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ABSTRACT: Control of microbial activity in fuel may require the use of chemical biocides.
In their evaluation in distillate fuels, a number of variables must be considered. These include
the oil/water ratio, the biocide’s partition coefficient, the stability of the biocide, the longevity
of contamination. the presence of other nonbiocidal additives, and the microbiological spec-
trum (including specific recovery methods for these microorganisms). This paper will present
data dealing especially with test method development, taking into account the above per-
mutations.
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The development of a test method for the evaluation of biocides for use in distillate fuel
systems is complicated by the variety of conditions imposed on the many applications. These
include decontamination, preservation in long-term storage, preservation in short-term stor-
age, regular bottom-water drainage, nonscheduled bottom water drainage, part of fuel
additive package, and separate addition during storage. Further permutations on biocide
performance are met in shipboard use in which the fuel/water ratio changes continually as
ballast seawater replaces consumed fuel [/,2]. Add to this the thermophilic conditions
imposed on integral wing tanks in supersonic flight [3,4]. Certainly, the physical and chemical
activities of the biocide must be considered: It is compatible with the corrosion protection
additive? Is it innately corrosive? Does it affect the flash point of the fuel? Some of these
considerations can be concurrently addressed in a biocide efficacy program.

Because of the large number of permutations involved in actual biocide use, a single
laboratory method may not be suitable. Any laboratory test method should be, above all,
predictable, relatively simple in terms of equipment and performance, short-term when
compared to field situations, reproducible, and flexible enough to adapt to the variation in
conditions described earlier. The studies presented in this paper are essentially case histories
illustrating the permutations involved in biocide evaluation where appropriate, and when
not citable in earlier works, methodologies will be described. '
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Inoculum Selection

The selection of a suitable battery of organisms that reflects an honest challenge for the
candidate biocide is not without controversy. There is general agreement that candidates
from bacteria, yeast, and filamentous fungi should be represented [5-8]. The consensus
choices were based on physiological activities (hydrocarbon utilization and detectable dam-
age from microbial growth) and were coupled with isolations and identifications from field
samples of distillate fuels.

Pseudomonas species are universally recognized as members of the incriminated group.
Their presence in the environment in water and their hydrocarbon-utilizing capacity as well
as their innate resistance to many biocides made them convenient biofilm initiators (for
example, pioneers). However, not all Pseudomonas sp., which may be isolated from field
situations are equal in their proclivity to utilize hydrocarbons. Perhaps a distinction must
be made between pioneering species of Pseudomonas that initiate growth and those that
follow later. The genus is both widely distributed and capable of growth on a broad variety
of carbon compounds, and the isolates found and identified may be late arrivals on the
scene and not the initiators of the biological problem. If hydrocarbon utilization is a re-
quirement for inclusion in an inoculum, then isolates should be evaluated for this charac-
teristic even if isolated from the hydrocarbon milieu.

Corrosion with the odor of hydrogen sulfide is prima facie evidence for the presence of
sulfate reducing bacteria (SRB) (most likely, members of the genus Desulfovibrio) capable
of growth in fresh, brackish, and seawater only under anaerobic conditions but surviving in
the presence of air [9]. Although this microbial problem was said to be limited to lower
distillate fractions (for example, gasoline), under certain conditions of storage it is also a
problem in other fuels (for example, kerosene and diesel). Sulfate reduction and subsequent
corrosion in any system would undoubtedly reflect the need for maintaining a good house-
keeping profile. Large storage units are drained of condensate infrequently or with difficulty.
The inclusion of sulfate reducers in the inoculum battery may be advisable under conditions
of long-term storage of distillate fuels [/0] or for when anaerobic corrosion has been dem-
onstrated in a system to be treated. In the latter situation, corrosion may be accompanied
by large amounts of metabolic hydrogen sulfide with minimal levels of SRB.

