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BIOFOULING IN THE OIL INDUSTRY

Peter F. Sanders and Paul J. Sturman

... Tho my teeth are kept usually very clean, nev-
ertheless when I'view them in a Magnifying Glass, [
find growing between them a little white matter as
thick as a wetted flower . . . I therefore took some of
this flower and mixt it. . . with pure water wherein
were no Animals. .. and then to my great surprise
perceived that the aforesaid matter contained very
many small living Animals, which moved them-
selves very extravagantly ... The number of these
Animals in the scurf of a mans Tecth are so many
that T believe they exceed the number of Men in a
kingdom. For upon the examination of a small
parcel of it, no thicker than a Horse-hair, 1 found
too many living Animals therein, that | guess there
might have been 1000 in a quantity of matter no
bigger than the 1/100 part of a sand.

Antonde van Leewvenhoek (1684),
observing a disaggregated dental biofilm

The attachment and growth of microorgan-
isms on surfaces {the buildup of a slimy biofilm
layer generally termed biofouling) are well-
established phenomena in many environments
and industries. Despite the early recognition of
the importance of biofilms and biofouling,
setious study only really began in the early
1940s with the pioncering work of ZoBell
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(1943}, who developed the eatly concepts for

the different stages in biofilm development,
which lasted for 20 years or more. Thirty years
after the work of ZoBell, biologists studying
many environmental, medical, agricultural,
and industrial systems independently discov-
ered the fundamental importance of biofilm
formation; they began to investigate the fac-
tors controlling the change from a planktonic
growth state to a sessile one and the changes in
bacterial metabolism that occur immediately
upon attachment of a cell to a surface (Sauer
and Camper, 2001). Research on the interac-
tion of bacterial cells with each other, the en-
vironment, and the substrate has continued
apace since the 1970s (Characklis and Marshall,
1990y, with research institutes such as the Cen-
ter for Biofilm Engineering in Montana (http://
www.erc.montana.edu) and societies such as
the British Biofilm Club (http://www.bio-
filmclub.co.uk/) dedicated to the study, con-
trol, and use of biofilms. The most recent
applications of new techniques in the fields of
genetic, biocheimical, instrumental, and micro-
scopic analyses have led to a major step forward
in our understanding of biofilm processes such
as the factors controlling the change from a
planktonic mode of growth, the physiological
differences between attached and planktonic
cells, the detiled structure of biofilns under
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different environmental conditions, and the
interspecies and intraspecies interactions that
lead to an active and dynamic consortium
(Lewandowski, 2000; Geesey, 2001; Stoodley
et al., 2002).

Any biofilm from an industrial system will
contain a very wide range of aerobic, anaer-
obic, microaerophilic, heterotrophic, and li-
thotrophic microorganisms able to grow under
an extreme range of environmental conditions
of temperature, pressure, pH, salinity, nutri-
ents, toxicity, and water activity (Magot et al.,
2000). Biofilm formation causes physical op-
erational problems such as plugging of hydro-
carbon reservoir rock, blockage of filters, and
flow capacity reduction in pipes. Growth of
microorganisms on surfaces is an essential pre-
requisite for the onset of microbially influenced
corrosion and biodeterioration of a wide range
of materials. Finally, biofouling can lead to the
spoilage of oil field products by degradation,
increase in suspended solids, and changes in
bulk fluid composition, such as dissolved sul-
fide generation (Sanders, 2002). Biofouling
can, however, be used in a positive way, for
example, in the form of microbially en-
hanced oil recovery (MEOR) techniques and
in bioreactors to improve the quality and
marketability of the produced hydrocarbon.
Understanding and controlling the biofouling
process therefore has fundamental significance
for the petroleum industry. This chapter de-
scribes the evolving models for biofilm devel-
opment and highlights the role of biofouling in
microbially related oil field problems and op-
portunities covered in other chapters of this
book..

BIOFILMS: GENERAL CONCEPTS

In the simplest descriptive terms, a biofilm is a
microbial accretion, adherent to a biological or
nonbiological surface, and enclosed in an extra-
cellular polymeric matrix of its own produc-
tion. Biofilms (especially industrial biofihms)
may also contain a significant amount of inor-
ganic substances (silt, scale, sand, and corrosion
products), entrapped within the extracellular
polymeric matrix. Since planktonic marine

bacteria were first observed to preferentially
attach to available surfaces (ZoBell, 1943),
bacterial biofilms have been implicated as the
causative agent in a wide range of petroleum
production and refining problems. Their abil-
ity to thrive over a remarkable range of growth
niches, from organic-rich oil-water emulsions
to the relatively oligotrophic seawater injec-
tion well environment, suggests that bacterial
communities can survive in virtually all fluid
streams associated with petroleum extraction
and processing. An active microbial consor-
tium has, indeed, been confirmed throughout
virtually all oil field process systems. Over the
past 2 decades, it has become increasingly ap-
parent that biofilms are the preferred ‘mode of
growth for most bacteria (Costerton et al,
1978), including those microorganisms of
greatest interest to hydrocarbon extraction and
petroleum-refining industries.

While early descriptive models of biofilms
characterized them as uniformly thick slabs
of slime-embedded bacteria (Williamson and
McCarty, 1976), our present understanding
suggests that mature biofilms are typically
highly structured, multispecies microbial com-
munities, encased in a biochemically complex
matrix of self-produced extracellular poly-
meric substances (EPS) (Stoodley et al., 2002).
Depending on their composition and activity,

_ biofilms may drastically alter the physical and

chemical conditions in their immediate vi-
cinity {Costerton et al., 1994). These changes
can lead to many of the common problems
associated with biofilm growth, including
biofouling, plugging, biologically influenced
corrosion, and petroleum product souring
(Sanders, 2002).

Biofilms develop in response to both sys-
tem conditions (external stimuli} and cell-

‘produced chemical signals (internal stimuli).

Both these stimuli have significant effects on
the structure and activity of biofilms. Biofilms
grown under high-shear conditions typically
develop a tenacious extracellular matrix and
have a relatively thin cross-sectional thickness,
whereas those grown in quiescent, nutrient-
rich environs are typically thicker (=100 pm
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in many cases) (Stoodley et al.,, 1997). These
varied biofilm physical properties have a direct
impact on the ease of removal by shear or
other physical means; biofilms which develop
under quiescent conditions tend to be less ad-
herent and are thus easier to remove (Stoodley
et al., 2001). Difterences in biofilm growth
conditions can also lead to heterogeneities that
influence the movetnent of dissolved chemical
species (including antimicrobial agents) into
and through the biofouling layer, significantly
mmpacting on the effectiveness of any biofilm
control program in oil field systems (Gardner
and Stewart, 2002).

The discovery and investigation of cell sig-
naling compounds over the last decade has
opened a new arena of biofilm research. First
discovered in the marine bacterium Vibrio fi-
scheri (Fuqua et al., 1996), cell signaling com-
pounds are organic molecules that are produced
by cells and secreted into the surrounding fluid.
When present at sufficient concentrations,
these signal molecules regulate gene expres-
sion in cells. Biofilm cells have been shown
to respond to chemical signals (also referred
to as quorum-sensing molecules) such as acyl
homoserine lactones (FISLs) (McLean et al.,
1997; Davies et al., 1998). These molecules
induce gene regulation when a sufficient con-
centration of the signal compound accumu-
lates in close proximity to the cell, a condition
which is facilitated by the close packing of cells
and bulk fluid flow limitations within biofilms.

Recent work assessmg the genetic and
proteomic conditions of attached cells has re-
newed the question of what constitutes a
biofilm. Biofilms have often been identified as
having a characteristic structure and resultant
transport hmitations (Lewandowski et al,
1991). However, it has also been recognized
that gene regulation and protein synthesis are
altered within attached cells, to the extent that
biofilm cells can be as genetically dissimilar
to planktonic cells of the same species as they
are to cells of a completely different species
(Stoodley et al., 2002). Within minutes of
surface attachment of a bacterial cell (long
before any transport limitations are present),
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cells begin to alter their genetic condition to
encode the production of extracellular poly-
mer and make other changes characteristic of
the biofilm phenotype (Sauer and Camper,
2001). This research suggests that a biofilm is
not just an accumulation of cells on a surface
but is a fundamentally different condition of

“microbial growth. Clearly, our understanding

of what constitutes a biofilm has changed as
our methods of investigation have improved.

Steps in Biofilm Formation

and Maturation

Biofilm formation is a complex process that
has been, for convenience, traditionally di-
vided into five major steps (Fig. 1); in reality,
biofilm formation is a continuous process. The
result of this is that any biofiln in an oil field
systemn is dynamic, heterogeneous, and dis-
continuous, with different microareas having
biofilms at different stages of development,

STEP 1: INITIAL ATTACHMENT

Biofilm formation on surfaces occurs rapidly
following contact of a surface with nonsterile
fluids. Typically, within minutes, a condition-
ing film of organic molecules develops, facili-
tating initial cell attachment to solid phases such
as pipe walls, process plant vessel interiors, or
porous media (Camper et al., 1994). Although
certain pipe construction materials {such as
some norferrous metallics or polymer coat-
ings containing imbedded antimicrobials) have
been observed to delay the onset of cell at-
tachment and biofilm formation in laboratory
experiments, no surfaces have yet proven to be
antifouling over a period of days or weeks. Cell
attachment to previously uncolonized surfaces
can also occur through the redistribution of
attached cells via surface motility (Dalton et al.,
1996). In this case, clusters of cells may migrate
across a surface due to hydrodynamic pressures
(Stoodley et al., 1999b) or individual cells may
nrigrate through twitching motility (a process
by which bacteria move through the exten-
sion and subsequent contraction of cell surface
pili) (O’ Toole and Kolter, 1998). [n addition to
the above mechanisms, cell clusters previously
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FIGURE 1

detached from an upstream biofilm may re-
attach en masse, with each cluster containing
hundreds or perhaps thousands of individual
cells. Clearly, this phenomenon accelerates the
process of biofilm initiation.

STEP 2: BIOFILM INITIATION

AND EPS PRODUCTION

Following initial surface attachment, many
species of bacteria undergo a shift in protein
synthesis, which results in the production of
extracellular polymers that serve to irreversibly
anchor the cell to the surface. Physiologic and
metabolic changes resulting from transition of
the cell from a planktonic to a sessile state have
led to the identification of a biofilm pheno-
type (Sauer and Camper, 2001). This pheno-
typic change may be accompanied by a lag
phase of several hours as the cell up-regulates
biofilm-specific protein synthesis (Rice et al.,
2000). Major observable changes in cell phe-
notype as a result of cell attachment include the
production of extracellular polymer and the
loss of flagella, and comparison of proteomic
analysis of Pseudomonas putida under sessile and
planktonic conditions showed that attachment

Schematic model for attachment of planktonic cells to a surface and growth of microcolonies,
followed by detachment and reattachment of cell clusters.

resulted in 15 up-regulated proteins and 30
down-regulated. proteins, confirming major
changes in bacterial metabolic pathways upon
attachment to a surface (Sauer and Camper,
2001).

EPS production serves to build a three-
dimensional matrix in which cells may occupy
<15% of the total biofilm volume (Costerton
and Stoodley, 2003). This three-dimensional
structure influences the movement of dis-
solved chemical species into and out of the
biofilm, entraps particulate material and cell
clusters from the butk fluid, and creates dif-
fusion gradients that lead to localized water
chemistry conditions, which may vary signif-
icantly from the bulk fluid interface to the
substraturn (Lewandowski and Beyenal, 2003).

