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NOTCES
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This is Part II of the first interim summary report prepared under
contract AF 33(657)-9186, "Mechanism of Microbiological Contamination
of Jet Fuels and Development of Techniques for Detection of Microbiological
Contamination." This contract was administered under the direction of the
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 1964.
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j ABSTRACT

Progress has been made in the past year in defining the role that micro-

organisms can play in the processes of aluminum alloy corrosion, emulsion
formation, sludge formation, and sealant and topcoat degradation during the
oxidation of jet fuel hydrocarbons for growth. It was demonstrated that
bacteria can cause aerobic aluminum alloy corrosion by changinr 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 Frowth media made corrosive by micro-
organisms growing on fuel has yielded two particularly corrosive fractions;
one fraction contains cations and the other fraction contains colored or-
ganic compounds. Fungi caused corrosion by concentrating corrosive metals,
i.e., copper and iron, in their mycelim, This metal reacted with aluminum
when organisms were deposited upon it. Fungi also caused corrosion by their
ability to penetrate coatings, thus exposing the aluminum to corrosive growth
media. Three different metabolic products potentially capable 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 a "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 vater layer. Un-
saturated short-chain hydrocarbons includiLg pentene, hexsne, heptene, octane,
and nnen (but not decene or dodecene) inhibited respiration and killed fuel
isolates. The sat.rated homologa of these compounds were either innocuous or
supported growth. Some fuel additives were observed to support the growth
of fuel isolates while most anti-icing and metal deactivators were mildly
toxic. Similar findings were observed concerning sealant and topcoat utilize-
tion by jet fuel microorganisms; some stimulated growth while others were
inhibitory.

This technical report has been reviewed and is approved.

e~rthur Churchill. Chief
Fels, LbricaoUa and Hasards Banch
Support Technolog Division
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I. INTRMUCTION

This research has 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-
organisms contaminating fuel systems. Still other problems derive from the
action of microorganisms on inorganic compounds 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 microbial ecology of
fuel-water 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 microorganisms in fuel systems. Research in the
second 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 terms of the production of corrosiveI. compounds by the nicroorganisms found in fuel.

The research in the second year dealt with the operation of several
chemical and biological mechanisms that permit microorganisms to form emul-
alone and cause aluminuto 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-
sive compounds produced by microorganisms were obtained and characterized
chromatographically and spectropnhotometrically. 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 alnumi wing tanks and the chemical contamination of jet fuel. Studies
were made of the conditions of envirorment which bring about aluminum cor-
rosion by microorganisms. The hypothesis was proposed and tested that
microbial growth results in the removal of naturally occurring inhibitors of
fuel-water systems and leaves unused corrosive concentrations of elements
sunb as iron, calcium, and chlorine. The alternate hypothesis that organisms
produce corrosive compounds was tested* The hypothesis appeared to be par-
tially proven by the ability of microbial cells to cause corrosion when
growir in media containing high concentrations of nitrate.

Intermediary metabolism and respiratory mechaism of hdrooarbon-
aiddizing organisms were studied. The results of these studies appear to
justify the belief that a large measure of control can be exercised over
tI prodction of microbial fuel contaminants by strictly cheical means.
It Is believed that knowledge of biochemical and 1*qiological aotivities
of fuel-utilWin microorgadeswI required to arrive at a mr rigoros
defi4ntion of the problem of fuel contuodnation.

urelead-y authors February 166 for publication as an RV Tech-
nical Momentary Report.
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The research program for the past year has been concerned with deter-
mining the mechanism by which fuel-metabolizing microorganisms cause aluminum
aloy corrosion, sludge formation, hydrocarbon oxidation, and degradation
of sealants and topcoats.

The corrosion studies have been confined to the four hypothesis by
which microorganisms could bring about aluminum corrosion.' The first
hypothesis proposed that microorganisms cause corrosion by altering the
relative concentration of biologically essential ions in a growth medium.
The results of this effort showed that when bacteria reove phosphate and
nitrate from a growth-supporting medium, the medium becomes more corrosive
to aluminm. It was concluded that the greater corrosivity resulted from
increasing the proportion of iron and calcium present in the medium. It was
stressed: (1) that media supporting the growth and multiplication of micro-
organisms were intrinsically corrosive, and (2) that microorganism can
remove corrosion inhibitors such as nitrateE or phosphate and cause the
medium to become actively corrosive.

A second hypothesis was proposed and tested; i.e., the hypothesi that
Picorganisms can produce corrosive materials from the oxidation and trans-
formation of hydrocarbon substrates. The actual production of qualt ciTon.-
sive material was suggested by the corrosion of aluainu caued bca bro bial
growth in a casein hydrolysate medium. This corrosion was not prevenoed by
nitrate, and mineral constituents such as iron or calcium did not appear 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 s3ndge 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. Takahashi et al.* and K. Yamada et al. report that microorganisms
excrete protein and protein-like material into growth media during hydro-
carbon oxidation. It may be supposed that water bottoms also contain organic
contuminAnts; an investigation of a corrosive mechanism in which these reac-
tants participate was begun with products of microbial metabolism such as
proteins, peptides., and amino &oids. These products were hown to corrode
aluminum over long-periods of tim, but when microorganiams isolated from
fuel were Inoculated into such media (with a jet fuel overlar) aluximm cor-
rosion took place In large areas in a short time. The corrosion produced
by microorganisms in these media containing proteinaceous materials was not
inhibited by nitrate. This corrosion appears to be different in character
and represents the action of an important mechanism which differ* fro that
operative in strictly mineral media with bydrocarbon overlap. Mixed cultures

.. ..... -----. ,+ -- _-_ ___: + + ... ...
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{ frm Ramey have been used, but not actual water bottom. Corrosion by a water
bottom obtained from a storage tank was inhibited, hoeer, by nitrate, and
it my have resulted from a tepletion of natural inhibition by microbial
growth. Another important finding was that aluminum alloy in an immiscible
system, i.e., fuel and water, is soa concentration cell. The chemical

activity of this concentration cell an be influenced by water-soluble or
fuel-eoluble microbial products. This was dramatically shown with Mystems
containing water and hydrocarbon (chioroforr, octane, or dinitrophenol)

I! whereby it appears that corrosion may be brought about by the direct oxida-j tion of organic compounds at the aluminm surface.

