la reivindicación de Prioridad porque esta solicitud fue presentada dentro del 
plazo establecido  (Art.  9  D 486)   y  su  contenido  técnico  corresponde con el  de la 
prioridad reivindicada.

3. Objeto de la invención

De acuerdo con lo establecido en el numeral 1.2.2.2 del Capítulo Primero del Título X 
de la Circular Única para efectos del examen de patentabilidad, se tendrá en cuenta la 
tasa  pagada  por  el  solicitante  al  momento  de  comenzar  el  examen  para  las 
reivindicaciones adicionales; esto es que cuando la solicitud contenga más de diez (10) 
reivindicaciones y no se haya pagado la tasa complementaria, sólo se estudiarán las 
cubiertas por la tasa pagada. Por lo tanto se estudiaran las reivindicaciones 1 a 17.
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Título de la solicitud: “Prevención de la agregación de biomasa en pozos de inyección” 
(Pág. 1, radicado N° 13-133429-00000-0000).

El  problema  planteado  en  esta  solicitud  consiste  en  la  necesidad  de  obtener 
hidrocarburos de reservas subterráneas mediante la generación de biopelículas.

Para resolver este problema técnico, la solicitud en estudio proporciona un método de 
extracción  de  hidrocarburos  de  reservas  subterráneas  empleando  un suministro  de 
nutrientes y bacterias que  generan biopelículas.
 
El objeto  de la presente  Solicitud  se relaciona con la  Clasificación Internacional  de 
Patentes (CIP) E21B 43/22, C09K  8/58.

4. De la Solicitud de Patente

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las  reivindicaciones  1,  12,  14,  16  no  son  claras  porque  las  expresiones 
“aproximadamente” y “al menos” son imprecisas, ya que en este caso el alcance de la 
protección  de  las  reivindicaciones  deja  de  ser  precisa  y  no  permite distinguir  la 
invención del estado de la técnica.  Se sugiere sustituirlas por un término preciso o un 
rango concreto.

Las reivindicaciones 1, 4 y 6 no son claras porque las expresiones “microorganismos”, 
“fluidos”, “primera formulación de solución nutriente”, “segunda formulación de solución  
nutriente”, “periodo de cierre” y “periódicamente” son generales, por lo cual no permite 
distinguir la invención del estado de la técnica.  Se sugiere sustituirlas por un término 
preciso o un rango concreto.

Las reivindicaciones 1, 2 y 17 no son claras porque las expresiones “donde la primera 
solución  sustenta  el  crecimiento  de  uno  o  más  microorganismo de (a)  en  el  lugar  
subterráneo objetivo pero no fomenta la agregación de biomasa ni la producción de  
biopelículas,  en  donde  la  segunda  formulación  de  solución  nutriente  fomenta  el  
biotaponamiento de poros y canales  en el lugar subterráneo objetivo”, “ayuda a mover  
la suspensión de uno o más microorganismo de (a) al sitio subterráneo objetivo”, “el  
lactato fomenta el crecimiento de la  Pseudomonas stutzeri y mantiene la P. stutzeri en  
suspensión” y “que fomenta la formación de biotapones mediante la cepa P stutzeri de  
(a)” son características funcionales que no le pueden brindar novedad ni nivel inventivo 
a  las  reivindicaciones  de  las  cuales  dependen.  Se  sugiere  remplazarlas  por  las 
características esenciales estructurales que contribuyen a la obtención de ese efecto.

Descripción (Art 28 D 486, Art. 29 D486)

Dado que la invención se refiere a un procedimiento relativo a un material biológico, se 
debe allegar el depósito de material biológico de los microrganismos nombrados en la 
descripción y el capítulo reivindicatorio (reivindicacion 9 y 17) diferentes a las cepas de 
los siguientes microorganismos,  a los cuales si  se allego el  certificado de depósito: 
Shewanelia putrefaciens LH4:18, Pseudomonas stutzeri LH4:15, Arcobacter sp. 97AE3-
12,  Arcobacter  sp.  97AE3-3,  Pseudomonas  stutzeri BR5311,  Pseudomonas  stutzeri 
89AC1-3

5. Determinación del Estado de la Técnica

El  estado  de  la  técnica  se  determinó  con  base  en la  fecha  de  presentación  de  la 
solicitud de prioridad invocada, es decir, el 01 de noviembre de 2010. 
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Consultadas  las  fuentes  de  información  con  que  se  cuenta,  se  encontraron  los 
siguientes documentos que anticipan el objeto de esta solicitud.

Item Documento Título
Fecha de 

Publicación

D1 US 2009/0263887
“Identification, characterization, and application 

of pseudomonas stutzeri (lh4:15), useful in 
microbially enhanced oil release”

22/Octubre/2009

D2 Art 11 “In Situ Biosurfactant Production by Bacillus Strains 
Injected into a Limestone Petroleum Reservoir”

Febrero/2007
_____

1Youssef et al. Applied and environmental microbiology. 2007. Vol. 73(4). Págs.1239 a 1247.

El  documento  D11  divulga  bacterias  que  producen  biopelículas  y  un  proceso  para 
recuperar  hidrocarburos  basados  en  la  generación  de  biopelículas  (Pág.  15, 
reivindicaciones 1 a 10).

El documento D22  divulga la inyección de bacterias en una solución de nutrientes con 
una  posterior  adición  de  agua  para  mover  dicha  suspensión  en  la  formación 
subterránea (Pág. 1240, Párr. 3). 

6. Examen de Patentabilidad (Art 14 D486)

Nivel inventivo  (Art 18 D486)

La  reivindicación  1  consiste  en  “Un  método  para  el  tratamiento  de  un  lugar  
subterráneo…” (Ver Pág. 119 del Rad. N° 13-133429-00000-0000).

Comparación de las características técnicas esenciales, con las del Estado de la Técnica:

Características esenciales D1 D2

Método para el tratamiento de un 
lugar  subterráneo  objetivo,  el 
método comprende las etapas de, 
en orden

Método para analizar la acción 
de  bacterias  en  la  liberación 
de  hidrocarburos  (Pág.  10, 
Párr. 88 a 90).

Método  para  la 
recuperación  de 
hidrocarburos  en  un  pozo 
de producción (Pág.  1240, 
Párr. 3).

a)Preparar  una  suspensión  de 
biomasa  que  comprende  una  o 
más especies de microorganismos

Se  prepara  una  mezcla  de 
microorganismos con agua de 
inyección  empleada  en  un 
pozo y enriquecida con nitrato 
de sodio (Pág. 10, Párr. 90).

Se prepara una suspensión 
de  bacterias  en  una 
solución de nutrientes (Pág. 
1240, Párr. 2 y Párr. 3).

b)Introducir la suspensión (a) a un 
pozo  de  inyección  del  lugar 
subterráneo objetivo

Introducir una composición de 
microorganismos  a  una 
reserva  de  hidrocarburos 
(Pág. 15, reivindicaciones 7 y 
8).

Se  inyecta  la  suspensión 
de bacterias en el pozo de 
producción  (Pág.  1240, 
Párr. 3).

c)Opcionalmente,  introducir uno o 
más fluidos al pozo de inyección 

No se menciona
Se adiciona agua después 
de  la  adición  de  la 
preparación de nutrientes y 
bacterias  para  mover  una 
cierta  distancia  la 
preparación  en  la 
preparación  subterránea 
(Pág. 1240, Párr. 3).

d)Introducir  una  primera 
formulación  de  solución  nutriente 
al  pozo  de  inyección,  donde  la 
primera  solución  sustenta  el 
crecimiento  de  uno  o  más 
microorganismo de (a) en el lugar 
subterráneo  objetivo  pero  no 
fomenta la agregación de biomasa 
ni la producción de biopelículas

Se  adiciona  una  solución  de 
nitrato  en agua de inyección, 
esta  solución  permite  la 
viabilidad  y  crecimiento  de 
ciertas  bacterias  con  o  sin 
consumo  de  hidrocarburos* 
(Pág. 9, Párr. 87, Tabla 6).

No se menciona

e)Introducir  una  segunda 
formulación  de  solución  nutriente 
al pozo de inyección, en donde la 

Se  tiene  que  una  fuente  de 
carbono  escogida  entre 
acetato  y  lactato  favorece  la 

No se menciona 
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segunda  formulación  de  solución 
nutriente  fomenta  el 
biotaponamiento  de  poros  y 
canales   en el  lugar  subterráneo 
objetivo 

formación  de  biofilm,  por  lo 
que es cuestión de escoger la 
fuente carbono parea producir 
el  efecto  deseado* (Pág.  9, 
Párr. 83).

*Adicionalmente  la  reivindicación  1  se  encuentra  afectada  con  el  conocimiento  del 
técnico, “el experto medio deberá poseer experiencia y contar con un saber general en  
la materia y con una serie de conocimientos en el campo específico de la invención”3, al 
conocer  que  se  adicionan  secuencialmente  nutrientes  para  el  crecimiento  y 
taponamiento4.
_____
2http://www.google.com/patents/US20090263887

Los documentos D1 y D2 se consideran el  estado de la  técnica más cercano a la 
invención definida en la reivindicación 1, porque divulgan métodos de recuperación de 
hidrocarburos con bacterias.

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  1  y  el  método  del 
documento D1 consiste en que D1 no menciona la adición opcional de fluidos después 
de la inyección de la suspensión de bacterias.

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  1  y  el  método  del 
documento D2  consiste  en  que  en  D2  no  se  menciona  la  adición  de  diversas 
formulaciones de nutrientes después de la inyección de la suspensión de bacterias.

El efecto que logra el incluir la la adición opcional de fluidos después de la inyección de 
la suspensión de bacterias  es que permiten la obtención de hidrocarburos de forma 
más eficiente al trasladar la suspensión de bacterias al sitio deseado en la formación 
subterránea.

Por  lo  tanto,  el  problema  técnico  objetivo  que  pretende  resolver  esta  invención  se 
puede formular así “¿cómo modificar el método de D1 para trasladar la suspensión de 
bacterias  al  sitio  deseado  en  la  formación  subterránea  y  obtener  hidrocarburos  de 
forma más eficiente?”.

Sin embargo, la inyección de agua posterior a la inyección de las bacterias, ya está 
divulgado en el documento D2 que se refiere a la producción de hidrocarburos de un 
pozo de producción (Pág. 1240, Párr. 3).

En consecuencia, una persona normalmente versada en la materia incluiría la adición 
de agua posterior a la inyección de las bacterias de D2 como etapa de recuperación de 
hidrocarburos en el procedimiento de la anterioridad D1, esperando con certeza lograr 
el método, como el de la reivindicación 1 de la solicitud, lo cual es considerado obvio y, 
por lo tanto, sin altura inventiva. 

Asimismo,  el  documento  D1  divulga  las  características  de  las  reivindicaciones 
dependientes así:

Reivindicaciones 7 y 8: la suspensión de la biomasa se prepara en la solución nutriente 
que favorece el crecimiento, por lo que la etapa del suministro de esa solución se omite 
(Pág. 15, reivindicación 7).

