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NOTICES

When US Government drawings, specifications, or other dato are vsed for any
purpose other than a dafinitely reloted govemment procurement operation, the
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Qualified reques: ars may obtain copies of this report from the Defense Documentation
Center {DDC), Cameron Station, Building 5, Atin: TISIA, 5010 Duke Siveqt, Aloxandria
4, Yirginia. 22734,

Many of the matericls fested in conjunction with this investigation were not developsd
or intended by tha manufacturers for the conditions fo which they have been sub-
jected. Any failure or poor performance of a given material is therefore not necessarily
indicative of the utility of the material under less stringent conditions, or for other
applications.

Copies of this report should not be returned to the Ressarch and Technology Pvi-
sion, Wright-Patterson Alr Force Base, Chio, unless retum is required by security
considerations, contracival obiigations, or notice on a specific document,
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FOREWORD

This is Part II of the first interim summary report prepared under
contract AF 33(657)-9186, "Mechanism of Microbiological Contamination N
of Jet Fuels and Development of Techniques for Detection of Microbiological P
Contamination.,® This contract was administered under the direction of the o
Air Force Aero Propulsion Laboratory, Research and Technology Division, -
Air Force Systems Command, Wright-Patterson Air Force Base, Ohio; Mr. Jack
Fultz, project engineer,

) This report covers work conducted from 1 January 1964 to 31 December 196,
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ABSTRACT

Progress has been made in the past yesr in defining the role that micro-
organisms can play in the processes of aluminum slloy corrosion, emulsion
formation, sludge formatiocn, and sealant and topcoat degradation during the
oxidation of jet fuel hydrocarbons for growth. It was demonstrated that
bacteris can csuse aerobic aluminum alloy corrosion by changing the ionic
composition of the growth medium, by growth in proteinaceous media, and by
bringing about corrosion in media containing electron mediators coupled to
cell metabolism, Fractionation of growth media made corrosive by micro-
organisms growing on fuel has ylelded two particularly corrosive fractions;
one fraction contains cations and the other fraction contains coiored or-
ganic compounds, Fungi caused corrosion by concentrating corrosive metals,
i,e,, copper and iron, in their mycelium, This metal reacted with alumimum
when orgsnisms were deposited upon it, Fungi also ceused corrosion by their
ability to penetrate coatings, thus exposing the aluminum to corrosive growth
media, Three different metabolic products potentislly capadble of clogging
filters were formed by microorganisms growing on jet fuel. One product formed
a layer on top of the water phase and penetrated the fuel phase and could not
be centrifuged out of solution, A second product classified as & "sludge" was
heavier than water and accumulated in the water bottom phase of the jet fuel-
water system, The third product caused an emulsion in the water layer, Un-
satursted short-chain hydrocarbona includiig pentene, hexene, heptene, octene,
and nonene (but not decens or dodecene) inhibited respiration and killed fuel
isolates, The saturated homologs of these compounds were either innocuous or
supported growth, Some fuel additives were observed to suppart the growth
of fuel isolates while most anti-icing and metal deactivators were mildly
toxic, Similar findings were observed concerning sealant and topcoat utiliss-
tion by jet fuel microorganisme; some stimulated growth while others were
inhibitory,

This technical report has been reviewed and is approved,

5‘,.- ’, /)é; 2, I&
7~ Arth . Churchill, Chief

Puels, lubrication and Hasards Branch
Support Technology Division
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I. INTRODUCTION

Thia research hag been undertaken in an attempt to determine the mech~
anism by which microorganisms cause operational difficulties in jet fuel
systems, Some of these difficulties are represented by the corrosion of
aluminum alloy jet fuel tanks. Other difficulties arise through the forma-
tion of sludges and emulsions caused by the metabolic activity of micro-
organiems contaminating fuel systems. Still other protlems derive from the
action of microorganisms on inorganic compounde which are contained in the
ubiquitov~ fuel water bottom.

The first year of this study was devoted principally to determining
the nature of fuel contaminants, Alterations in the microdial ecology of
fuel-waier systems were followed and the findings were related to chemical
changes in those systems. Knowledge was obtained on how to efficiently
grow organisms isolated from fuel, and experimental work was accomplished
on methods for detecting microorganismg in fuel syatems. Research in the
gecond year, which is summarized in this report, defines problems of micro-~
bial fuel contamination in terms of the reactions of extraneous inorganic
material in fuel-water systems and in terme of the production of corrosive
compounds by the ricroorganisms found in fuel.

The research in the second year dealt with the operation of several
chemical and biological mechaniems that permit microorganisms to form emul-
sions and cause aluminum corrosion. The enzymes catalyzing the oxidation
of hydrocarbons were studied. The growth of fuel isolates on jet fuels in _
pure -culture and mixed culture was followed for long periods of time. Corro- i
sive compounds producei by microorganisres were obtained and characterized |
shromatographically and spectronhotometrically. The objective of the research ;
in this period was to experimentally and conceptually segregate the many
reactions associated with microbial growth that contribute to the corrosion
of aluminum wing tanks and the chemical contaminatior of jet fuel. Studies
were made of the conditions of envirorment which bring sbout alumimm cor-
rogion by microorganisams, The hypothesis was proposed and tesied that
nmicrobial growth results in the removal of naturally occurring inhibitors of
fuelwater systems and leaves urmused corrosive concentrations of elements
such as iron, calcium, and chlorine. The alternate hypcthesis that organisms
produce corrosive compounds wes tested. The hypothesis appeared to be par-

. tially proven by the ability of microbial cells to cauas corrosion when
grown in media containing high concentrations of nitrate.

Intermediary metabolism and respiratory mechanism of hydrocarbone
oxidizing organiems were studied. The results of these studies appsar to
Justify the belief that a large measure of control can be exercised over
the production of microbial fuel contaminanis by strictly chemical means.

It is believad that Jnowledge of biochemical and physiological activities
- of fusl-utilising microorganisms is required to arrive at a more rigorous
: dot:m:l.tioa of the problem of fuel contmination. -

m sixthors February 1966 for publication as an R&D Teche
n:lctl Docmentary chort.. » 4 ,
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II, SUMMARY

The research program for the past year has been concerned with deter-
mining the mechanism by which fuel-metabolizing microorganisms cause alumirnum
alloy corrosion, slundge formation, hydrocarbon osxidation, and degradation
of gealants and topccats.

. N

The corprosion studies have been confined to the four hypothesis by
vwhich microcrganisme couid bring about alumimm corrosion.: The first
hypothesis proposed that micreerganisma cause corrogion by altering the
relative concentration of biologically essential ions in a growth medium,.
The results of this effort showed that when bacteria remove phosphate and
nitrate from a growth-supporting medium, the medium becomes more corrosive
to aluminum. It was concluded that the greater corrosivity resulted from
incressing the proporticn of iron and calcium present in the medium. It was
stressed: (1) that media supporiing the growth and multiplication of micro-
organisms were intrinsically corrosive, and {2) that microorgsnisms can
remove corroaion inhibiters such as nitrates or phosphate snd cause the
medium to become actively corrosive.

A second hypothesis was propoged and tested; i.e., the hypothesiz that
microorganisms can produce corrosive materials from the cxidation ad trans-
formation of hydrocarbon substrates. The actual production of mue® cOrro.-
sive material was suggested by the corrcsion of alumimm cansed by wdcrobial
growth in a casein hydrolysate medium, This corrosion was not prevented by
nitrete, and mineral constituents such &g iron or calecium did not sppesr to
stimulate it. : ‘ :

In further support of this second hypothesis, it was found that organ-
isms also produce corrosive compounds when grown in mineral media for long
periods of time. The time required for the production of these compounds
was sometimes as great as 200 days. Corrosive, insoluble sludge was pro-
duced by cultures ‘initially low in nitrate, and soluble, corrosive compounds
were produced in cultures initially high in nitrate. Corrosion caused by
the latter compounds was not prevented by the addition of nitrate.

J. Tekahashi et al.,® and K, Yamsda et al.® report that smicreorganisms
excrete protein and proteinelike material into growth media during hydro=-
carbon oxidation. It may be supposed that water bottoms also contain orgamic
contaminants; an inveatigation of a corrosive mechanism in which these reac-
tants participate was begun with products of microbial metabolism guch as
proteins, peptides, and amino acids. Thess productes were shown to corrode
aluminum over long:periods of time, but when microorgenisms isolated from
fuel were inoculated into suoh media (with a jet fuel overlay) aluminum cor=
rosion took place in large areas in a ghort time. The corrosion produced
by microorganiams in these media containing proteinaceous materials was not
inhibited by nitrate. This corrosion appears to be different in charsster
and represents the action of an important mechanism which differs from that
operative in strictly mineral media with hydrocarbon overlays. Mixed cultures
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from Ramey have been used, but not actual water tottom. Corrosion by a water
bottom obtained from a storage tank was inhibited, however, by nitrate, and
it may have resulted from a depletion of natural inhibition by microbial
growth. Another important finding wae that alumdmm alloy in an immiscible
gystem, i.e.,, fuel and water, is ge & concentration cell. The chemical
activity of this concentration cell can be influenced by water-soluble or
fuel-eoluble microtial products, Thic was dramatically shown with gystems
containing water and hydrocarton (chlorcforu, octane, or dinitrophenol)
vwhereby it appears that corrosion may be brougnt about by the direct oxida-
tion of organic compounds at the aluminum surface.

Research was accemplished on a third hypothesis, i.e., that corrosion
of alumimm is cauvsed bty microorganisms establishing microcenters of galvanic
activity on metal surfaces, It was shown that pitting corrosion took place
wmder holidays in the coating. These coating lesions were produced by
degenerative changes in microbial culture media. It was concluded that local
galvanic ectivity contributed toc the local pitting observed.

Corrosion pite were also formed with funri which had been allowed to
concentrate copper and iron from a medium. Apparently this bound metal is
capable of establishing galvanie activity when depnsited on the aluminum
al]ﬂy.

Attempts were made, in a fourth hypothesis, to determine the contribu-
tion of the mechamdem described to the corrosion phenomena. It was theorized
that microorganisms remove electrons from metal surfaces; but the demonstra-
tion of the direct oxidation and corrosion of aluminum by microorganisms was
unsuccessful. However, vhen electron mediators such as methylene blue were
added to microbial cultures, they caused the deposition of microbial material
or metabolic products on aluminum surfaces. It was concluded that these
agents brought about conditions which led to alwminum corrosion.

Distinct microbial sludges have been ohserved to form during the growth
of microorganisms on jet fuel. The material referred to as sludge is dark
brown to black and assumes several forms depending on the organisms or com-
binations of organisms used, and the conditions and time of growth. Some
of the material which we call sludge is not readily solable in water and in
nonpolar solvents. This slndge is often found in the bottom of 0ld cultures

- @nd, while it is easily disperczed in the medium, it quickiy settles out of

suspengion. Other sludge material is suspended in the medium and, under
centritugation, it floata, A third form of microbial product resembling
aludge in coloy is water goluble and easily adsorbed to anion exchange resina
and, posaibly to electropositive centersz in metallic fuel systems. This
Jatter compound interests us becauss it has been asgsociated with corrosion
in tests made at this laboratory.

Both microhial sludge and emmlsions were analyzed chemically and found
to contain, respectively, C, H, N, and O, as well as fatty acids, The c,
H, N, and 0, in certain chemical oomhinationa, could produce corrosion and
tatty acids could cause emulsion formation.

A
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The effect of comuon fuel additivees on the growth and survival of fuel
isolates and on corrosion was studied. Some additives actively stimmlated
microbial growth while othera were mildly texic at high concentrations.
Similar findings were also observed whers sealants and topcoating materials
were used ag a sole course of carton or nitrogen for microbial growth. In
this case, the polyurethane and polysulfide coatings were least attacked by
the microorganisms.

A study on the mechanism of hydrocarbon oxidation by fuel organisms
wag begun. It was believed that this study would furnieh clues to the
mochanism of emmleion formetion and corrosion. Fuel isolates were found
which were constitutively adapted to the oxidation of jet fuel hydrocarbons
while others required a period of adaption to hydrocarbon oxidation. Fuel
isolates oxidized jet fuel almost as rapidly as glucose, and were variable
in their requiremente for minerals to affect fuel oxidation. Acidic condi-
tions occurred with fuel oxidation. Tests were made of the possibility of
controlling the growth of fuel organisms by using respiratory inhibitors,
bt the reapiration of fuel isolates was surprisingly resistant to azide and
2,h~dinitrophenol inhibition. But respiration of fuel isolates was stopped
by 2-hexene or l-heptene alone or when mixed with either glucose or fuel,
In addition to preventing substrate oxidation, these unssturated compounds
were found to be biocidal. This suggested the possibility of designing
vwater-soluble compounds with unsaturated hydrocarbon moieties for the con-
trol and study of metasbelic fuel contamination processes.
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11T, FUTURE WORK

We have demonstrated some mechanisms by which microorganisms can cause
corrogion, sludge and emulsion formation, fuel deterioration, and deatruction
of aesalants and topcoats. The results of these studies show the effects
induced by fuel microorganisme under rigorously controlled conditions and
with the use of certain aluminum alloys. Thus, certain conditions permitting
microbial corrosicn of aluminum have been defined, Still, we have not
approached this problem from the molecular level, and is believed that a
need exists to determine which microhial products, or which gf the chemical
constituents react, and in what way, with aluminum surfaces,

To obtain a better understanding of how microorganisms are performing
corrogive chemical changes will require a more refined study--a study with
the objective of elucidating microbial corrosion mechanismg in terms of the
actual chemical entities produced by bacteria and capable of reaction with
metals. Methods will be sought to detect the presence of microorganisms in
consequence of these unique products. Also studies will be performed on
rapid simple methods for detecting microorganisms in fuelewater bottoms with
a sensitivity of 108 to 10* cells per ml. Consideration would be given to
medium components including hydrocarbons, the growth conditions, and the
extraction, igolation, and characterization of each product formed under
various controlled conditions. The general feeling now is that the future
studies ghould be carried out with pure hydrocarbons. This will make pos-
sible the quantitative balances of substrate used and products formed. In
this way the relationship between hydrocarbon oxidation and each of the
operational problems can be defined and, the mechanism by which microorganisms
caugse the contamination or corrosion phenomena-can be studied.