STEP 3: BIOFILM STRUCTURAL
DEVELOPMENT

The eatrly simplistic model of a multilayered
structure of biofilms developed in the 1980s
(Wanner and Guyer, 1986) has been replaced
by a more complex model for mature bio-
films. Recent advances in techniques such
as microscopy, microelectrodes, biochemical




markers, and immunofluorescent staining have
shown that as biofilm matures, bacterial growth
tends to concentrate in cell clusters, a condi-
tion which leads to the development of a com-
plex biofilm architecture, as shown in Fig. 2
(Stoodley et al., 1999¢; Lewandowski, 2000).
Between cell clusters flow channels carry dis-
solved and particulate material from the bulk
fluid to the interior of the biofilm by mass
transport, at the same time carrying away waste
products. By contrast, diffusive flow dominates
within clusters, and thus the biofilm micro-
structure influences cell activity locally, with
cell growth rates related to their proximity to
flow channels and consequent nutrient supply
(de Beer et al., 1994a). Bacteria that thrive in
environments different from bulk fuid condi-
tions may actively grow only within cell clusters
away from flow channels. For example, anaer-
obes in a biofilm in contact with an aerobic bulk
fluid tend to be active only deep inside cell
clusters (where the oxygen concentration is
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lowest). Conversely, obligately acrobic bacteria
will predominate in the outer layers of cell clus-
ters, where oxygen concentrations are highest.
The geometry of the substratum is another
factor that contributes to biofilm structural
development. Small imperfections in a pipe
wall, such as scale deposits or pits, may harbor
populations of bacteria for which access to
reducible metal species is more critical than
access to organic carbon, such as iron- and
manganese-oxidizing bacteria (Dickinson and
Lewandowski, 1996). In porous media, envi-
ronmental conditions can vary significantly
over very short distances. The complex nature
of reservoir rock in oil formations after water
injection or interstitial pore spaces in soil or
fractured rock matrices leads to a variety of
physiological niches within a seemingly ho-
mogeneous system (Sturman et al., 1995).
Although biofihn structural development
is clearly influenced by cell growth factors, such
as the species present, growth rate, and EPS
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FIGURE 2 Schematic model of the complex microstructure and architecture of a mature biofilm developed on
a surface. The biofiln is composed primarily of secreted polymeric substances, with bacterial cells being embedded
{and thus protected) in cell clusters. The presence of channels and voids assists mass transport and diffusion of
nutrients and waste products, to maintain the activity of the biofilm,
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production, fluid hydrodynamics may also play
an important role in determining biofilm
structure. Biofilms grown under laminar flow
conditions, such as in cooling towers or low-
flow pipelines, generally assume the familiar
tower-and-flow channel appearance described
above (Fig. 2), while those grown in a high-
shear environment, such as injection wells or
high-velocity pipelines, tend to become elon-
gated in the direction of flow, often foriing
filamentous streamers ‘(Stoodley et al., 1999a).
Additionally, biofilms grown in a high-shear
environment are generally denser, more rigid,

and structurally stronger than those grown un—

der low-shear conditions (Liu and Tay, 2001;
Stoodley et al., 1998). Biofilm growth condi-
tions therefore influence possible biofouling
eradication mechanisms, both from the stand—
point of chemical biocide efficacy and physical
means of removal. Denser biofilms are more
resistant to the diffusive flow of chemical agents,
as well as being more tenacious in their-adher-
ence to pipe walls.

STEPS 4 AND 5: BIOFILM
MATURATION AND DETACHMENT
Biofilms are ever-changing entities, but bio-
mass concentration typically reaches stasis after
a period of days or weeks, if left untreated.
Depending on the species composition and
structure of the biofilm, bacteria Jocated deep
within a cell cluster may enter a stationary
phase (Hengge-Aronis, 1993). This condition
of reduced activity has been shown to make
cells less susceptible to antimicrobial treat-
ments that depend on active cell growth, such
as antibiotics (Anderl et al., 2003), and more
likely to detach from the substratum (Lamed
and Bayer, 1986). Biofilm maturity is charac-
terized by periodic detachment events, which
include the release into the bulk fluid of either
individual cells or multicell clusters. As a result
of these detachment events, overall biofilm
thickness may remain in a quasi-static state in
the. mature biofilm. Recent biofilm studies
have shown that cell detachment can occur
as what has been termed swarming dispersal,
where an inner region ofa cell cluster liquefies,

with the interior biofilm cells reverting to
the planktonic state, complete with flagella.
These cells then “swim” from the biofilm into
the bulk fluid, completing the biofilm life cycle
(Sauer etal., 2002; Tolker-Nieksen et al., 2000).
In many environmental systems, bacterial pre-
dation in biofilms may occur from higher or-
ganisms such as protozoa, increasing  the
complexity and heterogeneity of the biofilm on
a metal surface (Murga et al_, 2001).

BACTERIAL INTERACTIONS

IN BIOFILMS

Biofilms represent miicroscale ecosystems. In
many cases, these ecosystemns contain a wide
range of environmental niches, from.aerobic
to microaerophilic to anaerobic, from copio-
trophic to oligotrophic, and from heterotro-
phic to chemolithotrophic. The ability of cells
in biofilms to modify their surroundings re-
sults in local gradients of key parameters such
as oxygen, pH, redox potential, nutrients, and
flow rate; these bacterially generated gradients
in turn provide a variety of potential growth
niches for other microorganisms. In addition,
the close proximity of cells in biofilms offers
an ideal condition to facilitate intercellular
exchange of genetic material and chemical
signals, resulting in a stable, multispecies, com-
plex, interactive consortium of bacteria.

Competition and Mutualism

in Biofilms

As biofithms mature and become structurally
more complex, a variety of growth niches form
due to the development of concentration gra-
dient, as described above. Within a particular
mnicroniche, interspecies competition occurs,
which typically results in the dominance of the
orgamsm capable of the fastest growth. How-
ever, in laboratory experiments with defined
cultures, it has been noted that such competi-
tion does not result in the eradication of
the slower-growing organisms, despite their
disadvantages in growth rate (Sturman et al.,
1994; James et al., 1995; Stewart et al., 1997).
Bacteiia can survive for extended time periods
under adverse conditions by forming dormant




structures such as spores and ultramicrobacteria
(Lappin-Scott et al., 1994). These dormant
forms can become active as soon as the envi-
ronmental conditions become favorable again,
explaining both the ubiquity of microorganisms
globally and the quick colonization of available
niches (Costerton et al., 1995).

Biofihm growth therefore generates various
niches {(at both the micro- and macroscale lev-
els), and the best-adapted organisms establish
active populations in each. It is likely that both
competitive and, to some extent, mutnalistic
interactions occur between species in these ni-
ches. An example of macroscale niche devel-
opment is the growth of denitrifying organisms
downstream from the aerobic zone in a sea-
water injection system. At the microscale level,
inhabitants of the same biofilm exhibit mutu-
alism when one member of the consortium
consumes a compound that is toxic or inhibi-
tory to another member (e.g., oxygen con-
sumption by aerobic bacteria in close proximity
to active sulfate-reducing bacteria [SRB]) or
produces a by-product that enhances the ac-
tivity of a neighboring cell. In addition, ex-
change of genetic material can occur by plasmid
transfer between cells in close physical prox-
imity in biofilms, conferring resistance to some
antimicrobial agents. The complex nature and
dynamics of biofilms in natural and constructed
systems ensure that there are a large number of
microniches available to support the growth ofa
wide diversity of microbial types. Diftusion
gradients of oxygen, organic carbon, reaction
products, and nutrients form as the biofilm
develops (Costerton et al., 1995}, providing
opportunities for bacteria to grow within the
biofilm, even when bulk fluid conditions are
not conducive to their activity. Metabolic co-
operation within biofilms has been described in
complex environmental systems that generate
methane (Macleod et al., 1990) and degrade
cellulose (Kudo and Costerton, 1987). In in-
dustrial systems, particularly  ferrous-based
pipelines, biofilm-enhanced mutualism can
lead to the proliferation of corrosion-causing
bacteria  beneath less harmful populations
(Dickinson and Lewandowski, 1996).
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Genetic Exchange in Biofilms

The exchange of genetic material (DINA) be-
tween bacteria is a fundamental mechanism in
evolution and microbial adaptation. Genetic
exchange can occur via plasmid transfer, via
transposition and conjugation, or simply as a
result of nucleic acids from 2 lysed cell being
taken up by a living cell (Angles et al., 1993).
Such DNA transfer occurs routinely in all
cells, planktonic or sessile, but the proximity
of cells within cell clusters in biofilms facili-
tates this process for attached bacteria. Because
biofilms contain cell densities many times
those observed in planktonic cells, rates of
gene transfer may be very high in biofilms
(Ghigo, 2001). This genetic exchange may
transfer antibiotic resistance or the ability to
metabolize an uncommon substrate, or the
exchange may influence the growth and sur-
vival envelope of bacteria within the biofilm.
Stoodley et al. (2002) have suggested that the
complex biofilm structure may facilitate gene
transfer between cells, a function that may in
turn be regulated by signaling molecules.

Cell Signaling in Biofilms

While cell signaling is a relatively new area of
microbiology research, it has received a great
deal of attention in the past several years,
patticularly as a potential means of disrupting
biofilm formation or facilitating biofilm de-
tachment (Stoodley et al., 2002). Microbially
produced quorum-sensing molecules, such as
HSL, induce gene regulation when a sufficient
concentration of the signal compound accu-
mulates in close proximity to the cell (Fig. 3).
Quorum sensing has been linked not only to
biofilm formation (Davies et al., 1998), but
also to the expression of virulence factors in a
variety of opportunistic pathogens (Hentzer
and Givskov, 2003). The identification of
HSLs as important signaling molecules has led
to the investigation of HSL analogs, which
could potentially function to confuse the re-
ceiving cell by blocking signal receptors. Not
surprisingly, the search for signal analogs has
focused mainly on human pathogens, such as
Pseudomonas aeruginesa in cystic fibrosis, where
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Relatively low HSL
concentration

FIGURE 3 Cell-cell communication {guorum sensing) in bacteria is associated with the accumulation of signal
molecules such as FISLs that coregulate gene transcription., Communication may be inter- or intraspecies, and 2
wide variety of cellular functions {such as metabolic pathways, growth rate, and detachment) may be influenced in
other bacteria by the secretion of signal molecules. The biofilm matrix enhances cell-cell communication, since

bacteral cells are in close proximity to each other,

development of an effective drug therapy could
have immediate and lifesaving implications,
Potential applications of quorum-sensing
bacterial inhibidon to industrial settings will be
more challenging than infection control in
medical contexts for several reasons, including
the expense of potential signal molecules and
the complexity of real-woild industrial bio-
films. Although response to a common signal
(cross-talk) has been established on a limited
basis between different bacterial species (Rie-
del et al.,, 2001), the challenge of biofilm
modification in an industrial setting, with a
variety of microbial species, corrosion prod-
ucts, inorganic molecules, and variable che-
mical conditions, has yet to be approached

in laboratory investigations, let alone field

applications.

Biofilms clearly are exquisitely complex
communities that adapt readily to changing
conditions, cling tenaciously to virtually all
solids, and possess defense mechanisms (both

individually and en masse) that allow them to
persist in the presence of antimicrobials that
effectively kill their planktonic counterparts.
Signaling molecules are part of this collective
behavior, but it is as yet unknown to what
extent the many bacterial species in an eco-
system (such as an oil-bearing formation or a
petroleum pipeline) respond to common sig-
nals or influence the behavior of neighboring
cells. The investigation of signal analogs holds
promise for future biofilm control efforts but is
in its infancy with regard to the complex and
highly variable conditions presented in the
petroleum industry.

MONITORING BIOFOULING IN THE
PETROLEUM INDUSTRY

Laboratory Biofilm Studies

Industry and academic researchers have long
recognized that the essential problem of
studying petrolevm industry biofilms in the




laboratory is one of finding the correct balance
between simplicity (and thereby controllabil-
ity) and relevance. Implicit in finding this
balance are questions of system scalability,
microbial consortium complexity, and system
variability (dynamics). To address research
questions ranging from investigations of mi-
croscale events to overall system behavior,
researchers have developed a battery of growth
reactors and methods. Microscale studies to
determine cell attachment rates, biofilim be-
havior, and biocide penetration are typically
performed in simple flow chambers that can
be placed on a microscope stage and viewed
throughout the experiment (Stoodley et al.,
1999b). While flow cells offer a high degree of
control over Auid hydrodynamics and valuable
microscale data coilection options, the biofilm
cannot be physically sampled, and only simple
systems can be approximated. A step up in
complexity is the continuous stirred-tank re-
actor (CSTR) for biofilm study. CSTRs take
many forms, such as the commercially avail-
able annular and disk reactors. CSTRs are
useful for studying biofilms where both
planktonic and sessile growth phases are pres-
ent. A standard biofilm method has been
developed using such a reactor system and
standard " biofilm  enumeration  protocols
(American Society for Testing and Materials,
2001). CSTRs typically have several easily
removable coupon surfaces from which a
biofilm is enumerated or viewed via micros-
copy. More complex yet, and commensu-
rately closer to field conditions, are pipe loop
reactors and medium-filled column reactors.
Pipe loop systems can often be operated un-
der conditions quite similar to those found
in field situations. Biofilm sampling is more
difficult in these systems than in the CSTR.
reactor, but it can be accomplished through
installation of threaded, flush-mounted pipe
wall insertions that can be removed individ-
nally. Columns filled with sand, soil, or other
media represent the extreme end of the
spectrum in terms of complexity and field
relevance. They are, however, difficult to
control and sample. Bulk fuid properties can
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be easily sampled in the influent and efAuent,
but biofihn sampling necessarily involves re-
moving a pottion of the solid phase and re-
covering the attached biomass. Overall, the
correct reactor system for experimental work
must be chosen based on the need for a field
relevant system and the need to control data
quality.

