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MICs of six broad-spectrum biocides and two specific metabolic inhibitors and fractional inhibitory con-
centration indexes (FICIs) for controlling a sulfide-producing consortium were determined. Nitrite was syn-
ergistic (FICI < 1) with all but one biocide due to its specific inhibition of dissimilatory sulfite reductase.
Hence, combining nitrite with biocides allows more efficient and cost-effective control of sulfate-reducing
bacteria.

Sulfate-reducing bacteria (SRB) contribute to souring, the
production of sulfide in oil and gas fields. Sulfide is corrosive
and toxic (14) and causes reservoir plugging (7). Control of
biogenic sulfide production decreases operating costs and can
be achieved through the application of biocides (18, 24), ni-
trate (31), or nitrite (29). Environmental regulations and de-
velopment of oil reservoirs in environmentally sensitive areas
have spurred the development of easily degradable “green”
biocides that are less toxic to higher, nontarget organisms, like
fish (10). Nitrite, a specific metabolic inhibitor of SRB (13, 15),
is also relatively nontoxic and inexpensive and has been suc-
cessfully used to inhibit sulfide production in oil field settings
(6, 31).

The structures of the biocides used are shown in Fig. 1. Their
chemical natures and supposed mechanisms of action are sum-
marized in Table 1. The metabolic inhibitors nitrite and mo-
lybdate specifically inhibit SRB metabolism. Nitrite inhibits
dissimilatory sulfite reductase, which catalyzes the reduction of
sulfite to sulfide in all SRB (13), blocking sulfate respiration.
The nitrite dose required for inhibition depends on the con-
centration of the available electron donor, on the biomass
concentration, and on the presence of nitrite reductase, which
prevents inhibition of SRB by nitrite (13, 15). ATP sulfurylase
activates sulfate with ATP to adenosine phosphosulfate. Use of
molybdate in this reaction gives adenosine phosphomolybdate,
which is unstable and hydrolyzes spontaneously to AMP and
molybdate, depleting ATP reserves (30, 32).

It is clear from Table 1 that biocides have much broader
activities than nitrite or molybdate. Use of compounds with
two different mechanisms of action may lead to synergy and
increased time for microbial resistance to develop, resulting in
decreased costs and environmental toxicity (16). Although syn-
ergistic combinations of biocides, such as combinations of glu-
taraldehyde with quaternary ammonium compounds, have
been used in the oil and gas industry (1, 11, 12, 20, 26), the

potential of synergy between metabolic inhibitors and biocides
has not been explored previously. We report here that com-
bining biocides with nitrite results in considerable synergy in
SRB control, allowing significantly lower biocide concentra-
tions to be used.

Bacterial strains, media, chemicals, and analyses. A Desul-
fovibrio species-containing SRB consortium was obtained by
inoculating saline Postgate’s medium C (22, 25) with produced
water from the Coleville oil field in Saskatchewan, Canada,
and subsequently transferring the culture monthly (13). Inhi-
bition experiments were done in modified CSB medium (22).
Anaerobic modified CSB medium (100 ml in an 158-ml serum
bottle) was inoculated with 2 ml of the SRB consortium and
incubated at 30°C in the dark. Biocides and/or metabolic in-
hibitors were added at mid-log phase (tML), when approxi-
mately 5 mM sulfide had been produced. Incubation was con-
tinued for 1 month following this addition. Cultures in which
sulfide production did not recover during this time were con-
sidered to be permanently inhibited. Glutaraldehyde, bro-
nopol, and tetrakishydroxymethylphosphonium sulfate (THPS)
were obtained from Sigma (St. Louis, MO). Benzalkonium chlo-
ride was obtained from ICN (Aurora, OH). The cocodiamine
biocide used, designated T-397, was generously provided by
Brenntag Canada (Etobicoke, Ontario, Canada). Formaldehyde
(37% solution in 15% methanol with the balance water) was
obtained from Fisher (Fair Lawn, NJ). All other chemicals were
laboratory reagent grade and were obtained from standard
chemical supply companies. Sulfide, sulfate, and nitrite con-
centrations were determined as described elsewhere (8, 22).
Molybdate caused the medium to become yellow-brown, which
interfered with sulfide analysis. Hence, possible resumption of
sulfide production was demonstrated by sulfate removal only.
Some biocides caused precipitates to form in the medium.
These precipitates were briefly centrifuged out of samples be-
fore analyses to prevent interference with the spectrophoto-
metric methods.