Reivindicaciones 9 y 10: se emplea Pseudomonas stutzeri  LH4:15 para el tratamiento 
(Pág. 15, reivindicación 7).

 Reivindicaciones 11 a 16: se produce la biopelícula con acetato y no lactato, por lo que 
si se desea crecimiento se adiciona lactato, y en caso de desear biopelícula se adiciona 
acetato, el acetato y lactato están en una concentración de 0,6%, es decir 6000ppm. 
Adicionalmente el nitrato de sodio se usa en ambas soluciones a una concentración de 
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1600ppm (Pág. 9, Párr. 83 a Párr. 85, Pág. 9, Párr. 87 a Pág. 10, Párr. 90).

Asimismo,  el  documento  D2 divulga  las  características  de  las  reivindicaciones 
dependientes así:

Reivindicaciones  2,  3,  y  5:  se  adiciona  agua  para  mover  dentro  de  la  formación 
subterránea la preparación anteriormente inyectada, por lo que cuando se desee esta 
agua se puede aplicar (Pág. 1240, Párr. 3).
______
3Proceso 43-IP-2002, publicado en la G.O.A.C. Nº 870, de 9 de diciembre de 2002, caso: formulaciones de péptidos 
hidrosolubles de liberación retardada.
4Springham  Dereck.  Microbiological  methods  for  the  enhancement  of  oil  recovery.  Biotechnological  and  genetic 
engineering reviews. Vol. 1 1984. Pág. 201, Párr. 2.

Reivindicación 4: aplicar un periodo de cierre  cuando se desea el crecimiento de los 
microorganismos (Pág. 1240, Párr. 3).

Reivindicaciones 7 y 8: la suspensión de la biomasa se prepara en la solución nutriente 
que favorece el crecimiento, por lo que la etapa del suministro de esa solución se omite 
(Pág. 1240, Párr. 3).

Reivindicación 9: se emplean bacterias del género Bacillus (Pág. 1240, Párr. 3).

Asimismo, la reivindicación 6 se encuentra afectada con el conocimiento del técnico, “el 
experto medio deberá poseer experiencia y contar con un saber general en la materia y  
con una serie de conocimientos en el campo específico de la invención”3, al conocer 
que  se  adicionan  los  nutrientes  en  diferentes  etapas  dependiendo  de  los 
requerimientos nutricionales de las bacterias5.

Puesto  que  la  reivindicaciones  dependientes  2  a  16 no  mencionan  características 
adicionales  que  hagan  inventiva  la  solicitud,  se  considera  que  tal  reivindicaciones 
tampoco tienen nivel inventivo.

La  reivindicación  17  consiste  en  “un  método  para  el  tratamiento  de  un  lugar  
subterraneo…” (Ver Pág. 122 del Rad. N° 13-133429-00000-0000).

Comparación de las características técnicas esenciales, con las del Estado de la Técnica:

Características esenciales D1 D2
Método  para  el  tratamiento  de  un 
lugar  subterráneo  objetivo,  el 
método comprende las  etapas  de, 
en orden

Método  para  analizar  la 
acción  de  bacterias  en  la 
liberación  de  hidrocarburos 
(Pág. 10, Párr. 88 a 90).

Método para la recuperación 
de hidrocarburos en un pozo 
de  producción  (Pág.  1240, 
Párr. 3).

a)Preparar  una  suspensión  de 
biomasa que comprende una o más 
cepas  de Pseudomonas stutzeri

Se  prepara  una  suspensión 
de  Pseudomonas  stutzeri 
(Pág. 15, reivindicación 7).

No se menciona

b)Introducir la suspensión de (a) a 
un  pozo  de  inyección  del  lugar 
subterraneo

Se inyecta la suspensión de 
Pseudomonas stutzeri  en la 
reserva  de  hidrocarburo 
(Pág. 15, reivindicación 7).

Se inyecta la suspensión de 
bacterias  en  el  pozo  de 
producción (Pág. 1240, Párr. 
3).

c)Opcionalmente,  introducir  uno  o 
más fluidos al pozo de inyección 

No se menciona

Se  adiciona  agua  después 
de  la  adición  de  la 
preparación  de  nutrientes  y 
bacterias  para  mover  una 
cierta  distancia  la 
preparación  en  la 
preparación  subterránea 
(Pág. 1240, Párr. 3).

d)Introducir  una  primera 
formulación de solución nutriente al 
pozo  de  inyección,  en  donde  la 
primera  solución  nutriente 
comprende lactato y no acetato,  y 
en  donde  el  lactato  fomenta  el 

Se adiciona una solución de 
nitrato en agua de inyección, 
esta  solución  permite  la 
viabilidad  y  crecimiento  de 
ciertas  bacterias  con  o  sin 
consumo  de  hidrocarburos* 

No se menciona
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crecimiento  de  la   Pseudomonas 
stutzeri y mantiene la P. stutzeri en 
suspensión

(Pág. 9, Párr. 87, Tabla 6).

e)Introducir  una  segunda 
formulación de solucion nutriente al 
pozo  de  inyección  en  donde  la 
segunda  formulación  comprende 
acetato  que fomenta la formación 
de biotapones mediante la cepa  P 
stutzeri de (a)

Se tiene que una fuente de 
carbono  escogida  entre 
acetato y lactato favorece la 
formación  de  biofilm,  por  lo 
que es cuestión de escoger 
la  fuente  carbono  parea 
producir  el  efecto  deseado* 
(Pág. 9, Párr. 83).

No se menciona

_____
5Jinfeng et al. The field pilot of microbial enhanced oil recovery in a high temperature petroleum reservoir. Journal of 
Petroleum Science and Engineering. 2005. Pág. 268, Col. 2, Párr. 2 y 3.

*Adicionalmente  la  reivindicación 17 se encuentra  afectada con el  conocimiento  del 
técnico, “el experto medio deberá poseer experiencia y contar con un saber general en  
la materia y con una serie de conocimientos en el campo específico de la invención”3, al 
conocer  que  se  adicionan  secuencialmente  nutrientes  para  el  crecimiento  y 
taponamiento4.

Los documentos D1 y D2 se consideran el  estado de la  técnica más cercano a la 
invención definida en la reivindicación 17, porque divulgan métodos de recuperación de 
hidrocarburos con bacterias.

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  17  y  el  método  del 
documento D1 consiste en que D1 no menciona la adición opcional de fluidos después 
de la inyección de la suspensión de bacterias.

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  17  y  el  método  del 
documento D2  consiste  en  que  en  D2  no  se  menciona  la  adición  de  diversas 
formulaciones de nutrientes después de la inyección de la suspensión de bacterias ni la 
que las bacterias corresponden a la especie Pseudomonas stutzeri.

El efecto que logra el incluir la la adición opcional de fluidos después de la inyección de 
la suspensión de bacterias  es que permiten la obtención de hidrocarburos de forma 
más eficiente al trasladar la suspensión de bacterias al sitio deseado en la formación 
subterránea.

Por  lo  tanto,  el  problema  técnico  objetivo  que  pretende  resolver  esta  invención  se 
puede formular así “¿cómo modificar el método de D1 para trasladar la suspensión de 
bacterias  al  sitio  deseado  en  la  formación  subterránea  y  obtener  hidrocarburos  de 
forma más eficiente?”.

Sin embargo, la inyección de agua posterior a la inyección de las bacterias, ya está 
divulgado en el documento D2 que se refiere a la producción de hidrocarburos de un 
pozo de producción (Pág. 1240, Párr. 3).

En consecuencia, una persona normalmente versada en la materia incluiría la adición 
de agua posterior a la inyección de las bacterias de D2 como etapa de recuperación de 
hidrocarburos en el procedimiento de la anterioridad D1, esperando con certeza lograr 
el método, como el de la reivindicación 17 de la solicitud, lo cual es considerado obvio 
y, por lo tanto, sin altura inventiva. 

7. Conclusión

Los requisitos de Patentabilidad de la presente Solicitud están afectados así:

Item Documento
Reivindicaciones 

afectadas
Requisito que afecta
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D1 US 2009/0263887 1 y  6 a 17 Nivel inventivo
D2 Art 1 1 a 9 y 17 Nivel inventivo



En cumplimiento  del  artículo  45  de  la  Decisión  486  de  la  Comisión  de  la  Comunidad 
Andina,  se  le  indica  que  debe  dar  respuesta  dentro  del  término  de  sesenta  (60)  días 
contados a partir del día siguiente de la fecha de notificación de la presente comunicación. 
En caso de no dar  respuesta  al  presente  requerimiento,  o  si  a  pesar  de  la  respuesta 
subsistieran los impedimentos para la concesión, se denegará la patente.

Se invita al solicitante se sirva indicar, si así lo considera, su renuncia al término faltante de 
sesenta (60) días  para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara 
a modificar el capítulo reivindicatorio y éste contenga más de diez (10) reivindicaciones, no 
pagará  la  tasa  de  modificación  voluntaria  pero  sí  la  correspondiente  al  pago  por 
reivindicación adicional.

Notifíquese el  presente oficio  conforme a lo dispuesto en el  numeral  5.2,  literal  e),  del 
capítulo quinto del título primero de la Circular Única No. 10 de 2001. 

El anterior requerimiento fue notificado por fijación en lista, de fecha  2014-07-08

Elaboró: Jorge Eduardo Cortazar Gomez
Revisó: Rosa Patricia Tellez Chavarro
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In Situ Biosurfactant Production by Bacillus Strains Injected into a
Limestone Petroleum Reservoir�

N. Youssef,1 D. R. Simpson,1 K. E. Duncan,1 M. J. McInerney,1* M. Folmsbee,1
T. Fincher,1 and R. M. Knapp2

Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma,1 and School of Petroleum and
Geological Engineering, University of Oklahoma, Norman, Oklahoma2

Received 25 September 2006/Accepted 6 December 2006

Biosurfactant-mediated oil recovery may be an economic approach for recovery of significant amounts of oil
entrapped in reservoirs, but evidence that biosurfactants can be produced in situ at concentrations needed to
mobilize oil is lacking. We tested whether two Bacillus strains that produce lipopeptide biosurfactants can
metabolize and produce their biosurfactants in an oil reservoir. Five wells that produce from the same Viola
limestone formation were used. Two wells received an inoculum (a mixture of Bacillus strain RS-1 and Bacillus
subtilis subsp. spizizenii NRRL B-23049) and nutrients (glucose, sodium nitrate, and trace metals), two wells
received just nutrients, and one well received only formation water. Results showed in situ metabolism and
biosurfactant production. The average concentration of lipopeptide biosurfactant in the produced fluids of the
inoculated wells was about 90 mg/liter. This concentration is approximately nine times the minimum concen-
tration required to mobilize entrapped oil from sandstone cores. Carbon dioxide, acetate, lactate, ethanol, and
2,3-butanediol were detected in the produced fluids of the inoculated wells. Only CO2 and ethanol were detected
in the produced fluids of the nutrient-only-treated wells. Microbiological and molecular data showed that the
microorganisms injected into the formation were retrieved in the produced fluids of the inoculated wells. We
provide essential data for modeling microbial oil recovery processes in situ, including growth rates (0.06 � 0.01
h�1), carbon balances (107% � 34%), biosurfactant production rates (0.02 � 0.001 h�1), and biosurfactant
yields (0.015 � 0.001 mol biosurfactant/mol glucose). The data demonstrate the technical feasibility of
microbial processes for oil recovery.