Assessment of Biofouling in the Field
Collection of representative biofilm samples
and valid measurements of biofouling rates are
major challenges for oil field systeins. The
problems of collecting and reliably analyz-
ing water samples are well known (American
Petroleum Institute, 1982; Mclnerney and
Sublette, 1997), and such samples have only
‘marginal relevance to biofouling assessments
(Sanders, 1992). Industry standard practices fo-
cus on methods for determination of planktonic
bacterial numbers and ounly briefly mention
sampling and testing for the more important
biofilm components of a system (National As-
sociation of Corrosion Engineers, 1990, 1994).
In-line and real-time monitoring of bacterial
attachment, biofilm accumulation rate, onset of
microbial corrosion, or some other associated
parameter in the most critical part of the system
is the ultimate goal of biofouling manage-
ment. Ideally, this should be linked automati-
cally to a control measure such as bactericide
injection. While a wide range of potential tech-
nologies are available or are being developed
for rapid quantification of biofouling (Nivens
et al,, 1995; Flemming, 2003), very few of
these are at the stage of field deployment; they
are suitable for laboratory use until they can be
made simple to wse, install, interpret, and
maintain (Borenstein and Licina, 1994).

CURRENT BIOFILM

ASSESSMENT METHODS

if biofilms are assessed at all in oil field systems,
traditional cultivation techniques are usnally
applied to samples from sidestreamn biofouling
devices connected to the process stream, from
corrosion coupons or special in-line bioco-
upons. Sidestream and in-line biofouling
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monitors are available from numerous vendors
and are essential tools in any biofouling con-
trol program. While it is possible to collect
frequent samples from sidestream systems, care
must be taken to ensure that the linear flow
rate in the sidestream matches that of the line,
so that a representative assessment can be
made. In-line biocoupons have the advantage
that the biofilm is more likely to be repre-
sentative of the system, but access fittings are
not always available at the most useful loca-
tion, and sample frequency may be limited.
Another possibility suggested by Jenneman
et al. (2004) is to use porous media “biotraps”
in sidestreams. Using porous polymer beads
gives a large surface area for bacterial attach-
ment and speeds up biofilm development so
that molecular and cultural methods can be
conducted to assess the degree of biofouling in
the systemn.

Having collected a biofilm sample on a
surface, the challenge of undertaking a repre-
sentative analysis begins. Current cultivation
methods are limited by (i} the difficulty of
preparing a suspension of single cells from the
tightly bound cell clusters in the biofilm while
retaining viability, (ii) the selectivity of culti-
vation media, (i) the time taken to obtain
results, and (iv) the semiquantitative nature of
the methods (Maxwell et al., 2004). Biofoul-
ing assessment methods based upon changes in
heat transfer resistance, differential pressure, or
optical attenuation have been developed for
other industries, usually for sidestream systems,
but these have not yet been applied to oil
industry systems due to their complexity and
cost (Ludensky, 1999).

DEVELOPING BIOFILM

ASSESSMENT METHODS

Biofilm monitoring techniques can be classi-
fied into three groups, depending on the level
of information they give (Flemming, 2003).

+ Level 1 monitors detect the buildup of surface
fouling in general and cannot differentiate
between biomass and inorganic fractions.

Methods such as optical sensors, ultrasound,
heat transfer resistance, and quartz microbal-
ances fall into this category.

Level 2 monitors differentiate organisms
and/or biomass from inorganic deposits.
Biochemical probes, genetic methods, and
confocal laser microscopy fall into this cate-
gory.

Level 3 monitors detect the activity and vi-
ability of bacteria. Few monitors currently
fall into this category, but some of the ge-
netic, chemical, and enzymatic methods
might be developed for this.

*

There are many developing technologies with
the potential for obtaining real-time indica-
tions of bacterial numbers and colonization
rates on surfaces. These have primarily been
developed for clean water sitnations, such as
the nuclear power industry, where any bio-
fouling results in poor performance of the
plant, but sonie have potential for specialized
studies in oil field systems. Scanning confocal

laser microscopy and fluorescence in situ hy-

bridization, combined with denaturing gradi-
ent gel electrophoresis, are now in routine use
to monitor biofilms in heating systems and
could be directly applied to the oil industry.
(Kjellerup et al., 2003).

An automated biofouling control system
has been used in recirculating systems, with a
fluorogenic bioreporter chemical added. This
complex changes its fluorescence emission
spectriim when it interacts with biofim or
bacteria and continuous analysis of in-line
samples is possible. Changes in fluorescence
peaks are related to the degree of microbial
activity, and the bactericide pump rate can be
linked to the bioreporter signal so that real-
time, automated, biofouling control can be
imposed. (Chattoraj et al. 2002). This has been
demonstrated as a practicable tool to link real-
time, on-line monitoring with the bacteri-
cide pump so that there is a direct feedback
between the monitor and biofilm control
measures. Electrochemical methods are de-
veloping rapidly, such as the BIOX probe for
cooling water systems (Mollica and Christiani,




2003} and the Biofilm Activity Monttoring
system (Veazey, 2003). The BloGEORGE
system encourages the attachment of bacteria
to a complex electrochemical probe, measur-
ing the decrease in polarization resistance due
to biofilm accumulation and detecting the cur-
rent flow between identical nonactive elec-
trodes established by sessile bacterial activity.
This can give advanced warning of the onset of
biofouling; by linking the probe to a bactericide
dosing pump, the system is treated only when
the risk of biofouling is high. Methods under
development are listed in Table 1. The ulti-
mate goal is to have a usable, robust system
that will monitor biofilm buildup in line and
in real time; there are already a few systems
which show promise in field applications. Our
ability to detect and control biofouling in oil
ficld systems will undoubtedly improve, pro-
viding that the technology is simple, robust,
and cost effective.
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PRACTICAL IMPLICATIONS OF
BIOFIL.MS IN THE OIL INDUSTRY

With the exception of their uses in wastewa-
ter treatment systems, MEOR, and bioremne-
diation, biofilms typically result in problems
requiring costly and ongoing remedial mea-
sures. Furthermore, it is well documented that
cells growing within a biofilm are more highly
resistant to antimicrobial treatments than
planktonic cells. When exposed to a particular
antimicrobial dose, the log reduction in
planktonic cells is typically 2 to 4 orders of
magnitude higher than is the case for biofilm
cells. In extreme cases, this difference may be
over 8 orders of magnitude (Stewart et al.,
2000; Sanders, 1988). Research over the past
20 vyears suggests three reasons for this
heightened resistance: (i} depletion of the an-
timicrobial in the bulk fluid adjacent to a
biofilm, (ii) failure of the antimicrobial to ad-
equately penetrate the biofthm, and (iii) reduced

TABLE 1 Methods being developed for biofilm assessment in oil field applications®

Methods suitable for use in industrial systems

Methods currently limited to
laboratory studies

Fiber optic devices built into pipewalls (use NAD/NADP
autofluorescence)

Difterential turbidity

Rototorgue annular reactor {off-line)

Heat transfer resistance

On-line ultrasound probe {ultrasonic frequency domain
reflectometry)

ATP

Lasers (focused-beam reflectance)

Infrared con-line detectors

Quartz crystal microbalance

Fluorescence in situ hybridization, in situ PCR

Denatured genome gel electrophoresis

Viable stains (DAPIL, CTC, EMA, etc.)

Electrochemisiry (ECN, BIOX probe, BIoGEQRGE
probe)

Redox potential probe

Cyclic voltametry

Chemical changes (for effluent treatment plant)

BioWatch {Ondeo) used to control process, based on
optical density of fihn

BioSensor (Ondeo), a bioreporter chemieal addition
for a recirealating system

X-ray PES for EPS detection

" Microelectrodes {pH, nutrients)

Conductimetry

Scanning confocal laser microscopy

Differential interference contrast
microscopy

Phatoacoustic spectroscopy

Microautoradiography

Beta microimaging )

Phospholipid fatey acid markers

EPS chemistry (lectin binding)

Enzyme activity (fluorescent reporter)

Titrimetry (pH stat)

Terminal restriction fragment length
polymorphism

Natural fluorescence (NADP-tryptophany

Green fluorescent protein tags

Fluorescence spectrometry

“DAPIL 46" -diamnidino-2-phenylindole; CTC, cyanotolyl tetrazolinm chloride; EMA, ethidinm monoazide; ECN, electrochemical

noise; PES, photoemission spectroscopy.
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susceptibility of biofilm bacteria to antimicro-
bial treatment. In the fist case, the higher cell
density of the biofilm relative to cell suspen-
sions renders a reactive biocide less effective
against the biofilm. In the second case, an an-
timicrobial reacts with a component of the
biofilm {or a cell excretion) and is neutralized
before diffusion carries it to the substratum.
This mechanism has been shown to occur with,
oxidizing agents such as hypochlorite and hy-
drogen peroxide (de Beer et al., 1994b; Xu et
al., 1996; Sanders and Robinson, 1992} as well
as for enzymatically degraded antibiotics (Ni-
chols, 1991). In the third case, the antimicro-
bial may sufficiently penetrate the biofilm, but
it is nonetheless ineftective, due to biofilm cells
existing in a slow-growing or starved state
(Brown et al., 1988) or as an antimicrobial-
resistant  phenotype  (Gilbert and Brown,
1995). While biofilm control is possible with a
variety of oxidizing and nonoxidizing biocides
and physical removal techniques, the protective
mechanisms outlined above hamper efforts to
completely eradicate biofilms in virtually all
industrial and  environmental systems. Re-

peated antimicrobial dosing or physical clean-
ing is therefore necessary, as biofilm regrowth
following treatment typically occurs over a
period of hours to days.

Because biofilms are in intimate contact
with pipe walls, vessel interiors, and environ-
mental solids, their capacity to modify these
surfaces is greatly enhanced relative to that of
planktonic cells. The acceleration of corrosion
due to sessile bacteria (microbially influenced
corrosion) has been of paramount interest to
mdustrial practitioners and researchers alike
and is described in detail in chapter 8. Biofilms
facilitate corrosion both by trapping corrosive
metabolic products in close proximity to sur-
faces, as in the case of hydrogen sulfide pro-
duced by SRB (Geesey et al, 2000), and
through the metabolism of bacteria which uti-
lize reduced metals as a source of energy, as
in the case of iron- and manganese-oxidizing
bacteria (Lewandowski et al., 2002). Recent
work by Lewandowski et al. (2003) suggests
that the activity of manganese-oxidizing bac-

teria inside biofilms can greatly enhance cor-
rosion through the cycling of relatively low
concentrations of dissolved manganese. In this
mechanism, dissolved Mn?t is oxidized to
MnQO,(s) by manganese-oxidizing bacteria in
biofilms. MnO, surface deposits then oxidize
passive metallic pige materials, cycling man-
ganese back to Min™™ to begin the cycle anew.

Some workers have postulated that pro-
tective biofilms may prevent corrosion under
some circumstances. Pure cultures of several
aerobic and facultative bacteria (grown under
aerobic conditions) were shown to decrease
corrosion rates relative to sterile controls in
laboratory studies (Jayaraman et al., 1997).
Preliminary field studies using a similar strat-
egy of inoculation of a beneficial bacterium
(Bacillus polymyxca) have shown a positive effect
on corrosion rates {Syrett et al., 2002). A key
issue in such a treatment strategy is the survival
of the inoculated organisin(s) into a nonsterile
environment. Field application of this strategy
would likely require either continuous or re-
peated inoculation of the beneficial consortium
to maintain its dominance over indigenous
bacteria. Nonetheless, this strategy may hold fu-
ture promise as an acceptable alternative to the
conventional bactericide treatments to control
biofilm-related problems in oil field systems.