However, this hydrogen sulfide “soured” fuel is not equally compatible with all biocides
and should be considered when making dosing decisions based on laboratory testing. It is
surprising that in spite of continued findings of SRB in fuel bottom water samplings, it is
rarely included in a biocide evaluation protocol. The procedure developed by the Select
Committee on Deterioration of Fuels [8] only included Pseudomonas aeruginosa and Cla-
dosporium resinae in the test for steel and aluminum corrosivity described in Part I1. Cur-
rently, the protocol of choice in the United States, MIL-S-53021, is a modification of this
1966 publication of the Society for Industrial Microbiology (SIM) [8]. Three organisms, all
now with ATCC pedigree, make up the inoculum: Pseudomonas aeruginosa, ATCC 33988,
Candida tropicalis, ATCC 48138; and Cladosporium resinae, ATCC 20495. All three were
isolated from fuel deterioration systems. It should be obvious that the procedure is widely
used because of its Department of Defense approval. Different environmental conditions
may select for a different group of dominant organisms. It may be appropriate to limit the
test method to the MIL-S8-53021 inoculum. An increase in temperature up to 100°C, and
subsequently higher than subsonic ambient ranges, during the supersonic flight of the Con-
corde was shown to eliminate C. resinae as a microbial problem. The fungal heir to this
milieu is Aspergillus fumigatus [3]. This species was previously isolated from 20 out of 78
fuel depots sampled worldwide [4] and apparently survives and grows well at 45°C, a tem-
perature that does not encourage C. resinae.
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Cladosporium resinae may have other limitations (for example, inability to initiate growth
in seawater systems at alkaline pH [5] when in pure culture). In mixed cultures, especially
with Candida sp.. the yeast species grow and reduce the seawater pH allowing germination
and growth of Cladosporium.

Type of Fuel

It should be obvious that great variety in composition exists among distillate fuels of the
same grade (for example, #2 diesel) in addition to differences between different grades (for
example, jet fuel versus heating fuel). The less volatile hydrocarbon mixtures entrain more
water and thus have greater growth potential.

Two factors should be of concern with regard to fuel composition, including the additive
package: (1) Is growth qualitatively and quantitatively different between “pure” fuel and
additive + fuel? (2) Does the additive package affect biocide activity?

In Table 1, only slight differences are seen among the bacterial counts in various fuels,
but a much greater difference is observed in fungal/yeast counts. This difference was also
seen in a study on a vegetable oil additive [11].

Bottom Water

Ever since the Bushnell and Haas paper [12], it has been heresy not to use the mineral
salts mixture prescribed by its authors. However, this mixture neither reflects the salinity
nor the pH of some real-life situations. The report on C. resinae growth in “seawater” [/]
mentioned previously is further evidence for the need to modify the test method to fit the
environmental need.

TABLE 1—Effect of variation in diesel fuel source on microbial levels.

cfu/mL®
Time Zero Biocide
Fuel Inoculum Control (in Fuel)
Marathon-Refinery Virgin Distillate
bacteria 6.7 x 10° =107 <10
fungi 8.5 x 10° =10* <10?
yeast 10° =10* <10?
Sun-Retail Purchase
bacteria 1.1 x 108 1.7 x 10 6 x 10°
fungi 1 x 10° 5 x 10° <10
yeast 3.5 x 10° 3 x 10° <10
Howell 1H-Cat, standard
bacteria 1.1 x 10® 2 x 107 <10?
fungi- 1 x 10° 108 3 x 102
yeast 3.5 x 10° 100 10!
Howell + Dupont FOA
bacteria 1.1 x 108 1.5 x 107 <10?
fungi 10° 2.5 x 10° <10
yeast 3.5 x 10° 7 x 10° <10?

NotE: Mixed inoculum in Bushnell-Haas medium added to diesel fuel at 1% of fuel. Kept at 25°C

for two weeks with mild mixing twice weekly.
¢ cfu is colony forming units.
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TABLE 2—Effect of aqueous layer levels on biocide® activity in #2 diesel fuel.