Research waa accomlished on a third hypothesis, i.e., that corrosion
of aluuinum is caused by microorganisms establishing microcentere of galvanic
activity on metal surfaces. It was shown that pitting corrosion took place
under holidays in the coating. These coating lesions were produced by
degenerative changes in microbial culture media. It was concluded that local
galvanic activity contributed to the local pitting observed.

Corrosion pits 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 galvanic activity when deposited on the aluminumalloy*

Attempts were made, in a fourth hypothesis, to determine the contribu-
tion of the mechanism described to the corrosion phenomena. It was theorized
that microorganisms remove electrons frommetal surfaces; but the demonstra-
tion of the direct oxidation and corrosion of aluminum by microorganisms was
unsuccessful. Howver, when 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 hich led to aluminum corrosion.

Distinct microbial sludges have been observed to form during the growthJ of microorganisms on jet fuel. The material referred to as sludge is dark
brown to black and assumes several form 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 soluble in water and in
.. nplar solvents. This sludge is often found in the bottom of old cultures
wad, while it is easily dispersed in the medium, it quickly settles vut of
suspension. Other sludge material is suspended in the medium and, under
centrifugation, it foats. A third form of microbial product resembling
sludge in color is water soluble and easily adsorbed to anion exchange resins
and, possibly to electropositive centers in metallic fuel systems . This
latter compound interests us because it has been associated with corrosion
in tests made at this laboratory.

Both mierobial sludge and emulsions were analyzed chemically ad found

to contain, respectively, C, H, N, and 0, as well as fatty acids. The C,
H ti, and O, in certain chemical combinations, could produce corrosion and
fatty acids coulo cause e=lsion formation.

I, I 3



The effect of common fuel additives on the growth and survival of fuel
isolates and on corrosion was studied. Sme additives actively stimulated
microbial growth while others were mily toxic at high concentrations.
Similar findings were also observed where sealants and topcoating materials
were used as a sole course of carbon or nitrogen for microbial growth. In
this case, the polyurethane and poly u fide coatings were least attacked by
the microorganisms.

A study on the mechanism of hydrocarbon oxidation by fuel organisms
was begun. It was believed that this study would furnish clues to the

oebanism of emluion formation 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 requirements 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,
but the respiration of fuel isolates was surprisingly resistant to aside and
2,4-dinitrphenol inhibition. Bat respiration of fuel isolates was stopped
by 2-hexane or 1-heptene alone or when mixed with either glucose or fuel.
In addition to preventing substrate oxidation, these unsaturated componds
w" found to be biocidal. This suggested the possibility of designing
water-ouble compounds with unsaturated hydrocarbon moieties for the con-
trol and study of metabolic fuel contanation processes.

, ii
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III, FUTURE WRK

We have demonstrated some mechanisms by which microorganisms can cause

corrosion, sludge and emulsion formation, fuel deterioration, and destruction
of soplants and topcoats. The results of these studies show the effects
induced by fuel microorganisms under rigorously controlled conditions and
with the use of certain aluminum alloys. Thus, certain conditions permitting
microbial corroeicn 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 microbial products, or which af the chemical
constituents react, and in what way, with aluminum surfaces.

To obtain a better understanding of how microorganisms are performing
corrosive chemical changes will require a more refined study--a study with
the objective of elucidating microbial corrosion mechanisms 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

I i rapid simple methods for detecting microorganisms in fuel-water bottoms with
a sensitivity of 10S to 104 cells per ml. Consideration would be given to
medium components including hydrocarbons, the growth conditions, and the
extraction, isolation, and characterization of each product formed under
various controlled conditions. The general feeling now is that the future
studies should 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 theI operational problems can be defined and the mechanism by which microorganiusm
cause the contamination or corrosion phenomena -can be studied.

~I The corrosion studies will have as their objective the understanding of
several possible mechanisms 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. First it would be important
to know how the organism reduces nitrate and to determine what relationship
this has to hydrocarbon oxidation. These processes must be energetically
purify, and characterize products formed from hydrocarbon oxidation. It is

desired that effort be placed on concentration cell corrosion. Research
would also be cotinued on the action of the microorganisms as concentration
cells as well as research on those cells formed by imiscible solutions in
contoct with aluminum surfaces. The inhibition of respiration and killing
caused by the short chain unsaturated hydrocarbons will be further studied
with whole cels, cell-free systems, and purified enzymes. fTs information
should provide clues to better methods for controll1n organi smin fuel
systems and shoud help in elucidating the enzyme system responsible for
the initial stages in hydrocarbon oxidation.

I *3s w Diagram of Accomplishments and Future Plans, page 91.
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The study of the composition of sludges and eumlsonas win~ continue
and attempts winl be made to compare t:* products formed on jet fuel with
those formed on pur'e hydrocarbons. Host of the problem caused by microbial
growth ink fuel systems stem from the unique ability of fuel microorganisms -to
oxidize hydrocarbons; therefore, the chemical mechanism making these oxida-
tions possible should be understood.



IV* EXPERIPMNAL IWRK AND DISCMMSONI In this section the problem of microbial contamination of jet fuel is
defined in terms of the metabolic action of microorganisms on fuel system
components.