The corrosion studies will have as their objective the understanding of
several posaible mechanigme of microbial corrosion. One of the problems to
be studied concerns how organisms utilize corrosion inhibitors, i.e., nitrate
and phosphate, and others, from the medium and to determine quantitatively
what products are formed from these compounds, Firat it would be important
to know how the organism reduces nitrate and to determine what relationship
this has to hydrocarbon oxidation. These processes rust be energetically
coupled and physiologically dependent. Work is now in progress to produce,
purify, and characterize products formed from hydrocarbon oxidation. It is
desired that effort be placed on concentration cell corrosion. Research
would also be contimued on the action of the microorganisms as concentration
cells as well as research on those cells formed by immiscible solutions in
contgct with aluminum surfaces. The inhibition ef respiration and killing
caused by the short chain unsaturated hydrocarbons will be further studied
with whole cells, cell-free systems, and purified enzymes. This information

. should provide clues to better methods for controlling organiams in fuel

systems and should help in elucidating the ensyme systems responsible for
the initial stages in hydrocarbon axidation.

‘Su Flow Diagram of Accomplishments and Future Plans, page 91.
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The study of the composition of sludges and emulsions will continue
and attempte will be made to compare tiiv products formed on jet fuel with
those formed on pure hydreccarbons., Most of the problems caused by microbial
growth in fuel systems stem from the wnique ability of fuel microorganisms to
oxidize hydrocarbons; therefore, the chemical mechanism making these oxida-
tions poseible should be understood.
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IV, EXPERIMENTAL WORK AND DISCUSSION

In this section the problem of microbial contamination of jet fuel ics
defined in terms of the metabolic action of microorganisms on fuel system
components.

The causes of microbial corrosion of aluminum are discussed with respect
to the ability of microorganisms to utilize corrosion inhibitors and produce
corrosive compounds during jet fuel oxidation,

A more precise underctending of the biological or chemical mechanisme of
fuel system contamination was obtained by purifying compounds synthesized
trom jet fuel by microorganisms. These compounds ranged in structure from
simple 1lipid material to probable nitrated compounds of considerable com=
plexity. These compounds were related to specific problems of fuel system
contamination: cells high in lipids floated and formed water-jet fuel emul-
sions; media high in nitrated organic compounds were corrosive to aluminum
alloyao

The tiochemical activity of microbial fuel contaminants were also charace
terized. The organismes showed an unexpected rea:lstance to known respiratory
inhibitors such as azide, dinitrophenol, and EDTA* The organisms showed an
unexpected sensitivity w unsaturated hydrocarbons of medium chain length.
These olefins voth prevented respiration and killed the fuel isolates tested,
but differ by but one double bond from hydrocarbons acting as carbon gcurces
for growth,

The physical and chemical characteristice of cultures oxidiring jet fuel
for long periods of time were related to filter clogging. Products formed
in the aqueous phase in old cultures when placed in systems containing an
immiscible organic solvent appeared to stimulate aluminum corrosion. The
microbial detsrioration of sealants and costingas was characterigsed and these
materials were sho m to contain compounds capable of supporting microbial
g!oubhO

A. Mechaniems of Aluminum Corrosion

The corrosion of aircraft vdng tanka hu been asascciated with the growth
of microorganisms in jet fuel systems. But while the corrosion of metal by
microorganisms has been a subject of sustained interest for many years, thue
studies dealt almost axclusively with corrosion of ferrous metals under
maserobic conditions. Yet wing tank corrosion takes place in tho puunce

btommmduhmtbontalimlvduwnhy

 The ability of certain few microorgmisms to cause ferrous metal corro-
sion in the sbsence of oxygen was sttributed to their content of the angyme

,hwmmln and to their lbinty to reduoe slemsntal sulfur with the ronnuou

‘;thylom diud.no t.otn-mtic acid
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of hydrogen sulfide. Hydrogenase catalyzed the oxidation of hydrogen gas
adsorbed to metal surfacee and in this way brought about cathodic depolariza-
tion and corrosion. Hydrogen sulfide produced by microorganisms caused anodic
depolarization by reacting with ferrous or ferric ions and caused corrosion.
Through the operation of these two mechanisms microorganisms caused a destruc-
tive attack on ferrous metals,

In contrast to iron corrosion, aluminum corrosion appeared to be brought
about by microorganisms possegsing neither a hydrogenase nor producing hydro-
gen sulfide.™® Thus in attempting to understand the mechanism of aerobic
corrosion of nonferrous metals, four hypotheses were proposed and tested.
These hypotheses were based on known chemical transformations that bring about
the destruction of aluminum alloys and on known physiological activities of
microorganisms., It was proposed that:

8., Microbial growth and metabolism causes changes in the mineral con-
tent of growth media and, by thie means, microbes diminish the quantities of
corrosion inhibitor present in water bottoms and cause corrosion,.

be. Microbial metabolic products act as mediators in the corrosive pro-
cess by stabilizing the oxidation reduction potential, or by complexing metal
ions and thereby shifting the chemical equilibrium in favor of corrosion.

ce Micrvbial metabolism effects changes in the electrochemical proper-
ties of very confinsd areas such as those between microcolonies and metal or

topcoats surfaces; thus centers of galv mic activity are established and
corrosion results.

de Microorganiams directly oxidisze metal surfaces and cause the trans-
fer of elsctrons from the metal to a physiological produced electron receptor.

Each of these propositions was tested during the previous year and each
mechanisn suggested appears %0 contribute in a different degree to the pheno-
menon of asrobic microbial corrogion of aluminum. The extent of this contri-
bution depended on the growth phase of the organism, the minaral composition
of the water medium suspending microorganisms, the orgsnic ocomposition of the

suspernding medium, and -ong many other vmmha, the mpoaition of the
Mnul alloys

mulhntronluattbemm.umathoputmm
uthmmmcionmmlnwmmm

1. mmmgmmum-ammm

mantnudiudumhinmmanmemMmtm

sttenpts to duplicate the work of others. Our studies, based on previous
methods, indicated that & caud nhumhip betuesn microbial M and
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aluminum corrosion could not be unequivocally established in the laboratory.
Studies first referred to in the third quarterly report showed that the elimi-
nation of nitrate from a medium containing iron, calcium, magnesium, phos-
phate, ammonia, and sulfate caused the medium to become corrosive to aluminum
alloys. This obzervation revealed that media often used for the growth of
hydrocarbon-oxidizing organisms, like Bushnell-Haas medium, would have pre=-
vented the action of corrosive compounds should they have been produced by
microorganisms; it would also inhibit the corrosive activity of ions fre-
quently present in media supporting microbial growth.

To evaluate the contribution of microbial growth to aluminum corrosion,
it was first necescary to determine the ability of the individual ions of the
growth medium to cause corrosion in the absence of inhibitors such as nitrate
and in the absence of microorganisms,

A preliminary screening of growth medium ions for ability to cause cor-
rosion showed that both calcium salts and ferric salts caused extensive cor-
rosion of the 8lloys 202 and 7075 within short time periods. Corrosion by
magnesium salts was variable and in general did not occur.

Tests for aluminum corrosion were made by submerging coupons of these
alloys in aqueous test solution with a jet fuel overlay and placing the
system on & rotary shaker at 30°C for varisble lengths of time., Following
this treatment, coupons were removed, ringsed carefully in distilled water,
blotted dry, and photographed. The pictures in Figure 1 show the extent of
corrosion to be a function of the concentration of ferric salt added. This
pattern of aluminum corrosion in relationship to salt concentration is essen-
tially the same as that observed with calcium sulfate, tut the visible charsc-
ter of the oorroded aluminum alloys is different with iron than with calcium,
Other components of the Bushnell-Haas medium were tested by the same method
used with calcium and iron. These inorganic components, potassium, ortho=-
phosphate, sulfate, and ammonia, did not cause corrosion.

2. Corrosion Inhibited by Bushnell-Haas Medium Components

Pre]:l.ﬁ.nuv studies mucme that both phosphate and nitrate prevented
the corrosion of aluxinum caused by corrosive ions. Further studies were
performed to establish the ooncentration levels of these inhiditors which
were effective against various comcntruima of mbctaneu which appewr to
stinulate slusinum corrosion. .

Mm.ntnpu doununa the concentration of nitrate which would
prevert the corrosion of aluaimm in sterile solntion caused by biologically
mmumummmmmwmn-ummwm.

- mmzmmmmuonotmmmwaxmnm:.
with various concentrations of nitrate. The half-asxismum corrosion hm:lhi-
tionforthtnntnuﬂnlobamodmatSJxlO‘l!m.
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1.2 X 10- 3 KNOy 1.2% 102 w kNO3 0.03 M KNOy

LEGEND. POTASSINM MTRATE WA ADDED 10 8 X 1¢ w Polly TO GIVE SOLUTIONS CONTAINING (FROM LEFT TO RIGNT) 1.2 X 104 u kNDy,
L2 S 0 KDy, 1.2 X 1% KOy, 1.2 X 10T W KMOp, 1.2 X 16T 1 KNO), AND 0.0 & KOy, ALDMINUM ALLOYS 7075 (TOP ROW!
AND 2024 (BOTTON ROW WERE WMERSED I THETE SOLUTIONS AT pH 7.0 AND J0°C FOR 8 HOURS.

Figure 2. Omummmm-uuxo“‘unm,m
‘farying mmam, (Sheet 2 of 2)
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The concentrations of nitrate inhibiting 50% aluminum corrosion caused
by 8 x 10 M CaCl, or NaCl were determined. This concentration was 0.06 g
KNQ, per liter, 5.9 x 10™ M KNO,. Tris relationship suggested that irhibi-
tion of corrosion depends on a stoichiometric proportion between the concen-
tration of corrosion inhibitor and the comoounds stimulating corrosion. The
same concentration dependence was observed with phosphate as an inhibitor.

The chemical mechanisms by which nitrate actg as a passivator are
unclear. It seems highly improbable that nitrate forms stable compounds with
calcium or ferric ion and thereby prevents their participation in the cor-
rogion procegs, Il ceems equally improbable that nitrate complexes with the
aluminum surface and renders it resistant to the action of corrosive ions,
but the 2bility of nitrate to inhibit cerrosion appears to depend on its cone
centration relai.ve to other elements of the growth medium., It was concluded
that microtial activities whnich remove nitrate from a medium more rapidly
than iron or calcium are removec tend to make the medium more corrozive for
aluminum.

3. Nitrate Utilization by Organisms Oxidizing Jet Fuel

A knowledge of certain features of microbiazl physiology suggested a
blological mechanism by which the growth of organisms could cause aluminum
corrosion, Microorganisms tha' grow on mineral media, such ag *hose which
oxidize fuel, utilize the various components of mineral medium &t different
ratee and to differeat extents. The quantity of iron or calciwm used for
growth is far less than the quantity of nitrate used in the formation of cell
rrotein and nucleic acide. It appeared, therefore, that the growth of
microorganisms in media low in nitrate and phosphate would result in the
removal of these radicals while the calcium, iron, and chloride present would
remain in sufficient concentration to cauese aluminum corrosion. Accordingly,
tests were performed to determir whether organisme would remove nitrate from
the growth medium and allow the ..rroasive ions to act on aluminum. The data
in Table 1 showed that these fuel isolates could grow in the absgence of
ammonium ions and utilize nitrate as a sole source of nitrogen. This table
shows the diminution of nitrate concentration as a function of time. In the
work to be described, this fall in nitrate concentration is related to the
onset of corrosion in two ways; first, corrosion occurs more rapidly in grow-
ing cultures containing small concentrations of nitrate than in uninoculated
controls, and second, corrosion occurs in media initially containing high
nitiate concentrations only after long periods of time when the nitrate has
boen depleted by cell growth and synthesis.

e Aluminun Corrosion in fodified Bushnell-liaas Media Made % Various

- neentrations itrate in the Absence an 386NC6 O
TooTates '

The hypothesis was tested that microorgarﬂ.m in jet fuel-water systems

ary capabls of removing corrosion inhibitors and in this way bringing about
llm luoy corrosion,

“13
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NITRATE REDUCTION BY FUEL ISOLATES IN MEDIUM
CONTAINING HICH CONCENTRATIONS F KNO

3 jio
‘ 1
Time (Day) Nitrate (moles/liter) (moles/liter) tz i
» 0  1200x 20% 0 '
v 9.9 x 107 207 x 20
13 1.9 x10% 195 x 107
89 7.9 x 107 7 x 107

Legend:s Bushnell-fiaas fuel medium containing 1.2 grams KNG, as the only
nitrogen source was inoculated with fuel-grown mixed culture
which had been washed 3 times in distilled water. The culture
was placed on a rotary shaker at 30°C and nitrate determinations
by the method of Sknjins‘ and nitrate determinations by the method
of Pappenhagen and Mellon® were made at the indicated time intervals,
Initial microscopic count of the mixed inoculum was 10’. After 89
daya the microscopic count was 109,

& Jo Je mmam, *Spectrophotometric Determinetion of Nitrate with
L-Methylusbelliferone,” Anal, Chem., 36, 240 (196k).

be Jo Mo Pappmhagm with M. G, Mellon, *Ultraviolet Spect.ropbotometr:lc
- Detarmination of Witrites,® Ansl, cm.. 25, 3 (1953),
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%,ic;ganisme growing in an 1ntrinaica11y corrogive medium could make that medium

- to the basic formula of the Bushnell-Haas medium with the following excep=

" medium contained ammonium smlfate subetituted for ammonium nitrete.
_identical flasks ware prepared of each meditm, Half of the identical series

emssant g

" half wag not inoculated, but was mairtained 85 2 control of microbial cone :

regarding the proposed mechanism of the microbial corrosion of aluminum,

Expenmnta... cv:!.denca suggeating this mechaniam ot nﬂ.crobial comeim
of aluminum tock thiee forms, First, it was verified that the calcium and
iron of the medium were corrosive to alumimun in the absence of other medium
components. Second; testz were made showing that both nitrate and phosphate
inhibit the corrosiom caused by caleium &nd iren, Thixd, the ability of .'t‘uel
isolates to remove nitrate during jet fuel exidation was demnatratedo s

With this backgraund in mind testa wers designad to determine :h mioro- .
actively corrosive. Accordingly, a series of media were prepared conforming

tions: One medium contained no nitrogen source, five medis contained various oo
concentrations of potassium nitrate substituted for ammonium nitrate, énd one B

was inoculated with a nixed culture of fuel-oxidizing organism; the other
tamination and alwinum corrosion.