Tap Water Control 65 ppm 125 ppm 250 ppm
1 mL
bacteria® 8 x 108 <10 <10 <10
fungi® 10 <10 <10 <10
10 mL
bacteria 8.8 x 10¢ 9.6 x 10¢ 5 x 1¢¢ 10
fungi 10 10 10 <10
Bushnell-Haas Mineral Salts
imL :
bacteria 1.2 x 10° <10 <10 <10
fungi 6 x 10° <10 <10 <10
10 mL
bacteria 8.9 x 10° 8.4 x 10¢ <10 <10
fungi 150 4 x 108 6 x 10? 50

1.3,5 hexahydro tris ethyltriazine.

? Colony-forming units/mlL in tryptic soy agar (DIFCO Laboratories).

¢ Colony-forming units/mL in sabouraud dextrose agar (DIFCO Laboratories).

NoOTE: system consisted of 100 mL of diesel fuel over listed aqueous level shaken at 25°C for five
days.

The relationship of water-bottom levels to biocide activity is not a simple one. The
partitioning of the biocide preferentially into water from hydrocarbon is necessary for ef-
ficacy, and the greater the minimal biocidal concentration the greater must be the partitioning
into water. Hydrolysis of some biocides by excessive bottom water levels limits activity and,
in addition, partitioning followed by draining reduces biocide availability.

The significance of bottom water level in assessing biocide activity was reflected in the
paper by Hitzman [13] on the activity of the anti-icing additive ethyleneglycolmonomethyl
ether (EGME). The preferential partitioning of EGME to the water phase presumptively
was responsible for the putative biocidal properties. This activity, in order to be maximized,
was dependent on a water bottom level not to exceed 1%. Notwithstanding earlier claims,
laboratory [74] and field [75] studies have cast doubt on the original efficacy claims. The
former report states that Pseudomonas putida can utilize EGME as a sole carbon source,
utilize fuel hvdrocarbons, and complete successfully with Cladosporium resinae; thus, se-
lective control of C. resinae may not be advantageous in the long term. Aqueous phase
partitioning, although recognized as a necessity for biocidal activity, may result in depletion
of treated fuel if water accumulation and drainage occur frequently.

The effect of bottom water level on the activity of a triazine biocide can be seen in Table
2. Both in water and in Bushnell and Haas mineral salts, there is a reduction in efficacy
with an increase in the aqueous layer because of biocide dilution. In the case of some
biocides favorably partitioned by water, higher water levels decrease biocide stability by
irreversible hydrolysis of the active moiety.

Storage Time

One of the major features of any laboratory test method is the compression of time in
order to predict long-term effects. This is particularly true for large storage facilities kept
interminably for some emergency. During the oil embargo of the early 1970s, we were made
publicly aware of great fuel reserves of the U.S. Navy; similarly, AT&T has strategically
placed reserves for operating diesel generators. Not only is time a factor, but also climate.
A large domestic brewery maintained 84 30 000-gal (113 562 L) reserve fuel tanks for 2%
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FIG. |—Effect of morpholine on microbial growth in a hydraulic oil/seawater mixture;
detention time, six months. A = control. B = 0.1% morpholine. C = 0.2% morpholine.

years at a very low ambient humidity with a diurnal temperature differential of 40°F (22°C).
This encouraged condensation and eventual microbial growth, which had to be physically
removed before use. No biocidal treatment had been involved during storage. Growth of
SRB in underground caves in jet fuel after long-term storage has been cited earlier {/0].

A method for microbial control for certifying a hydraulic oil for an offshore use involved
a 60- to 90-day surveillance of a 50-50 oil/seawater mixture. No external inoculum was
involved. In this case, seawater consisted of reconstituted sea salts from a marine aquarium
supplier overlaid with the test oil in a 4-in. (10.2-cm) pyrex bowl (Fig. 1). The test method,
part of a purchase specification, called for visual weekly inspection for slime and, every
three weeks, standard plate counts for aerobic bacteria and estimation of SRB. The zero
time counts for the seawater and the oil were <1 cfu/mL and <10 cfu/mL, respectively,
for the aerobic bacteria and no SRB detectable in either milieu. The bacterial counts in
Table 3 reflect growth from a very low inoculum (<1 cfu/mL), demonstrating the effec-
tiveness of the corrosion inhibitor morpholine in the inhibition of bacterial growth.