1The causes of nicrobial 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 understLiding of the biological or chemical mechanisms of
fuel system contamination was obtained by purifying compounds synthesized
from jet fuel by microorganisms. These compounds ranged in structure from
simple lipid 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~alloys.

The biochemical activity of microbial fuel contaminants were also charac-
teried. The organisms showed an unexpected resistance to known respiratory
inhibitors such as aide, dinitrophenol, and NDTA.* The organisms showed an
unexpected sensitivity to unsaturated hydrocarbons of medium chain length.
These olefins both prevented respiration and killed the fuel isolates tested,
but differ by but one double bond from hydrocarbons acting as carbon scurces
for g owth.

The physical and chemical characteristics of cultures oxidizing jet ftel

for long periods of time were related to filter clogging. Products formedI in the aqueous phase in old cultures when placed in systems containing an
immiscible organic solvent appeared to stimulate aluminum corrosion. The
microbial deterioration of sealants and coatings was characterised and these
materials were sho m to contain compounds capable of supporting microbial

fA. Mechanss of Aluminum Corrosion

The corrosion of aircraft wing tanks has been aeociated with the growth
of microorganigs in jet fuel systems. But while the corrosion of metal by
microrganim has been a subject of sustained interest for nan years, these
studiee dealt almost eclusively with corrosion of ferros msta under
ag erobic onditions. Yet wing tank corrosion tals ploe in the presence
o og e &W Aawhre the mea involved is Qo= allo,

The allty of cartain few mieoganiem to cause ferrous metal corro-
sion in the ,bseneoo of ayge was attributed to their onte t of the ansym
hbdrogease and to their ability to reduce elemental sulfur with the formation

dattylene 1mne tetre-aetdc acid

I?
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of hydrogen sulfide. Hydrogenase catalyzed the oxidation of hydrogen gas
adsorbed to metal surfaces and in this way brought about cathodic depolariza-
tion and corrosion. Hydrogen sulfide produced by microorganism caused anodic
depolarization by reacting with ferrous or ferric ions and caused corrosion.
Through the operation of these two mechaLiisms microorganisms caused a destruc-
tive attack on ferrous metals.

In contrast to iron corrosion, aluminum corrosion appeared to be brought
about by microorganisms possessing neither a hydrogenase nor producing hydro-
gen sulfide.f Thus in attemptinC 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
microorganism. It was proposed that:

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

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

c. iorobial metabolism effects changes in the electrochemical proper-
ties of very confin~d areas such as those between microcolonies and metal or
topcoats sufaceej thus centers of gal wiic activity are established and
corrosion results.

d. iroorgnism. directly oxidize metal aurfaces and cause the trans-
for of electrons from the metal to a physiological produced electron receptor.

Each of these propositions was tested during the previous year and each
mechanism suggested appears to contribute in a different degree to the pheno-
moon of aerobic microbial corrosion of abminum. The extent of this contri-
bution depended on the growth phase of the organism, the mineral composition
of the water medium suspending microorganim, the organic composition of the
suspending mdium, and sng many other variables, the composition of the
aboina alloys teSted.

?M salient remats of the research effort of the past year omnered11th AIAI oo o an pmted in this sectione

!. !!3 .! A COAW by the Cgepy"Op O et "*.Uehe aw Nedi. t

btapqt to dup --cate the work of others. Ow s us based on P"Iom-
aethed n oe that a easal relatonsip be ts microbial gowth and

~kmdr ae ocefntians.
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a minum corrosion could not be unequivocanly established in the laboratory.
I Studies first referred to in the third quarterly report showed that the eiimi-
I nation of nitrate from a medium containing iron, calcium, magnesium, phos-

phate, ammonia, and sulfate caused the medium to become corrosive to almirnum
alloys. This observation 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.

' iTo evaluate the contribution of aLcrobial growth to aluminu corrosion..

it was first necessary to determine the ability of the individual ions of the
growth medium to cause corrosion in the absence of inhibitors much as nitrate
and in the absence of microorganism.

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 alloys 2024 and 7075 within short time periods. Corrosion by
magnesium salts was variable md in general did not occur.

Tests for aluminum corrosion were made by submerging coupons of these
alloys in aqueous test solution wit a Jet fuel overlay and placing the
system on a rotary shaker at 30"C for variable lengths of time. Follodng
this treatment, coupons were removed, rinsed carefully in distilled waters
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 muat, but+ the visible chuma-

ter of the oorroded almtimu alloys is different with iron than with calcium.
Other omponent of the Buhnell-as mdim vne tested by the sam methodused with calcium ad iron. These inorganic components, potassium, ortho-

phosphate, suUates and ammonia, did not cause corrosion.

2. Corrosion Inhibited by &isbnefl-Haas Medim Component

I Prelmlasry studies indicated that both p*osphate and nitrate prevented
* the corrosion of aluminum caused by corrosive ions. Further studies were

performed to estabUlsh the concentration levels of these inhibitors which
woe effective against varioue concentrations of substances which appear to
stimmute m eorrosion.

a ITsita V1e set up to determine the oncentration of nitrate *ich wuld
*provut the ormrsion of alinm b stwile so tion caused by bialogica l

essential Iom at concetratins used in the obonela am povth medium.

F . 2. above bthe iuMbition of ormos caused by 8 x IW" M FeC
ith varioes concentratio of nitrate. The h4fu iam omrosion inhibi-

tion for the tim Intewral observed was at 5.9 x W' N 9%.
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The concentrations of nitrate inhibiting 50% aluminum corrosion caused
by 8 x 10' M CaC22 or NaCi were determined. This concentration was 0.06 g
KN% per liter, 5.9 x 10'4 M KNOZ,. This relationship suggested that irhibi-
tion of corrosion depends on a stoichiometric proportion between the concen-
tration of corrosion inhibitor and the conoounds stimuLuting corrosion. hne
same concentration dependence was observed with phosphate as an inhibitor.