Biofilms may grow to the extent that ac-
cumulated cells and extracellular polymer in-
fluence the hydraulic or thermal conductivity
of their environment. This phenomenon is
particulatly problematic in porous media, in-
jection wells, membrane systems, and heat
exchangers. The propensity of biofilms to re-
duce hydraulic conductivity has been used in
the construction of biological barriers to assist
groundwater bioremediation. Nutrient injec-
tion has been shown to decrease hydraulic
conductivity 100-fold in field studies and over
10,000-fold in laboratory reactors {Cunning-
ham et al.,, 2003). The detrimental effects of
biofilms in oil field systems are covered in
greater detail below.

Microbial cell activity changes the water
chemistrty of the media in which the cells
grow. These changes may be particularly acute




in the case of biofilins because cell densities are
far greater than with planktonic growth, es-
pecially when the surface area/fluid volume
ratio is high or when linear flow rates are low.
in addition to removing organic carbon, bio-
films may add detrimental chemical com-
pounds to the solution, such as hydrogen
sulfide in the case of SRB activity, or alter the
physicochemical properties of the fluid, for
example, by pH modification or oxygen re-
moval, Although the activity of planktonic
populations is well understood in this regard,
the effects of biofilm activity in industrial
systems are less well studied. Since biofilms
may harbor unknown organisms or support
difficult-to-kill populations, they are of par-
ticular importance with respect to under-
standing the impact of microbial growth in
specific oil field systems.

The most important consequences of un-
controlled biofilm growth in an oil field system
are negative: they directly impact the safe op-
eration, economic performance, and environ-
mental compliance in all areas of extraction,
transport, refining, and disuibution (Sanders
and Hamilton, 1985). Sometimes, microbial
activity in an industrial system can be benefi-
cial, if it can be predicted and controlled.
Numerous attempts have been made to utilize
microbes to improve oil recovery, reduce pro-
duction costs, or minimize environmental im-
pact. The widespread impact of biofilms on
the oil industry is summarized in Fig. 4, and
these effects are listed below.

1. Water injection system fouling and/or
microbial corrosion. Water (seawater, aquifer,
or produced water) is treated before injection
into the oil formation for secondary oil re-
covery. Bacteria grow in the water and on the
pipe walls, resulting in downstream contami-
nation and microbial corrosion of carbon steel
and other materials.

2. Downhole microbial corrosion {imeso-
philes). When bacteria are present in the in-
Jection well, they forin biofilms, which result
in microbial corrosion of the tubing, casing,
and subsurface safety valves. Injection water is
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typically cool, so mesophilic bacteria are in-
volved, growing at less that 45°C.

3. Reservoir souring and plugging. If
bacteria survive the transition from injection
water to the formation, they attach in che
near-well-bore region. Subsequently, they may
migrate deeper into the formation, and ther-
mophiles (growing only at temperatures in
excess of 45°C) may then grow. In both lo-
cations, SRB will form H,S, and a biofilm will
plug the rock, leading to a loss of injectivity
and poor recovery of oil.

4. Downhole microbial corrosion (ther-
mophiles). Downhole production well mate-
rials can be colonized by thermophilic bacteria
derived from the formation. This results in
microbial corrosion attack of the tubing and/
or casing; {most critically) the corrosion-
resistant alloys of subsurface safety valves and
wellhead wing valves, with obvious safety
implications; and electrosubmersible pumps.

5. Production system microbial corrosion,
H,S, and oil-in-water problems. Produced
fluids and gas are separated in process trains
and gas-oil séparating plants. Bacteria colonize
the water-wet surfaces of these facilities, and
this can result in microbial corrosion. In ad-
dition, H,S can be generated in significant
quantities in production systems, adding to the
H,S produced downhole. Furthermore, bac-
teria and iron sulfide stabilize oil-in-water
emulsions, leading to poor separation and a
high oil-in-water content in discharged or
reinjected produced water.

6. Subsea manifold microbial corrosion.
Increasing use of subsea completions, tem-
plates, and manifolds results in reduced op-
portunity for chemical treatment, repair, or
replacement. Even a small amount of fouling
or microbial corrosion in these systems has a
Major economic impact.

7. Flow line internal microbial corrosion
and fouling. Subsea water injection and pro-
duction flow lines commonly suffer from mi-
crobial corrosion and biofouling due to the
low linear flow rates and deposit accumulation.
The same is also true for onshore flow lines,
which may be in excess of 100 km long, with
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complex distribution systems. Problems tend
to materialize toward the far end of these
systems and are usually at the 6 o’clock posi-
tion. -

8. Aquifer supply plugging and electro-
submersible pump microbial corrosion. Aqui-
fer water may be used as a source for water
injection. Microbial growth in the borehole or
near-well-bore area can result in plugging of
the rock and therefore reduced water pro-
duction. It can also result in microbial corro-
sion of the electrosubmersible pump impellers
and column pipe.

9. Produced water injection well plugging.
Produced water may be reinjected after treat-
meit for pressure maintenance or into another
formation for disposal. Bacteria in the produced
water will contaminate the injected zone,
leading to plugging (loss of injectivity), H,S
souring, and microbial corrosion problems.

10. Crude oil storage H,S and H,SO..
Bacterial growth in ofishore crude oil storage
tanks initially results in organic acid produc-
tion and acid attack of materials. As conditions
change, H»S is produced by SRB. In special
cases, sulfuric acid is produced by sulfide-
oxidizing bacteria, leading to safety and cor-
rosion Concerns,

11. Pipeline internal microbial corrosion
and fouling. Even though crude oil is dehy-
drated, water will drop out in long distribu-
tion lines. Bacterial growth in this stagnant
water results in pitting in the 6 o’clock posi-
tion, ultimately creating full penetration and a
groove and requiring replacement of the line.

12. Onshore crude oil tank microbial cor-
rosion. Water inevitably collects in the bottom
of crude oil storage tanks, and bacteria (and
fungi) grow quickly on the soluble components
of the oil. Dense microbial populations result,
with possibilities for microbial corrosion of
poorly protected tank surfaces and contami-
nation of downstream systeins.

13. Refinery microbial corrosion. Refin-
eries handle a wide range of hydrocarbons.
Although refinery processes are at high tem-
peratures in the absence of water, storage of
the refined products allows the possibilities
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for microbes to grow if water condensation
occurs. Gas oils, paraffins, and the low-
boiling-point fractions are most susceptible.

14. Crude oil cargo tank microbial corro-
sion. Marine tankers invariably have a buildup
of water in the cargo tank bottoms, which is
difficult to drain. This water may be from con-
densation or from the small amount of water
introduced with the oil. Bacteria and fungi
grow in this water and pose a risk of microbial
corrosion to unprotected metal surfaces.

15. Diesel tank contamination and spoil-
age. Diesel and gas oils are readily degraded by
bacteria and fungi. When stored for extended
periods, the microbes can become suspended
in the hydrocarbon and eventually lower the
combustibility of the fuel. Storage tanks for
standby generators and lifeboats are particu-
lar problems due to low fuel consumption
under normal operations.

16. Ship fuel fouling, spoilage, and micro-
bial corrosion. Fuels used for marine engincs
can easily become contaminated with mi-
crobes, due to the diverse bunkering locations:
Seawater displacement systems are sometimes
used to balance the trim of the vessel: these
suffer fuel injector corrosion and blockage,
high fuel filter consumption, and fuel system
microbial corrosion.

17. Ship lubricating and hydravlic oil
contamination. Lubricating and hydraulic oils
can become contaminated by bacteria, partic-
ularly when water is present as a contaminant.
Bacterial activity reduces the performance of
the oil, shortens its lifetime, and causes engine
damage or failure of hydraulic systems.

18. Helicopter and aircraft fuel contami-
nation. Aviation fuels are readily used by hy-
drocarbon-degrading microbes in the presence
of water. Microbial growth can quickly make
the fuel unusable, due to increased solid matter
{particularly fungal hyphae}, reduced pH, and
lower combustibility. ‘

19. Water-filled steel legs and hydrotest
microbial corrosion. Any system filled with
untreated water (even potable water) can suffer
from biofouling. This applies to ballast water
tanks, potable water tanks, and hydrotest fluids
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used for pressure testing. Bacteria are more
likely to form a biofilm in nutrient-poor water
systems, thus initiating microbial corrosion.

20. Firewater system microbial corrosion
and fouling. Firewater systems tend to remain
full of static water for long periods. This en-
courages the growth of biofilms; particularly
in seawater-filled systems, microbial corrosion,
sulfidation, and biofouling can occur. In ex-
treme cases, microbial growth may be severe
enough to block the sprinkler heads.

21. Potable water microbial corrosion and
pathogens. Potable water and water-filled
heating systems can harbor a significant bac-
terial biofilm. This biofilm can cause intense
pitting corrosion of copper piping and the
replacement of infected systems. The biofilm
also harbors pathogenic microbes such as Le-
gionella, posing a health risk.

22. Heat exchanger microbial corrosion
and fouling, Heat exchangers are particularly
prone to bacterial fouling and microbial cor-
roston, due to the recirculation of fluids, tem-
perature cycling, and atmospheric exposure.
Microbial corrosion and severe fouling of even
corrosion-resistant alloys such as stainless steels
in shell-tube heat exchangers are common.

23. Desalinization plant and reverse os-
mosis plant fouling and microbial corrosion.
Desalinization of seawater to produce potable
water requires the pumping of water through
reverse osmosis membrane bundles. These can
easily become colonized by microbial films,
significantly reducing the efhiciency and life-
time of the membranes. There is also the in-
creased risk of microbial covrosion, due to
biofilm formation on supply pipe work.

24, Microbial corrosion of steel under
marine growth. Marine growth on harbor
piling and offshore structures provides a pro-
tected, organic-rich environment where mi-
crobes can thrive. Large numbers of bacteria
develop in biofilms on the metal surface,
leading to enhanced corrosion and extra de-
mand on cathodic protection systems.

25. Spalling of concrete under marine
growth. Bacterial biofilms develop underneath
marine growth on concrete structures. Acid

production by microbial activity at the con-
crete surface can dissolve cementation and
cause flakes of concrete to be detached. In se-
vere cases, this can expose the reinforcing bars
and further reduce the structural integrity of the
concrete.

26. Discarded drill muds, microbial cor-
rosion, and environmental contamination.
Drilling muds contain oil, polymers, and other
additives, which support bacterial growth.
When discarded on the seabed, the microbial
fora can be spread for large distances around
the platform. Nearby seabed structures can be
covered by such muds, and these are then
exposed to increased microbial corrosion risk.

27. Drilling and workover fluid contami-
nation. Components of the drilling muds,
workover brines, and stimulation fluids canbe
readily contaminated by bacteria. In addition
to causing microbial corrosion of the metallic
components, loss of such contaminated fluids
into the hole can contaminate the drilled
formation and cause problems for the pro-
duction or injection systems.

28. Naturally occurring radioactive mate-
rial concentration by SRB. Uranium reduc-
tion from soluble to insoluble states can take
place through the activity of metal-reducing
bacterta and SRB. Although uranium is pres-
ent in minute concentrations 1n water, a sur-
face biofilm may contain enough radioactive
isotopes to be classified as a naturally occurring
radioactive material, requiring special handling
and safety measures during plant maintenance.

29. Production chemical spoilage. Many
production chemicals contain nutrients that
support bacterial growth. Nitrogen, phosphe-
rus, and readily degradable organic compounds
can be present in scale and corrosion inhibitors
and demulsifiers, for example. These can be
degraded during storage or distribution, re-
sulting in poor performance and system con-
tamination.

30. Internal and external coating degrada-
tion. Industrial coatings applied to oil field
process plants may be biodegraded, due to the
activity of microbes in biofilns. Acids, sur-
factants, and biopolymers produced by an
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active biofilim may degrade even the most inert
coatings.

31. MEOR.. Various processes have been
developed that use microbes to improve oil
recovery rates or efficiency. Microbial prod-
ucts (polymers and surfactants) can be added to
the injection water; bacteria can be injected as
dormant forms and encouraged to produce
biofilm to divert water flow to unswept areas;
and nutrients can be injected to stimulate the
resident bacterial population to produce car-
bon dioxide (to repressure the reservoir), acid
(to increase fluid movement), or surfactants {to
release bypassed oil).