Oil is an essential source of energy and one of the main
factors that drive the economic development of the world (16).
Current oil production technologies recover only about one-
third to one-half of the oil originally present in an oil reservoir
(16, 26, 37). The exploitation of oil resources in existing mature
reservoirs is essential for meeting future energy demands as
the number of oil-exporting countries dwindles. A key to ex-
ploiting this untapped resource is to overcome the capillary
forces that entrap oil in small pores within the reservoir. En-
hanced oil recovery (EOR), i.e., the use of heat, chemicals such
as surfactants, microbial processes, and miscible gas injection
(15), has the potential to recover a significant portion of this
entrapped oil. However, oil recovered by EOR constitutes less
than 10% of the total amount of oil produced in the United
States (http://www.fe.doe.gov/programs/oilgas/eor/). Interfa-
cial tension between the hydrocarbon and aqueous phases is
largely responsible for trapping the hydrocarbon in the porous
matrix, and a reduction of several orders of magnitude in
interfacial tension is needed for hydrocarbon mobilization (1,
15, 47). To achieve large reductions in interfacial tension, sur-
factant concentrations significantly above that needed to form
micelles (i.e., the critical micelle concentration) are required
(7, 41, 42). The high chemical costs have prevented the wide-
spread use of surfactants for enhanced oil recovery.

Microbially enhanced oil recovery (MEOR) processes em-
ploy the use of microbial metabolites, such as biosurfactants, to
lower interfacial tension between brine and oil and hence mo-
bilize entrapped oil (2, 8, 24, 32). Several biosurfactants, in
particular the lipopeptides made by Bacillus species, generate
the low interfacial tensions between the hydrocarbon and the
aqueous phases required to mobilize residual hydrocarbon (25,
30). MEOR has several advantages compared to other EOR
processes in that it does not consume large amounts of energy,
as do thermal processes, nor does it depend on the price of
crude oil, as do many chemical processes (2, 31, 32). MEOR
can also be cost-effective, since microbial products can be pro-
duced from inexpensive, renewable resources, and several
MEOR processes have been shown to produce incremental oil
for about $19 per m3 ($3 per barrel) (6, 9, 31, 32). Neverthe-
less, microbial processes have always been viewed with consid-
erable skepticism for a number of reasons. First, the lack of
quantitative information regarding the reaction rates, stoichi-
ometries, product concentrations, and yields needed to simu-
late the performance of microbial processes makes it difficult
to extrapolate the results for a given field test to those for other
reservoirs (31, 32). Second, it is not clear whether microbial
processes can generate the necessary metabolites in sufficient
quantities and at rates needed to mobilize entrapped oil in oil
reservoirs (10, 31, 32). Third, technical performances in many
field trials have been inconsistent (14, 23). Last, it is unclear
whether the microbial strains used as inocula actually grow and
metabolize in the reservoir (31, 32).

Here, we show in a well-controlled field experiment that
biosurfactants are produced in situ in amounts sufficient to

* Corresponding author. Mailing address: Department of Botany
and Microbiology, University of Oklahoma, 770 Van Vleet Oval, Nor-
man, OK 73019. Phone: (405) 325-6050. Fax: (405) 325-7619. E-mail:
mcinerney@ou.edu.
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mobilize substantial amounts of entrapped oil. We provide, for
the first time, data on in situ product concentrations and
yields, rates of growth, substrate utilization, and metabolite
formation and an excellent carbon mass balance. This quan-
titative information shows that biosurfactant-mediated oil
recovery is technically feasible and will facilitate the use of
computer simulations to determine the efficacy of MEOR in
different reservoirs.

MATERIALS AND METHODS

Preparation of the inoculum. Two halotolerant biosurfactant producers, Ba-
cillus strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049,
were used as the inoculum. Both strains grow in medium with 5% NaCl. Bacillus
strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049 were each
grown in 200 ml of medium E (48, 49). When the culture reached the late
exponential phase of growth, it was used to inoculate a 10-liter carboy of the
same medium, which was incubated at 37°C for 48 h. Agitation and aeration were
maintained by using glass gas dispersion tubes with fritted cylinders (Fisher
Scientific, Inc.). The cells were concentrated by using a tangential membrane
flow system (0.45-�m-pore-size filter) (Millipore, Bedford, MA) to yield on
average 2 liters of cell concentrate from each 10-liter carboy. The concentrated
cells were stored at 4°C. One liter of cell concentrate was used to inoculate a
132-liter tank with the following components (in grams per liter of tap water):
dibasic potassium phosphate (1.2 g/liter), monobasic potassium phosphate (0.23
g/liter), sucrose (8.6 g/liter), sodium chloride (8.6 g/liter), sodium nitrate (0.86
g/liter), and Saccharomyces cerevisiae extract (0.86 g/liter). The medium was
prepared septically due to the lack of facilities on site, and tanks were incubated
for approximately 48 h at an ambient temperature.

Field experiment. A push-pull test was conducted on five oil production wells
in the Bebee field (Section 19, T5N, R5E; Pontotoc City, OK) that produce from
the same formation (a Viola limestone). Two wells received an inoculum of the
Bacillus strains and nutrients, two wells received just nutrients, and one well
received an equivalent volume of formation water and served as the negative
control. Each well that was inoculated received 396 liters of Bacillus strain RS-1
and 264 liters of B. subtilis subsp. spizizenii NRRL B-23049. The nutrient package
consisted of 79.5 kg of glucose; 7.9 kg of sodium nitrate; 19.9 g of magnesium
sulfate; 2.0 g each of manganese sulfate, zinc sulfate, and iron sulfate; 0.2 g each
of copper sulfate, aluminum potassium sulfate, boric acid, and sodium molyb-
date; 0.1 g of sodium selenate; and 0.6 g of nickel chloride per well. Each well
that received nutrients also received fluorescein (125 g) and sodium bromide (2
kg). Fluorescein was used to detect visually (by a green signal) the production of
the slug and to determine when to start and stop sampling. Bromide served as the
conservative tracer to account for dilution in the reservoir. The nutrients, inoc-
ulum, and tracers were mixed with formation water (�8,000 liters) by circulation
supplied by the pump truck. The formation water was obtained from a storage
tank located near the production wells. Each well received an initial injection
(preflush) of �1,600 liters (10 barrels) of formation water and an injection of
�8,000 liters (50 barrels) of the treatment (nutrients and cells, nutrients only, or
formation water), followed by an injection of �8,000 liters (50 barrels) of for-
mation water as a postflush treatment, to make a total of �17,500 liters (110
barrels) of fluids injected per well. The postflush treatment was used to move the
nutrient package 1.2 to 2.4 m into the formation. After injection of the treatment
package, production from each well was stopped for 108 h to allow time for
growth and metabolism to occur in the formation. After this incubation period,
the pump was started and samples from each of these wells were collected
with time.

Flow meters were attached to the tubing of three of the five wells to measure
the volume of fluids produced. The total volume produced was recorded when
each sample was collected. Since all the wells were set to pump at almost the
same rate, the volume of fluid produced during a given time interval in the two
wells that did not have flow meters was estimated from the average volume
produced in the three wells that had the flow meters attached.

Sampling. Samples for chemical and microbiological analyses were collected
on several occasions prior to treatment and for a 32-hour period after production
recommenced after the 108-hour incubation period. Each sample was collected
in a 2-liter glass bottle that was allowed to overflow to minimize contact with air.
The temperature of the sample was immediately recorded with a handheld
probe. A sample for chemical analyses was filtered through a 0.45-�m membrane
filter to remove particulate material and oil. The remainder of the unfiltered
sample was used for measurement of oil-spreading activity and for microbiolog-

ical enumerations. All samples were stored on ice until analyzed. The analyses
for pH, conductivity, nitrate, nitrite, ammonium, alkalinity, oil spreading, and
surface tension were completed on site within 2 hours after sample collection.
For the other analyses, the samples were transported back to the laboratory and
stored at 4°C until analyzed. All measurements for each sample were done in
duplicate unless otherwise indicated.

Detection of biosurfactant production. The biosurfactant activities of the un-
filtered samples were measured by using the oil-spreading technique (33, 49).
The diameter of the clear zone on the oil surface was measured in triplicate for
each sample. Biosurfactant activity was defined as the diameter of the clearing on
the oil surface in centimeters. The surface tensions of the filtered samples were
measured with a Du Nuoy ring tensiometer (Fisher Scientific Inc., Hampton,
NH) calibrated with water as the high-surface-tension standard and isopropanol
as the low-surface-tension standard (25, 30). The lipopeptide biosurfactant was
quantified by using high-performance liquid chromatography (HPLC) with a
reversed-phase C18 column (250-mm length by 1.5-mm inside diameter [ID]) and
60% acetonitrile in water as the mobile phase (48). Twenty microliters of 1:4 and
1:2 dilutions of filtered samples was injected onto the column. The retention
times for the biosurfactant were 2, 2.3, and 3.1 min, corresponding to three
different fatty acid tails of the lipopeptide. The peak areas of the three peaks
were added together, and the concentration was calculated from standard curves
prepared in a similar manner with surfactin (Sigma Chemical Co., St. Louis, MO)
and the highly purified lipopeptides (48) produced by each of the two microor-
ganisms, Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL B-23049. The
standard curve was linear up to 500 mg/liter of the lipopetide. The lipopeptides
detected in the samples had the same retention times as the highly purified
biosurfactant obtained from cultures of each inoculum strain.

Fermentation analyses. A modified orcinol-H2SO4 method was used to deter-
mine the amount of glucose in each sample (45). Acetate, ethanol, and 2,3-
butanediol were measured by using gas chromatography with an 80/120 Carbo-
pack B-DA*/4% Carbowax 20 M (2-m length by 2-mm ID) glass column (Sigma
Chemical Co., St. Louis, MO). Helium was used as the carrier gas at a flow rate
of 24 ml/min (18, 22). The injector temperature was 200°C; the flame ionization
detector was set at 180°C. The column temperature was kept constant at 155°C
for 3.5 min and then increased to 180°C at 30°C/min. The temperature was then
held at 180°C for 10 min. One microliter of the sample diluted in 30 mM oxalic
acid was injected onto the column. Oxalic acid was added to the samples in order
to condition the column according to the manufacturer’s recommendation. Lac-
tate was measured by using HPLC with an Alltech Prevail organic acid column
(250-mm length by 1.5-mm ID) (Alltech Associates, Deerfield, IL) and 25 mM
KH2PO4 (pH 2.5) as the mobile phase according to the manufacturer’s instruc-
tions. A 50-�l aliquot of a 1:10 dilution of the sample was used. The above-
mentioned metabolites were identified and quantified by comparison of their
retention times and peak areas, respectively, with those of known standards.