Determination of the MIC and the FICI. The MIC, defined
as the concentration of a compound that inhibited sulfide pro-
duction by the SRB consortium for 1 month when it was added
at mid-log phase, was determined for the six biocides and two
metabolic inhibitors. The results are summarized in Table 1.
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Because solid benzalkonium chloride and liquid cocodiamine
consist of multiple, related compounds having various molec-
ular weights, their concentrations were not expressed in mM.
For mixtures, concentrations were varied in the ranges 0 � [A] �
MICA and 0 � [B] � MICB using a checkerboard approach,
where MICA is the MIC of compound A and MICB is the MIC
of compound B. The fractional inhibitory concentration index
(FICI) for combinations of a biocide(s) and/or a metabolic
inhibitor(s) that caused inhibition was calculated as follows
(16): FICI � [A]/MICA � [B]/MICB.

For a synergistic mixture (FICI, �1) the MIC (MICAB)
combinations may be related by the solid line in Fig. 2. The
lowest FICI obtained for all inhibitory combinations on the
checkerboard was considered the FICI for the pair. For exam-
ple, when MICA was 1 mM, MICB was 5 mM, and a mixture of
0.5 mM compound A and 0.5 mM compound B was inhibitory,
then FICI was 0.5/1 � 0.5/5 or 0.6. If this was the lowest value
for the pair, then all MICAB combinations for [A] and [B]
could be represented by the curved solid line in Fig. 2, which

has the equation given above with FICI equal to 0.6 as the
tangent. Hence, although the curved solid line crosses a range
of FICI values (Fig. 2), only the lowest value is relevant and is
reported here.

Examples of the checkerboard approach used to determine
the FICI values for each combination of antimicrobial com-
pounds are shown in Fig. 3. Combinations of cocodiamine and
THPS were effective only when the MIC of both compounds
were added (Fig. 3D). Hence, the checkerboard filled with
open triangles (representing no inhibition of sulfide produc-
tion) and a maximal FICI value of 2 was estimated, indicating
that these biocides were antagonistic. In the case of nitrite and
bronopol most combinations were inhibitory (Fig. 3H). The

FIG. 1. Structures of the six biocides used in this study.

FIG. 2. MIC (MICAB) of a mixture of two biocides or metabolic
inhibitors A and B as a function of concentration (solid line). The line
is theoretical. Mixture compositions above the line are not inhibitory,
whereas compositions below the line are inhibitory. The dotted lines
represent the equation given in the text, using an MICA of 1 mM, an
MICB of 5 mM, and FICI values of 0.2, 0.4, 0.6, 0.8, and 1.0, as shown.

TABLE 1. Chemical classes and mechanisms of action of biocides and metabolic inhibitors used to kill or inhibit SRB

Metabolic inhibitor
or biocide Chemical nature and mechanism of action Classa Reference(s) MICb

Metabolic inhibitors
Nitrite Sulfite analog; inhibitor of dissimilatory sulfite reductase S 13 5 mM
Molybdate Sulfate analog; converted to adenosine phosphomolybdate

by ATP sulfurylase; hydrolysis of adenosine
phosphomolybdate depletes cellular ATP reserves

S 30, 32 3 mM

Biocides
Bronopol Alcohol; inactivates sulfhydryl group-containing proteins T 3, 19, 28 4 mM
Formaldehyde Aldehyde; cross-links amino groups of proteins and

nucleic acids
X 4, 5, 19 6 mM

Glutaraldehyde Aldehyde; cross-links amino and sulfhydryl groups of
proteins and nucleic acids

X 3, 5, 19 5 mM

Benzalkonium chloride Quaternary ammonium cationic surfactant; solubilizes cell
membrane and may improve uptake of other
antimicrobials