Nitrate also inhibited the chemical corrosion of the 2024 alloy caused
by the iona of the growth medium. But the corrosion of this alloy brought
about by microorganismg differed from that observed with the 7075 alloy.

The microbial corresion of the 2024 alloy appeared to take place only in the
presence of large cell populations, while 7075 alloy corrosion was evident
first at low nitrate and low cell concentration, and only much later at high
nitrate and high cell concentration. Figure 6 shows that microbial growth
in media containing 0,02 g KNO, per liter does not corrode the 202 alloy
in 97 days, but the 7075 alloy was corroded in this period of time at 0.02 g
KNO, per liter.

The observations recorded in Figures 3 through 6 have many implications

The corrosion of alloy 7075 in media with little nitrate at short perlods of
time was anticipated. However, the absence of corrosion on 2024 in inocu~
lated media low in nitrate, even after long periods of time, cannot be
explained by the first hypothesis proposed. The occurrence of corrosion after
97 days on the two alloys could have resulted from the removal of inhibitor
or nitrate; Jt could also have resulted from the production of corrosive
organic compounds by microorganiems. As shown in & subsequent section, such

organic compounds have been purified and they have been shown to stimulate
aluminuwm corrosion.

These observations point up the sbility of microbial flora to control
the corrosive properties of the medium in which they grow and metabolisze.
These data represent a singular achievement in producing aluminum corrosion
by microorganisms under rigorously controlled conditions,®
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7075 - 20 DAYS

0.2 LITER KNOy 0.02 G.L KNOy 0.4 G,L KNO3

TEST

LEGEND: FLASKS WERE INOCULATED WITH 5 ML OF MIXED CUL TURE WHICH HAD BEEN GROWN &5 HOURS IN NBH-FUEL
HARVESTED BY CENTRIFUGE AND WASHED 3 TIMES iN DISTILLED H;0. AFTER INOCULATION THE FLASKS
WERE PLACED AT 37°C FOR 20 DAYS ON A NEW BRUNSWICK SHAKER. THE TOP FIGURES REPRESENT
UNINOCULATED CONTROL FLASKS CONTAINING SOLUTIONS, FROM LEFT TO RIGHT, OF © .02 .04, 0.08,
0.08, AND 1.2 GMS KNO3 PER LITER AND THE LAST SOLUTION CONTAINING 1.0 GM OF :NH, ~%0, PER LITER,
INOCULATED TEST FLASKS ARE REPRESENTED BY THE BCTTOM ROW OF FIGURES.

Figure 3. Corrosion of 7075 Alioy by Mixed Culture in Media Contatning Varying
* Concentrations of Kma as the Only Nitrogen Source {Sheet 2 of 2)
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7075 97 DAYS

0.02G.L KNOy 0.04 G.L KNO;

0G/L KNOy

CONTROL

TEST

LEGEND: FLASKS WERE INOCUL ATED WITH § ML OF MIXED CULTURE WHICH HAD BEEN GROWN 48 HOURS
IN NBM-FUEL, HARVESTED BY CENTRIFUGATION AND WASHED ) TINES IN DISTILLED H,0.
AFTER INOCULATION THE FLASKS WERE PLACED AT 37°C FOR 97 DAYS ON A NEW BRUNSWICK
SHAKER. THE TOP FIGURES REPRESENT UNINOCULATED CONTROL FLASKS CONTAINING
SOLUTIONS, FRON LEFT TORIGHT, OF 0, 0.02, 0.04, 0.08, 0.08, AND 1.2 GMS KNOy PER LiTER
AND THE LAST SOLUTION CONTAINING 1.0 Gat OF (M 1130, PER LITER. INOCULATED TESY
FLASKS ARE REPRESENTED BY THE 80T TOM ROW OF FIGURES,

Figurs ¢, Coinuonozm,moybymcumumcﬂumvm
Cmmmmdmo,umwy.nmmmnon)
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2024 - 97 DAYS

0G.L KNO3 : 0.02 G 'L KNOy 0.04 G, L. KNO3

LEGEMD: FLASKS NERE INOCULATED WTH $ ML OF MIXED CIR. TURE SHICN MAD BEER GROWN 4 NOURS IN
N NIFUEL, HARVESTED BY CENTRIFUGATION AND WASNED 3 TINES IN DISTILLED H)0. AFTER
MOCULATION THE FLASKS WERE PLACED AT 37°C FOR 97 DAYS ON A NEW BRUNSINCY SHAKER.
THE TOP FIGURES REPRESENT UNINDCULATED CONTROL FLASKS CONTARING SOLUTIONS, FROM
LEPT TORIGHT, OF 9, 0.7 0.04, .04, 0.08, AND 1.2 GuS KNOy PER LITER AND THE LAST S0LU-
TION CONTAINING 1.0 G UF (Ntg)950, PER LITER. INOCULATED TEST FLASKS ARE REPRESENTED
$Y TRE SOTTOM ROV OF PIGURES.

T ————

Ngure 6. Corrosion of 203¢ Alloy by Mized Culture in Media Containing Varying
_ de’ummmmm«ldl)
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5. Microbial Corrosion of Aluminum in Growth Media of Different
Phosphate Concentrations

Orthophosphate serves a dual function in the growth media of bacteria.
It i3 a source of phosphate for cell growth, anc it is a weak acid whiah
buffers the medium near neutrality. Phosphorus, like nitrogen and carton
tut unlike iron, magnesium, and calcium, constitutes the macrostructures of
the bacterial cell., Orthophosphate nassivates aluminum as well ag function-
ing as a macro constituent of the microbial cell. A study was therefore cet
up to investigate the ability of fuel-oxidizing bacteria to utilize phosphate
and by so doing, make the medium in which ~rowth takes place more corrogive
toward alumimua,

The high cell population obtained in a medium which limited nitrate and
phosphate concentrations revealed the possibility of testing the atility of
organisms to fix phosphate within the cell and thus enhance the corrosivity
of the medium in which they grow. The medium designed in this study aleo
permite the growth of fuel-oxidizing organisms to relatively high population
densities, while at the same time the medium appears to be minimally inhibi-
tory to corrosion. Experiments were designed to test the ability of fuel
organisms to cause corrosion in these media with various low concentrations
of phosphate. The basic medium contained:

0.2 g/liter . MgSo), TH,0
0.2 g/liter . CaCl,
0.5 g/1liter FeCl,
0.06 g/1iter K!D3

From this basic medium, four test media were prepared. The basic medium
without additions, and the basic medium with 0.1, 0.3, and 0.5 g K HFO, per
liter added.

Each medium was dispensed into flasks and overlaid with JP-; fuel, The
corroaivity of the sterile medium was determined by adding alloy bars to each
medium. Observations were made at 2 and 72 hours. Host corrosion occurred
in media without phosphate (Figure 7) and the least corrosion occurred in
media with 0.5 g K HPO, per liter (Figure 8).

Sterile media with aliminum coupons were inoculated with cells of the
fuel isolate, culture 96. After 7 days incubation, no difference in corro-
sion wag odeerved in the inoculated snd control media without phoaphate
added. Figure 7 showm that in the absence of phogphate, this mediim causes
corrogion to about the smme extent in the presence a3 in the absence of
microorganisms. Similar results were obtained with media containing 0.3 o/
Uter of K HK), , but after 7 days growth, covrosion was seen in inoculated
media contaiming 0.5 g/liter of K HPQ, ; howwver, corrosion was ezsentially
shaent from alumimm coupons in the uninoculated control, Figure 8,

4

. - .

B —




B

e e e AT b i

T

]

FS R p—

RO187

CONTROL (UNINOCULATED
0 G/L PHOSPHATE

TEST (INOCULATED) 0 KaHaHPO,

Figure 17,

LEGEND: FROM LEFT TO RIGHT, 2024 AND 7075 ALLOYS ARE REPRESENTED.
CONTROL STRIPS PRESENTED AT THE TOP WERE IMMERSED IN
MEDIA CONTAINING NO PHOSPHATE AND NO BACTERIA, THE
BOTTOM FIGURES REPRESENT TEST STRIPS WHICH WERE
IMMERSED IN MEDIA OF THE SAME COMPOS!TION, INOCULATED
WITH 5 ML'S OF BACTERIAL CULTURE. THE FIGURES REPRESENT
THE ALLOYS AFTER 7 DAYS INCUBATION AT 305C. ’

The Corrosion of Aluminum Alloys in Culture 96 in Medium
Containing no Phosphate




R6188
024 7075

! CONTROL
NO PHOSPHATE OR BACTERIA
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TEST 0.5 GAL KaHPG,
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LEGEND: FROM LEFT TC RIGHY, 2024 AND 7075 ALLOYS ARE REPRESENTED.
CONTROL STRIPS PRESENTED AT THE TOP WERE IMMERSED IN
MEDIA CONTAINING NO PHOSPHATE AND NO BACTERIA, THE
BOTTOM FIGURES REPRESENT TEST STRIPS WHICH WERE

: - ' IMMERSED IN MEDIA OF THE SAME COMPOSITION, {HOCULATED
r ‘ WITH $ MLS OF BACTERIAL CULTURE. THE FIGURES REPRESENT .
; THE ALLOYS AFTER 7 DAYS INCUBATION AT 30°C. Iz
| . ]
Figure 8, The Corrosion of Aluminum Alloys in Culture 98 in Media Containing ~

. 0.8 Grams of Phosphate per Liter
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The cherdcal mechaniem responsgible for phosphate inhibition of aluminum
corrosion ig unclear, but the formation of complex compounds of alumimm and
phosphate, or phosphate and some unknown ion catalizing corrosion is a pog~
sibility. The inhibition of corrosion by nitrate, however, iz probably not
accomplished by thig mechanism. Both nitrate and phoaphate appear to bte taken
up by the bacteria cell and this activity has been shown to be accompanied
by increaseg in the corrogivity of the growth medium,

6. Aluminum Corrogion in Proteinacious Media

Jet fuel water bottome contain microorganiems which do not grow on
mineral media with hydrocarbon overlays. Thig observation made in the
ecology etudy suggeste that such water bottoms contain a variety of con-
taminantes which may be used as sourcees of carbon.

The presence of organisms in fuel-water bottoms, which are incapable
of oxidizing fuel, suggeste that theze environments contain a variety of
organic contaminants that may be used as sourcez of carbon,

These carbon sources may derive from lyeed organisms, from organic matter,
from soil run-off, or from material taken into aircraft breathers., This
material may cause aluminum corrosion directly or may stimulate the produc-
tion of corrosive compounds by organisms preaqmt in water bottoms which do
oxidize fuel.

To test the effects of different media containing proteinacious material
on the ability of fuel isolates to cause corrosion, three madia were employed.

A 5% solution cf casein was prepared in distilled H,O and pH was adjusted
to 7.0, This solution was dispensed into Erlermmeyer flaz The caszein
hydrolysate at 1.2 x 10™ I KNQ,, and casein hydrolysate plua Bushnell-Haag
salts were prepared.

All media were overlayed with JP-lj fuel, As an inoculum 5 ml of cul-
ture 101 containing 1.9 x 10® organisms per ml were added to 5 test flasks
of each medium. Observations were made at h, 7, and 15 days.

As shown in Figure 9, corrosion is produced by mic.corganisme in casein
dlone on the 2024 and 7075 alloy. As observed previously, the 7075 alloy is
appreciably more affected by microbial corrosion than 2021"

The effect of nitrate on the corrosion of aluminum alloy= by bacteria
grown in casein hydrolysis ig shown in Figure 10, The microbial corrosion
is more gevere in the presence of nitrate than in the sbesence of this com-
pound. These resulte cuggest that the corroszion produced by growth in
casein hydrolysate was produced by a mechanism differing from the operative
in an inorganic medium with a fuel overlay.
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LEGEND: CONTROL BAKS OF 2024 AND 7075 ALLOY ARE REPRESENTED BY THE
TOP FIGURES, TEST FIGURES ARE PRESENTED AT THE BOTTOM;
THEY WERE IMMERSED IN MEDIA THAT CONTAINED CULTURE 101,
THE INOCULUM WAS GROWN IN FUEL HARVESTED BY CENTRI-
FUGATION AND WASHED 3 TIMES IN DISTILLED H90. TIME OF
TEST--15 DAYS,

Figure 9, Corrosion of Aluminum Alloys in 5%, Casein Hydrolysate Medium
Containing Culture 101
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LEGEND: UNINOCULATED CONTROLS ARE PRESENTED AT THE TOP. THE 2024 IS
PRESENTED AT THE LEFT AND THE 7075 AT THE RIGHT. TEST ALLOYS
REPRESENTED AT THE BOTTOM WERE IMMERSED IN MEDIA CONTAINING
FUEL-GROWN CELLS WHICH HAD BEEN WASHED IN DISTILLED WATER 3
TIMES. TIME OF TEST--15 DAYS.