To test whether the two Bacillus strains produced the same fermentation
products from glucose as those detected in the produced fluids of the inoculated
wells, Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL B-23049 were
each grown anaerobically in duplicate serum bottles containing 75 ml formation
water supplemented with glucose, sodium nitrate, and metals at the same con-
centration as that used for the field experiment. The cultures were incubated at
37°C without shaking for 48 h. A three-series most-probable-number (MPN)
technique (see below) was used to enumerate the number of viable cells imme-
diately after inoculation and after 48 h of incubation.

Other chemical analyses. The pHs were measured for the filtered samples by
using a handheld pH/conductivity meter (EXTECH Instruments, Waltham,
MA). Nitrate, nitrite, ammonium, and alkalinity (in mg/liter) were measured
colorimetrically by using Hach kits (Hach Chemical Co., Loveland, CO) accord-
ing to the manufacturer’s instructions. The alkalinity values and pHs were used
to calculate the CO2 concentrations in the samples by using the Henderson-
Hasselbach equation, pH � pKa � log (value for ionized species/value for
un-ionized species). Bromide in filtered samples was analyzed by using liquid
chromatography with an analytical anion exchange column (IonPac AS4A-SC, 4
by 250 mm; Dionex Corporation, CA) (39). The concentrations of bromide in the
samples were calculated from the standard curve of NaBr.

Microbiological analysis. A three-series MPN technique was used to enumer-
ate total heterotrophic bacteria, spore-forming bacteria, and halotolerant bacte-
ria in unfiltered samples from both the injected and the produced fluids. The
procedure was modified for use of 96-well plates. Three columns of wells were
used for each sample, which was serially 10-fold diluted from 10�1 to 10�5.

The physiological properties of Bacillus species, e.g., biofilm formation (17),
sporulation (17), and halotolerance (32), allowed the use of specific media and/or
manipulations for the MPN analysis as follows. Bacillus biofilm growth medium
(BBGM) (17) was used to enumerate heterotrophic bacteria and to promote
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biofilm formation since biosurfactant production has been associated with bio-
film formation in Bacillus species (5, 19, 44). Since Bacillus species are known to
sporulate (17), a portion of each sample was heat treated at 85°C for 20 min and
then diluted in BBGM to estimate the number of spore-forming bacteria. Finally,
to estimate the number of halotolerant bacteria and to avoid underestimation of
Bacillus species due to heat treatment, plate count broth (Difco Laboratories
Inc., Detroit, MI) with 5% NaCl was used. To estimate the number of biosur-
factant producers, 5 �l of sterile crude oil was added to the surface of the
medium in all wells where growth was observed and the dissipation of the oil
drop was noted. The MPNs of biosurfactant producers in the samples were
estimated from those wells where the oil dissipated on the surface. Published
tables (www.fsis.usda.gov/Ophs/Microlab/Appendix2.02.pdf) were used to calcu-
late the MPNs.

Samples (50 �l) from the injected and produced fluids of each well were patch
inoculated onto blood agar plates and incubated overnight at 37°C. Multiple
blood agar plates were subsequently streaked from the growth patch. Resulting
beta-hemolytic (12) clearing zones were picked and streak purified until pure
isolates were obtained. The beta-hemolytic isolates with the same colony mor-
phologies as those of Bacillus strain RS-1 or Bacillus subtilis subsp. spizizenii
NRRL B-23049 were used for further culture-dependent molecular analyses (see
below).

Molecular analysis. Formation water samples (2 liters) before and after treat-
ment were vacuum filtered on a polyethersulfonate membrane with a 90-mm
diameter and a 0.2-�m pore size (VWR, West Chester, PA) after oil separation.
Membranes containing the microorganisms were cut and used for culture-inde-
pendent DNA extraction. Cells were lysed by rapid thawing and bead beating to
shear the membrane into small pieces (typically less than 5 mm), followed by
mixing with stool lysis buffer (QIAGEN, Valencia, CA), vortexing for 2 min, and
incubating at 95°C for 10 min in a water bath. Using a modified QIAamp DNA
stool mini kit protocol (QIAGEN, Valencia, CA), DNA was extracted from lysed
cells and amplified in a Taq DNA PCR, using degenerate primers designed to
hybridize with the gyrA gene sequences of a variety of Bacillus strains (13, 40).

PCR products were gel extracted (QIAGEN), pGEM cloned (Promega), and
plasmid prepped (QIAGEN). Four clones from each gyrA amplicon were se-
quenced by the Oklahoma Medical Research Foundation (OMRF; Oklahoma
City, OK). Sequences were analyzed by DNAMAN multiple sequence alignment
(Lynnon Biosoft) with the sequences obtained for Bacillus strain RS-1 (GenBank
accession number DQ995270) and Bacillus subtilis subsp. spizizenii strain NRRL
B-23049 (GenBank accession numbers DQ995271 and AF272020).

Cell templates from isolates obtained on blood agar plates (see above) were
utilized as a source of culture-dependent DNA for 16S rRNA gene (34, 35) and
gyrA analyses as well as repetitive extragenic palindromic (REP)-PCR (21, 46).
Three clones of each gene from each isolate were prepared and analyzed as
described above. Consensus sequences were obtained by multiple sequence
alignment and compared with those from other isolates and the strains used as
the inoculum. The GenBank accession numbers for the 16S rRNA gene (551 bp)
of Bacillus strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049
are DQ995269 and AF074970, respectively. REP-PCRs were resolved first on a
1% agarose gel and subsequently on a 5% polyacrylamide gel with 0% denatur-
ant at 75 V for 3.5 h at 60°C.

Calculation of total recoveries. The total amount of glucose utilized (CST) in
a well was calculated from the equation CST � N � �Csn · Vn, and the total
amount of each metabolite produced (CPT) was calculated from the equation
CPT � �Cpn · Vn, where N is the number of moles of glucose injected in the well,
Csn or Cpn is the molar concentration of glucose or metabolites, respectively, in
the produced fluid of the nth sample collected from the well, and Vn is the
volume of fluid produced during the time interval between the collection of
samples n � 1 and n from the well. The total MPN of cells (CXT) was calculated
from the equation CXT � �Cxn · Vn, where Cxn is the MPN per liter of cells in the
produced fluid of the nth sample, and Vn is the volume of fluid produced during
the time interval between the collection of samples n � 1 and n.

Bromide was used as a conservative tracer to estimate the amount of dilution
of the nutrient package by dispersion in the formation (4, 39). The bromide
recovery factor was calculated for each of the three wells that had total volu-

TABLE 1. Preinjection chemical and microbial analyses for all the wellsa

Well group Temp (°C) pH Glucose
(�g/liter)

Nitrate
(mg/liter)

Ammonium
(mg/liter)

Bromide
(�M)

Alkalinity
(mg/liter)

Inoculatedb 27.9 � 1.2 7.54 � 0.55 4.22 � 5.7 11.3 � 2.4 8.12 � 3.75 1.62 � 0.02 745 � 34
Nutrient only treatedb 27.8 � 3 7.4 � 0.38 4.2 � 4.3 11.8 � 2.4 6.25 � 1.4 1.64 � 0.03 710 � 66
Negative controlc 28.8 � 0.3 7.6 � 0.43 1.97 � 1.34 9.5 � 3 7.5 � 5 1.62 � 0.01 720 � 280

a Acetate, lactate, ethanol, 2,3-butanediol, nitrite, the biosurfactant, total heterotrophic bacteria, and biosurfactant producers were not detected in any of the samples
before injection. The detection limits for acetate, ethanol, and butanediol were 0.1 mM. The detection limit for lactate was 0.2 mM. The biosurfactant detection limit
was 10 mg/liter.

b Numbers are averages � standard deviations for four replicates (two samples collected for each of two wells within a 1-week interval).
c Numbers are averages � ranges for two samples collected within a 1-week interval.

TABLE 2. MPN analysis of total and spore-forming heterotrophic bacteria and biosurfactant producers
in the injected and produced fluidsa

Well group

Log MPN (CXT) of indicated organism in indicated fluidb

Injected Produced

Heterotrophic bacteria Biosurfactant producers Heterotrophic bacteria Biosurfactant producers

Inoculated
Total 15 � 0.01 10.3 � 0.6 14.6 � 0.4 –c

Spore formers 11.2 � 0.6 11.2 � 0.6 10.3 � 0.2 10.3 � 0.2

Nutrient only treated
Total 11.5 � 2.3 9.6 � 0.6 12.1 � 0.8 –
Spore formers – – – –

Negative control
Total 9.15 � 2.3 – 9.7 � 0.11 –
Spore formers – – – –

a BBGM was used for the MPN analysis.
b Numbers are average log10 total MPNs � standard deviations for four independent determinations except for the negative control, where numbers are averages � ranges

for two independent determinations.
c –, no growth was detected in the MPN medium.
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metric flow meters attached. The average bromide recovery factor from the three
wells was 1.09 (24% variation), which indicated that little dispersion or adsorp-
tion of the tracer occurred. The values for CST, CPT, and CXT from these three
wells were divided by the corresponding bromide recovery factors obtained for
those wells. For the other two wells, the average bromide recovery factors were
used. The corrected numbers of moles of glucose utilized and moles of end
products were used for percent carbon recovery calculations.

RESULTS

Preinjection data. Samples were collected from all the
wells 1 and 2 weeks prior to the treatment. The biosurfac-
tant and common bacterial fermentation end products, such
as acids and alcohols, were not detected in any of the wells
prior to treatment (Table 1). In addition, we did not detect
any viable bacteria at any dilution used for the MPN enu-
merations (Table 1).

Evidence that the injected strains were maintained in the
inoculated wells. MPN analysis using the BBGM showed bio-
surfactant producers in the injected fluids of both the inocu-
lated wells and the nutrient-only-treated wells (Table 2). The
total number of biosurfactant producers (CXT) in the injected
fluids was 1 order of magnitude higher for the inoculated wells
than for the nutrient-only-treated wells (4.2 � 1010 compared
to 3.7 � 109) (Table 2). No spore-forming microorganisms
were detected in either the injected or the produced fluids of
the nutrient-only-treated wells or the negative control. Since

Bacillus species are known to sporulate (17), the absence of
spore-forming microorganisms in the nutrient-only-treated
wells indicates that the biosurfactant producers that were in-
troduced into these wells were probably not Bacillus species
but microorganisms present in the storage tank. On the other
hand, in the inoculated wells, spore-forming, biosurfactant-
producing microorganisms were both introduced in and re-
trieved from the injected and produced fluids, respectively
(Table 2). The CXT values for spore-forming biosurfactant
producers in the injected and produced fluids of the inocu-
lated wells were not significantly different (Table 2). These
data indicate that biosurfactant producers in the inoculum
maintained viability but did not grow during the incubation
period.