C 3, 27 50 mg/liter

Cocodiaminec Same as benzalkonium chloride C 3, 27 0.003% (vol/vol)
THPS Quaternary phosphonium; mechanism of action unknown;

unlikely to work as a surfactant in view of the short
side chains

U 9, 10 0.1 mM

a S, metabolic inhibitor of sulfate reduction; X, cross-linking agent; C, cationic surfactant; T, thiol inactivator; U, unknown.
b Determined in this study. The MIC was the minimum concentration that prevented sulfide production by the SRB consortium for 1 month under conditions

described in the text.
c Cocodiamine is the trivial name for 1-alkyl (C6-C18)-1,3 propane diamine acetate.
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FIG. 3. Inhibition (}) or lack of inhibition (‚) of sulfide production by an SRB consortium with mixtures of antimicrobial compounds.
(A) Glutaraldehyde plus THPS. (B) Benzalkonium chloride plus THPS. (C) Cocodiamine plus formaldehyde. (D) Cocodiamine plus THPS.
(E) Glutaraldehyde plus benzalkonium chloride. (F) Nitrite plus glutaraldehyde. (G) Nitrite plus benzalkonium chloride. (H) Nitrite plus
bronopol. The FICI values for these mixtures derived from the data shown, as well as the FICI values for all other mixtures tested, are listed in
Table 2. The criterion for inhibition was no sulfide production for 1 month for addition at mid-log phase.
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lowest FICI was estimated to be 0.28, indicating that this com-
bination was synergistic. Combinations of THPS and benzal-
konium chloride appeared to be indifferent, with an FICI of 1
(Fig. 3B). The estimated FICI for each pair of antimicrobial
agents tested is shown in Table 2. In the case of THPS and
glutaraldehyde both antagonistic and synergistic mixtures were
observed (Fig. 3A). These two compounds were considered
indifferent based on the complete data set. Glutaraldehyde and
benzalkonium chloride (Fig. 3E and Table 2) (FICI, 0.35) are
known to be synergistic and are considered a standard for
industrially available biocide combinations. However, the fol-
lowing five other combinations proved to have FICI values that
were comparable to or lower than the value for this standard
pair (Table 2): nitrite and glutaraldehyde (Fig. 3F), nitrite and
benzalkonium chloride (Fig. 3G), and nitrite and bronopol
(Fig. 3H), as well as benzalkonium chloride and bronopol, and
glutaraldehyde and bronopol. Of the 28 combinations tested,
16 were synergistic, 2 were synergistic or indifferent, 7 were
indifferent, and 3 were antagonistic. Antagonistic reactions
were observed with THPS and formaldehyde, cocodiamine, or
bronopol (Table 2). The number of synergistic combinations
and their average FICI were 6 and 0.44, respectively, for ni-
trite; 6 and 0.48, respectively, for benzalkonium chloride; 5 and
0.36, respectively, for glutaraldehyde; 4 and 0.32, respectively,
for bronopol; 4 and 0.54, respectively, for molybdate; 4 and
0.58, respectively, for formaldehyde; and 3 and 0.52, respec-
tively, for cocodiamine. THPS was indifferent or antagonistic
in all combinations tested. Hence, adding the metabolic inhib-

itor nitrite together with a biocide was beneficial in all but
one case.

Biocidal activity was evaluated by determining the most
probable numbers (MPN) (cells ml�1) of viable cells remaining
24 h after the MIC of glutaraldehyde, benzalkonium chloride,
or nitrite was added at tML. Duplicate samples from treated
and control cultures were taken at tML and at tML plus 24 h.
MPNs, determined by standard three-tube MPN assays (2),
decreased most when the biocides glutaraldehyde and benz-
alkonium chloride were added (no viable cells remaining) and
least when nitrite was added (5% viable cells remaining) (re-
sults not shown).

Synergy of the metabolic inhibitors nitrite and molybdate in
inhibiting sulfide production by oil field SRB and in inhibiting
abiotic corrosion (21, 23), as well as synergy among biocides in
inhibiting SRB (17), has been demonstrated previously. Glu-
taraldehyde and quaternary ammonium compound blends
have also been found to be more effective in killing SRB and
general aerobic bacteria than the individual compounds (1, 11,
12, 20, 26). Although insufficient combinations of concentra-
tions were tested to clearly demonstrate synergy, the improved
killing by the combinations of compounds suggested that syn-
ergy did occur with these blends. However, the usefulness of
combining biocides (Fig. 1) and the metabolic inhibitors nitrite
and molybdate, as suggested here, has not been reported pre-
viously.

The combinations of biocides and/or metabolic inhibitors
used are ranked on the basis of their FICI values in Table 2.