32. Oil spill biodegradation. Specially se-
lected, fast-growing, hydrocarbon-degrading
bacteria are available commercially, Thesc
can be applied to oil spills in the ocean or on
beaches, often with an inorganic nutrient
source to stimulate their activity. This tech-
nology has the potential to be more environ-
mentally acceptable than chemical dispersants.

33. Bioremediation. Hydrocarbon-degrading
bacteria can also be used to convert hydrocar-
bon wastes to useful organic soils. By mixing
inorganic nutrients, hydrocarbon, sand, and
water with a bacterial inoculum (which is typ-
ically naturally present), the hydrocarbon is
degraded and detoxified.

34. Biodesulfurization. Many crude oils
contain large amounts of sulfur compounds
that must be removed .prior to refining.
Technologies are being developed which use
specially selected bacterial strains to convert
the sulfur and sulfide to sulfate and other more
casily treated forms.

35. Competitive microbes to control mi-
crobial corrosion and souring. Recent devel-
opments have identified the possibilities of
encouraging competitive microbes to grow to
suppress the activities of troublesome bacteria.
Nitrate-utilizing bacteria can be stimulated by
the addition of nitrate to the system, and their
growth inhibits SRB activity, Nitrate treat-
ments show promise for the effective control
of H,S souring and microbial corrosion, but
they do not reduce the biofouling potential of
the system.
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36. Biosensors. Biosensors incorporate a
biological component into a sensor to monitor
specific components of the process plant in real
time. The biosensor may use immobilized
bacteria to detect target molecules or attach-
ment of bacteria to the surface of the sensor,
indicating the biofouling potential of the
systein.

37. Biorefining and bioupgrading. Pro-
cesses are being developed to use bacteria to
convert heavy tar sand formations (presently
not recoverable) to lighter oils or to upgrade
the oil by converting long-chain alkanes to
smaller molecules, thus improving its viscosity.
Bacteria immobilized in biofilms will un-
doubtedly play a part in this technology.

38. Microbial prospecting. Trace scepages
of hydrocarbon gas from subsurface reser-
voirs encourage the growth of hydrocarbon-
degrading microbes in the surface soil. Soil
sampling programs can identify where these
populations occur and locate target areas for
exploratory drilling.

39. Bacterial production of novel oil field
chemicals. Biopolymers such as xanthan gums,
biosurfactants, and enzymes are available
commercially for oil field applications.

40. Control by specific pathogens. The
introduction of specific pathogens to target
troublesome biofilm bacteria has been sug-
gested. Bacteriophages specific for SRB could
be developed, with one advantage being that
sufficient bacteriophages would remain in the
biofilm to provide long-term control.

CONVENTIONAL BICFOULING
CONTROL MEASURES

Four general strategies are available with re-
spect to biofouling-related problems in oil
fields. In theory, biofilm formation may be
prevented by creating a barrier so that mi-
crobes do not enter and colonize the system;
ultrafiltration, UV sterilization, or chlorina-
tion programs are typical (in practice, it is
difficult to exclude all microorganisms from a
system). The rate of biofilm development may
be controlled by using chemical treatments
designed to inhibit bacterial attachment or
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growth; by altering process conditions such as
flow, temperature or salinity; or by a regular,
frequent, physical removal program (pigging
or scraping). The effects of biofouling may be
limited by employing engineering solutions,
such as using coated pipe (which does not
prevent biofouling but does control microbial
corrosion} or designing changes to ensure high
flow rates and minimal biofouling. Finally,
no control of biofouling may be attempted
without the associated cost consequences be-
ing accepted.

An analysis of the biofouling potential of the
system, coupled with an assessment of the as-
sociated operating and capital costs, is required
to select the most appropriate biofouling con-
trol strategy. This is rarely carried out in prac-
tice; the first (and often only) control measure is
usually the application of a chemical micro-
bicide to the system to limit the development of
biofilm so that it does not cause an operational
problem. A wide range of chemical treatment
regimes have been developed to ensure that
microbial problems are minimized; these rely
mostly on dosing with toxic chemicals to kill
and remove biofilms. Many factors affect the
performance of the chemical (for example,
system water chemistry, flow conditions, the
thickness and nature of existing biofilms, re-
growth rates, and concentration-contact time
combinations), and such factors must be con-
sidered when designing an effective biofouling
control program {(Characklis, 1990).

A relatively wide range of bactericidal
molecules exist. Chlorine or hypochlorite is
frequently used as a disinfectant as it is relatively
inexpensive, can often be generated on site,
and can be dosed continually at low concen-
trations. Commercially available nonoxidizing
bactericides are generally blends of a few se-
lected active ingredients (frequently glutaral-
dehyde and/or formaldehyde mixed with a
surfactant or tetrakis hydroxymethyl phos-
phonium sulfate, again blended with surfac-
tants). Other active agents (e.g., biguanides and
1sothiazolones) may be more suitable for spe-
cific systems where hydrocarbons or unusual
water sources are treated.

Experience has demonstrated that the tra-
ditional chemical treatment approach often has
limited success in large industrial systems, even
if high bactericide concentrations or extended
dosage periods are employed. There are nu-
merous reasons why conventional bactericide
applications frequently fail to eliminate mi-
crobial problems, and these need to be ad-
dressed when setting up any microbial control
program (Sanders, 2002).

Underdosing

Underdosing of bactericide {(or an inappro-
priate treatment regime) is probably the most
common cause of poor mcrobial control.
Treatment regimes suitable for a clean system
may fail completely if biofilins or if substantial
amounts of inorganic deposits are present.
Bacteria suspended in water are relatively
casily and rapidly killed by low concentrations
of traditional bactericides such as chlorine and
glutaraldehyde. However, when bacteria grow
in a biofilm, large amounts of organic poly-
mers protect the cells from the chemical, and
much higher concentrations are required to
kill these sessile microbes. Many commercial
bactericide blends have surfactants added to
the product in an attempt to break up biofilms
and enable the bactericide molecule to pene-
trate throughout the biofilm. Experience has
shown that it often takes more than 10 times
more chemical to kill sessile microbes than the
samne cells in the planktonic state. Some active
agents react with the organic materials in
biofilms and are thus unable to control sessile
bacteria. Chlorine and hypochlorite, for in-
stance, are able to kill planktonic cells rapidly
in low concentrations, but they have low
levels of activity in cells deep in biofilms.

Inappropriate Dose Regimens

Selection of an appropriate dose regimen for a
system relies on knowledge of the kinetics of
the chemical-bacteria reaction. This is not
necessary for the control of planktonic cells,
where there tends to be a linear relationship
between concentration and contact time: a
higher concentration will be effective in a shoit




contact timme, while a lower concentration will
require a longer contact time. However, the
relationship between contact time and concen-
tration is more complex when treating biofilms.
To treat biofilms effectively, the chemical must
diffuse throughout the film to contact the bac-
teria (including SRB) close to the metal sur-
face. Therefore, if insufficient contact time is
allowed, even an extremely high bactericide
concentration may not be effective. Con-
versely, if the chemical is inactivated by the
organic material of the biofilm, a low concen-
tration may not be effective, even if dosed
continuously. For bactericides to be effective
against biofilims, both the contact time and the
dose rate must be optimized. Each bactericide
will have its own window of effectiveness, de-
pending upon its degree of surface activity,
penetrating power, and inactivation by organ-
ics. For some chemicals, 1,000 ppm for 60 min
may work well, whereas 100 ppm for 600 min
may not; for others, the opposite may be true.

For nonoxidizing bactericides, batch treat-
ment is normal. Such treatments reduce the
bacterial contamination of the system but
rarely eliminate it completely. Surviving bac-
teria are able to grow in the absence of bac-
tericide, requiring the application of another
batch treatmment (Larsen et al,, 2000). This
leads to a sawtooth graph of bacterial activity
with time. The interval between batch treat-
ments is usually fixed for convenience {e.g.,
once per week), but this is not necessarily the
optimum. Some systems require treatment
more often; in extreme cases, daily batch
treatments must be employed to keep micro-
bial problems in check.

Tolerance and Resistance

Qi field watersystems typically contain a very
mixed and diverse microbial flora. Each species
may be represented by a wide range of strains,
some of which will be more tolerant to specific
bactericides, due to minor variations in cell
membrane, protein structure, or metabolism.
Bactericide treatment is rarely 100% efficient,
and the few bacteria that survive will tend to
be the more resistant strains. With repeated
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treatment of the same chemical, a severe se-
lection pressure will be exerted, thus encour-
aging the buildup of resistant strains. If one
product is used to treat the system for many
years, the bacterial population will develop
resistance to it, in the same way that antibiotic
resistance builds up in medically important
bacteria. It is for this reason that bactericides
should be alternated in some way. Weekly al-
ternation of two products with difterent active
chemistries can help to reduce the develop-
ment of resistant strains. Furthermore, syner-
gistic effects can be obtained by using a more
surface-active product to loosen the biofilm,
thereby enhancing the bactericidal properties
of the other product. Alternation can also be
carried out over a longer timescale (monthly or
yearly), and it is good practice to change
product active chemistries every year, rotating
through a list of tested and approved products.

Bactericide Demand

As bactericide passes through the systern, it will
react with bacteria, organic matter, other solids,
and pipe wall materials. The concentration of
the active agent will therefore decrease with
increasing distance through the system. Dif-
ferent active molecules show this reduction to
different degrees, but system demand for bac-
tericides must be considered to ensure that an
eftective dose remains throughout the plant.
Al-Wehaimid et al. {1994) showed that, for a
large water system, the system demand can be
as high as 50 to 75%, depending upon the active
molecule and system conditions. System de-
mand characteristics must be considered to
achieve an adequate target dose at the furthest
pointin the system. T'o achieve this target dose,
additional treatments may be necessary at in-
tervals throughout the system. Alternatively, a
substantially increased dose would be needed at
the upstream injection point, resulting in
overtreating part of the system.

System Conditions

Each system must be individually assessed for its
bactericide requirements. Past treatment re-
gimes will also affect the resistance of the
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system. Even outwardly similar process plants
will have a different microbial population; fur-
thermore, small changes in the process condi-
tions can have a dramatic effect on which
bactericides will be the most effective. There-
fore, a treatment strategy developed for one
systenm cannot be directly transferred to another.

Some parts of a system may be more difficule
to treat with chemicals due to the process flow
characteristics. Examples are dead legs, low-
flow regions, and intermittent water drop-
out in hydrocarbon pipelines. These regions
may serve as a reservoir for recontamination of
the system, and particular attention needs to
be paid to the detailed design of the system.
Once a bactericide program has been designed
and implemented, any changes to the water
sources, process design, or operation must be
reviewed for its possible impact on the effec-
tiveness of the bactericide program. Even small
changes in a process plant can have a significant
impact on microbial growth, so bactericide
treatment should be seen as a constantly evolv-
ing and developing integrated program.

Inadequate Testing and Monitoring

To define the best bactericide regime for a
particular system at any given time, competing
products must be screened and tested in a real-
istic manner. Even before a product is tested for
its effectiveness, it must be checked to ensure
that it is compatible with the system. The basic
requirement of any bactericide challenge test is
to use a wide range of organisms freshly isolated
from the system in an effort to recreate a relevent
consortium. Performance evaluations must be
undertaken on multispecies biofilms, with final
evaluations performed on a limited number of
products with sessile bacteria grown in special
laboratory biofouling equipment. Such tests can
indicate the best concentration and contact time
but ravely allow assessient of the best interval
between treatments. This interval can be de-
termined most effectively in the field by using
sidestream biofouling equipment to generate a
more representative biofilm, with competing
treatments injected into separate sidestreams,
and by assessing the rate of regrowth of the

biofilm. Field evaluation also allows verification
of laboratory tests under actual system flow
conditions.

It can take many months to identify a suit-
able bactericide regime, and it is clearly im-
portant to monitor the system so that its
effectiveness can be confirmed. An adequate
monitoring program should focus on the sessile
population using sidestreams or in-line mi-
crobial monitors. Planktonic monitoring is
suitable for assessing the degree of contamina-
tion in the system and to identify long-term
trends, but such data can rarely be used to
quantify the effectiveness of an individual
bactericide batch treatment. Regular sessile
sampling should take place before and after
treatments and the results reviewed to give
early warning of any reduction in performance
of the bactericide. The monitoring program
should be tied into the treatment program so
that additional treatments can be given when
bactericide effectiveness declines. This will also
enable a further bactericide selection program
to be commenced at an early stage, so that a
new regime can be employed before the old
bactericide fails.