Although data in Table 2 suggest that biosurfactant-produc-
ing Bacillus species were present only in the produced fluids of
the inoculated wells and not in those of the nutrient-only-
treated wells, it was essential to eliminate any underestimation
of Bacillus MPN due to the heat treatment. Plate count broth
medium modified to contain 5% salt was used for the MPN
analysis to select for the halotolerant Bacillus species (Table
3). Although halotolerant biosurfactant producers were de-
tected in the produced fluids of the nutrient-only-treated wells,
the total MPN (CXT) of these microorganisms was 53-fold
lower than that in the injected fluids of the same wells. On the

FIG. 1. Polyacrylamide gel of the REP-PCR for identification of Bacillus strains in the injected and produced fluids of the inoculated wells.
DNA was extracted from isolates that had colonies with the same morphologies as those of the two strains used as the inoculum (Bacillus strain
RS-1 and Bacillus subtilis subsp. spizizenii NRRL B-23049) and used for the PCRs. Lanes 2 and 9 are DNA from B. licheniformis and B. subtilis
subsp. spizizenii type strains, respectively. Lanes 3 and 10 are DNA from laboratory-grown Bacillus strain RS-1 and B. subtilis subsp. spizizenii
NRRL B-23049, respectively. Lanes 4 to 8 are Bacillus strain RS-1-like isolates, while lanes 11 to 15 are B. subtilis subsp. spizizenii NRRL
B-23049-like isolates. Lanes 4 and 11 are DNA from isolates obtained from the tanks used for the inoculation. Lanes 5, 6, 12, and 13 are DNA
from isolates obtained from the injected fluids. Lanes 7, 8, 14, and 15 are DNA from isolates obtained from the produced fluids. Lanes 1 and 16
are the DNA ladder.

TABLE 3. MPN analysis of halotolerant heterotrophic bacteria and biosurfactant producers in the injected and produced fluidsa

Well group

Log MPN (CXT) of indicated organism in indicated fluidb

Injected Produced

Heterotrophic bacteria Biosurfactant producers Heterotrophic bacteria Biosurfactant producers

Inoculated 12 � 0.3 11.9 � 0.3 15 � 0.5 12.2 � 0.05
Nutrient only treated 12 � 0.45 10.6 � 1.4 13.7 � 0.3 9.8 � 0.3
Negative control 12.5 � 0.4 9.4 � 0.4 11.1 � 0.04 –c

a Plate count broth supplemented with 5% NaCl was used for the MPN analysis.
b Numbers are average log10 MPNs � standard deviations for four independent determinations except for the negative control, where numbers are averages � ranges

for two independent determinations.
c –, no growth was detected in the MPN medium.
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other hand, MPN data showed that the total MPN (CXT) of
halotolerant biosurfactant producers in the produced fluids of
the inoculated wells was about 1.5 times that present in the
injected fluids of the same wells.

The MPN data suggest the absence of Bacillus species (no
spore-forming, biosurfactant-producing microorganisms) and
the presence of non-spore-forming, halotolerant biosurfactant
producers in the nutrient-only-treated wells. The latter were
probably introduced into the wells with the treatment (e.g.,
from the storage tank formation water) but were not main-
tained. On the other hand, MPN data from the inoculated
wells indicate the survival of Bacillus species (spore-forming,
halotolerant, biosurfactant-producing microorganisms) in
these wells.

Colonies with the same morphologies as those of the two

strains used as the inoculum, Bacillus strain RS-1 and B. subtilis
subsp. spizizenii NRRL B-23049, were retrieved on blood agar
plates from both the injected and the produced fluids of the
inoculated wells but not from the injected and produced fluids
of the wells that received only nutrients or the negative-control
well. The 16S rRNA and gyrA gene sequences of these clones
were 100% similar to those of Bacillus strain RS-1 and B.
subtilis subsp. spizizenii NRRL B-23049.

Culture-independent gyrA amplicons were obtained with
DNA extracted from produced fluids of the inoculated wells
and not from DNA extracted from produced fluids of the wells
that received only nutrients or the control well that received
brine. The gyrA amplicons were not detected with DNA ex-
tracted from produced fluids of the inoculated wells collected
prior to treatment. The resulting sequences of the gyrA clones
obtained were 99.72% similar to those of Bacillus strain RS-1
and B. subtilis subsp. spizizenii NRRL B-23049.

REP-PCR reactions (21, 46) on blood agar plates containing
isolates from the injected and produced fluids of the inoculated
wells showed patterns similar to those of the inoculum strains,
Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL
B-23049 (Fig. 1).

Collectively, microbiological and molecular data show that
the microorganisms injected into the formation were retrieved
in the produced fluids of the inoculated wells.

Lipopeptide biosurfactant production. The presence of the
biosurfactant in produced fluids was followed over the time of
sampling by using three different methods. The oil-spreading
technique (33, 49) and surface tension measurement (25) were
used to detect the presence of surface-active compounds in the
produced fluids of all the wells. Surface activity was observed
only in production fluids from the inoculated wells as evi-
denced by an increase in oil-spreading activity and a decrease
in surface tension (Fig. 2A and B). No evidence for surface
activity was detected in the production fluids from the nutrient-
only-treated wells or the negative-control well (Fig. 2A and B).
To determine the natures and the concentrations of the bio-
surfactant produced in the inoculated wells, HPLC was used
(48). The HPLC profile of the samples from the produced
fluids of the inoculated wells matched those of the lipopeptide
biosurfactants purified from laboratory cultures of the two
strains used as the inoculum, Bacillus strain RS-1 and B. subtilis
subsp. spizizenii NRRL B-23049. The average concentration of
the lipopeptide biosurfactant in the produced fluids of the
inoculated wells was about 90 mg/liter (a total amount of 7 mol
in �80,000 liters of produced water) (Table 4 and Fig. 2C).
The maximum concentration was as high as 350 mg/liter in the
produced fluids of the inoculated wells (Fig. 2C). These max-
imum concentrations are more than 20 times higher than the
critical micelle concentration reported for lipopeptide biosur-
factants (ranging from 10 to 20 mg/liter) (33). HPLC analysis
of the produced fluids of the nutrient-only-treated wells and
the negative-control well showed no lipopeptide biosurfactant
production.

Glucose utilization and product formation. Glucose was the
carbon and energy source in our treatments. While complete
glucose utilization did not occur, it was clear that large
amounts of glucose were used since only 20 to 40% of the
glucose added to the nutrient-treated wells (both inoculated
and uninoculated) was recovered in the produced fluids and

FIG. 2. Evidence for in situ biosurfactant production. The x axis
represents the time in hours after the production started from the
wells. Closed circles and triangles represent data from the two inocu-
lated wells, open squares and open diamonds represent data from the
two nutrient-treated wells, and open circles represent data from the
negative-control well. (A) By the oil-spreading technique. Error bars
represent standard deviations for three measurements. (B) By surface
tension measurement. Error bars represent standard deviations for
three measurements. (C) By determination of biosurfactant concen-
tration (conc.) by high-performance liquid chromatography. Error bars
represent ranges for duplicate measurements.
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products of microbial metabolism were detected in the pro-
duced fluids. The produced fluids of all the nutrient-treated
wells (both inoculated and uninoculated) showed increases in
alkalinity and carbon dioxide concentrations compared to pre-
treatment levels, most likely resulting from microbial growth
and activity. The produced fluids of the inoculated wells had
much higher CO2 concentrations following treatment than
those of the nutrient-only-treated wells (Table 4 and Fig. 3E).
In addition to CO2, acetate, lactate, ethanol, and 2,3-butane-
diol were detected in the produced fluids of the inoculated
wells (Table 4 and Fig. 3A to D). The percent carbon recovery
was 107% � 34% for the inoculated wells (Table 4). Similar
fermentation products from glucose metabolism were obtained
by the pure cultures of the strains used as the inoculum,
Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL
B-23049, when the strains were individually grown in formation
water supplemented with the nutrients used for well treat-
ments (Table 4). These data argue that the products detected
in the produced fluids of the inoculated wells were products of
anaerobic glucose metabolism by the inoculum. Although glu-
cose was partially utilized in the wells that received only nu-
trients, none of the above-mentioned fermentation products
were detected, with the exception of CO2 and some ethanol
(Fig. 3). We do not know the fate of the remaining glucose
carbon in these wells.

The detection of 2,3-butanediol, a product often produced
by Bacillus species during fermentation (32, 43), and the bio-
surfactant indicates that we stimulated the microorganisms
responsible for biosurfactant production.

DISCUSSION

A major concern with MEOR is whether exogenous micro-
organisms will be metabolically active in the presence of di-
verse, natural populations of microorganisms that inhabit oil
reservoirs (2, 8, 32). Biosurfactant-mediated oil recovery is
even more problematic in that a metabolite, e.g., the biosur-
factant, not related to the main energy metabolism of the cell

must be produced. The data presented in Fig. 2 and 3 and
Table 4 clearly show that the appropriate metabolism was
stimulated in the formation and resulted in the production of
the biosurfactant and products indicative of a Bacillus fermen-
tation (45). The MPN data indicate that microorganisms phys-
iologically similar to those used as the inoculum (halotolerant,
spore-forming biosurfactant producers) were present in high
numbers in the produced fluids of the inoculated wells after
the incubation period. Molecular characterization of the iso-
lates obtained from the produced fluids of the inoculated wells
clearly showed that the same strains used in the inoculum were
retrieved from the produced fluids of the inoculated wells.
These data provide clear evidence that biosurfactant-mediated
oil recovery is technically feasible.

Even though microorganisms exist in the reservoir (as evi-
denced by growth and glucose utilization in the wells that
received only nutrients), the indigenous microorganisms did
not prevent the strains used as the inoculum from establishing
and metabolizing in the reservoir. The reason for the success of
the inoculation procedure might be that the type and amount
of nutrients used were more favorable for Bacillus species than
for indigenous microorganisms. Pretreatment sampling did not
detect the presence of microorganisms in the produced fluids
of the wells that were capable of growing in the various media
used for enumeration (Table 1). So, it is possible that the
injection of nutrients created a niche that allowed the injected
strains to be metabolically active. The MPN analysis did not
indicate that the biosurfactant producers in the inoculated
wells grew, since there was not a significant difference between
the total MPN of the spore-forming biosurfactant producers
(Table 2) or the halotolerant biosurfactant producers (Table 3)
present in the injected fluids and that in the produced fluids.
The lack of growth may have been due to a nutrient limitation.
Nitrate was used as the nitrogen source, and limiting amounts
of nitrate were added to the treated wells to shift the carbon
flow from cell mass production to a secondary metabolite pro-
duction. Previous studies show that nitrogen limitation is as-
sociated with an increase in biosurfactant production (11).