The chemical mechanisms by which nitrate acts 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-
rosion process . It seems equally improbable that nitrate complexes with the
aluminum surface and renders it resistant to the action of corrosive ions,
but the ability of nitrate to inhibit corrosion appears to depend on its con-
centration rela~vq to other elements of the growth medium. It was concluded
that microbial activities wrich remove nitrate from a meditu more rapidly
than iron or calcium are removed tend to make the medium more corrosive for
aluminum.

1 3. Nitrate Utilization by Organisms Oxidizing Jet Fuel

A knowledge of certain features of microbial physiology suggested a
biological mechanism by which the growth of organisms could cause aluminurc
corrosion. Microorganisms tha grow on mineral media, such as those which
oxidize fuel, utilize the various components of mineral medium at different
rates and to differeit extents, The quantity of iron or calcium used forIgrowth is far less than the quantity of nitrate used in the formation of cell

protein and nucleic acids. It appeared, therefore, tka , 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 cause aluminum corrosion. According y ,
tests were performed to determir wihether organisms would remove nitrate from
the growth medium and allow the ,rrosive ions to act on aluminum. The data
in Table I showed that these fuel isolates could grow in the absence of
ammonium ions and utilize nitrate as a sole source of nitrogen. This table
show 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
nitrate concentrations only after long periods of time vhen the nitrate has
bew depleted by cell growth and synthesis.

i . Aliroma Corrosion in Mdified Bushnell-l-aa Media Made UL Various
nentrations of RItrate In tWe Absence and Presence or buK

The hypothesis was tested that microorganisms in jet fuel-water systems

Wza capable of removing corrosion inhibitors and in this way bringing aboutfi al~uWn alloy corrosion.

1 13L
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TABLE I

NfITATE RDUCTION Hr FUEL ISOLATES IN N IUM

CONTAI!MI! HiaH COMENTRATIKS P 1103

Time (Day) Nitrate (moles/liter) (mole/lite.r) i
0 12oo x lO 0

19 9.49x 10"5  207xO 20

4 1 U.9 x 10"  L9 x 10- I

89 7.9 x 10- 207 x204

I~gend t Bushnefl.-faas fuel medium containing 1.2 grams MC as the only I
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 Skijinsa and nitrate determinations by the method
of Pappenhagen and Mellonb were made at the Indicated time intervals.

Thcitial microscopic count of the mixed inocum was 1M After 89days the microscopic comt was 100*

J. J. M ins, 08pectrophoteaetriceDetazlnation of Nitrate with4-*9e'y3=elniferone," Anal. Chw X2 2940 16)

b. .X. Pappnhen wit M. 0. Xenon , w_tvolt Slxtrophoometri
ot Of itri'tess,' Aal. cbm.B~ :341 W593)0

I I

I~m



hperiMetal evidence, suggesting, this mechanisim of microbial oorrouitia
of aluxdnum took three forms. First, it was verified that the calcium and
iron of the medium were corrosive to awdin -in the absence of other medium
components. Second) tests were made showing that both, nitrate and phosphate.
inhibi.t the corrosion caused by calcium and iron. 7hird, the abilityr of fuel
isolates. to remove nitrate during jet fuel oaidation was demonstrat6do

With this background in mind Iests were designed to determine if mioro--ir -organisms growing in an intrinsically corrosiLve medium could make that medium
actively corrosive. Accordingly, a series of media were prepared conforming
to the- basi c formula of the Busfatell-Haaa medium with the fo3lowing excep-
tions: One medium contained no nitrogen source, five media contained various

concentrations of potassium nitrate substituted for ammonium nitrate, and one
i Iiidentical flasks ware prepared of each medim, Half of the idenical aeries

was inoculated with a mixed culture of fuel-oxidizing organism; the other

half was not inoculated, but was maintained as a control of microbial con-
todnnation and alumitium corrosion.

Nitrate also inhibited the chemical corrosion of the 2024 alloy caused
by the ions of the growth medium. Bat the corrosion of this alloy brought
about by microorganisms differed from that observed with the 7075 alloy.
The microbial corrosion of the 202 alloy appeared to take place only in the
presence of large cell populations, while 7075 alloy corrosion was evident

i 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 2024 alloy
in 97 days, but the 7075 alloy was corroded in this period of time at 0.02 g[ K1I per liter*

The observations recorded in Figures 3 through 6 have many implications
regarding the proposed mechanism of the microbial corrosion of aluminum.
Te corrosion of alloy 7075 in media with little nitrate at short periods of
time was anticipated. However, the absence of corrosion on 2M4 in inocu-
lated media low in nitrate even afte loni periods of time, cannot be

iexplained 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; it could also have resulted from the production of corrosive
organic compounds by microorganisms. As shown in a subsequent section, such

aluminum corrosion.

These observations point up the ability of microbial flora to control
the corrosive properties of tbe medium in ehich they gro and metabo3e±.
These data represent a singular achievement in producing al1uinum corrosion
by microorganisms under rigorously controlled conditions. s

115



R9167

00

C-

I-~U. CL

00
2j C

o 

.40

cc z 
t.

00

aN~

'U.