L et |
U S Y

Figure 10, The Effect of Nitrate on the Corrosion of Aluminum Alloys by ’
Culture 101 in §% Casein Hydrolysaie ;
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It should be emphagized that the concentration of nitrate used in this
casein medium was sufficient to prevent the occurrence of corrogion in 97
days in a sterile medium containing potentially corrosive ions.

The effect of casein hydrolysate plusz the salte of the Bushnell-Haas
moedium is shown in Figure 11. The greatest corrosion was observed in this
medium, The extent of this corrosion suggeste that some property or con-
stituent of casein destroys the ability of the nitrate to inhibit corrosion
cauged both by growth on casein and by the corrosive cations of the Bushnell-
Haas medium.

In the past, the theory was tected to determine whether microbial cor-
rosion of aluminum takes place because microorganisms utilize naturally
occuring corrosion inhibitors. These observations with casein hydrolysate
suggest a second mechamism of microbial corrosion in which the organisms
actually produce materials that cause corrosion. Future work will be con-
corned with the effect of products from lysed organismes on the corrosion of

§

7. Studies of Direct Aluminum Oxidation by Metabolically
Ip ctron Nedlators

The hypothesis was investigated that microorganisms produce substances
& mediators in electron transfer from metal to oxygen or from metal

' to oxygen. In this study meihslene blue was used as a model electron
or medistor., This dye can react both with the electron transport sys-
of the cell and with molecular oxygen.

Cultures of fuel isolates were in NHH with a JP-4 fuel overlay.
Culture media were made to 6, 4O, and 80 millimoiar in methylene blue hydro-
chloride. The media were inoculated with fuel isolate culture 101, and
coupong of aluminum alloys 202; and 7075 were sabmerged in the aqueous phase
of each culture. Controlg contained the same concentrations of methylene
blue and aluminum coupons tut they were not inoculated with microorganisms.

Figures 12 and 13 permit a comparison to be made of the effect of methy-
blue on aluminum coupons in the presencs and absence of microbial growth.
plotures were taken five days after inoculation. The cell concentration
chmged from 5 x 10° cells per ml to 3.2 x 10° ocells per ml during this time,
The dye affects the aluminum surface very little in the absence of microbial
growth, but when this elsctron mediator smd microorgmnisns are included in
the sme culture, the organisms adhere to surface of the alumimm, It
wag observed that pitting corroeion had ococurred beneath the adsorbed organisms
or debris. It is believed that the effect of methylene blue was predoninantly
on the metabolic activity of the microorganisms rather than on the surface of
the aluainum coupon. These results emphesize again the necessity of care-
fully evalnating the enviromment and medium in which microorganisms cause
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LEGEND: UNINOCULATED CONTROLS ARE PRESENTED AT THE TOP. THE
2024 1S PRESENTED AT THE LEFT AND THE 7075 AT THE RIGHT.
TEST ALLOYS REPRESENTED AT THE BOTTOM WERE IMMERSED
IN MEDIUM CONTAINING FUEL.GROWN CELLS WHICH HAD BEEN
WASHED IN DISTILLED WATER 3 TIMES. TIME OF TEST-15DAYS.

Figure 11. The Effect of BH-salts on the Corrosion of Aluminum Alloys by
Culture 101 in 5% Casein Hydrolysate
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8+ The Production of Corrosive Compouads by Fuel Isolates Oxidizing
Jot Tuel

The first. comparatively unambiguous evidence substantiating the hypoth~
esis that microorganisms produce corrosive compounds was obtained indirectly
with old cultures of fuel isolates initially containing high concentrations
of nitrate,

It vas previocusly shown that aluminum coupons submerged in Bushnell-
Hams medium, with 1,2 g KNQ, substituted for (NH, ),90,, for 97 days corroded,
This corrosion was at first .ttributed to the diminution of nitrate in the
redium and the presence of iron and calcium, With the objective of testing
the corrosivity of these old cultures, fresh coupons were subtmerged in 97-
day-0ld culturee initially with 1.2 g KNO,, Corrosion was observed in L8
hours on aluminum coupons sutmerged in these cultures. (See Figure 1.)

It was believed that the increased corrosivity of the madium resulted
from the microbial production of a corrosive compound, 7To test this assump-
tion, modified Bushnell-liaas medium was prepared which contained 1.2 g KNQ,
per liter; and this medium was inoculated with a mixed culture of micro-
orgmisne isolated from jet fuel systems. The culturee were placed on &

rotary shaker and incubated for 86 days. At the end of this period coupons
of aluminum alloys 202k and 7075 were immersed in the medium and inspected
after 4G hours. Figure 1l shows that, by the end of this brief incubation

period, both alloys were corroded severly by these media, but coupons in

media was attriduted to the presence of ferric hydroxide and calcium ion and
to the abgence of nitrate,.

Other tests were run to better define the relationship of the advent of

concentretion of nitrate. Mnlmpnmotnhn snd 7075 were

“the ; , dun, The
rosive agtion of these compounds sppears to take place in the presence of
inhibitors euch as nitrate and phoephate,
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2024

1075

CONTROL TEST

LEGEND. FLASKS OF NBH MEDIUM WiTH 1.2 ¢ WERE INOCULATED WITH A MIXED CULTURE OF
FUEL ISOLATES AND INCUBATED AT FOR 88 DAYS. - ALLOYS 7075 AND 2024 WERE THEN

2024 AND 7075 WHICH WERE NOT IMMERSED IN CORROSIVE MEDIUYW ARE PRESENTED ON THE
LEFT. TO7S ALLOYS ARE IN THE BOTTOM ROW AND 204 ALLOYS IN THE TOP ROW.

Agure 14. Corrostvity of Medium Following Long Term Microblal Growth




CONTROL

LEGEND. FLASKS OF NBM i DiUs WITH 1. gm KNOy WERE INOCULATED WITH A MIXED

CuUL TURE OF FUEL 1SOCATES AND INCUBATED AY J°C FOR 84 DAYS ALLOYY
707¢ AND 024, AND A SECOND QUANTITY OF KNO3 1.2 GRANS PER LITER #FRE

THEN ADDED AND THE FLASKS WERE MCUBATED FOR 43 NOURS. CONTRIY,
BARS OF EACH ALLOY WHICH WERE WOY IMERSED IN CORROSIVE MEDIUM ARF
PRESEWTED ON THE LEFT. 7075 ALLOYS ARE PRESENTED N THE BOT TOM ROW
ANG X2¢ ALLOYS N THE TOP POW.

Figure 18, mmamw:mum:mmmuqumam
Following Long-Term Microbial
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‘Be %ge Chemical Fractionation of Media Made Corrosive by Microbial
rowth

It was shown previously that mediz initially high in nitrate and which
supported the growth of fuel isolates for long periods of time became
corrosive, During this period such media were chemicaily fractionated
using the anion excharge resin Dowex -~ 1.

The resin was in the chloride form initially and then following an
HC1 wash it was adjusted to pH 7 with NaCH and subsequently washed sewveral
times in water. The growth medium tested contained a mixed culture of jet
fuel isolates. The cultuwral medium was characteristically brown after many
weeks of growth, The culture was centrifuged and the supernatant filtered.
The filtered raterial was at pH 8.h4. It was clear and brown.

The filtered culture medium was passed over the anion exchsnge resin.
The initial effluent was clear and colorless, and a dark band was formed
at the top of vhe resin column (see Figure 16), With the continued passage
of xedium over the column the band became¢ more demse in color and graater in
height with little tendency to form a secamd band or smear down the column.

The following fractions were obtained from the anion exchange column:

Fraction 13 This fraction was ot.iined by pouring the filtered culture
medium over the anion exchenge colwmn. All of the anions of the growth
medium would be removed and exchanged for OH groups., Most of the cations
in the growth medium would be present in this fraction.

Fraction 2: A water wash to remove residual cations of the medium
trapped In the anion exchangar matrix -- this fraction was essentially a
dilution of Fraction 1,

Fraction 3: This fraction was obtained by adding acetic acid to the
column and it contained some of the anions of the msdium which had been
exchanged for acetate iona,

Fraction 4s This fraction was obtained by adding formic acid to the
medium and 1t contained additional anions which had been adied to or formed
by microbial growth in the medium,

Coupons of the aluminum alloy 7075 were placed in each of the fractions
obtained from the anion exchange resin., Corrosion tests were run for 18

hours. and controls containing formic or acetic acid showsd no evidence of
corrosion,

In Fraction 1 definite corrosion was observed, and this corrnsion is
believed to be caused by the cations of the growth medium which were not
adsorbed by the exchanger,

51

L.




4019.00100-49

Figure 16, Adsorption of Microbial Products on Dowex-1
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In Fraction 2, the water wash, no corrosion occwrred.
In Fraction 3, which was faintly yellow, slight corrosion tock placs,

In Fraction L, which contained a yellow compound in great concentra-
tion, extensive corrosion took place,

Chexical fractions were also obtained from pure cultures of the fuel
isolate culture 101, After L9 days of growth, Bushnell-Hsas medium was
modified by the uae of 1.2 g of XNO, in place of ammonium nitrate. These
cells produced the characteristic yallow compound and the medium became
corrosive to sluminunm,

This old culture of 101 was subjected to ultracentrifugation at
60,000 X_ for 3 hours, at 20°C. The supernatant thus obtained was filtered
through § Millipore filter with a 200 mp pore diameter, The pH of the
filtrate was adjusted to 7.0 and then added tc a Dowex-1l-Cl column. The
pigments were again concentrated at the top of the colum and they were
eluted as shown in Figure 17. '

Another portion of the 101 culture was prepared as desoribed above
and sbsorbed on a Dowex-l column. The portion of the column containing
the dark material was removed frca the resin bed. The absorbed microbial
product was eluted in a batch operation with 10f formic acid. This material
was dried, The dried material was subjected to preliminary IR analysis
(see Figure 18), Other portions of the eluted fraction are now wdergoing
C, 0, Hy and N analyses. The corrosivity of purified fractions of this
microblal product will be examined further, and attempts will be made to
determine the homogenisty of these products and their molecular weights.
This information is desired as & first step in studies of the ensymatic
process by which jet fuel contaminants live anmd by which corrcsive come
pownds are produced,
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C. Jet Fuel Contamination by lietabolic Products of Microorganisms

1, Jet Fuel Penetration and Bmulsion Formation by Microorganisms

The ability of microorganisms to penetrate a fuel layer is shown
in Figure 19. That this characteristic varied from organism to organism
was apparent. In the figure shown, cells of the fuel isolate, culture 96,
entered the fuel phase in a short period of time while cells of culture 101, 4
: . also a fueli isolate, enterad the fuel phase only after long growth periods
‘ : and then oniy to a small extent, Culture 96 yielded cells that also dis-

) : tributed themselves homogeneously in the aqueous phase of a fuel-water system,
but with continued growth the organisms concentrated at the fuel-water inter-

face, These organisms appeared to form an "emulsion," and with old cultures

this bacterial mass progressively penetrated the fuel phase, ' 1

Studies were performed to characterize the water pnase and interface
organisms, The latter organisms could not be centrifuged down indicating

that their specific gravity had become less than water with continued growth
on fuel.

The viability and respiration of top and bottom cells were compared.
Difficulties were encountsred in making microscopic counts of the top cells
because of their tendency to aggregate at the top of an aqueous medium,
Nevertheless the cells could be disperssd by vigorous shaking with water,
and counting was possible with samples removed inmediately after shaking.

2, Microbial Sludge Formation and Composition

When fuel isolates oxidize JP-L fuel on a medium containing -- as
the only source of nitrogen -- comparatively high concentrations of nitr:te,
two compounds are produced which have not been observed so far with growtih
at low nitrate concentrations or with growth on substrates other than jet
fuel, One of these ccmpounds was fuel-soluble at hydrogsn ionic concen- :
trations that permit microbial growth. The other campound is fuel-insoluble !
and is also insoluble in water, at least from pH 3 to pH 11l. These materials
were studied for two reasons: first, they are potential fuel contaminants,

and second, they should give some insight into the metabolic function of
fuel organisms,

In the analysis, accomplished during this period, an attempt was made
to acetylate the microbial sludge by refluxing with acetic anhydride. This
treatment resulted in the partial dissolution of the sludge in the acetylating
agent, The dissolution of this material msy have resulted from the masking of
charged groups by acetylation, '

The acetylated material, or that material treatad with acetic anhydride,
was dried and dissolved in methanol with BF. as a catalyst. The mixture was
refluxed to permit the formation of methyl 8sters.®»” Following this treat-
ment the sludge residue in methanol-BF3 was dissoived in bengene-ethyl ethe,
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101

LEGEND

THE FERNBACH FLASKS CONTAINED 1 LITER OF NBH MEDIUM AND
200 LS OF JP4 FUEL, THE FLASKS WERE INOCULATED WITH

100 MLS OF CULTURE 96 AND 101 RESPECTIVELY, THE TOP FLASK
OF 101 AND AND THE BOTTOM FLASK OF 96 ARE REPRESENTED
AFTER 48 HOURS GROWTH,

Figure 19, A Comparison of the Ability of Culturea 96 and 101 to Penetrate
a Jet Fusl Layer
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To this organic solution water was added, and a large quantity of brown
material was extracted into the water phase with precipitate formation.
The organic phase was separated and washed; it was then analyzed for long-
chain methyl esters. The results of that analysis are shown in Table 2.
The large proportion of long-chain acids present was of interest.