TABLE 4. In situ mass balance and product formation rates and yields compared to those obtained in laboratory culture

Product

Value for indicated treatment groupa

Inoculated wells Nutrient-only-treated wells Laboratory culture

No. of
molesb Rate (h�1)c Yieldd No. of

molesb Rate (h�1)c Yieldd No. of molesb Rate (h�1)c Yieldd

Acetate 17 � 7 0.04 � 0.004 0.03 � 0.01 ND NA NA 0.57 � 0.03 0.04 � 0.001 0.12 � 0.007
Butanediol 68 � 44 0.06 � 0.007 0.13 � 0.08 ND NA NA 0.54 � 0.014 0.04 � 0.0005 0.11 � 0.003
Lactate 40 � 0.9 0.06 � 0.0002 0.08 � 0.002 ND NA NA 2.1 � 0.19 0.06 � 0.001 0.42 � 0.04
Ethanol 900 � 50 0.08 � 0.001 1.8 � 0.28 130 � 48 0.07 � 0.003 0.36 � 0.14 0.39 � 0.12 0.03 � 0.007 0.08 � 0.03
CO2 640 � 113 0.02 � 0.001 1.3 � 0.22 200 � 76 0.01 � 0.003 0.6 � 0.21 11 � 0.56 0.07 � 0.001 2.3 � 0.11
Biosurfactant 6.8 � 0.67 0.02 � 0.001 0.02 � 0.001 ND NA NA 0.11 � 0.05 0.05 � 0.009 0.02 � 0.009
Cellse 6.7 � 7.7 0.06 � 0.01 0.01 � 0.02 0.24 � 0.14 0.18 � 0.006 0.001 � 0.0004 0.12 � 0.17 0.18 � 0.06 0.03 � 0.03

a The numbers of moles of glucose used were 506 � 118 mol, 360 � 34 mol, and 4.88 � 0.0004 mol for the inoculated wells, nutrient-only-treated wells, and laboratory
cultures, respectively. Percent carbon recoveries were 106.7 � 34, 20.7 � 9, and 94.5 � 12.8 for the inoculated wells, nutrient-only-treated wells, and laboratory cultures,
respectively. ND, not detected; NA, not applicable.

b The numbers are averages � standard deviations for four independent determinations. Values were corrected for adsorption using the bromide recovery factor.
c The rates were calculated from the equation ln (Ct/C0) � k · t, where Ct is the concentration at time t, C0 is the initial concentration, k is the rate of production,

and t (time) was 108 h. The numbers are averages � standard deviations for four independent determinations.
d Yields are shown in mol · mol glu�1 and were calculated from the equation Yp/s � number of moles of product · mol�1 of substrate used. The numbers are averages

� standard deviations for four independent determinations.
e The numbers of moles of cells were calculated from the following equation: number of moles of cells � CXT · mass of one cell/molecular weight of the cell, where

the mass of a single cell in grams was assumed to be 1E�13 g, and the molecular weight of the cell was calculated from the cell’s empirical formula, CH1.8O0.5N0.2.
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Sand-packed-column studies have shown that oil recoveries
up to 95% occur when the columns are treated with lipopep-
tide biosurfactants (3, 27, 36, 38). Recent studies have shown
that at least 11 mg/liter of a lipopeptide biosurfactant is re-
quired to mobilize oil from sandstone cores, and recoveries as
high as 40% of entrapped oil were obtained with as little as 38
mg/liter of the lipopeptide biosurfactant (20, 28). In the cur-
rent field test, the average concentration of lipopeptide bio-
surfactant in the produced fluids of the inoculated wells was
about 90 mg/liter. This concentration is approximately nine
times the minimum concentration required to mobilize en-
trapped oil from sandstone cores (28). These results showed
that in situ lipopeptide biosurfactant production indeed meets
this important engineering criterion.

Previous laboratory studies that used both sandstone cores

and sand-packed columns suggested that 2.2 ml of oil could be
recovered per mg of a lipopeptide biosurfactant (29). Based on
this information, the 7 mol of lipopeptide biosurfactant recov-
ered from the produced fluids of the two inoculated wells could
recover approximately 16 m3 (100 barrels) of oil. The total
material expenses for producing 7 mol of biosurfactant were
about $164 ($82 per well). The cost of the in situ biosurfactant
production process could be as low as $10 per m3 ($1.6 per
barrel). Since the main goal of the study was to test whether in
situ biosurfactant production is possible, the volume of the
reservoir that was contacted was small, and thus, significant
amounts of additional oil were not expected. However, the
company followed oil production before and after treatment
and these data can be used to judge the effectiveness of the
process. The lease that had the two inoculated wells, one of the

FIG. 3. Total numbers of moles of glucose fermentation products in the produced fluids of the wells. The x axis represents the time in hours
after the production started from the wells. Closed circles and triangles represent data from the two inoculated wells, open squares and open
diamonds represent data from the two nutrient-treated wells, and open circles represent data from the negative-control well. (A) 2, 3-Butanediol.
(B) Acetate. (C) Lactate. (D) Ethanol. (E) CO2.
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nutrient-only-treated wells, and several other wells showed an
average increase in oil production of one barrel of oil per day
compared to the oil production rate before treatment. This
increase in oil production was maintained for a period of 7
weeks following treatment. On the other hand, the oil produc-
tion rate of the other well that received only nutrients slightly
decreased during the 7 weeks after treatment compared to
pretreatment oil production rates. Although the oil production
data suggest that the in situ process was not as efficient and
cost-effective as predicted from laboratory data, the data still
argue for the cost-effectiveness of MEOR compared to the
current price of oil (	$65/barrel). However, more definitive
results can be obtained if the size of the treatment is scaled up.

Our data show that in situ biosurfactant production is pos-
sible and occurred in amounts exceeding the engineering cri-
terion for mobilizing oil from sandstone cores. This work also
provides essential data for modeling MEOR processes in situ
(Table 4), including growth rates (0.06 � 0.01 h�1), carbon
balances (107% � 34%), biosurfactant production rates
(0.02 � 0.001 h�1), and biosurfactant yields (0.015 � 0.001 mol
biosurfactant/mol glucose). These data can be used to study
computationally microbial activity in subsurface environments,
including petroleum reservoirs. We should note that this is the
first time that an in situ carbon balance has been obtained for
any MEOR process. Overall, the work emphasizes the techni-
cal feasibility and cost-effectiveness of MEOR.
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Abstract

To evaluate the technical feasibility and effectiveness of improving oil recovery by microbial enhanced water-flooding

techniques in high temperature petroleum reservoirs, a field project was initiated with the nature-occurring microorganisms and

nutrient injected into an integrated, close Unit with temperature of 73 8C and salinity of 16,790 mg/L in 2001 in Dagang

Oilfield, PetroChina. This paper presents the field design and the results of the field pilot with a discussion on characteristics of

the reservoir and the performance of the microorganisms injected. Field results show that microorganisms can thrive, proliferate

and move in the high temperature reservoir matrix, the positive effect of the bio-treatment first and mainly occurs in those

production wells which have good connectivity with injection wells, and the indigenous microorganisms in the petroleum

reservoir may also contribute to improving oil recovery due to the injection of nutrient. Results from this project suggest that

microbial enhanced water-flooding technique has significant potential for enhancement of oil recovery in high temperature

petroleum reservoirs.

D 2005 Elsevier B.V. All rights reserved.
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Extensive investigations on microbial enhanced oil

recovery (MEOR) have been made in both the labora-

tories (Desouky et al., 1996; Stephens et al., 2000; Sui

et al., 2001; Li et al., 2002; Wang, 2002) and field tests

(Bryant and Burchfield, 1993; Zhang et al., 1996;

Lazar, 1998; Feng and Chen, 1999; Nazina et al.,

1999; Wang et al., 2001) in the last decade. As to the

investigation of field tests, although microbial en-

hanced water-flooding is believed to be one of the

most promising technologies of enhancement of oil

recovery, it is still applied under general reservoir con-

ditions on a small scale. Themajor reason for this is that

its technical feasibility and effectiveness in enhance-

ment of oil recovery under difficult reservoir conditions

(e.g. high temperature, etc.) have not been well docu-

mented by a little result from existing field tests.
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A microbial enhanced water-flooding project was

conducted in Guan69 Unit at Dagang Oilfield in

China by injection of microbial formulation with

nutrient through injection wells in an ongoing wa-

terflood reservoir to evaluate its technical feasibility

and effectiveness in enhancement of oil recovery in

high temperature reservoirs. The temperature and

brine salinity of the tested reservoir are as high as

73 8C and 16,790 mg/L, respectively. And more

importantly, this reservoir is well integrated, and

production water from every production well was

monitored independently during the project period,

which makes it a convincing way to evaluate changes

in oil production and the effectiveness of the micro-

bial treatment. This paper presents the reservoir prop-

erties, design of the project and the results of the field

pilot.

1. Description of the oil reservoir

The Guan 69 Unit in Dagang Oilfield is located

in Hebei Province, China, and the distribution of the

production and injection wells is shown in Fig. 1.

This Unit is relatively close with a surface area of

1.19 km2, OOIP (Original Oil In Place) of 192�104 t.

The oil-bearing formation is the Sandstone consist-

ing of two layers as SaI and Sai with the tem-

perature, porosity, and permeability of 70 and 73

8C, 27.6% and 24.9%, 468�10�3 Am2 and 259�
10�3 Am2, respectively, as outlined in Table 1. The

composition of the formation brine is shown in

Table 2.

The Guan 69 Unit was operated in primary

production in 1984. Water flooding of the reservoir

began in May 1988, and from then on, it has been

in continuous water flooding to the present time by

the use of recycled water from the production water

from this reservoir. In February 2001, the Unit

covered 5 injection wells with injection volume of

357 m3/d, and 7 production wells with total oil

production of 34.6 t/day. The cumulative oil pro-

duction from this reservoir was about 53.8�104 t

with the oil recovery of OOIP of 22.61%, average

water cut of 94.5%, and the cumulative water in-

jection of 184.88�104 m3. It was estimated that the

recoverable oil in this Unit was about 70.0�104 t

by water flooding, which implies that about 77%

OOIP has been recovered from the beginning of this

project.

0 0.4Km

69-8

69-9
69-13

69-7

69-21
69-4

69-12
69-11

69-1

production well
injection well

69
69-17

69-19
69-2

Fig. 1. The Map of Guan 69 Unit.

Table 1

Characteristics of the testing reservoir

Items Parameters

SaI Sai

Formation Sandstone Sandstone

Buried depth (m) 1801.3–1850.0 1906.6–1960.0

Oil bearing area (km2) 1.05 1.19

Original Oil In Place

(OOIP), 104 t

81 111

Average net pay

thickness, (m)

5.3 6.7

Average permeability,

10�3 Am2

468.4 259.2

Porosity, % 27.6 24.9

Original pressure (MPa) 17.78 18.89

Saturated pressure (MPa) 6.66 ND

Temperature (8C) 70 73

Original oil–gas ratio, m3/t 32 ND

Oil viscosity (underground),

mPad s

6 ND

Oil viscosity (surface, 50 8C),
mPad s

75.8 42.5

Oil density (surface), g/cm3 0.8787 0.8841

Solidification point (8C) 37.7 37.9

Paraffin content (%) 27.4 28.1

Sulfur content (%) 0.097 0.078

Asphaltene content (%) 23.4 25.8

ND, Not Determined.