IL,'



717075 20 DAYS

0.2 LITER KN0 3  0.02 G.L KNO3  O.0d GA. KNO3

E ST '

LEED FLSK WEEIOUAE IH5M FMXDCLTRFWIHHDBE RW OR NN"FEHAVSEIYCNRFG N AHD3TMSINDSILDH0ATRIOUAiNTEFAK

LEGEND TE T S FL ASK S CLAE ITH E SE NL OF MED CYULE 0 U mRi O W OAF EE IGROWE~~IS I 8HFE

Figure 3. Corrouion of 7075 Alloy by~ ixed Cultur, in Media Containing VaryingI Concentrations of DUO3 as the 0*I Mtrogen Source (Ewut 2 of 2)
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7075 97 DAYS

0 G/L KNO3  0.0? G, L KHO3  0.04 GL KNO3

CONTROL

TEST

EWH FLASKS *ERE INOCULATED WITH 5 ML OF OIXED CULTURE WHICH HAD BEEN GROWN £5 HOURS
IM& NGH1-FUEL. HARVESTED mY CENTRIFUGATION AND WASHED 3 TIMES IN DISTILLED H20.
AFTER INOCULATION THE FLASKS WERE PLACED AT 31C FOR 97 DAYS ON A NEW BRUNSWICK
SHAKER. THE TOP FIGURES REP.ESENT UNINOCULATED CONTROL FLASKS CONTAINING
SOLUTIONS, PRMW LEFT TO RIGHT. OF 0 A2,. 0. &. O.W, AND 1.2 GuS KN03 PER LITER
A140 THE LAST SOLUTION CONTAINING 1.0 GM OF INN41SDg PEIR LITER. INOCULATED TEST
FLASKS ARE REPRESENTED BY THE BOTTOM ROW OF FIGURES.

llur 4. Corrosion of 7075 MaUy by Mud# Culbars In Modsa CoafWnlg Varying
Coucatration ot KWO aswh Only MItrogen Sure (Ut 1 of 2)
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2024 -97DAYS1

OG1. LKN0 3  0.02 G LKNO3  0.04 G L K"0 3

CONTROL

TESTj

LEZENO PlLW$ VERE WOOLAME WITH S UL OF WIED CLTM 000 UHIOAD EN 014I A HOURS IN
IN HEJ.Ft1ft. HARYESTEO ST CENTMFUATON AND MWID I TIS IN DISTILLE0 HIO0 AFTER
INOCUATION TH1 FLASKS WEIN PLACE AT W*C MOR 97 DAYS ON A WV SbjNSiCX RAEER.
THE TVP PIGAIE REPRESEN UNINOWZLAM TI LASKhS CONTAINN SLUTIONS. FRION
LIFT TO NIGHT, OF 0. U , W . 0 AND M 131 G4 9N1 ME LITM AND THE LAST IQLW
IM CONTAINING 1.6C GOF Uf (eId~ PEITER.O OWUATE TEST FLASKS ANE WMWESNTE
lT THE NoTI~m RlON or FIGIAIS.

rq~wv I. Comis al UN AU"y by MM~d CulIre In Msia Ccmt&Mb6 VW7t
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5. Microbial Corrosion of Aluinum 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, and it is a weak acid whiab
buffers the medium near neutrality. Phosphorus, like nitrogen and carbon
but unlike iron, magnesium, and calcium, constitutes the macrostructures of
the bacterial cell. Orthophosphate :.assivates aluminum as well as function-
ing as a macro constituent of the microbial cell. A study was therefore set
up to investigate the ability of fuel-oxidizing bacteria to utilize phosphate
and by so doing, make the mediun in which -rowth takes place more corrosive
toward aluminu n.

The high cell population obtained in a medium which limited nitrate and
phosphate concentrations revealed the possibility of testing the ability 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 stu0y also
permits 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 l9SohNO

0.2 g/liter CaC 2

0.5. g/iter Fe

0.06 g/liter IO
3

FIo this basic medim, four test media were prepared. The basic medium
without additions, and the basic medium with 0.1, 0.3, and 0.5 g KHP0, per
liter added.

Sa medium was dispensed into flask and overlaid with JP- fuel. The
corrohivity of the sterile medium was determined by adding alloy bars to each
medium. Observations were made at 24 and 72 hours. Host corrosion occurred
in media without phosphate (Figure 7) and the least corrosion occurred in
media with 0.5 e NRrO, per liter (Figure 8).

Sterile media with almmin coupon were Inoculated with cells of the
fuel isolate, culture 96. After ? day in4ubtion, no difference In coro-
siaon was observed in the inoculated Wnd ontiol media without .phosphate
added. Figure 7 show that in the abseno of phoaspate, this medium ca es
corrosion to about the snme extent in the presence am in the absence of
Microorganism. Similar results wer obtained with media containinr 0.3 r/
liter of KRP040 but after 7 days growth, oorouion was seen in inoculated
media oontaindn 0.5 g/liter of XHP1; buyer, corrosion was essentially
absent from aluminst coupons in the uninoculpted contrl, Figure 8.
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I. ~D~d7075

CONTROL (URINOCULATED
0 GA.. PHOSPHATE

TEST (INOCULATED) 0 K2H2HPO4

'J1

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 SAC'ERIA. THEF BOTTOM FIGURES REPRESENT TEST STRIPS WHICH WERE
IMMERSED IN MEDIA OF THE SAME COMPOSITION, INOCULATED
WITH 5 MLS OF BACTERIAL CULTURE. THE FIGURES REPRESENT

[ THE ALLOYS AFTER 7 DAYS INCUBATION AT WOC.

Figure. 7. T7U Corrosion of Aluminum Alloys in Culture 96 In MediumI Conta-Ining no Phosphate
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Roles

2024 7075

CONTROL
NO PHOSPHATE OR BACTERIA

TEST 0.5 GA. K2W0O4

LEGEND: FROM LEVI 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 COMPOSITION, INO0CULATED
WITH 5 ULS OF BACTERIAL CULTURE. THE FIGURES REPRESENT
THE ALLOYS AFTER 7 DAYS INCUBATION AT 30C.

Jlgure 8. The Corrouion of Aluminum Alloys in Culture 98 in Me&&a Containing
0.5 Grams of Phosphate per EAter
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The chemical mechanism responsible for phosphate inhibition of aluminum
corrosion is unclear, but the formation of complex compounds of aluminum and
phosphate, or phosphate and some unknown ion catalizing corrosion is a pos-
sibility. The inhibition of corrosion by nitrate, however, is probably not
accomplished by this mechanism. Both nitrate and phosphate appear to be taken
up by the bacteria cell and this activity has been shown to be accompanied
by increases in the corrosivity of the growth medium.