NOVEL BIOFOULING
CONTROL STRATEGIES

Conventional bactericide treatment regimes
often fail to control bacterial biofilm popula-
tions; this has stimulated the development of
new strategies to prevent biofouling or to slow
its growth. Apart from methods to apply bac-
tericide in a more efficient way, it is possible to
manipulate the microbial population and sup-
press the problem without recourse to toxic
compounds. Although these ideas work eftec-
tively in the laboratory, only a few new tech-
nologies have been used in field applications.
Perhaps the main obstacle to the acceptance of
new microbial control strategies is the possi-
bility of unforeseen negative consequences on
the system. It is therefore important to evaluate
any new treatment program for unwanted ef-
fects such as enhanced biofouling and plugging,
reduction in process plant efficiency, and in-
creased general corrosion.




Nitrate

Nitrate (in the form of calcium nitrate or so-
dium nitrate) is routinely used in wastewater
and sewage treatment industries to control
nuisance smells caused by the growth of SRB.
Nitrate suppresses biogenic sulfide produc-
tion by encouraging the activity of nitrate-
reducing bacteria, denitrifying bacteria, and
nitrate-reducing and sulfide-oxidizing bacte-
ria. Four major mechanisms have been pro-
posed to account for this rapid inhibition of
sulfide by nitrate-utilizing bacteria (NUB):
outcompetition of SRB by NUDB for organic
nutrients, production of toxic intermediates
such as nitrite, biological oxidation of sulfide by
nitrate-reducing and sulfide-oxidizing bacteria,
and switching SRB from sulfate to nitrate re-
duction (Nemati et al., 2001a). It is likely that
all these mechanisims operate to various degrees
in different environiments, but the details of the
interactions between INUB, SRB, and envi-
ronmental conditions in reservoirs are not well
understood.

Nitrate is one of the most widespread of the
newly developing microbial control strategies
in oil fields, showing much promise as a bac-
tericide replacement. Much effort has been
concentrated recently to develop effective
nitrate-based downhole chemical treatment
regimes to control SRB activity, limiting the
rate of souring development. Nitrate addition
to injection water is also being increasingly
used to control microbiologically influenced
corrosion, again minimizing the use of con-
ventional bactericides. Full-scale and applica-
tion trials have been carried out on numerous
oil reservoirs and water injection systems (for
example, Sunde et al. [2004] and Larsen et al.
20047), with evidence of significant reductions
in microbial corrosion, SRB activity, and hy-
drogen sulfide souring, accompanied by an al-
teration in the microbial community after
long-term treatment (Voordouw and Telang,
1999).

Although nitrate treatment can be very
effective for souring and microbial corrosion
control, it is unlikely to control biofouling;
this aspect may be of great concern in many
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systems. There is also recent evidence that
nitrate can contribute to microbial corrosion
(Voordouw et al., 2002; Dunsmore et al,
2004), so the negative aspects of this type of
treatment must be assessed to ensure that un-
wanted side effects do not occur.,

Nitrite

Nitrite is another simple inorganic compound
that has been used to inhibit SRB activity and
reduce the souring potential of a system. Ni-
trite is a specific inhibitor of SR B, and it also
chemically scavenges preexisting sulfide.
Treatment of oil and gas wells with nitrite has
resulted in significant and rapid reduction in
H,S, as well as the virtual elimination of SR13
in water samples. Beneficial effects of the ni-
trite used as a souring control technology have
been observed for 3 to 7 months after the initial
treatment (Sturman and Goeres, 1999). In oil
production systems, similar effects (reduction
in H,S and SRB for extended periods) were
noted, with a reduction in the corrosion rate
also being measured. Nitrite is one compo-
nent of biocompetitive exclusion technology,
which uses a defined inorganic bacterial nu-
trient supplement to encourage a beneficial
microbial population to inhibit sulfate reduc-
tion. This technique has been used successfully
in oil and gas well squeezes (Hitzman and
Dennis, 1998) and can be customized for spe-
cific applications., While biocompetitive ex-
clusion has been shown to be successful in both
laboratory and field applications, current re-
search suggests that the microbial consortium
does not change as a result of the addition of
short-term nitrite or molybdate (Nemati et al.,

2001b).

Molybdate

Molybdate ion is a specific metabolic inhibitor
preventing sulfate reduction, and there are
synergistic effects when molybdate, nitrate,
and nitrite are combined (Percival, 1999).
While molybdate is an efficient SRB inhibitor
in laboratory culture studies, its effectiveness is
very dependent upon the activity state of the
bacteria. When SRB are in a slow-growth
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phase, sulfate reduction is stopped with 25 mg
of molybdate/liter, whereas pure cultures in a
rapidly growing {exponential} state tolerate up
to 95 mg of molybdate/liter. Nemati et al.
(2001b) showed that, for mixed field enrich-
ments, 470 mg of molybdate/liter was required
to inhibit sulfate reduction. It thus appears that
the appropriate molybdate treatment will be
very dependent on the growth rates of SRB
in a system, and it is therefore not yet possible
to establish a universal molybdate treatient
strategy, since each system must be evaluated
individually, particularly with respect to the
-activity of the SRB.

Anthraquinone

Low concentrations of derivatives of 9,
10-anthracenedione (commonly known as
anthraquinone) inhibit respiratory sulfate re-
duction in laboratory tests of various cultures of
SRB (Cooling et al., 1996). The proposed
mechanism involves the uncoupling of ATP
synthesis from clectron transfer reactions,
thereby preventing sulfide production. Further
work on the mechanism of action confirmed
that anthraquinone acted as a redox uncoupler,
that it was inhibitory to sulfate reduction but
not aerobic respiration, that it did not react
with biofilm components, and that it had low
toxicity to higher life forms. Anthraquinone
becomes incorporated into the biofilm, and this
gives longer lasting control of SR B in biofilms.
Field case histories have been published (Bur-
ger, 2004) where sulfide and total suspended
solid concentrations were reduced by using
anthraquinone dosing of water injection and
produced wvater injection systems, with a re-
duced use of conventional bactericides. The
concept of using specific biostatic inhibitors
(particularly if they target SRB in biofilms)
offers more environmentally acceptable control
measures than convendonal toxic bactericides.

Sulfate Remowval

Ceramic nanofiltration membranes can be
used to reduce the concentration of sulfate in
process streams. A full-scale plant (treating up
to 390,000 barrels of water per day) can reduce

the sulfate concentration from ca. 2,800 mg/
liter in the influent seawater stream to ca.
40 mg/liter in the desulfated process stream.
This technology has been applied to oil field
water injection systems, primarily for the
elimination of bartum sulfate scaling problems;
however, low sulfate concentrations also limit
the activities of SR B, and therefore there are
potential benefits for the control of microbial
corrosion and reservoir souring (McElhiney
and Davis, 2002). The most significant appli-
cation is for the control of reservoir souring
during seawater injection; in this case, SRB
activity is limited by the availability of organic
nutrients, not sulfate, A significant reduction
in the sulfate concentration of injected water
reduces the amount of sulfide that can be
produced by SRB, leading to reduced bio-
fouling, souring, and microbial corrosion.

Dispersant Technology

Multifunctional  water treatment products
based on filming amine technology exist, fea-
turing low mammalian toxicity and rapid
degradation for minimal impact on the envi-
ronment. These chemicals act as a biofilm-
slime dispersant rather than as a bactericide,
migrating to and forming a film upon the
wetted surfaces of the system being treated.
This film prevents biofilms from forming on
system surfaces and is thus effective in limiting
the impact of bacterial growth on a system.
Such treatments retard microbial population
growth by preventing surface growth. Dosage
consists of injection of low concentrations of
the product for a short period of time each day
to renew the film. Such treatments work best
on clean systems where a good amine film can
form; biofouled systems would probably need
to be physically or chemically cleaned prior to
the initial treatment, but an advantage would
be that subsequently the scraping frequency
could probably be reduced.

Biofilm dispersal through the addition of
signaling molecules (such as HSLs} is a nascent
yet promising area of current investigation.
Dispersion of biofilms of the plant pathogen
Xanthomonas has been promoted with small




diffusible signaling molecules {(Dow et al.,
2003), and the importance of N-acyl-HSLs in
biofilm accumulation and removal has been
noted by several researchers (Puskas et al,
1997; Davies et al,, 1998). Biofilm dispersal
can also be brought about through the enzy-
matic degradation of extracellular polymer
(Boyd and Chakrabarty, 1994). While research
work and specialized application (mainly
clinical) continues for these methods of bio-
film removal, biofilm removal via enzyme or
signal molecule addition is not available at this
time for field application in the petroleum
industry. Multiple-species biofilms and comn-
plex, highly variable water chenustries com-
plicate the application of these techniques to
industrial use at present.

Biofilm Inhibition by

Immunoglobulin Treatment

One of the human immunoglobulins (immu-
noglobulin A} has been shown to inhibit the
attachient of bacteria (including SRB) to
steel surfaces in the laboratory (Videla et al.
2004), and this technology currently has ap-
plication in the medical field to prevent bio-
fouling of human implants. Such moleculaily
based technologies are likely to be impractical
and not cost effective for many years, but the
development of biotechnology will undoubt-
edly see applications for long-term prevention
of biofouling problems in industrial systems.

Pulse Treatment

Batch treatment of bactericide treats less than
5% of the water passing through the system,
and continuous treatment at effective con-
centrations is unlikely to be justified, due to
the high chemical cost. Alternative strategies
have therefore been developed to deploy the
same amount of chemical in a different way to
provide quasicontinuous treatment. An ex-
ample of this is the Pulse treatment (Nalco-
Exxon Energy Chemicals, 1996). A special
pumping arrangement is used to automatically
inject bactericide at a high concentration for a
short period of time on a very {requent basis
(for example, 1 to 2 min every hour or 30 s

9. BIOFOULING IN THE OIL INDUSTRY # 193

every 5min). In this way, the systemn is con-
tinually challenged with the chemical so that
bacteria are constantly exposed to an eflective
concentration, albeit for a short period of time.
Such regular treatments are therefore more
likely to maintain control of bacteria in the
systern and inhibit the regrowth of bacteria
commonly seen with batch treatments. Pulse
treatment has been applied to large systems,
and tetrakis hydroxymethyl phosphonium
sulfate treatment with this technique has been
shown to maintain control of bacteria in water
injection systems and reservoirs {(Larsen et al.,
2000).

Emulsion-Based

Bactericide Deployment

Internal corrosion of hydrocarbon-carrying
pipelines usually takes the form of pitting
corrosion in the six o’clock position. It is most
severe towards the end of the line and in low-
lying regions (where stagnant water is trapped
and bioftlms develop), associated with welds
and underneath deposits. In severe cases, the
individual pits may penetrate the pipe wall,
leading to an escape of oil and significant costs
in term of cleanup, repair (or even replace-
ment) of the line, and deferred oil revenues.
Many oil pipelines are routinely treated with a
film-forming corrosion inhibitor to protect
metal from general corrosion due to water
accumulation, yet these treated lines can still
suffer pitting corrosion. Microbial corrosion
occurs beneath deposits (waxes, silt, and bio-
film) accumulating along with the water, de-
spite corrosion inhibitor application. Control
of SRB and microbial corrosion is espe-
cially difficult in an oil pipeline, since bacte-
tial growth can be very localized and there is
no continuous water phase where bacteri-
cidal chemicals can be dosed. Conventional
treatment involves the application of a water-
soluble, hydrocarbon-dispersible bactericide as
a batch treatment with the oil stream, in an
attempt to build up a bactericidal concentra-
tion in any water pockets that have collected
in the line. Some of the disadvantages of us-
ing a water-soluble, hydrocarbon-dispersible
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bactericide may be overcome by using bacte-
ricides deployed in a water-in-oil emulsion.
By having bactericide within the internal
phase of this emulsion delivery system, control
of bacteria within oi} pipelines (and, poten-
tially, oil reservoirs) could be more effective
than conventional treatments, with the po-
tential to allow transport of the bactericide to
the end of the oil production line and diffu-
sion into any available water present in
the line.