A portion of the bacterial sludge was further analyzed. It was dialyzed
for 24 hours and subject to C, H, and N analyses, Table 3. Another portion
(0.104 g) was extracted with 10% HCl-methanol for L8 hours,

The resulting material was separated intc a soluble fraction and an
insoluble fraction by centrifugation., CHN analyses were performed on these
fractions, The weight of the methanol-insoluble fraction actually was greater
than indicated because much of it formed a residue on the centrifuge tubes,
This residue was not dialyzed out because the residual material in the
dialyzed sample was much greater than that present in the extracted sample.
The C, H, N, and O values wers adjusted to eliminate the effect of this
residue, The methanol-insoluble portion contained much more nitrogen than
the methanol-soluble portion, with the dialyzed portion having an intermediate
value, This was to be expected since the methanol-soluble portion contained,
primarily, the lipid portion. The protein concentration was obtained by
assuming that normal proteins were responsible for the nitrogen concentration,
Tic residual C, H, and O values were obtained by subtracting the CHO contri-
butions of the protein from the total CHO concentrations, The oxygzen value
probably has a large srror. These results appear to indicate that the pro-
tein, lipid, and carvohydrave concentrations, are approximately 50, 20, and
30%, respectively. The presence of nitrogen in this water-insoluble, fuel-
insoluble sludge suggests th~ presence of nitrated hydrocarbons, microbially
produced, which contribute to tne corros.vity of fuel-water bottoms,

3. Chemical Analysis of Floatinz Cells

In the course of this study, organisms have been isolated whigg
cause emulsior formation in 2L hours at populations of approximately 1
organisms per ml, while other organisms form microbial emulsions at these
cell populations after 48 hours or 72 hours of growth. The dependence of
emulsion formation on growth conditions suggests that the production of cells
that float in water and cause emilsions is an enzymatically controlled
reaction, which may cause the slow accumulation of some metabolic product

of low specific gravity.

A product with low specific gravity appears to be held within the cell
wall or to diffuse from the cell very slowly. In thie piriod, the lipid
content of cells which form emulsions and also float were compared with
those having a specific gravity greater than water; i.s,, those which are
dispersed through the growth nedium,

The organisms which cause emulsion in & fusl-water system are referred
to as top cells; the other water-dispersed organisms are called bottom cells,
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TABLE 2
FATTY ACID CONTENT OF MICROBIAL SLUDGE FRACTIONS

Retention Time Peak Height Probsble Fatdy  Percent o:‘;tal
(minutes) (inches) Acid Ester Material Analyzed )
13.34 0.47 lh.1 0,09
13.86 0.80 4.1 0,16
1.h2 0.25 0.05
17.84 16,88 16,0 ‘ 3.48
18.98 14,00 2.89
19.uk 20,00 17,0 ka2
21.38 2,95 18.1 0.61
a.60 1,02 *+~18.0 R 1Y 2 §
23.2 6.76 19.0 1.39
26,02 0.47 a.l 0.09
26.36 1.7 a.0 0.36
28,50 19,20 22,0 86,45
(5.24 x 80)
32,74 0,38 —_—
Total Height L4BL.91 99.98




TABLE 3

A CARBON, HYDROGEN, NITROGEN, AND OXYGEN ANALYSIS OF MICROBIAL SLUDGE

Methanol Soluble Methanol Insoluble Dialysed

Dry weight 0.0322 g 0.0187 g 0.060 g
£cC LS.7 25.9
ZH 7.8 6.5
2N L.8 1.3 he?
% Residue L.l 0.4
Adj. C 18.0 h2.8
H 8.2 10,7
N L.8 1.9 7.8
0 _ 3.9 3.8
Protein 30,0 Thel 48,8

Residual C 9ol 17k

H 3.4 7.5
0 15.8 28.0

g -




The analysis of thes2 cells for lipid content was accomplished by taking

weighed samples and extracting with acetone in a micro-Soxhlet apparatus
for Lb hours,

Portions of the extracts were analyzed by thin-layer chromatography.®
A 1/2-mm layer of silica gel G vas applied to the plates, dried at 100°C
for 1 hour, and stored at room emperature. The alution solvent was a mix-
ture of 70% in n-propanol and 0% 1 N NH, OH.

N Approximately 500 ug of each
‘axtract were applied to the plautes and eluted.

After spraying with 3,
a'~di-chlorfluorescein, the Ry values were obtained and compared with those
of known standards,

Portions of the bacterial extracts were esterified with 10% HC1 in
methanol at 100°C for 3 hours. After cooling, excess dimethoxypropane was
added and the lipids were evaporated to dryness. The resulting fatty acid
nethyl esters were analyzed in a Beckman GC~-2 hydrogen-{lame detector gas
chromatograph, Table L shows the gross lipid content of water bottom cells,

The lipid content of top layer and bottam layer cells appeared to be
essentially the same with respect i Uie general type of lipid present. The ;
top layer ceils, however, had about six times more lipid than the bottam
layer cells., The phencmenon of flotation was associated with the production
of large quantities of lipids which were normal to these fuel isolates, The
energence of top layer emulsion-forming cells seemad to result from the
utilization of metabolic pathways common to both types of organimms,

L, Fuel Contamination by Metabolic Producta

In general, in this laboratory the fusl isolates that have been
grown in Bushnell-Haas medium with a jet fuel overlay have not produced
colored compounds that are soluble in jet fual., Fuel extractable compound(s)

were produced, however, in cultures grown at a high-nitrate concentration
with nitrate as vhe only source of nitrogen,

The compouna produced under these conditions was yellow; the absorptian
spsctrum of this compound in fuel and in water at two extremes of pH is showm
in Figure 20. The compound entered the fuel layer at pH 7 and was easily
extracted into water and concentrated by adjusting the pH to 11.5. In
aqueous solution, the compound showed a definite inflection point as a func-
tion of pH; hente, it has a weak acidic functional group which exeroises an
inductive effect on its chramophore, Advantage was taken of tha pH dependance
of the extinction coefficient, and a spectrophotometric titration of the com=
pound was made, For this titration, a mixed buffer containing 0.1 N Tris and
NaOH, adjusted to the indicaved pH level wvath HC), was used. Figure 20a
shows this determination. The clearly defined inflection point at pH 10,8
seta the apparent pk of the functional groups which control color change,
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TABL b

S OLIPID COIUEIT of TOP AD BOTTO CELLY

1]

Type of Lipids

aqual amounts of

Top Layer Bottom Layer
“leight of Bacteria 00,5 mg 205.1 mg
Weight of dxtract 20,7 ng 1u.0 mg
i Lipid extract 3h.0% Dol

squal anounts of

phoapholipids, phospholipids,
13910, yeerioes, moneoglycerides
triglycerides triglycerides
i
|
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It seems probable that this group also controls the water solubility
of the compound, Hence, these determinations show that this micrcbially
produced fuel contaminant will begin %o enter the fuel layer when the
agqueous hydrogen ion concentration diminishes to vaiues which permit micro-
bial growth,




D, Biochemical Activities of Fuel Isolates

1, The Growth and Viability of Fuel Isolates in Media Containing
ed Hydrocarbons

Many microorganisms which are capable of oxidizing hydrocarbons are
capable of oxidizing the five-carbon hydrocarbon pentane, The organisms
isolated from JP-L fuel in this study, however, were unable to oxidize
pentane, In an effort to characterize these organisms and their metabolic -
products it was necessary to determine their capacity to grow on hydro-
carbone of different chain length and structure, Table 5 summarizes the B
responses of microorganisms in the presence of the particular alkanes and _
olefins used in growth media, !

Pentane, hexane, and heptane do not support growth, and they do not [
kill the fuel isolates tested. The organisme are not killed by l-pentane '
end are killed only slowly by 2-pentene, However, 1- or 2-hexene or
heptens; l- or ?-octene or nonene kill these fuel isolates readily, But
the effectiveness of these short chain olefins end with nonene; and either 1
l.decene or l-dodecenc support growth to about the same extent as octane,
nonane, decane, and dodecane. Population densities change on these satu-

rated hydrocarbons from 106 cells per ml %c out 10B cells per ml in L6
hours,

The toxicity of short~chain olefins is not confined to organisme that !
grow on fuel, Table 6 shows that E, coli is distinguished from the pseudom-
onsds isolated from fuel by its sensitivity to jet fuel, but both organisms
are sensitive to the lethal properties of 1-hantena,

The response of these fuel isolates to short chain olefins has no
explanation in known physiological or biochemical mechanisms, It is sur-
prising that a nine carbon hydrocarbon with one double bond is both a
respiratory inhibitor and a biocide, while the same compound without unsatu~ J
ration acts as a carbon source for growth,

Information is sought as to the physiological locus of action of thess
olefins, Does dsath by olefins result from respiratory inhibition, or do
they interfere in some very specific way with the cell division and repro=-
duction, Future work on the enzymes and growth characteristics of fuel
isolates will attempt to answer these questions,

2 The iration of Fuel Isolates with S to 10 Caurbon Alkanes, and
enes atura LC rocarvons

The failure of fuel isolates to grow on short-chain alkanes and olefins f
prompted a study of the effects of these short-chain hydrocarbons on the
netabolic pathways essential to the life of the organism,

P .




TABLE 5

THE GROWTH AND VIABILITY OF A FUEL ISOLATE IN MEDIUM CONTAINING
PURIFIED HYDROCARBONS

Hydrocarbon Viable Response J

Pentane

No growth

TEEn.

A e

l-Pentene No Growth

2-Pentene Kills

Hexane No Growth

l-Hexene Kills

2~Hexene Kills :
Heptane No Growth
l-Heptene Kills E
2-Heptene Kills i
Octane Growth &
1-0ctene Kills

2-Octene Kills

KNonane Growth

1-Nonene Kills

Decane Orowth

1-Decene Growth

Dodecane Growth

1-Dodecene Orowth

legend: The organimm tested was the fuel isolate Culture 101, These cells
were grown on BH medium with a fuel overlsy, They were harvested
by washing 3 times in vater and the washed cells were used as
inocula in nedia overlayed with ths purified hydrocarbons shown
above,
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TABLE 6

THE EFFECT OF JP-l; FUEL ON THE VIABILITY OF E, COLI AND A FUEL ISOLATE

Percent Survival ,
Inoculum Media Initial Count ays ays
Dstilles 10 | 2.6 x 10° 1008 0.,075%  0,0679%
E. cold NBH~fuel 36 x 10° 1008 0,758 0,01%
Distilled H,0- ;
9% Fuel 2.1 x 10 100% 91.6% 78.5%
"BH=fuel 1.96 x 107 1005 518 17,16%
96 Distilled H,0- ¢
No fuel 1.3 x 10 1008  146% 615%
No fuel 3.6 x 10 1008  105.5% 1508
E, ool Saline-fuel | 3.67 x 10° 1008 0,0329% 0,039%
NEH~fuel 2.27 x 108 1002 0,0538% 0,031%
" 8alinefnal 3.1 x 17 1007 10.0%¢  8,9%
NBHfuel 1,65 x 107 1008 16.96% 13,38
E. ool Saline ~ no £
fuel 2.5 x 10 1008 52% 76,9%
Saline = no ,
96 fuol 11 x 10° 1008 2768 2558
96 S&Hnentuol 6.0 b 4 102 100’ %606’ 7.16606’
(Saline washed
cells) NBHfuel Lo x 10° 1008 20,0008 73,3338
9% Distilled
(D1st111ed H,0 = fusl koS x 107 1008 31118 73338
HZO waghed
oolls) | NEH-fuel 2,2 x 10° 1008 12,6368 190,909%

Sk
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As gshown previously, octwne and ncnane are readily oxidized by fuel
isolates and theyr also support microbial growth, cut octene and nonene,
like hexene ard heptene, are inhibitory to the oxidation of jet fuel and
glucose, The response tc theze clefins is in sharp conirast to that of
compounds containing one additional carbon atom, namely l-decene, This
unsaturated compound is capable ol supporting growth and it is inhibitory
neither to jet fuel oxidation nor to glucose oxidation, The same pattern
of response is observed with l-dodccene which supports growth and does not
cause respiratory inhibition.