There were no positives recorded for SRB during the course of this work. Visual inspection
during this time did not reveal any striking differences among the three samples. Figure 1
shows the three samples after six months of incubation. These results are convincing evidence

TABLE 3—Effect of long-term contact of a 50/50 mixture of hydraulic oil* and seawater®, no external
microbial inoculum added.

Bacterial cfu/mL

3 Weeks 6 Weeks 9 Weeks 12 Weeks 15 Weeks 18 Weeks

Control 1 x 10° 4 x 10 3 x 10 5 x 10° 5 x 10° 2 x 10°
0.1% morpholine 3 x 10 0 8 x 10° 3 x 10 2 x 10° 10°
0.2% morpholine 0 0 0 0 9 x 10 10

 Oil—aerobic bacteria: <10 cfu/mL. Yeasts and molds: <10 cfu/mL.
® seawater = reconstitued sea salts. Aerobic plate count at zero time: 0 cfu/mL. Fungal and yeast
count at zero time: 0 cfu/mlL.
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of the potential for uninhibited small inocula (probably in the oil and in the tap water used
for reconstituting the seawater). The bacterial population was characterized as gram-negative
oxidase positive, and the fungal population Cladosporium.

This work was done in 1979 before the report of May and Neihof [5] on the inhibition
of C. resinae by seawater pH, and we have no information on the pH of the systems described
here. We can only speculate that bacterial growth on the hydrocarbons resulted in organic
acid formation, with lowering of the pH permitting subsequent germination and outgrowth
of the Cladosporium. This serendipitous result with Cladosporium beyond the time of the
contracted procedure should be sufficient evidence for the importance of appropriate struc-
turing of test methodology.

Containment and Delivery System Hardware

Any materials and surfaces that contact the fuel have the potential for contributing to
microbial growth and reacting with the biocide. Such materials and surfaces include metallic
and nonmetallic fuel tanks, filtration equipment, and delivery lines. Polyurethane foam(s),
either as tank liners or as reticulated baffles, have been extensively investigated [16-19].
They are biodegradable by hydrocarbon-utilizing organisms, controllable for a limited time
with foam-incorporated biocides, and they appear to increase fungal populations in the
aqueous phase. Since extensive fouling of reticulated foam cells with resulting plugging was
attributable to fungal growth, it is reasonable to assume that detectable, free-swimming
growth in the aqueous phase is only the tip of the iceberg. Attached or sessile growth
undoubtedly is the major source of the fungal biomass. Biocide evaluation methods should
include prevention and removal of attached growth, especially where long-term contact is
involved. ASTM Test Method for Evaluation of Antimicrobial Agents as Preservatives for
Invert Emulsion and Other Water Containing Hydraulic Fluids (E 979) for water-in-oil
hydraulic fluids involves the use of a simulated filter for evaluating biocide performance in
preventing biofouling. A successful test is shown in Figs. 2a and b.

FIG. 2—Biocide evaluation in 40:60 water-in-oil emulsion, ASTM E 979. A = control.
B = 10 ppm mixture of methyl,chioro isothiazolones.
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TABLE 4—Use of potassium tellurite for the selective recovery of Cladosporium resinae in the
presence of Candida tropicalis.

Media and Incubation
Organism Method of Plating cfu/mL Time, days
Pseudomonas aeruginosa (Pa) PCA®, pour 2 x 10 1
Candida tropicalis (Ct) SAB® + G¢, pour 1 x 10 2
Cladosporium resinae (Cr) SAB + G, spread 2 x 10° 4t05
BA?Y + T¢, spread 2 x 1P 8
Mixture of all three
Pa PCA, pour 1.6 x 10°
Ct SAB + G, pour 6 x 10° 2
Cr BA + T, spread 9 x 10° 8

“ Plate count agar (DIFCO Laboratories).

* Sabouraud dextrose agar (DIFCO Laboratories).
<50 pg/mL gentamicin.

¢ 1.5% agar (Bacto. DIFCO Laboratories).

* 0.01% potassium tellurite.