6. Aluminum Corrosion in Proteinacious Iledia

Jet fuel water bottom contain microorganisms which do not grow on
mineral media with hydrocarbon overlays. This observation made in the
ecology study suggests that such water bottoms contain a variety of con-
taminants which may be used as sources of carbon.

The presence of organisms in fuel-water bottoms, which are incapable
of oxidizing fuel, suggests that these environments contain a variety of
organic contaminants that may be used as sources of carbon.

I These carbon sources may derive from lysed organis m, 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 present in water bottom which do
oxidize fuel@

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

A 5% solution of casein was prepared in distilled H 0 and p was adjusted
to 7.0. This solution was dispensed into Erlenmeyer fl.Jks. The casein
hydrolyuate at 1.2 x 10 1N M NQ, and casein hydrolysate plus Bushnell-HIaas

salts were prepared.
All media were overlayed with JP-4 fuel. As an inoculum 5 ml of cul-

ture 101 containing 1.9 x 100 organisms per ml were added to 5 test flasks

of each medium. Observations were made at 4, 7, and 15 days.

An shown in Figure 9, corrosion is produced by mic, oorganisms in casein
1alone on the 2024 and 7075 alloy. As observed previously the 7075 alloy is
jj appreciably more affected by microbial corrosion than 2024.

The effect of nitrate on the corrosion of aluminum alloys by bacteria
grown in casein hydrolysis is shown in Figure 10. The microbial corrosion
is more severe in the presence of nitrate than in the absence of this com-
pound. These results suggest that the corrosion produced by growth in
casein hydrolysate was produced by a mechanism differing from the operative
in an inorganic medium with a fuel overlay.

I
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2024 7075

SC.

CONTROL

LEGEND: CONTROL BARS 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 H20. TIME OF
TEST-15 DAYS.

iI

Figure 9. Corrosion of Aluminum Alloys in 5% Casn Hydrolymate Medium
Containing Culture 101
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It shmild be emphasized that the concentration of nitrate used in this
cassi medium was sufficient to prevent the occurrence of corrosion in 97
dqv in a sterile medium containing potentially corrosive ions.

The effect of casein hydrolyeate plus the salts of the Bushnell-Haas
medium is shown in Figure 11. The greatest corrosion was observed in this
medium. The extent of this corrosion suggests that some property or con-
stituent of casein destroys the ability of the nitrate to inhibit corrosion
caused both by growth on casein and by the corrosive cations of the Bushnell-
Haas medium.

In the past, the theory was tested 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 mechanism of microbial corrosion in which the organisms
actually produce materials that cause corrosion. Future work will be con-
caed with the effect of products from lysed organisms on the corrosion of

7. Studies of Direct Aluminum Alloy idation by Metabolically
Coupled Electron H-ediators

The hypothesis was investigated that microorganisms produce substances
acting a mediators in electron transfer from metal to oxygen or from metal
to cen to oygee. In this study methlen blue was used as a model electron
tran er m edietr. This dye can react both ith the electron transport syn-
tes of us a cn nd -wit molecular oxygen.

Culturs of fuel isolates were prepared in NM with a JP. fuel overlay.
Culture mdia rare made to 6, 40,, and 80 millimolar in mthylene blue hydro-
chloride. The media were inoculated with fuel isolate culture IM, and
coupons of aluminum alloys 2M4 and 7075 were sabewrged in the aqueous phase
of each culture. Controls contained the ame concentrations of methylene
blue and aluinum coup=n but they were not inoculated with microorganisms.

Figures 12 and 13 permit a comparison to be made of the effect of methy-
3see blue on alwdum coupons in the preseace and absence of microbial growth.
The pictue were taken give days after inoculetion. The cell concentration
changed from 5 x W cells per al to, 3.2 x 2P cel par al during this time.
2w d effects the aboam surface very little in the absence of microbial
gwat&1 but when this electron mediator and mineorganisms we included in
the sane culture, the cranim adhere to the surf ace of the al. tum. It
was observed that pitting corrosion had oacurreJ beneath the adsorbed organiams
or debris. It is believed that the effect of m*Wgme blue was predoninantly
on the metabolic activity of the microorganism rather than on the surface of
the A2im coupon ThSe results ehAse again the necessity of oare-
fully evauatns the envirment and medium in which ani cause
comedon*
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8, The Production of Corrosive CauMpxd by Fuel Isolates Oxidizing
jet M~]

The first ccuipaatively unambiguous evidence substantiating the hypoth-
eeis that microorganism. produce corrosive compounds was obtained indirect3ly
with old cultures of fuel isolates initially containing high concentrations
Of nitrate*

It -as previously shown that aluminum coupons submerged in Bushnell-
Ham medium, with 1.2 g L1IO substituted for 0%I )3,v for 97 days corroded,
This corrosion was at first .ttributed to the dfiinution of nitrate in the
medium and the presence of iron and calcium. Witbh the objective of testing
the corrosivity of these old cultures, fresh coupons ve submerged in 97-
day-o2d cu1tarev Izatia&ly with 1.2 g MOO * Corrosion was observed in 4~8
hours on aluminum coupons submerged in these cultures. (See Figure 34 .)