Table 7 summarizes our experience with short-chain hydrocarbons and
their ability to undergo axidation or to affect respiratory inhibition.
A knowledge of the site of acticn of the unsaturated hydrocartons waich
inhibit should be of considerable importance in understanding the physiolo-
gical mechanisms by which microorganisms oxidize fuel and contribute to the
formation of microbial zludges and emulsions,

The typical effect of short chain unsaturated hydrocarbons on jet fuel
oxidation is shown in Fijpure 21, The inhibitition of glucose by 2-hexene
assumes essenlially the same time course as that shown for jet fuel oxida-
tion, The respiration of th-se fuel isolztes on both jet fuel and glucose
is also profoundly affected by uncsaturated wing structures such as p-xylene,
(Pigure 22.). Tese data show the difficulty of formvlating general state-
ments szbout the effect of hydrocarbons on the respiration of oells isolated
from fuel systems, The inhibitory effect of hydrocarbons appears to be
associatad both with unsaturation and with chain length,

3, The Effect of Known Resciratvory Inhibitsrs on Microbial Oxidation
of Jet Fuel and Porilied Mrocaﬁons

The character of metabolic mechanisws responsible for particular
chemical transformations carried out by microorganiams can frequently be

elucidated by the use of compounds which inhibit normal physiological activi-

ties, The application of this approach (form of reasoning) to an under-
standing of the physiological meciianiams operative in jet fuel oxidizing
organiems has been attempted, The metal requirement shown by these studies
reported for in vitro conditions in the literaturel® suggest that the
enzymes responsible for fuel oxidation and bacterial respiration contain
metale, Sodium azide inhibits the activity of metal containing enzymes
and, like 2,L-dinitrophencl, it prevents adaptation,

Tests were made of the effect of respiratory inhibitors on the activity
of fuel isolates, The ansbolic inhibitor, 2,L-dini enol which stops
odaption, is effective at concentrations as low as 10~° M against some
orgadi=ms, The data in Figure 23 show that coicentrations of this compound

as high as 10~ do not appreciably affect the ability of jet fuel orgsnisms
to oxidize hydrocarbons. 3odium azide might be expected to react with the
metal in enzyme systems oxidiszing hydrocarbons, This reaction seemed
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Figure 21, The Effect of Hexene o the Oxidation of Jet Fuel Culture 101
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TABLE 7

THE RESPIRATION OF STRAIN 101 IN THE PRESENCE OF SHORT-CHAIN

SATURATED AND UNSATURATED HYDROCARBONS

Effect on Effect on
Hydrocarbon Oxygen Uptake Fuel Oxidation Glucose Oxidation
Pentane No Siight Inhibition Slight Inhibition
1-Pentene No Inhibition Inhibition
2-Pentene No Inhibition Inhibition
Hexane Variable: Always Slight Inhibition Slight Inhibition

Small
1-Hexene No Inhibition Inhibition
2-Hexane Variable: Always Inhibition Inhibition
Small
Heptane Not Sustained No Inhibition No Inhibition
1-Heptene Not Sustained Inhibition Inhibition
2-Heptens No Variable, Inhibited Inhibition
Octane Yea No Inhibition No Inhibition
1-Octene No Inhibitien Inhibition
Nonane Yos No Inhibition No Inhibition
1-Nonene No Inhibition Inhibition
Decane Yes No Inhibition No Inhibition
1-Decene Yes No Inhibition No Inhibition
Dodecane Yes No Inhibition No Inhibition
1-Dodecene Yes No Inhibition No Inhibition
59




especially probable since the metal involved appeared to be irom, but here
agair the metabolic activity of the fuel isolates proved to be surprisingly
atypical and resistant. Even 10-3 M azide inhibited respiration only 3
(Figure 24.) This cellular response indicates that the terminal oxidase may
be a flavin-containing enzyme rather than a cytochrome,

This study of metabolic mechanisms emphasizes the complexity of factors )
controlling the appearance and activity of fuel contaminants, The results
obtained show the presence of areas of unexpected resistance and sensitivity
in the physiological mgkeup of organisms which inhabit fuel-water systems,

L. The Killing of Fuel Isolates by Hydrocarbons

It was hypothesized that fuel-cxidizing celis entered fuel systems
either as cells adapted to growth on rich media or as cells adapted %o
growth on fuel-containing media, while the fuel-water bottom may possess a
mineral content ranging from predominatly sodium chloride to tnat of a
camplete growth mediwm in tems of trace metals and nitrogen source. In 1
this phase of the study fuel-oxidizing organisms (Culture 96) were grown
both on & modified Bushnell-Haas medium with a fuel overlay and on TGY,

The cells were harvested by centrifugation and were washed and suspended
in either NaCl solution or H,0, The washed cells were then inoculated inte

NaCl solution, H,O, or BH-medium with 2 fuel overlay. Cells in each mediwm
grew during expognre to fuel for L days.

PR . g

The results obtained (Table 6) show the extreme hardiness of the organ-
isms vhich oxidize fuel, and although a limited sample was analyzed, the
viability of this particular fuel-oxidizing organism did not appear to be
strongly dependont on the kind or concentration of salts in the water phase
of its environment, It was cbserved that a very large fraction of these
celis groun on T4Y survive when placed in the presence of fuel,

Cells of Escherichia coli were grown on TGY (tryptone-glucose-yeast
extract) medium and treated in every way similar to the fuel isolates, In
i days the visbility of the E, coli suspension diminished to 0.03% to C,06%
of its initial value, but the visbility of Culture 96 remained essentially
unchanged during this period (Table 6,) The viability of B, coli and
Culture °6 in saline and distilled water without fuel was essentially unchanged .
during this L-day period. Esentially the same results were obtained with C
nitrogen deficient medium where the cell count remained constant in absence
of growth for 97 days. These results show that fuel components are toxic to .
the nonfuel-cxidizing organism, E, coli, but not to fuel organimss, ; .

The reason for these differences in physioclogical terms is not immed- EE
iately apparent, The Gram-stain response separates microorganisms into two z {
great classes in terms of the canplexity of cell membrane structure, But ;
in this study both E, coli and the Psuedmonads are gram negative, but their z
grossly different rate of survival in water-hydrocarbon systems demonstrates ” |
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E. The iffect of Fuel Additives on Microorganisms and on Aluminum

Corrosion

Tests were made to determine the ability of organisms isolated from
fuel to survive or grow in the presence of fuel additives sucn as anti-
oxidants and anti-icing compounds, Other long-term tests were set up to
study the effect of antioxidants on the corrosion caused by large con-
centrations of microbes and, on the aluminum ccrrosion caused by frequently
encountered fuel contaminants such as rust.

For testing effects of fuel additives on microbial growth, media were
prepared consisting of 100 ml of Bushnell-Haas mcdium with a 10 ml JP-i
overlay. To this fuel overlay, from 0,05 ml to 10 ml of fuel additive was
added. Viable cell counts were made periodically up to 24 hours,

If antioxidants are generally present in fuels, thon it is probable
that they affect the metabolism of fuel organisms .ind enter into cerrosion
and fuel system deterioration caused by other fuel contaminants, The
response of fuel isolates to fowrteen of the antioxidants was tested and
found to be essentially idemtical, with two notable exceptions. (The
exceptions are discussed below.) The compounds received are listed in
Table 8 together with the concentration used in the fuels, and the gross
effect on microbial survival,

Both antioxidants and corrosion inhibjitors affected microbial growth
at low concentrations. In Bushnell-Haas medium as little as 1 mg per ml
of additive influenced microbial growth and survival, The antioxidants
were, in general, bactericidal; however, they killed organisms at a much
slower rate than the olefins tested earlier., Lubrizol Skl, a corrosion
irhibitor, and Lubrizol 802, an antioxidant, were the most bactericidal
compounds among the group tested. (See Table 9,) Tolad 24l did not kK11
the fuel isolates studied; and the corrosion inhibitor Unicor M supported
microbial growth.

With Unicor M as the only source of carbon 1@ Bushngll-ﬂus medium
the numbar of organisms present increased from 10 to 10  cells per ml
in 2, hours, (See Table 10.) It is possible that this compound is a
potential source of nitrogen for organisms that oxidize fuel,




MICROBIAL SURVIVAL IN THE PRESENCE OF FUEL ADDITIVES

Compound R 5

I
TABLE 8 l
j
1
e

P P Weuy 2

;’ Unicor M 0.10 >86815.0 .
Tolad 2Ll 0.10 <250.7 BN
MBX-200 0,10 <88.7
Ethyl AN 33 0.05 <1,02
* Dupont. HP2 0.05 <0.38
Lubrizol 802 0,01 <0.001
? Sentolene C 0.10 <0.01
: Metal Deactivator 0.01 <0.01 .
| Lubrizol 5il 0.05 <0,01 :
1
: Legends R = mlnladgitm
#$ = (Vieble cell count after 24 hours/initiasl viable count) ’ '
x 100, All viable counts were mads after 2l hours exposure at 30°c.

The indicated concentrations of additive were added to Bushnell-
Haas medium, Esch medium was inoculsted with 5 mls of culture 101
grown on fuel. The cellis had been washed 3 times in distillied
weter. Visble counts were made in TGY agar at periodic intervals
for 2l hours. Incubation: 30°C.
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2 TABLE 9

EFFECT OF ANTIOXIDANT LUBRIZOL 802 ON GROWTH OF CULTURE 101
} ml of
sdditive 4 % 4

‘ per 100 0 hr Survival 2 hrs Survival 24 hrs  Survival )

} ml NBH 0 hr 2 hrs 2} hrs

i
N 0 ml 1.lox0" 100 6oexid® W2 162007 157 b
;b 0.05m 1.29x10 100 1.o5xi0°  1.27  no growth 0,00 :
] 0.1m  3.1xa0%  23.84  2.8x10° 2,15 o growth  0.00 {
- 1.0m 570"  L39  3m0®  0.0023 no growth 0,00
i 5.0 ml m0™  0.00023 no growth 0,00  mo growth 0,00 !
[ 0,0 m1  no growth 0.0  no growth 0,00 o growth 0,00
E *innoculated with 1,3x107 cells. |
§
t g Legend: See Table 8.
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F, The sical and Chemical Characteristics of Cultures of Jet Fueli-
alz croorgranim

1. Ths Size and Appearance of Micrcbial Products which Clog Filters

Reports Irom other laboratories have indicated that Iilters and pumps
of Air Force jet fuel systems have been clogged by microbial growth, In
the period reported on, a study was made of the physical and chemical
cheracteristics of microbes and microbial products which appesred to be
capable of causing such difficulties in fuel systems.

Observations were made of cultures of fuel-oxidizing organisms “grown"
for 3 to 6 months on a modifjed Bushnell-Hass medium with a JP-4 jet fuel
overlay. These cultures were white and the jet fuel overlay was essentially
colorless during the first month of growth; the cultures were also noncor-
rosive, Following this period and up to the third month, the color of the
cultare darkened, the iet fuel overlay hecame progressivel; mors yellow, and
the cultures became corrosive,

“The cells in a 3-month-old culture which was initially high in nitrate
ware, for the most part, sedimented in centrifugal fields of moderate
strength (30,000 X gravity). The clear supernatants thus obtained were
corTosive to the aluminum alloy 7075, If growth was permitted to contimue,
the corrosivity of the medium was enhanced and the general appearance of
the culture was significantly changed, 0Old cultures of fuel-grown organisms,
3 to0 6 months in age, became murky and brown, The organismms which initially
possesasi a recognisable morphology became pleomorphic, Microscopically,
the contents of such cultures were not distinquishable as microorganisms
but appeared as particles of different dimensions.

In order to make chemical analysis of old cultures of fuel-grown micro-
organisss, attempts were first made to sparate physically the culture con=
tent. These cultures wers subjected to a centrifugal force of about 30,000
X gravity for 1 hours Only a very small sediment formed and an exceedingly
small pellicle or fluff was present at the air-water interface,

The behavior of these relatively large particles in the centrifuge

suggested that they may be lipid in character and that they may be eliminated

either by filtration or by sxtraction with organic solvents.

Attewps to filter the particles led to the belief that such microdial
products way indeed be the entities responsible for filter clogging in jet
fual systems, Attempte were made to filter the old culture through a variety

of filters following 30,000 X gravity centrifugation. Millipors filters of

1.2 aicron porogity did not retain the particles, and filters of 0,8 micron

. porosity retained both the particles and the suspending fluid, These pro-
- ducts of the biodegradation of fusl appeared to be unusually capable of .
- clogging filters and while they have dimensions possibly less thap 0.8 micron

g:y prevent fluid passage as well as particle passage through 9.8 micron
tars,
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The particles described are a prcduct of microbial metabolism of jet
fuel, They do mt appear in old cultures of fuel-oxidizing organisms which
have been grown on rich media such as TGY in the absence of fuel.

2. The Distribution of Filter Clogging Microbial Products in Various
Solvent Jystems

The suspension formed in old cultures of fuel isolates were believed
to be lipid in character because of their resistance to sedimentation, and
because of their iendency to coalesce and prevent filtration, In order to
remove the particles (or globules) for analysis, attempts were made to
extract old cultures with hexane, benzene, ethyl ether, and chloroform.
The dielectric constants of these solvents are, respectively, 1,82, 2,28,
4.33, and 4.B; thus, materials might be separated having a modest range of
polarities,

Systems were prepared in sepsratory furnels consisting of equai portions
of a 6-month-old culture msdium and an organic solvent. The jet fuel was
removed from the old culture before analysis. It was surprising to find
that hexane, bensene, and chloroform did not extract colored material from
the old cultures, nor did they appear to affect the suspended material in
these cultures. In contrast, sthyl ether caused the suspendad material to
go into solution almost immediately. Although the pH of the medium was near
7, the microbial products in the old culture entered the ether phase as a
yellow solute and the aqueous phase became clear and yellow. A small white
fluff appeared at the water-ether interface,

It would appear that the ether was able to btreak a complex between a
vater-scluble and a lipid-soluble material because the total color component
in the medium diminished more than would be anticipated by simple dilution
or extracticn with the quantity of ether used,

It is speculated that the ether may have separated the lipid from a
lipoprotein or a lipopolysaccharide, The extraction of a yellow compound
by an organic solvent at pH 7 has not been frequently observed in this
study., Tests will de made of the ability of the ether-extractable fraction,
shich is a potential fuel layer contaminant, to cause aluminum corrosion,
the compounds of this fraction are corrosive, further analysis will be
in an attempt to identify the active groups of the compound which
corrosion,
In

regard to the work on old cultures and their charscter, it should
j pointed out that the laborstory-prepared cultures maintained for 3 to
months grossly reammble several natural water-bottoms examined in this
s The color and visible texture are gsimilar and both are corrosive
4 luminum, S o
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3. The Ultracentrifugation and Extraction of 0ld Cultures of Fuel
Isolates-Uxidizing Dr.a.nima

Large particles produced by microorganisms growing in jet fuel clog
filters anc do not sediment at 30,000 X gravity. A centrifuge was used
to separats the particles from the whole medium so they could be analyzed.
This apparatus can develop a centrifugal field in the order of 100,000 to
200,000 I gravity, Thus, if the particles had a specific gravity greater
than the suspending medium, they would be sedimented downward; if their
specific gravity were less, they would be floated upward,