Test Methods

The publication of the SIM Committee on Microbiological Deterioration of Fuels [20]
set the stage for the subsequent publication [8] on screening of microbial inhibitors. The
test includes a short-term screening at a 1:10 water/fuel ratio, a longer term at a 1:100
water/fuel ratio, and provisions for evaluating the corrosivity of both the biocide and the
biological system against mild steel and aluminum. There is no provision in the method for
evaluating either the effect of bottom water buildup or bottom water drainage on activity.

One problem experienced early after the addition of C. tropicalis to the inoculum battery
was the obscuring of Cladosporium growth by the faster growing Candida. We have intro-
duced a selective recovery medium that permits the separation of Cladosporium and Candida
(Table 4). Both C. tropicalis and C. resinae grow on unsupplemented 1.5% Bacto-Agar
(DIFCO Laboratories). However, the addition of 0.01% potassium tellurite completely

inhibits C. tropicalis but permits the recovery of about 60% of the C. resinae in eight days.
A large number of biocide candidates (using a 50:50 fuel, Bushnell-Haas salt solution,
and simply shaking at 30°C for 90 days) were investigated in conjunction with other relevant
compatibility tests [15]. This involved a less refined approach than that cited in the 1966
publication of SIM [8].

The closer a test method comes to actual practice, potentially the greater its degree of
predictability. A method for evaluating intermittent dosing of jet fuel [2/] was tested, making
it possible to evaluate inoculum survival with this method of treatment. System size can be
important. Large (46-L) tanks simulating naval shipboard diesel storage tanks were used to
evaluate several water:fuel ratios as well as tank/paint compatibility [2]. This large test
system made sample size a less critical factor when sample size for microbiological survey
approached or equalled the size of the water bottom.

One report on evaluation of biocides [22] cites ASTM as a repository for fuel standards.
This is true for performance (ASTM Practice for Evaluating the Compatability of Additives
with Aviation-Turbine Fuels and Aircraft Fuel System Materials [D4054]) but no standard
for biological testing exists. A method currently being considered under the auspices of
ASTM Committee E35.15 on Antimicrobial Agents, “Evaluation of Antimicrobial Agents
for Use in Distillate Fuels,” addresses some of the deficiencies in other protocols and is
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TABLE 5—The effect of “bottom water” buildup on biocide activity.

cfu/mL
0.25% 0.5% 0.75% 1.0%
Bottom Water Level Zero Time 2 Weeks 4 Weeks 6 Weeks 8 Weeks
Control
bacteria® 3 x 10 1 x 10° 3 x 108 8 x 108 2 x 108
fungic 2 x 10° 2 x 1¢? 3 x 100 HG/ND? HG/ND
yeast* 4 x 10° 9 X 10 - 1 x 107 2 x 107 3 x 10
Biocide
bacteria 350 <100 7 x 104 8 x 108
fungi <100 <100 <100 <100
yeast <100 <100 100 <100

¢ Bushnell-Haas medium with fresh inoculum.

* Recovery on plate count agar (DIFCO Laboratories).

< Recovery of sabouraud dextrose agar (DIFCO Laboratories).
4 Heavy growth in water but not detectable on plate.

sufficiently flexible to adjust to needs of specific situations. The basis for the procedure
involves the continual buildup of “bottom water” from 0.25 to 1% with increases of 0.25%
every two weeks. The system requires at least four setups as follows: four containers with
800-mL fuel and 2 mL of inoculated “bottom water’’ at zero time; at two weeks, one system
is sacrificed to sampling, and the other three have an additional 2 mL of inoculated “bottom
water’” added (now 0.5%}); at four weeks, one more system is sacrificed as above, and the
remaining two gain 2 mL of additional inoculated “bottom water” (0.75%); at six weeks,
the procedure is repeated, and by eight weeks, one system remains with 1.0% bottom water.

Table 5 shows results of one evaluation using this protocol. Although any container suitable
for holding 800 mL of fuel could be used, a most convenient approach is shown in Fig. 3.
With 1-L separatory funnels, visualization of the interface as well as removal of the bottom

FIG. 3—Inoculated Bushnell-Haas bottom water overlaid with diesel fuel.