TABLE 2. Estimated FICI values for combinations of antimicrobial agents

Antimicrobial agent A Antimicrobial agent B
FICI Ratingb

Compound Classa Compound Classa

Nitrite S Bronopol T 0.28 Synergistic
Glutaraldehyde X Bronopol T 0.28 Synergistic
Nitrite S Glutaraldehyde X 0.30 Synergistic
Nitrite S Benzalkonium chloride C 0.30 Synergistic
Benzalkonium chloride C Bronopol T 0.33 Synergistic
Glutaraldehyde X Benzalkonium chloride C 0.35 Synergistic
Glutaraldehyde X Molybdate S 0.37 Synergistic
Cocodiamine C Bronopol T 0.39 Synergistic
Glutaraldehyde X Formaldehyde X 0.48 Synergistic
Molybdate S Formaldehyde X 0.50 Synergistic
Nitrite S Cocodiamine C 0.53 Synergistic
Benzalkonium chloride C Formaldehyde X 0.57 Synergistic
Nitrite S Molybdate S 0.59 Synergistic
Benzalkonium chloride C Cocodiamine C 0.63 Synergistic
Nitrite S Formaldehyde X 0.67 Synergistic
Benzalkonium chloride C Molybdate S 0.69 Synergistic
Bronopol T Formaldehyde X 0.80 Synergistic/indifferent
Molybdate S Bronopol T 0.80 Synergistic/indifferent
Cocodiamine C Molybdate S 0.83 Indifferent
Glutaraldehyde X THPS U 0.90 Indifferent
Cocodiamine C Formaldehyde X 1.00 Indifferent
Nitrite S THPS U 1.05 Indifferent
Benzalkonium chloride C THPS U 1.05 Indifferent
Glutaraldehyde X Cocodiamine C 1.06 Indifferent
THPS U Molybdate S 1.17 Indifferent
THPS U Formaldehyde X 1.57 Antagonistic
Cocodiamine C THPS U 1.50 Antagonistic
THPS U Bronopol T 2.00 Antagonistic

a S, metabolic inhibitor of sulfate reduction; X, cross-linking agent; C, cationic surfactant; T, thiol inactivator; U, unknown.
b Mixtures were considered synergistic when the lowest FICI was �0.8, indifferent when 0.8 � FICI � 1.2, and antagonistic when the highest FICI was �1.2.
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The synergistic mixtures included glutaraldehyde and formal-
dehyde (FICI, 0.48), both of which are classified as cross-
linking aldehydes, indicating that their modes of action may
not be the same despite this similar classification. Similarly, the
cationic detergents cocodiamine and benzalkonium chloride
appeared to be somewhat synergistic (FICI, 0.63). THPS did
not exhibit synergy in any of the combinations tested; three of
the seven combinations tested were in fact antagonistic (Table
2), suggesting that the structure of THPS or its mode of action
was not compatible with the other compounds.

Bronopol, glutaraldehyde, and, to a lesser extent, benzalko-
nium chloride interacted synergistically with most other com-
pounds. Bronopol has a different structure and mechanism of
action than the other biocides tested, which may have resulted
in its excellent capacity for synergy. Glutaraldehyde has been
demonstrated to be more effective than formaldehyde (4, 12,
20), explaining the generally lower FICI values for mixtures
including glutaraldehyde (Table 2).

Strong synergy was observed between nitrite and the bio-
cides glutaraldehyde, benzalkonium chloride, and bronopol
(0.28 � FICI � 0.30). The very specific mode of action of
nitrite as an inhibitor of dissimilatory sulfite reductase (13, 15)
can apparently be favorably combined with broad-spectrum
biocidal activities to achieve synergy. Nitrite is reduced to
either nitrogen or ammonia, products that cause little environ-
mental harm. Although both nitrite and molybdate are specific
metabolic inhibitors of the SRB sulfate reduction pathway, we
found that molybdate was less suitable than nitrite (0.37 �
FICI � 1.17) (Table 2). Because it is not transformed to sim-
ilarly harmless products and is more expensive than nitrite,
molybdate is inferior in metabolic inhibitor-biocide combina-
tions. Hence, from a practical viewpoint, use of synergistic
combinations of nitrite and other biocides to inhibit souring is
most suitable for decreasing bioicide use, which decreases tox-
icity and results in potential cost savings in oil and gas recovery
operations where sulfide control is needed.
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