Table 2

The property of the formation water

Item Na++K+ Ca2+ Mg2+ Cl� SO4
2� CO3

2� TDS

Value (mg/L) 6075 298 87 9874 37 419 16790
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2. Laboratory experiments

2.1. Bacterial strains and the nutrients

Three microbial strains isolated from Dagang Oil-

field were selected for the field project based on

microbial compatibility tests of the strains with

Guan 69 reservoir conditions. These strains were

identified as Arthrobacter sp (A02), Pseudomonas

sp (P15), and Bacillus sp (B24), respectively, accord-

ing to their colony appearance, and physiology and

cell morphology (Dong and Cai, 2001; Liang et al.,

2004). A02 and P15 demonstrated a good capacity in

degradation of oil, and B24 was more effective in

reduction of the interfacial tension of oil and forma-

tion brine due to its production of biosurfactant from

fermentation of crude oil.

A nutrient medium was developed based on

growth behavior of the selected strains and the com-

position of the formation brine. The medium consists

of crude oil (20 g/L), Na2HPO4d 12H2O (0.8 g/L),

KH2PO4 (0.45 g/L), Yeast extract (0.25 g/L), Peptone

(0.1 g/L), NH4Cl (2 g/L), Na2EDTA (0.25 g/L), where

Na2EDTA was designed to inhibit the deposition

caused by interaction of phosphates in the medium

and the divalent cations in the brine. All the three

strains exhibited vigorous growth in the medium

when incubated under the simulated reservoir condi-

tions in laboratory. When the medium is used for the

field trial, the crude oil is not added in it for the

existence of crude oil in the tested layer.

2.2. Performance of bacteria

2.2.1. Biosurfactant production

The biosurfactants produced by bacteria in broths

were obtained and identified by the following proce-

dures. Initially, each mixture of 5 ml viable microbe

broth of strain A02, P15, or B24 with 5 ml oil from

Well 69-8 and 200 ml medium with nutrient compo-

sition mentioned above contained in flasks was incu-

bated at 73 8C with a water rotary shaker at 150 rpm

for about 7 days. The resulting culture broth was then

centrifuged at 6000 �g for 20 min to remove residual

oil and filtered with 0.22 Am2 filters to remove cells.

The interfacial tensions of oil and filtrates were mea-

sured at 73 8C as 22.9, 22.2 and 23.7 mN/m for strain

P15, B24 and A02, respectively, which indicates the

reduction of 25.9%, 28.2% and 23.3% compared with

that of the blank sample and implies the production of

surface-active compounds in the broths. Following it,

the primary sample of biosurfactants in the filtrate at

pH=6 adjusted with 6 mol/L H2SO4 was extracted by

chloroform–methanol (2 :1, V/V) and concentrated by

distillation. The extract was redissolved in chloroform

and then applied to a silica column which was suc-

cessively eluted by hexane, chloroform and the mix-

ture of chloroform and methanol (8 :1, V/V), and the

biosurfactant sample was obtained by distillation of

the eluent. Finally, the biosurfactants were identified

by the method of Thin Layer Chromatography (TLC),

which shows that the biosurfactants produced by the

selected strains fall under a kind of Glycolipids. The

biosurfactant concentrations in cell-free broths of

strain P15, B24 and A02 were measured by the col-

orimetric method (Dubois et al., 1956), which shows

the values of 950, 1170 and 800 mg/L, respectively.

2.2.2. Fatty acid production

The cell-free broths were obtained and treated by

the procedures same as that motioned above. The pH

in the broths were measured as 5~6, which implies the

production of some acids in the broths. For qualitative

determination, the Gas Chromatography (GS) was

applied (Ma et al., 1995), and the acetic acids and

other short-chain fatty acids were found in the broths

of the three strains. The titration with NaOH at a

concentration of 0.10466 mol/L and phenolphthalein

as the indicator was adopted to determine the concen-

tration of the fatty acids in the broth, which indicates

the values of 149.8, 135.0, and 175.5 mg/L in the

broths of P15, B24, and A02, respectively.

2.2.3. Crude oil alternation

For evaluation of the effect of the strains on the

crude oil, the mixtures of viable microbe broth (50

ml), the medium (200 ml), and crude oil from Well

69-8 in the Unit (50 ml) in conical flasks were incu-

bated at 73 8C in a rotary shaker at 150 rpm for 7

days. The blank experiment was run in the same

conditions but without inoculation. After incubation,

the crude oil sample in the flasks was collected and

electrically dehydrated in a pressurized tank, and its

viscosity was measured with DV-III Brookfield Vis-

cosimeter at 73 8C. The solidification point and the

content of paraffin and asphaltene were measured by
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the silica gel column chromatograph method (Zhang

et al., 2000). The results are shown in Table 3.

2.2.4. Core flooding

For evaluation of oil displacement of the selected

strains, core-flooding experiments were performed at

73 8C. The heterogeneous man-made core models

with the size of 20�4.5�1.1 cm, the permeability

of 0.2~0.6 Am2 and the porosity of 22~26% were used

in experiments. The major procedures in the displace-

ment are as follows: First, water-flooding of oil-bear-

ing core with oil saturation of 65~70% was performed

until no more oil was observed in the outlet of the

core. Second, one pore volume of the bacterial sus-

pension with a density of 1.5�107 cells/ml was

injected into the water-flooded core, and followed

by a 7-day shut-in period at 73 8C. Finally, water-
flooding was again performed until no more oil was

observed in the outlet of the core. The blank experi-

ment was run in the same conditions but without

injection of bacterial suspensions into cores. The

results show that the incremental oil recoveries with

bacterial suspensions of B24, A02 and P15 are 5.6%,

5.0% and 4.8% OOIP, respectively, compared with the

blank core flooding results.

2.3. Detection of microorganisms in production water

For evaluation of the microorganisms in production

water, the samples were collected at wellhead of the

production wells in the tested reservoir in sterile glass

bottles with rubber stoppers. These samples were se-

rially diluted and viable counts were performed by the

spread plate technique with LB (Luria–Bertani) medi-

um. The incubation temperature was 73 8C. The

injected microorganisms were identified by the colony

appearance developed on the LB medium and their

physiology and cell morphology.

3. Field trial

3.1. Field-test design

The injection of the microbial suspension and the

nutrient solution in the trial were initiated in March

2001 and completed in July 2001. The pattern

of injection characterized by bnutrient-suspension-
nutrientQ was adopted. During the whole period of

injection, the nutrient solution of about 350 m3/day

was firstly injected for 3 days. The mixture of A02

and P15 suspensions of 210 m3 was then injected, and

followed by a 10-day shut-in period of injection wells;

the B24 suspension of 512 m3 was sequentially

injected, and again followed by a 10-day shut-in period

of injection wells. Following the injection of microbial

suspension, the nutrient solution of about 350 m3/day

was finally injected for 21 days. Before the injection,

the microbial suspension was diluted by the nutrient

solution to a microbial density of 1.8~2.4�107 cells/

ml from its original density about 3.0�108 cells/ml.

Finally, the water injection was restarted as usual.

The injection pattern bnutrient-suspension-nutrientQ
mentioned above was designed based on the knowl-

edge of the target reservoir conditions and the mech-

anism of enhancement of oil recovery by the selected

strains in the reservoir. The primary section of nutrient

solution designed is with the purpose to establish a

necessary nutrient environment for the following

injected microorganisms, while the last one is to

supply microorganisms with more nutrients to main-

tain and stimulate the activities of injected as well as

indigenous microorganisms in the reservoir. As for the

sections of microbial suspension, the volume and

sequence of injection were designed according to

the performance of the selected strains. Strain A02

and P15 were first injected in expectation of removing

alphaltene and paraffin deposited in pore throats near

wellbore region due to their good capacity of biodeg-

radation of oil; the strain B24 as the body section was

then injected in the expectation to improve microscop-

ic oil displacement efficiency by biosurfactants, and

more importantly, a 10-day shut-in of the injection

Table 3

Microbial performances in change in properties of oil from Well

69-8

Species Viscosity

reduction

(%)

Solidification

point reduction

(8C)

Paraffin

content

reduction

(%)

Asphaltene

content

reduction

(%)

A02 15.8 2.6 2.6 3.3

P15 14.0 3.1 3.3 2.5

B24 15.4 2.0 1.8 1.6

The original values of viscosity, solidification point, paraffin and

asphaltene content of the tested oil sample are 22.8 mPad s, 42.4 8C,
26.1% and 23.1%, respectively.
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wells was followed with an aim to avoid microorgan-

isms injected into the reservoir being excessively

diluted by following injection and, therefore, to offer

a time for their primarily proliferation in the reservoir.

The sketch of the bypass system for injection of

microorganisms and nutrients is indicated in Fig. 2.

As it shows in this figure that the microbial suspen-

sion or nutrient solution was first prepared in tank (4),

and then mixed with water through a static blender (2)

to achieve the designed concentration of microbial

suspensions and nutrient solution, and finally injected

by pump (3) into the target reservoir through injection

wells.

3.2. Field results

Before the microbial water-flooding, the produc-

tion performance and the related properties were mon-

itored. During and after the microbial treatment,

microorganisms in production water, the property of

oil and production water, and the production perfor-

mance in the Unit were also periodically monitored.

3.2.1. Growth and migration of microorganisms

According to the monitoring results of microorgan-

isms in production water from all the 7 production

wells in the Unit with a sampling interval of 15 days,

no microorganisms same as the microbial species

injected were detected in the samples collected before

and in the beginning phase of the nutrient injection,

but later, microorganisms in production water from

Well 69-17 and Well 69-12 were first observed at a

concentration of 2000~3000 cells/ml in two months;

concentrations of microorganisms in production water

from Well 69-9 and Well 69-8 were observed at a

concentration of 6000~6800 cells/ml in five months.

Subsequently, the microbial density was found in

steady increase to its maximum about 1.6�105

cells/ml in about nine months. It is, therefore, reason-

able to conclude that the injected microorganisms can

proliferate in the target reservoir conditions. Further-

more, taking the well space (about 250 m) into con-

sideration, the results suggest that the injected

microorganisms may migrate through the reservoir

matrix at a speed about 1.7~4.2 m/day.

In addition to microorganisms, the surface tensions

of the production water were measured. It shows that

the surface tension of the production water decreases

due to biosurfactants produced by injected microor-

ganisms and, probably, also by indigenous microor-

ganisms in the reservoir. The maximum reduction in

surface tension is 30.5 mN/m as shown in Table 4.