Past, Present, and Future

Across the many growth environments, che-
mical conditions, and media present in pe-
froleum extraction and refining, unchecked
microbial growth is a ubiquitous and persistent
problem. It is now recognized that biofilms
represent the vast majority of this growth, far
outstripping planktonic organisms in terms of
both overall numbers and adverse impact.
Advances in our understanding of biofilm
processes have come at a rapid pace over the
past 2 decades, with the application of new
techniques which have elucidated the com-
plex community composition, structure, and
interactions, yiclding a new understanding of
interactions at the cellular level. Translating
these advances into the development of prac-
ticable and effective biofilm monitoring and
control technologies has been much slower.
Despite all this effort in biofilm research over
the last 20 vyears, oil field biofouling control

measures remain focused on application of

traditional chemical technologies and physical
removal, Effective control of biofilm-related
problems has proved to be exceptionally dif-
ficult, and eradication is virtually impossible in
oil field systems, even with the most intensive
biofiim control and monitoring prograns.
The recognition of biofilms as a major cause of
infection in the medical context has focused
rescarch attention and funding into this area:
the challenge for the 21st century is to trans-
late the major advances in medical biofihn
research into a simple, cheap, and effective
strategy for mimimizing the impact of biofilms
in industrial systems.

REFERENCES

Al-Wehaimid, A. A., T. Ahmed, T. M. Al-
Ibrahim, R. B. Chen, and H. R. Rosser, 1994,
Incorporation of system demand in the criteria for
optimization of Saudi Aramco’s seawater injection
system bactericide treatment program, paper O-25,
p- 225-234. In Proceedings of the 2nd International
Counference on Chemistry in Industry.

American Petroleum Institute. 1982, Biological
Analysis for Subsmsface  Injection  Waters. RP-38.
American Petroleum Institute, Philadelphia, Pa.

American Society for Testing and Materials.
2001, Standard Test Method for the Quantification of a
Psendomonas acruginosa Biefilm Growm with Shear and
Continyious  Flow Using a Rotating Disk  Reactor.
ASTM E-2196-02. American Society for Testing
and Materials, West Conshohocken, Pa.

Anderl, J. N., J. Zahller, F. Roe, and P. S.
Stewart. 2003. Role of nutrient HEmitation and
stationary-phase existence in Klebsiella preunioniae
biofilm resistance to ampicillin and ciprofloxacin.
Autinticrob. Agents Chemother. 47:1251-1256.

Angles, M. L., K. C. Marshall and A. E.
Goodman. 1993. Plsmid transfer between ma-
rine bacteria in the aqueous phase and biofilms in
reactor microcosms. Appl.  Environ.  Microbiol.
59:843-850.

Borenstein, 8. W., and G. J. Licina. 1994, An
overview of monitoring techniques for the study
of microbiologically inflaenced corrosion. In
NACE 1994. Paper 611. NACE International,
Houston, Tex.

Boyd, A., and A. M. Chakrabarty, 1994, Role
of alginate lyase in cell detachment of Psendomo-
nas aeruginosa. Appl. Environ. Microbiol. 60:2355—
2359.

Brown, M. R. W_, D. G, Allison, and. P. Gilbert.
1988. Reesistance of bacterial biofilms to antibiot-
ics: a growth-rate related effect? J. Antimicrob.
Chemother. 22:777-783.

Burger, E. D. 2004. Synergism of anthraquinone
with an oilficld biocide to inhibit sulfide genera-
tion from sulfate-reducing bacteria. In NACE
2004. Paper 04750. NACE International, Hous-
ton, Tex.

Camper, A. C., M. A. Hamilton, K. R. Johnson,
P. Stoodley, G. J. Harkin, and D. S, Daly. 1994,
Bacterial colonization of surfaces in flowing systems:
methods and analysis. Ultrapure Water 11:26-35.

- Characklis, W. G. 1990. Microbial biofouling

control, p. 585-633. In W. G. Characklis and K.
C. Marshall {ed.), Biofilms. ). Wiley & Sons, Inc.,
New York, N.Y.
Characklis, W. G., and K. C. Marshall. 1990.
Biofilins. John Wiley & Sons, Inc., New York, N.Y,
Chattoraj, M., M. J. Fehr, §. R, Hatch, and E. J.
Allain. 2002. Online measurement and control of




microbiological activity in industrial water systems.
Mater. Perform. April:40-45.

Cooling, F. B., C. L. Maloney, E. Nagel, J.
Tabinowski, and J. M. Odom. 1996. Inhibition
of sulfate reducing respiration by 1,8-dihydroxy-
anthraquinene and other anthraguinone deriva-
tives. Appl. Environ. Microbiol. 62:2999-3010.

Costerton, J. W., and P, Stoodley. 2003, Micro-
bial biofilms: protective niches in ancient and
modern  geomicrobiology, Preface. In W. E.
Krumbein, D. M. Paterson, and G. A. Zavarzin
(ed.), Fossil and Recent Biofilms: a Natural History of
Life on Earth. Kluwer Academic Publishers, Dor-
drecht, The Netherlands,

Costerton, J. W., G, G. Geesey, and G. K.
Cheng. 1978 How bacteria stick. So. Am.

. 238:86-95.

Costerton, J. W., Z. Lewandowski, D. E.
Caldwell, D. R. Korber, and FI. M. Lappin-
Scott. 1995, Microbial biofilms. Annu, Rew.
Microbiol. 49:711-745.

Costerton, J. W., Z. Lewandowski, D. DeBeer,
D. Caldwell, D. Korber, and G. James. 1994,
Biofihns, the customized microniche. J. Bacteriof.
176:2137-2142,

Cunningham, A. B,, R. R. Sharp, R. Hiehert,
and G. James. 2003. Subsurface biofilm barriers
for the containment and remediation of contam-
inated groundwater. Bioremediation J. 7:1-13.

Dalton, H. M., A, E. Goodman, and K. C.
Maushall, 1996. Divessity in surface colonization
behavier in marine bacteria, J. Ind. Microbiol.
17:228-234,

Davies, D. G., M. R. Parsek, J. P. Pearson, B. H.
Iglewski, J. W. Costerton, and E. P. Green-
berg. 1998, The involvement of cell-to-cell
signals in the development of a bacterial biofilm.
Steience 280:295-298,

de Beer, D., P. Stoodley, F. Roe, and Z.
Lewandowski. 1994a. Effects of biofilm struc-
tures on oxygen distribution and mass transport.
Biotechnol. Bioeng., 43:1131-1138,

de Beer, D., R. Srinivasan, and P. S. Stewart.
1994b. Drirect measurement of chlorine penetra-
tion into biofilms during disinfection. Appl. Envi-
ron, Mierobiol. 60:4339-4344,

Dickinson, W. H., and Z. Lewandowski. 1996.
Mangancse biofouling and the corrosion behavior
of stainless steel. Bigfouling 10:79-93.

Dow, J. M., L, Crossman, K. Findlay, Y. Q. He,
J. X. Feng, and J. L. Tang. 2003. Biofilm dispersal
in Xanthomonas campestris is controlled by cell-cell
signaling and is required for full virulence to plants.
Proc. Nafl. Acad. Sci. USA 100:10995-11000.

Duansmore, B. C., T. B. Whitfield, P. A.
Lawson, and M. D. Collins. 2004. Corrosion
by sulphate-reducing bacteria that utilize nitrate. In

9. BIOFOULING IN THE OQIL INDUSTRY H 195

NACE 2004. Paper 04763. NACE International,
Houston, Tex,

Flemming, H.-C. 2003. Role and levels of real-time
monitoring for successful anti-fouling strategies—
an overview. Water Sd. Technol. 47:1-8.

Fuqua, C., 8. C. Winans, and E. P, Greenberg.
1996. Census and consensus in bacterial ecosys-
tems: the LuxR-Luxl family of quorum-sensing
transcriptional regulators. Ammy. Rev. Microbiol,
50:727-751. :

Gardner, L. R., and P, S. Stewart. 2002. Action of
glutaraldehyde and nitrite against sulfate-reducing
bacterial biofilms. J. Ind. Microbiol, Biotechnol.
29:354,

Geesey, G. G. 2001. Bacterial behavior at surfaces.
Curr. Opin, Microbiol. 4:296-300,

Geesey, G., I. Beech, P. Bremer, B. Webster,
and ID. Wells. 2000. Biocorrosion, p. 281--325. In
J. Bryers (ed.), Bisfilms II: Process Analysis and
Applications. Wiley-Liss, Inc., New York, N.Y.

Ghigo, J.-M. 2001. Natural conjugative plasmids
induce biofilm development. Nature 412:442—445.

Gilbert, P., and M. R. W. Brown. 1995. Mech-
anisms of the protection of bacterial biofilms from
antimicrobial agents, p. 118-130. In H. M. Lappin-
Scott and J. W. Costerton (ed.}, Microbial Biefilms,
Cambridge Univewsity Press, Cambridge, United
Kingdom.

Hengge-Aronis, R. 1993, Survival of hunger and
stress: the role of rpoS in early stationary phase
regulation in Escherichia coli. Cell 72:165-168.

Hentzer, M., and M. Givskov. 2003. Pharmaco-
logical inhibition of quorim sensing for the
treatment of chroni¢ bacterial infections. J. Clin,
Tnvestip. 112:1300-1307. '

Hitzman, D. O., and D. M. Dennis. 1998. Sulfide
removal and prevention in gas wells. SPE 50980.
Reservoir Eval. Eng. August:367-371.

James, G. A,, L. Beaudette, and J. W. Costerton,
1995, Interspecies bacterial interactions in biofilms.
J- Ind. Microbiol. 15:257-262.

Jayaraman, A., J. C. Earthman, and T. K. Wood.
1997. Corrosion inhibition by aerobic biofilms on
SAE 1018 steel. Appl. Micobiol. Biotechuol, 47:
62-68.

Jenneman, G. E,, R, H. Webb, E. Holle, K. L.
Sublette, C. Mehta, A. Peacock, and G.
Davis. 2004. Evaluation of an on-line biofilm
detector and bio-traps for monitoring MIC in
produced oilfield brine. In Corrosion 2004, Paper
04758. NACE International, Houston, Tex.

Kjellerup, B. V., B. H. Olesen, J. L. Nielsen, B.
Frolund, 8. Odum, and P. H. Nielsen. 2003,
Monitoring and characterisation’ of bacteria in
corroding district heating systems using Huores-
cence in situ hybridisation and microautoradio-
graphy. Water Sd. Technol. 47:117-122,




196 B SANDERS AND STURMAN

Kudo, H., and ]J. W. Costerton. 1987, Interactions
beeween Treponema bryantil and cellulolytie bacteria
in the in vitro degradation of straw cellulose. Can.
J. Microbiel. 33:267-272,

Lamed, R., and E. A. Bayer. 1986. Contact and
cellulolysis in Clostidium thermocellim via extensive
surface organelles. Experimentin 42:72-73.

Lappin-Scott, H. M., C. J. Bass, K. M. McAl-
pine, and P. F. Sanders. 1994. Survival mech-
anisms of hydrogen sulphide-producing bacteria
isolated from extreme environments and their role
in corrosion. Int. Biodeterior. Biodeg. 34:305-319,

Larsen, J., P. F. Sanders, and R. E, Talbot. 2000.
Experience with the use of tetrakis hydroxymethyl
phosphoninm sulfate (THPS) for the control of
downhole hydrogen sulfide. In Corrosion 2000.
Paper 00123. NACE International, Houston, Tex.

Larsen, J., M. H. Rod, and S. Zwolle. 2004.
Prevention of reservoir souring in the Halfdan field
by nitrate injection. In Cornosion 2004. Paper
04761. NACE International, Houston Tex.

Lewandowski, Z. 2000. Structure and function of
biofilms, p. 1-17. In L. V. Evans (ed.), Biofilms:
Recent Advances in Their Study and Control. Har-
wood Academic Publishers, New Yok, N.Y.

Lewandowski, Z., and H. Beyenal. 2003. Mass
transport in heterogeneous biofilms, p. 147-175.
In S. Wuertz, P. Bishop, and P. Wilderer {ed),
Biofilms in Wastewater Treatment: an Interdisciplin-
ary Approach. TWA Publishing, London, United
Kingdom.

Lewandowski, Z., R. Avci, M. Geiser, X. Shi, K.
Braughton and N. Yurt. 2002. Biofouling and
corrosion of stainless steels in natural waters, WWater
Sei. Technol. Water Supply 2:65-72.

Lewandowski, Z., G. Walser, and W. G.
Characklis. 1991, Reaction kinetics in biofilms.
Biotechnol, Bioeng. 38:877-882.

Liu, Y., and J. . Tay. 2001. Metabolic response of
biofilm to shear stress in fixed-film culture. J. Appl.
Microbiol. 90:337-342.