It w believed that the increased corrosivity of the medium resulted
from the microbial production of a corrosive ompound. To test this assump-
tion, modified audnwll-Rass medium was prepared which contained 1.2 g EM6C
per liter; adl this medium mws inoclated with a mixed culture of micro-
organisms isolated from jet fuel systmes. The cultures ware placed on a
rotary obaher and Incubated for 86 dops. At the and of this period coupons
of Aluinum alloys 2024 end ?77 were Immrsed in the medium and inspected
after ha8 boure. Pip"e 11& showm that, by the end of this brief incubation
period, both alloys ve: corroded severly by 'these media, obut aoupons in
sterile media did not corrode. The corrosion occurring in these exhausted
media was attributed to the presence of ferric hydroxide and calcium ion and
to the absence of nitrate.

Other tests m -ron to better define the reai hp of the advent of
corrosind altrate depletion in theses'lur. Accordingly 1.2 g K%~
was added to those .saosted cultures which had previousl contained this
concent tofnitrato Aumincoupns of loys 26and7M7 vwre

$ba te orrsin hic tokplace atetwalosin media to which
nitrate Wes added for the second time Nitrate did not Inhibit the corrosion
#tinlated by the medium in Wdoh microorganisms had guafor protracted
time paledso It Is to be observed that the medium which bed not supported
microbial pWth IMa nt Itself corrosivO.

OSMes corrosiont i A &ndendetly Of the d~rs hc wbesiuad by
the preseno e of cation. in, the meoft=, such as iron wid calcium. ?W car-
&,%P~EA 4iin of these ccMMWo appears to take place In the presence okf

Inhiitosuchb s nitrate and phosphate,
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CONTROL TEST

2024

107

LEEDU AK FN EIMWT . 0 E NCLTD IHAWIDCLUEO

LEGND LAK N MEIS ITHIgK0 WERE SOTCULATED IIIh AOO M XED UTREPRNE O H

r LEFT. M$1 ALLOYS ARE IN THE BOTTOM ROW AND IM2 ALLOYS IN ThE TOP ROW.
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CONTROL TEST

IF

2024

LEGM,~ FLASKS OF NOI~N IsDAI1TH4 1.2 to KWO 3 WtR INCULATEO WITH A MIXED
CULTURE OF FUEL ISOLATES ARC 4CIATE0 AT )PC FOR i DAYS, ALLOYS
?07! AND 3024. AND A SEC~W QUANTITY OF KW], 1-2 GRAS PER LITER- *FRE
THEN AMD)E AND THE FLASKS WERE WUIATED FOR 48 HOURS. COMTRM~
BARS OF EACH ALLOY m4,CH Ift uI0T MwERUD IN COR)SIVE Ilf DlUM ARE
PRESENTED OM THE LEFT. 70S ALLOYS ARE PRESENTED IN THE BOTTOM ROW
AND MtZ ALLOYS Of ThE TO P W.

Jlgvar 15. 7%o M"~- ot Scaid mvW mo 001o th Corrosivity of Medurn
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'B. The Chemical Fractionation of Media Made Corrosive by Microbial
Growth

It was shown previously that media 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 chemically fractionated
using the anion excharge resin Dowex - 1.

The resin was in the chloride form initially and then following an
W1 wash it was adjusted to pH 7 with NaCH and subsequently washed several
times in water. The growth medium tested contained a mixed culture of jet
fuel isolates. The cultural medium was characteristically brown after many
weeks of grouth. The culture was centrifuged and the supernatant filtered.
The filtered raterial was at pH 8.4. It was clear and brown.

The filtered culture medium was passed over the anion exchange resin.
The initial effluent was clear and colorless, and a dark band was formed
at the top of the resin column (see Figure 16). With the continued passage
of nedium over the column the band became more dense in color and greater in
height with little tendency to form a secmd band or smear down the colum.

The following fractions were obtained from the anion exchange column:

Fraction 1: This fraction was oh jined by pouring the filtered culture
mdium over anion exchange colmn. All of the anions of the growthmedium would be removed and exchanged for Oi" groups* Most of the cationsin 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 exchanger matrix -- this fraction was essentially a
dilution of Fraction L

Fraction 3: This fraction was obtained by adding acetic acid to the
column and it contained some of the anions of the medium which had beenj exchanged for acetate ions.

Fraction 4: This fraction was obtained by adding formic acid to the

medium and it contained additional anions which had been ad led 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 showed no evidenoe ofcorrosion,

IIn Fraction 1 definite corrosion was observed, and this corrosion is
believed to be caused by the cations of the growth medium which were not
adsorbed by the exchanger.
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In Fraction 2, the water wash, no corrosion occurred.

In Fraction 3, which was faintly yellow, slight corrosion took place.

In Fraction 4, which contained a yellow copound in great concsntra-

teen, ctensive corrosion took place.

I Cheical fractions were also obtained from pare cultures of the fuel
isolate culture 101. After 49 days of growth, Bushnell-Haas medius was
modified by the use of 1.2 g of KNO in place of amonium nitrate. These
cells produced the characteristic ;Eow compound and the medium became
corrosive to aluminum.

-This old culture of 1Ol0 was subjected to ultracentrifugation at
60,000 1 for 3 hours, at 20 C. The supernatant thus obtained wac filtered
throuh I Millipore filter with a 200 m pore diameter. The pH of the
filtrate was adjusted to 7.0 and then added to a Dowex-l-Cl co3am. The
pigments were again concentrated at the top of the columw and they were
eluted as shown in Figure 17.

Another portion of the 101 culture was prepared as described above
nd absorbed on a Dowux-1 column. The portion of the c olumn containing

the dark material was removed fr o the resin bed. The absorbed microb
product was eluted in a batch operation with 10% formic acid. This material
was dried. The dried material was subjected to preliminary IR analysisi. (see Figure 18). Other portions of the eluted fraction are now undergoing
C, 0 H, and N analyses. The corrosivity of purified fractiom of this
microbial product will be examined further, and attempts will be made to
determine the homogeniety of these products and their molecular weights.
This information is desired as a first step in studies of the enzymatic

process by which jet fuel contaminants live and by which corrosive con-
pounds are produced.