3.2.2. Change in properties of oil and gas

The change in properties of oil and gas from

production wells were analyzed after bio-treatment,

injection water

injection
wells

1 2 3

4             5      6

1. valve, 2. static blender, 3. injection pump
4. tank for nutrient solution and microbial broth
5. feeding pump,  6. flow meter

Fig. 2. Sketch of the bypass system for injection.

Table 4

The surface tensions of the production water from the tested

reservoir

Production wells 69-4 69-8 69-9 69-12 69-17 69-19 69-21

Baseline value

(mN/m)

72.7 82.4 79.6 81.6 85.0 87.1 86.1

The minimum value

(mN/m)

60.4 54.0 59.1 58.0 56.0 59.3 55.6

Reduction (mN/m) 12.3 28.4 20.5 23.6 29.0 27.8 30.5

Table 5

The oil property of Well 69-19

Item Density

(g/cm3)

Viscosity

(mPad s)

Paraffin

(%)

Asphaltene

(%)

Before

implement

0.8689 57.9 29.82 31.06

Aug, 2001 0.8671 54.1 27.84 30.54

March, 2002 0.8665 53.8 25.47 28.75
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Fig. 3. Production curve of Guan69 Unit.
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and a notable change in oil and connate gas was

observed. The density, viscosity, paraffin and asphal-

tene content of crude oil from the Unit decreased as

outlined in Table 5. The content of methane in the

connate gas increased and that of carbon dioxide

decreased. An example of change in the connate

gas produced from Well 69-9 gives that the methane

content increase from 85.4% to 90.2% and the car-

bon dioxide content decrease from 5.0% to 1.5%,

respectively.

3.2.3. Increase in oil production

The oil production steadily increased after micro-

bial water-flooding in the Unit. As it shows in Fig. 3

that, before and in the beginning phase of the injec-

tion, the oil production in the Unit decreased from 55

t/day in Jan. 2000 to 30.0 t/day in Sept. 2001, which

implies a decline rate of 21%. However, this situation

markedly changed six months later of the microbial

treatment. By the end of July 2004, about 8700 t of

additional oil was obtained compared with the pre-

dicted oil production by water flooding alone. All of

the 7 production wells showed a positive response to

the treatment, of which five Wells (69-9, 69-4, 69-17,

69-12 and 69-19) evidently increased in oil produc-

tion. An example of the production performance of

Well 69-9 is shown in Fig. 4.

4. Discussion

(1) Microorganisms injected in reservoirs can thrive,

migrate and finally form a gradient distribution

in concentration in oil-bearings. Monitoring

results show that the injected microorganisms

are observed first and mainly in production

water from those production wells which have

good response to water injection. The peak con-

centration of microorganisms in the production

water is about 104 to 105 cells/ml. This concen-

tration is much lower than that in injected sus-

pensions with about 107 cells/ml, which implies

that a falling gradient of microbial concentration

may exist from injection wells to production

wells.

(2) Enhanced oil recovery in the experiment is due

to the cumulative effect of injection of the nu-

trient medium, of the introduced bacteria, and of

the microbial community of the stratum. The

injected microorganisms play a part in oil ex-

traction. According to the experimental results

from both the laboratory and field trial, micro-

bial activities and interactions of metabolic pro-

ducts with oil, brine and solid contribute to

enhancement of oil recovery, among which the

microbial degradation of oil and biosurfactants

produced in situ (Mu et al., 2002) are major

factors during microbial water-flooding. Other

factors such as microbial modification of per-

meability are also believed to contribute to en-

hancement of oil production (Zekri and El-

Mehaideb, 2003). Indigenous microorganisms

in the tested reservoir also play a role in the

change of gas contents and make a contribution

to oil extraction. As mentioned above, a marked

change of content of methane and carbon diox-

ide in the connate gas occurred after microbial

treatment, which cannot be attributed to the

activities of introduced microorganisms. It sug-

gests that methanogenic bacteria existing in the

target reservoir are activated by the nutrients

and microorganisms introduced. Early re-

searches (Borzenkov et al., 1997; Belyaev et

al., 1998; Nazina et al., 1998, 2002) stated

that methanogenic bacteria existed in the forma-

tion water in oil reservoirs, especially in long

term water-flooded reservoirs and produced

methane after activation by mineral salts sup-

plied. In addition, other kinds of microorgan-

isms existing in the oil-bearings might be

activated as well and contributed to oil enhance-

ment (Yakimov et al., 1997; Hao et al., 2004).

The effective usage and contribution of indige-

nous microorganisms in petroleum reservoirs to
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Fig. 4. Production curve of Well 69-9.
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oil recovery should therefore be taken into con-

sideration in the further studies.

(3) Results from the project show that microbial

water-flooding techniques have a potential of

enhancing oil recovery in high temperature oil

reservoirs.

Acknowledgments

This work was supported by National Natural Sci-

ence Foundation of China (Grant No. 50374038) and

Specialized Research Fund for the Doctoral Program

of Higher Education (Grant No. 20030251002). The

field trial was sponsored by Dagang Oilfield Compa-

ny, PetroChina.

References

Belyaev, S.S., Borzenkov, I.A., Glumov, I.F., Ibatullin, R.R., Mile-

khina, E.I., Ivanov, M.V., 1998. Activation of the geochemical

activity of strata microflora as basis of a biotechnology for

enhancement of oil recovery. Microbiology 67 (6), 708–714.

Borzenkov, I.A., Belyaev, S.S., Miller, Y.M., Davydova, I.A., Iva-

nov, M.V., 1997. Methanogenesis in the highly mineralized

strata waters of the Bondyuzhskoe oil field. Microbiology 66

(1), 104–110.

Bryant, R.S., Burchfield, M.D., 1993. Microbial Enhance Water-

flooding: Mink Unit and Phoenix Field Pilots. NIPER-683,

Oklahoma.

Desouky, S.M., Abdel-Daim, M.M., Sayyouh, M.H., Dahab, A.S.,

1996. Modelling and laboratory investigation of microbial en-

hanced oil recovery. J. Pet. Sci. Eng. 15 (2–4), 309–320.

Dong, X.Z., Cai, M.Y., 2001. Manual of Systematical Identification

of Usual Microorganisms Determinative Bacteriology. Science

Press, Beijing (in Chinese).

Dubois, M., Gilles, K.A., Hamilton, J.K., 1956. Colorimetric

method for determination of sugars and related substances.

Anal. Chem. 28 (3), 350–356.

Feng, Q.X., Chen, Z.Y., 1999. Research on the MEOR field trial

conducted in 7th Unit of 2nd Unit of Gangdong oilfield. Pet.

Explor. Dev. 26 (6), 68–71 (in Chinese).

Hao, R.X., Lu, A.H., Zeng, Y.S., 2004. Effect on crude oil by

thermophilic bacterium. J. Pet. Sci. Eng. 43 (3–4), 247–258.

Lazar, I., 1998. Development of MEOR technologies and the his-

tory of MEOR field tests. Pak. J. Hydrocarb. Res. 10, 11–17.

Li, Q.X., Kang, C.B., Wang, H., Zhang, C.K., 2002. Screening of

oil degrading microorganisms and research on their properties.

Pet. Explor. Dev. 29 (6), 91–93 (in Chinese).

Liang, F.L., Cheng, S.Q., Sun, X.L., Liu, R.L., 2004. Characters and

oil-degrading bacterium strain NX-2[J]. Microbiology 31 (3),

70–73 (in Chinese).

Ma, T., Mei, B.W., Liu, C.Q., Xu, Z.Y., 1995. Capillary gas chro-

matography (GC) analysis of short-chain organic acids in oil-

field water. Chin. J. Chromatogr. 13 (1), 59–60 (in Chinese).

Mu, B.Z., Wu, Z.H., Chen, Z.Y., 2002. Wetting behavior induced

on quartz surface by microbial metabolisms. The 7th Interna-

tional Symposium on Reservoir Wettability. Freycinet Tasmania,

Australia.

Nazina, T.N., Ivanova, A.E., Ivoilov, V.S., Miller, Y.M., Ibatullin,

R.R., Belyaev, S.S., Ivanov, M.V., 1998. Microbiological and

geochemical characterization of carbonate petroleum reservoirs

of Tatarstan. Microbiology 67 (5), 575–581.

Nazina, T.N., Ivanova, A.E., Ivoilov, V.S., Miller, Y.M., Kandaurova,

G.F., Ibatullin, R.R., Belyaev, S.S., Ivanov, M.V., 1999. Results

of the trial of the microbiological method for the enhancement of

oil recovery at the carbonate collector of the Romashkinskoe oil

field: biogeochemical and productional characteristics. Micro-

biology 68 (2), 222–226.

Nazina, T.N., Grigor’yan, A.A., Xue, Y.F., Sokolova, D.Sh., Novi-

kova, E.V., Tourova, T.P., Poltaraus, A.B., Belyaev, S.S., Iva-

nov, M.V., 2002. Phylogenetic diversity of aerobic saprotrophic

bacteria isolated from the Daqing oil field. Microbiology 71 (1),

91–97.

Stephens, J.O., Brown, L.R., Vadie, A.A., 2000. The Utilization of

the Microflora Indigenous to and Present in Oil-Bearing For-

mations to Selectively Plug the More Porous Zones Thereby

Increasing Oil Recovery During Waterflooding. DOE/BC/

14962-24. Hughes Eastern Corporation, Mississippi.

Sui, J., Shi, M., Sun, F.R., Yang, Z.Y., Han, P.H., Wu, X.L., 2001.

Research on MEOR bacteria with oil as the sole carbon source.

Acta Petrol. Sin. 22 (5), 53–57 (in Chinese).

Wang, W.D., 2002. Actuality and foreground of MEOR in China.

Pet. Explor. Dev. 29 (6), 87–90 (in Chinese).

Wang, B., Du, W.Z., Yang, G.L., et al., 2001. MEOR field test and

effect analysis. Oil Gas Geol. Recov. 8 (2), 61–63 (in Chinese).

Yakimov, M.M., Amro, M.M., Bock, M., Boseker, K., Fredrickson,

H.L., Kessel, D.G., Timmis, K.N., 1997. The potential of Ba-

cillus licheniformis strains for in situ enhanced oil recovery. J.

Pet. Sci. Eng. 18 (1–2), 147–160.

Zekri, A.Y., El-Mehaideb, R., 2003. Steam/bacteria to treatment of

asphaltene deposition in carbonate rocks. J. Pet. Sci. Eng. 37

(1–2), 111–121.

Zhang, Z.Q., Liu, C.D., Zhao, G., Luo, J.Q., 1996. National Tech-

nological Paper Collection on MEOR. Petroleum Publishing

Agency, Beijing (in Chinese).

Zhang, R.Q., Kang, W., Guo, Z.D., Wu, D., Wang, H.G., Zhang,

J.K., 2000. Analysis and Evaluation of Crude Oil. Petroleum

Industry Press, Beijing (in Chinese).

L. Jinfeng et al. / Journal of Petroleum Science and Engineering 48 (2005) 265–271 271