Ludensky, M. L. 1999. Biofilm monitoring in
industrial applications, p. 81-89. In J. Wimpenny,
P. Gilbert, J. Walker, M. Brading, and R.. Bayson
(ed.), Biofilms: the Good, the Bad and the Ugly.
BioLine, Cardiff, United Kingdom.

Macleod, F. A., S. R. Guiot, and J. W.
Costerton. 1990. Layered structure of bacterial
aggregates produced in an upflow anaerobic sludge
bed and filter reactor. Appl. Environ. Microbiol,
56:1583-1607.

Magot, M., B. Olivier, and B. K. C. Patel. 2000.
Microbiology of petrolenm reservoirs. Anfonie
Lecinwvenhock 77:103-116.

Maxwell, S., C. Devine, F. Rooney, and L
Spark. 2004. Monitoring and control of bacterial
biofilms i oilfield water handling systems. In

Corrosion 2004. Paper 04752. NACE International,
Houston, Tex.

McElhiney, J. E., and R. E. Davis. 2002
Desulfated seawater and its impact on tSRB
activity: an alternative souring control methodol-
ogy. In Comosion 2002. Paper 02028, NACE
International, Houston, Tex,

Mclnerney, M. J., and K. I. Sublette. 1997
Petroleum microbiclogy: biofouling, souring, and
improved oil recovery, p. 600-607. In C. J. Hurst,
G. R. Knudsen, M. J. Mcinerney, L. D.
Stetzenbach, and M. V. Walter (ed.), Mantal of
Environmental Microbiology. ASM Press, Washing-
ton, D.C.

McLean, R. J., M. Whiteley, D. J. Stickler, and
W. C. Fuqua. 1997. Evidence of autcinducer
activity in naturally occurring biofilms. FEMS
DMierobiol. Left. 154:259-263.

Mollica, * A., and P. Christiani. 2003. On-line
biofilm monitoring by “Biox” electrochemical
probe. Water Sci. Technol. 47:45-49,

Murga, R., T. 8. Forster, E. Brown, J. M.
Pruckler, B. S. Fields, and R. M. Donlan.
2001, The role of biofilms in the survival of
Legionella pnenmophila in a model potable water
system. Adicrobiology 147:3121-3126.

Nalco-Exxon Energy Chemicals. 1996, Reduc-
tion in biostat usage in oilfields is achieved by
intermittent dosing. European patent EP0706974.

National Association of Corrosion Engineers.
1990. Microbiclogically Influenced Corrosion and Bio-
fouling in OQilfield Equipment. TPC publication 3.
National Association of Comrosion Engineers,
Houston, Tex.

National Association of Corrosion Engineers.
1994. Field Monitoring of Bacterial Growth in Oil-
field Systems. Test method TM0194-94, National
Association of Corrosion Engineers, Houston,
Tex,

Nemati, M., G. E. Jenneman, and G. Voordouw.
2001a. Mechanistic study of microbial control of
hydrogen sulfide production in oil reservoirs.
Biotechnol. Bioeng. 74:128-136.

Nemati, M., T. }. Mazutinec, G. E. Jenneman,
and G, Voordouw. 2001b. Control of biogenic
H,S production with nitrite and molybdate. J. Ind.
Microbiol. Biotechnol, 26:350-355.

Nichols, W. W. 1991. Biofilms, antibiotics, and
penetration. Rev. Med. Microbiol, 2:177-181.

Nivens, D. E., R. ]. Palme, and D. C, White.
1995. Continuous non-destructive monitoring of
microbial biofilms—a review of analytical tech-
niques. J. Ind. Microb. 15:263-276.

O*Toole, G. A., and R. Kolter. 1998. Flagellar and
twitching motility are necessary for Psendomonas
aeruginosa biofilm  development. Mol.  Microbiol.
30:295-304.




Percival, 8. L. 1999. The effect of molybdenum on
biofilm development. J. Ind. Microbiol. Biotechnol.
23:112-117.

Puskas, A., E. P. Greenberg, S. Kaplan, and A.
L. Schaefer. 1997. A quorum-sensing system in
the free-living photosynthetic bacterium Rhodo-
bacter sphacroides. J. Bacteriol. 179:7530-7537,

Rice, A. R., M. A. Hamilton, and A. K. Camper.
2000. Apparent surface associated lag time in growth
of primary biofilin cells. Microb. Eeal. 40:8-15.

Riedel K., M. Hentzer, O, Geisenberger, B.
Huber, A. Steidle, H. Wu, N, Hoiby, M.
Givskov, S. Molin, and L. Eberl. 2001. N-
Acylhomoserine-lactone-mediated conumunication
between Psendomonas acruginosa and  Burkholderia
eepacia in mixed biofilms. Micobiology 147:2349—
3262.

Sanders, P. F. [988. Monitoring and control of
sessile microbes: cost effective ways to reduce
microbial corrosion, p. 191-223. I C. A. C.
Sequeira and A, K. Tiller (ed.} Microbial Corrosion,
vol. 1. Elsevier Applied Science, London, United
Kingdom.

Sanders, P. F. 1992, Rapid methods for detecting
microbial corrosion. I Proceedings of UK Conresion
92, vol. 3. United Kingdom Institute of Corro-
sion, London, United Kingdom.

Sanders, P. B, 2002. Conventional versus novel
microbial control strategies, paper OFC-1. In
Proceedings of the 5th International Couference and
Exhibition on Chemistry in Industry.

Sanders, P. F., and W. A. Hamilton. 1985,
Biological and corrosion activities of sulphate-
reducing bacteria in industrial process plant, p. 47—
68. In S. Dexter {(ed.), Biological Corrosion. NACE
8. National Association of Corrosion Engineers,
Houston, Tex.

Sanders, P. F., and D. L. Robinson. 1992
Corrosion control using continuous residual chlo-
rine, p. 198-209. In C. A, C, Sequeira and A, K.
Tiller (ed.), Microbial Corrosion. European Federa-
tion of Corrosion publication 8. Institute of
Materials, London, United Kingdorm,

Sauer, K., and A. K. Camper. 2001. Character-
ization of phenotypic changes in Psendomonas
putida in response to surface-associated growth. J.
Bacteriol. 183:6579-6589.

Sauer, K., A. K. Camper, G. D. Ehrlich, J. W.
Costerton, and D, G, Davies. 2002. Pseudono-
tas aeruginosa displays multiple phenotypes during
development as a biofitm. J. Bacteriol. 184:
11401154,

Stewart, P., G. McFeters, and C. Huang. 2000,
Biofilm control by antimicrobial agents, p, 373~
405. In }. Bryers (ed.), Biofilms II: Process Analy-
sis and Applications. Wiley-Liss, Inc., New York,
N.Y.

9.

BIOFOULING IN THE OIL INDUSTRY & 197

Stewart, P. 8., A. K. Camper, S. D. Handran,
C.-T. Huang, and M. Warnecke. 1997, Spatial
distribution and coexistence of Klebsiella punenno-
#iae and Pseudomonas aeruginosa in biofilms. Micreb.
Erol. 33:2-10.

Stoodley, P., Z. Lewandowlksi, J. D. Boyle, and
H. M. Lappin-Scott, 1999a. Structural deforma-
tion of bacterial biofilms caused by short-term
fluctuations in fluid shear: an in situ investiga-
tion of biofilm rheology. Biotechnol. Bioeng. 65:
83-92.

Stoodley, P., Z. Lewandowski, J. D. Boyle, and
H. M. Lappin-Scott. 1999b. The formation of
miigratory ripples in a mixed species bacterial
biofilm growing in turbulent flow. J. Environ.
Micrabiol. 1:447—455,

Stoodiey, P., J. D. Boyle, D. DeBeer, and H. M,
Lappin-Scott. 1999c. Evolving perspectives of
biofilm structure. Biofoufing 14:75-90.

Stoodley, P., Z. Lewandowski, J. D. Boyle, and
H. M. Lappin-Scott. 1998, Oscillation charac-
teristics of biafilm streamers in turbulent Aowing
water as related to drag and pressure drop.
Biotechnol. Bioeng. 57:536-544,

Stoodley, P., K. Sauer, D. G. Davies, and J. W.
Costerton. 2002, Biofilms as complex differentiated
communities, Anuu. Rev. Microbiol. $6:187-209,

Stoodley, P., 8. Wilson, L. Hall-Stoodley, J. D.
Boyle, H. M. Lappin-Scott, and J. W,
Costerton. 200t. Growth and detachment of
cell clusters from mature mixed species biofilms.
Appl. Environ. Microbiel. 67:5608-5613.

Stoadley, P., S. Yang, H. Lappin-Scott, and Z,
Lewandowski. 1997. Relationship between mass
transfer coefficient and liquid flow velocity in
heterogenous biofilms using microelectrodes and
confocal microscopy. Biotedhrol. Bioeng, 56:681-688.

Sturman, P. J., and D. M. Goeres. 1999. Control
of hydrogen sulfide in oi! and gas wells with nitrite
injection. SPE 56772, Society of Petrolenn Engi-
neers, Richardson, Tex. ‘ '

Sturman, P. J., W. L. Jones, and W. G,
Characklis. 1994. Intesspecies competition in
colonized porous pellets, Water Res. 28:831-839,

Sturman, P.J., P, $. Stewart, A. B, Cunningham,
E. ]J. Bouwer, and J. H. Wolfram. 1995,
Engineering scale-up of in situ bioremediation
processes: a review. J. Contam. Hydrol, 19:171-203.

Sunde, E., B.-1. P. Lillebs, G. Bodtker, T.
Torsvik, and T. Thorstenson. 2004. H,S
inhibition by nitrate injection on the Gullfaks
Field. fn Cowosion 2004. Paper 04760. NACE
International, Houston, Tex.

Syrett, B. C., P. J. Arps, J. C. Earthman, F.
Mansfeld, and T. K. Wood. 2002. Biofilmns that
prevent corrosion, p, 145 In B. Liule (ed.),
Proceedings of the NACE Research Topical Symposium.




198 B SANDERS AND STURMAN

National Association of Corrosion Engineers,
Houston, Tex.

Tolker-Nielsen, T., U. C, Brinch, P. C. Ragas,
J. B. Andersen, C. S. Jacobsen, and 8. Molin,
2000, Development and dynamics of Psendomonas
sp. biofthns. J. Bacteriol. 182:6482—6489.

van Leeuwenhoek, A, 1684. An abstract of a letter
from Mr, Anthony Leeuwenhoek at, Delft dated
Sept. 17, 1683 about some microscopical observa-
tions about animals in the scurf of the teeth. Philos,
Trans. R. Soc. Lond. 14:568-574.

Veazey, M. V. 2003. Plant uses unique strategy to
fight MIC. Mater, Perform. December:16—18.
Videla, H. A., P. 8. Guiamet, S. G. de Saravia,

L. K. Herrera, and C. Gaylarde. 2004. Envi-
ronmentally friendly approaches to inhibit biocor-
rosion. An overview. In Corrosion 2004. Paper

04574. NACE International, Houston, Tex,

Voordouw, G. M., M. Nemati, and G. E.
Jenmeman. 2002. Use of nitrate-reducing, sulfide
oxidizing bacteria to reduce souring in oilfields:

interactions with SRB and effects on corrosion. I
Corresion 2002, Paper 02034. NACE International,
Houston, Tex.

Voordouw, G., and A. J. Telang. 1999, A genome
probe survey of the microbial community in oil
fields. In C. R. Bell, M. Brylinsky, and P. Johnson-
Green (cd.), Adicobial Biosystems: New Frontiers.
Proceedings of the 8th International Symposium on
Microbial Erology. Atlantic Canada Society for Micro-
bial Ecology, Halifax, Canada,

Wanner, O., and W, Gujer. 1986. A multispecies
biofilm model. Biotechnol. Biveng. 28:314-328,
Williamson, K., and P. L. McCarty. 1976. Model
of substrate utilization by bacterial films. J. Waser

Pollut. Control Fed. 48:9-24.

Xu, X., P. 8. Stewart, and X. Chen. 1996.
Transport limitation of chlorine disinfection of
Pserdomonas aeruginosa entrapped in alginate beads.
Biotechnol, Bioeng. 49:93-100.

ZoBell, C. E. 1943. The effect of solid surfaces on
bacterial activity. J. Bacteriol. 46:39—45,