01d cultures were cenirifuged at 100,000 X gravity for 18 hours at s°c,
To minimise disturbance to the centrifuged materials, a brake was not
applied and the centrifuge coasted to a stop, The centrifugation yielded
a very small sediment, a deeply colored clear amber solution and a dark
Iicating pellicular material,

The solution obtained by centrifugation was mixed with equal parts of
hexane, bensene, diethyl ether, and chloroform, The aqueous phase of these
solvent systems was adjusted to pH 1,5, 7.0, and 13, All solvents extracted
2 colored compound at the lowest pH, but little color formed in the organic
phase at pH 7 and none st pH 13. The pH adjustment was accomplished with
perchloric acid or sodium hydroxide,

An aluminum coupon of 7075 was placed in each system except those at
pH 13. Control solutions in which water or acid were substituted for micro-
bial culture were also prepared, The rate of corrosion in all cases was a
strong function of hydrogen ion concentraction and depended on the solvent

system used, Coupons with the culture extract corroded faster than the
control,

The sbundant floating pellicular material obtained in the ultra-
centrifuge was removed from the clear solution in a syringe. A part of
this material was placed in an ether-water system and a part of it wvas
suspended in water with an alumimum coupon. In the ether-water system,
the pellicle distributed color both in the aqueous and organic phases,

The pelliclular material did not appear to cause the rapid corrosion of the
alloy 7075. It is believed that the pellicle is a contaminant which con~
tributes mostly to filter clogging vhile the clear tut colored supernstant
is active in stinulating slumirzm corrosion.
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Ge The Decomposition of Aluminum AT1->5 in Systems Containing Water
and Emissible Organic Solvents

Fuel tank corrosion has been associated with systems containing immis-
cible solvents. In the field, the water bottom and the jet fuel layer re- -
present such a system, Also, in the field, the content of each phase may be
largely unknown, The mineral content of the water bottom can come fram var-
ious sources such as the leaching of salts from soils or from the dis-
placement water used in transport and transfer of fuel, The organic content
of jet fuels differs from refinery ic rélfliery wid batch ic batch, but
they still meet a definite operational specification,

To extract and purify microbial products from old cultiures of fuel-
grown organisms, an attempt was made to determine the corrosivity of such
extracts made with different solvents using systems at different hydrogen
ion concentrations. In these systems, corrosion tock place in the agueous
phase of the system with hexane, benzene, diethyl ether, and chloroform,
The extent of corrosion depended strongly on pH. In chloroform at pH 1.5,
the decomposition of alloy 7075 took place both in the water phase and in
the organic phase. This corrosion of aluminum was dramatic and has been
reported to occur with chlorinated hydrocarbons. In about one week the
standard aluminum coupon used in this study was entirely dissolved. The
mediun-chloroform system became viclet in the chloroform phase and dark
brown in the agueous phase., With this system the same changes appeared at
pH 7 but a somewhat reduced ratec.

The appearance of color in the chloroform phase suggests the degra-
dation of chloroform accompanying the dissolution of the aluminum alloy,
It is theorized that the aluminum alloy in the organic phase was
continuously depclarized through the reduction of chloroform to some
colored product (Pigure 25).

In these first studies solvept systems containing old culture
medium again carroded more rapidly than did those with water alone,
Corrosion was alsc observed at the water-air interface of systeams with
bexans and bengsene, Corrosion at this interface has not beer observed
previovgly in this study.

These observations emphasize that the aluminum bar immersed in two
idscible soclvents sets up in a concentration cell. Theoe studies
suggest that such electrical cells can affect oxidstions and reductions
of ambient organic solutes or solvents, and theraty causne the formation
of new hydrocarbon molecules with accompanying aluminum corrosion,

The diagraa below shows the chemical mechanisme tentatively balisved
to be operative in causing the observed corrosion,
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The hydrocarbon undergoing reducticn and perhaps subsequent oxidation
could arise as a product of microbial metabol In chloroform solution
a vioclet compound was produced, Stern and Wl have noted the
similarity of this compound to free radicals. In our study, as judged
by color chamge, nitrated hydrocarbons also are readily decomposed in an
‘agueous solution containing an alwminuwm coupon (Pigure 26). This
docamposition sccompeniss alumifium destruction and may ocour also with
organic material produced by microorganisms,
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- THEALLOY TESTED WAS 7075 AND THE 2.4 DINITROPHENOL CONCENTRATION WAS 104 MOLAR,
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Figure 26. The Corrosion of A1°by 2,4-Dinitrophenol ‘
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He The Microbial Deterioration of Sealant and Coatings

ora 68

The principal sffort during the past year has been to study the micro-
biological aspects of sealants and top coatings used in the manufacture of
aircraft fuel tanks, and to investigate microbial concentration cell corro-

1, Preparation of Sealant and Coating Materials

A mumber of representative materials used in the industry were used
to prepare films and are listed below.
materials may be obtained upon request to Air Focrce Aero Propulaion Labora-
tory (Attn: Jack R. Fultsz), Wright-Patterson AFB, Ohio,

Qeneric deseription

Buna-N type-coatings
Sample 1
Sampls 2.

~ _Saple 3

Polmlﬁdo-trpo ccatings and sealants «

M‘h cltl)qlod

‘Sesple 1
- Sample 2

Manganese dioxide catalysed
Sample 1
Polyurethans type coatings

Sample 1
Sanmple 2

Faran type
Sample 1

Metal containing type
Sample 1

[

Additional identification of the

Ydentification number

Buna-1
Bung~2
Buna-3
Buna~i;

Polysulfide~1
Polysulfide~2

Polysulfide-3

Polyurethane-~1
Polyurethane-2

Furan=1

Metal-l
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The coating and sealant films were cast and cured according to the
recommendations of the marufacturers. In some cases, coatings were cast
on glass lightly coated with silicone. The polymerized films were subse-
quently removed for further testing. Films were also cast on alumimm and
steel coupons as well as nylon fabric.

2. Utilization of Sealants and Coatings for Growth

Top coatings and sealants were tested to determine whether they could

serve as a carbon and nitrogen source for fuel isolates. There were
sufficient contaminants in the carbon and nitrogen-fres media to allew
microbial growth and confuse laboratory results, even though the purest

available chemicals were used, To minimize the effects of extransous carbon

and nitrogen contaminants, batches of media in Fernbach flasks were inocu-
lated with a m.txed culture of fuel isolated microorgaiisms and cultured
for 3-5 days at 28°C on a rotary shaker. The cells were removed by
filtration through an O.3n pore size membrane filter. Although time-
consuming, this technique reduced microbial growth in controls to a
reasonable level,

The nitrogen and carbon-free media used in this work were as follows:
Cerbon-free medium

Magnesium sulfate (H3301’°7H20) os g
Calcium chloride c.ch 0,02 ¢
Potassium phosphate, dIhydrogen (mi% 2,0 g
Potassium phosphate, monohydrogen ) 2.0 ¢
Amoniun phosphste (NH,HoPO, -(ﬂh)z ~
HPO,‘-].:I) 00599 g
Distilled vater, q.v. 1000 nl
Mitrogen-free() medium
Magnesium sulfate ( *7H,0) O g
Calcium chloride (w:g 0.02 g
Potassiun phosphate, dihydrogen (KHaPO)) 2,0 g
:utronm phosphate, menohydrogen (K HPO)) 2.0 g
1.0
Distilled water, q.v. 1000 :1

(1) Label analyses indicate 7.8 ppm N as contawminants. Chemical
mlynu gave a mean of .03 mg ¥/liter,

5
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Free films were prepared and extracted in boiling distilled water to
remove the water soluble mutrients. Fernbach flasks were used which con-
tained 200 ml of carbon-frse media and 10 gm of pieces of film, Cultures
were determined by direct count using a Petroff-Hauser chamber and cell
viability verified by plate count.

e et

The results in Table 11 show that up to 10-fold increases in micro-
bial growth over the control were obtained with:

! Polysuifide~3
" Buna-li extracted o
Buna-2 extracted {
Furan-l extracted
Polysulfide=-2 ?

Greater thm'lo-told increases in growth over the control were opt'aimd

hamﬂ

[

A

Bana-3 not extracted !
Polyurethane-l

Metal 101

Buna=l not extracted .
Buna-2 not extracted A
Muran-l not extracted

Polysulfide~2 not extrascted ; L
Buna-1 L

The determination of microbisl growth in a nitrogen-free medium was (.
similar to the method outlined for the carbonefree msdium., The results it
shown in Table 12 were as follows: o

Orowth equal to or greater than the control was obtained when every i o
sxtracted coating was combined with the exhausted nitrogen-free medium, .

- -

Less than 2-fold increase in growth over the inoculated control with-
out test substrate was obtained with:

Bnnl,-J' _
Polyurethane~2 not extracted

‘Polyurethans«1

Polywfidet
youlfide=) '

Buna~ls

Buna~2 not extracted

oo
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TABRLE 11 *
GROWTH OF BACTERIA ON CARBON-FREE MEDIA 4

“Carbon-Free ﬁd 3

Bacteria/)
Ist Substrate bstrate 3rd Substrate
Ext. Not Ext. Ext. Not Ext. Ext. Not Ext.
Polyurethane-2 n 511 1.2 L. 027 o34
Polyurethane-1 50 48 12 15 7.2 8.1
Metal-l 52 67 iy Py 12 9l
Control 22 .88 «25
Polysulfide=3 9.1 U 9l 6.1 1.4 1,05
Bnnl-h 11 33 3.1 11 2,0 23
Buna-2 16 8.9 3.5 22 0.7 15
Control 1.0 Oe7 27
Po]ﬂnlﬁ.do-l 601 606 1,1 103 1.2 1.6
Control 34 97 .88
Faran-l 18.3 91.9 bl 13 Th 6.1
Polysulfide-2 22,5 22,2 5.2 8.0 9 3.3
Polyurethane-2 35,5 27.5 2.5 6l olihy 39
Buna-l 20.3 12.8 2.2 7.2 1.7 503
Control 4.8 o2 .
lqt.lg

1. All counts are direct microscopic courts using a Petroff-Hauser chamber.
cglg.azicmnty confirmed by plate couvnt. Incubation -7 days, agitated
at

2, 2nd and 3d substrates are adapted cells. Evaluations cn basis of 3rd
substrate, See text for rnrthnr defimitions,

3. "Ext® in the nb-hadinu uns.mu thlt the coating had besn extrasted
, in beiling distilled vater after polyurintiun and curing. 'lot Bxt"
: m«mmmugmuuuu.




TABLE 12 SN
GROWTH OF BACTERIA ON NITROGEN-FREE MEDIA L

Witrogen-Free
Bactetria/ml/10 ‘

1st Substrate 2nd Substrate 3rd Substrate ‘

ﬁo “ot m. Ekt_o Not m. ;‘go NOE Exto }
Polyurethane-2 38 3 3 2.8 be?7 2.0
M"J 32 53 ho‘, hoo 1.9 2.6 } ! 4
Pomtm.l 37 39 2,1 1.7 2.!‘ 2.6 ! : 4
Metal-l 100 130 ] 100. 18 55 ;
Control 30 1.8 2,0 U
Polyanlﬁde-B 13 29 605 Te2 Soh 502
M‘h 1 1n 1005 2.0 307 ' 301 /
Buna-2 7.2 15 31 20 2.0 2.7 H
Control 20 2.2 2..h
Polyeulfide-l 8.1 9.2 2,75 2.8 1.8 1.1 g
Control 5.8 1.k 1.0
Parans-l 26,3 20 5¢3 6.1 1.0 58 |
Polysulfide-2 267 306 b5 Luk 52 .66 i
Polyurethane=-2 28.3 30,2 2.8 b7 47 +63
Bana-1 10,9 19.1 9.h 1 : 069 1.1 -
Control 25,6 91 22 . ﬂ
— 3 - | i ]
Notess P 4

1. All counts are direct microscopio counts using a Petroff-Hauser chamber.
:lgeglcihinty confirned by phh count, Incubation 4-7 days, agitated

2‘.'_.*-zmmmmmmmmpmoom. mamonumofm o "
- substrate. s»mmmmdomum. : S

3. "Ers" 1n the mb-hestings intfcates that the costing had been sxtracted [ |
umnuamndummwuummmm 'lotltt' R A
vwicmathomuumwuu._; S
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Up to L4=fold increase in growth was obtained with the following:

Polyurethane-2 extracted
Polysulfide-3

Furan-l

Polysulfide~2

Buna-1

A great increase in growth was recorded for:
Metal-l

A second method was explored for determining whether coatings acceler-
ated or inhibited growth.

Water-soluble materials present in coatings may either stimmlate or
inhibit the growth of bacteria. The detection of such materials is of

vhen evaluating growth tests and also for background information
concerning toxic additives,

The procedure used was to polymerise and cure the coating. The coating
vas then minced and S grams extracted for 30 mimutcs in 100 ml boiling dis-
tilled water., Discs wers cut from the cast films and assayed both before
and after extraction. Filter paper assay discs were saturated with the
watey extract for testing.

Melted and cooled TGR agsr was inoculated with the mixed dacterial
culture and poured into petri dishes. After solidification, extracted and
non-extracted discs of coatings and filter paper discs saturated with the
water extracts were placed on the surface of the agar. All tests were run
in triplicate, Inhibitlon was judged to be present on the basis of a clear
sons surrounding the test disc, Stimulation was recorded if a sone of
mmwmdm,witt&nmaaumtla&o{
inhidition surrounded by a sone ot stimlation,

Iupontion of these dats show the folluil‘:

B mmvp. wmumdwmnmm
mm«mwmummm The fourth

| mmmmummmumuum.

» WM sealant; Polvnmdo-z,
mwumm :
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de Polyurethane type topcoating mnterial shows some stimulation of
growth in these tests,

e, Water extracts from furan~type materials are slightly inhibitory.
3. Microbial Deterioration of Coated Steel and Alumimum Coupons

Aluminum and steel coupons were coated with a mumber of sealants and
top coatings. These coupons were then incubated in TS-11 containing JP-4
and microorganisms for L to 5 months., Before initiating this study it was
necessary to determine whether TS-11 supported better growth of "wild® fuel
isolates than other conventional media, and whether the medium was corrosive.

In general, it was found that TS-11 was a more suitable growth medium
for wicroorganisas isolated from fuel than any other medium currently avail-
abls. 7S-11 was used in our work at this laboratory and has the following
composition:

MgSOy, - THoO ok g
KH PO, 2.0 g
KoHPOy, 2.0 ¢
Fo powder : Lo g
W water 1000 nl

1'8-11 was also tested for its corrosive effects on aluminum coupons
(7075) by visual appearance and weight loss determinations. In general,
chamical corrosion with 7S-l11 was slightly greater than Bushnell-Haas,

- although not as great as that caveed by tap or distilled water..

The inspection of the coating panels was quite detailed. Bach pansl
was removed from the fuel-water medium, dried, and inspected for obvious
film failure, The panels were then scanned at 20X to determine small
holidays and flaws. Finally, an attempt vas made physically to strip the
: from the substrate and thus determine the degree of adharence,

Where it was possible to atrip the costing cleanly, the underlying metal
T was exained m ea-roc:loa uooouud with thn in the coat.ing.

: mmmwd-m-mmmmuuwnmu
" of the insubstion period. These were quite poseidbly introduced with the

»mw,umummmunomnuumun-m or during
- the previous inspections. In most cases, the growth in the control is much
. lsss than in the inoculated series. Sterile comtrols were maintained with
" Paran~l and Buns-3., (Ses Table 13). - '
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TABIE 13

OBSERVATION OF COATED PANELS

Coating Peeling Blistering g:cozion Corrosion Swelling
NMetal-l Severe None None - None
Furan-1 None Severe(Steel)

Minor(Al) None - Present
Buna-1 None Present Severe Pitting Present
Polymsulfide-l None Present Present Edge Present

(steel)

Polyurethane-2  None None None None None
Buna-y; None Present Present - Present
Buna~-3 None None Present - None
Polyurethane~1  None Kone None None None
Buna-2 None Present Present - None

Remarks: (1) Coatings were applied to both asteel and aluximum coupons.
Where there was a difference, it is 20 noted in results.

(2) It was not possible to clearly remove all coatins for

obssrvation of underlying corrosion., A dash indicates

- no readings were made.

Sulnﬁmrnqmthbouwudinwtmcmumuhnu
in other types of polymers, Careful microscopic examination of swelled

coatings indicates a very sharp line of demarcation.

The coatings appear

‘to Jose adherence under these cirommstances, but little demage is noted
virmally, The microscopic examination indicates that swelling may be
symptomatic of more severe coating damage.

It has been often stated that corrosion will occur under holidays in

‘:oouum. Observations in the field have substantiated ths ocourrenve of

pits under flaws in coatings, but, to our knowlsdge, this has rarely been

- documsnted in the laboratory. During the course of these experinents, it

was possible to demonstrate oorrosion pits immediately under holidays -

!




Figure 27. Photomacrograph of Coated Coupon with Coating Peeled Back to
Show the Holiday and Corresponding Pit in the Metal
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Heavy corrosion war observed under coatings that were severely blistered.

A photomicrograph of a blistered panel which demonstrates the corrnded areas
under the blisters, as well as the pits so formed, is shown in Figure 28.

The formation of small buobles in top coatings is very comxhon and is
considered undesirable, However, little attention has been paid to them if

the bubbles were small in size and few in number, Our observations indicate

that bubbling may be a more severe problem than is generally recognized. In

many cases, the bubbles apparently break down and form pinholes in the ligaid

phase, Little or no effect was noted in the vapor phase. Very small pin-
holes were documented in Buna-N coatings that bubbled severely and i% was
the microscopist's opinion that the pinholes resulted from bubble breakdown.

k., Modified Hagzard Tests

Nylon net was coated with various polymers under %nvestigation using a
modification of the procedure recommended by Hazzard.1? The results of the
series has confirmed the other data reported here. Failure, as demonstrated
by growth, was obtained with Buna-N, Furan, and Zincilate. The polyurethane
and polysulfide coatings were not penetrated by microorganisms. Work was
discontinued on the Hazzard tests since it proved difficult to obtain a
satisfactory coating f£ilm.

S5« Soil Burial Tests

One of the techniques planned was to obtain adapted cultures from
coatings subjected to vcll burial in the presence of JP-4., The work on
coatings was terminated before isolations of the microflora were made, but
the following observations were made and they are thought to be of interest.

Excellent mold growth has been obtained on the soil-mamure-waterJP-4
mxture. The fungl are mixed but large numbers of an actinomyces grew,
along with numbers of Alternaria, and probably, Trichothecium.

Empirically, it appeared that the Buna-N type and Furan-l type coatings
may have lost plasticizer, since they are quite brittle. The polysulfide
and polyurethane do not seem to have been affected.

Fungal growth has been demonstrated on both the Furan-l and the Buna-N
coatingt by microscopic examination., It is not known whether the hypha
penotrated the coating. However, the microscopic appearance is very similar
to fungul growth on other molded coatings that are known to be penetrated
by fungal mycelia. ' ’
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Figure 28, Photomacrograph of Coated Coupon with Severe Blistering.
Blistered Coating has been Stripped to Show Corrosion
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I. Microbial Concentration (Sharpley Laboratories)

Work has been initiated to characterize the mechanisms by which micro-
organisms may cause pitting corrosion. '

1. Inverted Test Tube Technique

This method consists of cementing a small test dube to an aluminum
coupon by means of epoxy glue., The test tubes contained 2.5 ml of Bushnell-
Haas medium, 0,5 ml of sterile keroseme. Inoculum used in these experiments

consisted of: | )
a, (Cladosporium sp. ]
b. Pseudomonas sp. o
c. Fusarjum sp. ‘ i

d. Faecﬁoqces varioti

The 7075 alumipum coupons were cleaned by dipping them in a 0.5 percent
NaOH solution at 50°C, followed by a water rinse and immersion in 1:1 HNO3.
The cleaned coupons were dried in acetone. Following inoculation, the
coupons were cemented to the test tubes and alloweg to dry overnight, The
test tubes were then inverted for incubation at 28”C for four months, i

This technique yielded essentially no results that are worth including
in this report., Difficulty was experienced in obteining a scund glue joint,
and the culture medium leaked from a mumber of inverted test tubes over the
period of incubation. Examination of the remaining tubes with sound glue
Joints indicated little or no corrosion of the alumimum coupons, There was
1ittle or no change in the pH or total titratable acidity of the culture media
which would reflect the metabolic activities of the microorganisms. In
retrospect, it now appears that there was probably insufficient oxygen for
good growth of the micrcorganisms, Also, since there was no oxygen balance,
an asrobié concentration cell could not be formed. This work has been dis- «
contimed,

2, Accumulation of Copper by Fungi

~ It is known that microorganisms, especially fungi, incorporate various
wetals in their oell structure, It might well be that cne mechanism for
the microbial corrogion of alumimum is the entraimment of metals into cell
tissue that sre corrosive to alumimm. Various experiments to test this
possibility are described as follows,

Preliminary work using copper has been completed using this theory as
a basis for the experimentsl design. Hormodendrum was used as ons test
fungus becsuse of its common occurrence in fuel, and Puliularia since it is
known to acoumulate appreciable amounts of metal and i8 a very common organism.
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A simple peptone medgmn vas used for culture in Fernbach flasks
agitated at 160 rpm at 28°C. Copper as copper sulfate was added in con-
centrations of C, 10 and 50 ppm, The concentrations were calculated as
metallic copper, Some difficulty was experienced adapting the cells to
growth in the higher concentrations of copper, since it is quite toxic to
fungi, but satisfactory growth was finally obtained by serial transfer on
ascending concentrations of copper. )

After growth was obtained in 3-4 days, the cells were harvested by
centrifugation at 2000 rpm for 30 minutes, The cells were then washed with
distilled water, centrifuged again, anc taken to dryness on a membrane filter.
They were again washed a mumber of times on the filter with small amounts of
distilled water to remove copper-containing medium, Final ylield was 1,5-2.5
grams of wet mycelia,

The wet mycelia was dried by vacuum until free moisture was removed.
Although some work was done on completely dried mycelia, it was found that
dried material was very difficult to handle, hence the experiments reported
here were made with moist cells,

The mycelial mass was separated into several portions. Chemical
analysis for copper was made on one portion and the remaining material was
placed as a small mass on the surface of alumimum coupons, as described

subsequently.

The collected mycelia were analysed for copper using bis (2-hydroxyethyl)
dithiocarbamate. Weighed portions of the mycelial mass were digested with
sulfuric acid catalysed with selenium. The liquid was then neutralized with
caustic, and color developed in an appropriate portion with the chelating
agent. Some difficulty was experienced with masking precipitations, pre-
sumably of selenium, but this problem was solved by extracting the chelate
from the water solution with iso-amyl alcohol. Estimations of copper were
made on the basis of a standard spectrophotometrric curve prepared from known
:m I:O}ztiona at 435 m, Copper content of the mycelia exsmined is shown

& D)

The analytical dlti are only approximate since the moisture content is
not known, btut they are sufficient to indicate an appreciable accumlation
of copper. The data are not yet complete, as indicated in the table.
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TABLE 1L
COPPER CONTENT OF HARVESTED FUNGAL CELLS

Copper

concentration Copper (ppm) found by analysis of mycelia
in media Hormodendrum rfullularia
(ppm) Test 1 Test 2 Test 1 Test 2
0 Less than 0.05 Less than 0.05
10 2.5 2425 - 3.5
50 2.5 L.l 4.0 -

Each of the pellets from the Hormodendrum cultures were placed on the
surface of chemically cleaned 2x2 inch type 2024 aluminum coupons. The
coupons were then placed in sealed petri dishes containing moist filter
paper to prevent drying of the slime maases.

Severe pitting corrosion was obtained after 60 days using Hormodendrum.
The corrosion was considerably more severe with those mycelial pellets con-

- taining copper. The pit depths were estimated and the diameter was measured

on the microscope, (Table 15.)
3.  Accwmlation of Iron by Fungi

Six Fernbach flasks containing 500 =l of a 1.0 percent peptone medium
vere sterilised. A solution of FeClj°6H0 was added in such a way that two
flasks contained 10,0 ppm of FeCl3°6H20 calculated as Pe and two flasks con~
tained 50 ppm Fe. Two flasks to which no iron was added served as controls.
Pullularia pullulans was added to three Fernbach flasks containing 0.0,

U ppm of

Fe respectively. A Cladosporium isolate was inoculntcd
1n a similar fashion into three flasks.

The six flacks were phecd on the rotu-y shaker for three days at an
moubation t-ptuturo of 28

mfmdcmlwmmhdbycwmmthmuoruch
flask, The supernatant culture medium was poured off and the residue of
fmgneouswmmnwmnbyldooholndtnmod mm-mm

© residus was dried in an cven at 75°C overnight.

mmm.ammmdmnmmmpmumam |

7075 aluminum coupons which are placed in petri dishes comtaining wet filter
peper and sealed with rubder bands. This procedure provides an incubation

m:mhunumwnanhunhnﬁnyot”tommmtru
Mpciodottw.,
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The harvested residue of fungi was analyzed for iron. Weighed amounts :
of dried fungal cells were digested by conventional Kjeldahl methods. Iron i
determinations were made by reacting portions of the neutralized Kjeldahl :
digest with phenanthroline and measuring the percent transmission at 510 mp
on a Beckman spectrophotometer. This work is in progress and there is no
data yet available.

b, Corrosion of Aluminum by Metals Accumlated in Nonbiological Binders (i

It was thought that if microorganisms can accwmlate metals on or within
their cell structures that are corrosive to aluminum, it should be possible ‘
to verify this theory by incorporating metals in nonbiological binders and
compare the degree of corrosion, Hence, the experiment reported here was
prepared and designed to parallel the work on metal accumulation by fungi.

TABLE 15

PITTING CORROSION RESULTING FROM HORMODENDRUM !
GROWN WITH COPFPER

Control Small scattered pits are present, Pits
are fairly shallow, steep sided and small in .
diameter, Pits range in the order of 30-hiOp v
deop and less than a millimeter in diameter, v

Mycelia Pitting is more extensive than control,
Containing although of the same type. Pits range more
Copper ' than a millimster in diameter and up to 100p
(10 - deep.
series)
Myoslia Much more severe than tae control or low
Containing concentration of copper. Pits are 3-4§ mm in
Copper diameter and greater than 15(u deep, There is
(50 ppm typical undermining charscteristic of inter-
lorinz granular corrosion. :
mmﬂ-o:t 'm0mddodto3.0

mut agar in such -mmto tlat glu ronm cmtranom were ob-
tn:lud. bn.d on tho cation of each solution,
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Ppm of Cati_.on in Agar

0.0

5.0
10,0
15.0
25.0 J
5000 .
100,0
1000,0

The melted agar containing the neutral salts solutions in various
concentrations were poured into petri dishes and allowed to harden. Agar
plugs wére obtained from the petri dishes and placed on cleaned aluminum
coupons, Each concentration of each salt was replicated three times,

PRy ST W

The aluminum coupons were cleaned by immersion in 5.0 percent NaOH
solution at 50°C. followed by a vater rinse and immersion in 1:1 HNO;,
The cleaned coupons were stored under acetone until use,

A

The experiment is in progress and hence no data has been acquired.
The agar plugs are translucent and the indications are that apprecisble
corrosion is occurring,
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