I
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C. Jet Fuel Contamination by lIetabolic Products of Microorganisms

1. Jet Fuel Penetration and Emulsion 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,
also a fuel isolate, entered the fuel phase only after long growth periods
and then only 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 "amulsion," and with old cultures
this bacterial mass progressively penetrated the fuel phase.

Studies were performed to characterize the water phase 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 encountered in making microscopic coits of the top cells
because of their tendency to aggregate at the top of an aqueous medium.
Nevertheless the cells could be dispersed by vigorous shaking with water,
and counting was possible with samples removed izotediately after shaking.

2. Microbial Sludge Formation and Cemosition

nen fuel isolates oxidize JP-4 fuel on a medium containing -- as
the only source of nitrogen -- comparatively high concentrations of nitrt.te,
two compounds are produced which have not been observed so far with growth
at low nitrate concentrations or with growth on substrates other than jet
fuel. One of these ccmpounds was fuel-soluble at hydrogen ionic concen-
trations that permit microbial growth. The other compound is fuel-insoluble
and is also insoluble in water, at least from pH 3 to pH 11. 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, accomplishd 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 my have resulted from the masking of
charged groups by acetylation.

The acetylated material, or that material treated with acetic anhydride,
was dried and dissolved in methanol with E' as a catalyst. The mixture was
refluxed to permit the formation of methyl asters.", Following this treat-
ment the sludge residue in methanol-BF3 was dissolved in bensene-ethyl ethe.
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To this organic solution water was added, and a large quantity of brown
Anaterial 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
(0.1O g) was extracted with 1O HCl-methanol for 48 hours.

The resulting material was separated into 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 calyzed out because the residual material in the
dialyzed sample was much greater than that present in the extracted sample.
The C, H., N, and 0 values were adjusted to el2minate 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.
T',hz residual C, H, and 0 values were obtained by subtracting the CHO contri-
butions of the protein from the total CHO concentrations. The oxygen value
probably has a large error. These results appear to indicate that the pro-
tein, lipid, and carbohydrate 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 Lvity of fuel-water bottoms.

3. remical Anal-sis of Floating Cells

In the course of this study, organisms have been isolated which
cause emulsion formation in 24 hours at populations of approximately 100
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 emulsions is an ensymatieally 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 thip pariod, the lipid
content of cells which form e, uions and also float were compared with
those having a specific gravity greater than water; i.e., those which are
dispersed through the growth nedium.

The organisms which cause emulsion in a fuel-water system are referred
to as top cells; the other water-dispersed organisms are called bottom cello.
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:FATTY ACID CONTENT OF MICROBIAL SLUDGE FRACTIONS

Retention Time Peak Height Probable Fatty Percent of Total

(minutes) (inche) Acid Eter Matrial Analyzed

13.-3 0.47 14.1 0.09

L13.86 0.80 14s.1 0.16'

14.42 0.25 0.05

17.84 16.88 16.o 3.48

18.98 14.00 2.89

19.,4 20.00 17.0 4.12
21.38 2.95 18.1 0,61

21.80 1.02 -18.0 0.21

23.24 6.76 19,0 1,39

26.02 o.47 21,1 0.09

26.36 1.73 21,0 0.36

28.50 419.20 22.0 86.4.5
(5.24 x 80)

32.74. 0.38

1~Total Height 4~84,91 99.98

I
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TABLE 3

A CARBON, HYDROGEN, NITROG&I, AND OXYGEN ANALYSIS OF MICROBIAL SLUDGE

Methanol Soluble Methanol Insoluble Dialyzed

Dry weight 0.0322 g 0.0187 g 0.060 g

1%45.7 25.9

% 7.8 6.5

% N 4.8 11.3 4.7

% Residue 4.4 39,4

Adj. C 48.0 42.8

H 8.2 10.7

N 4.8 11.9 7.8

0 31.9 38.8

Protein 30.0 74.4 48.8

Residual C !.4 17.4

N 3.4 7.5

0 15.8 28.0
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rhe analysis of these cella for lipid content was accomplished by taking
weighed samples and extracting with acetone in a micro-Soxhiet apparatus
for 4b hours.

Portions of the extracts were analyzed by thin-layer chromatography.0
A 1/2-m layer of silica gel 3 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 7.0% 1 N NH4 CU. Approximately 500 og of esa
extract were applied to the plates and eluted. After spraying with 3,
e'-di-chlorfluorescein, the Rf values were obtained and compared with those
of known standards,

Portions of the bacterial extracts were esterified with 10% HC in
methanol at 100C for 3 hours. After cooling, excess di uethoxypropane was
added and the lipids were evaporated to dryness. The resulting fatty acidmethyl esters were analyzed in a Beckman GC-2 hydrogen-flame detector gas
chromatograph. Table 4 shows the gross lipid content of water bottom cells.

The lipid content of top layer and botta layer cells appeared to be
essentially the same w~th rs.-pc- t t' -e general type of lipid present. The
top layer ceals, however, had about six times more lipid than the bottom
layer cells. The phenc-tenon of flotation was associated with the production
of large quantities of lipids which were normal to these fuel isolates. The
emergence of top layer emulsion-forming cells seemed to result from theI utilization of metabolic pathways common to both type of organisms.

4, Fuel Contwination by Metabolic Products

In general, in this laboratory the fuel isolates that have been
grown in Bushnell-Haas medium with a jet fuel overlay have not produced
colored compounds tat are soluble in jet fuel. Fuel extractable ccourd(s)
were produced, however, in cultures grown at a high-nitrate concentration
with nitrate as tne only source of nitrogen.

The compounc produced urner these conditions was yellow; the absorption
spectrum of this compound in fuel and in water at Wo extrian of pH is shown
in Figure 20. The compound entered the fuel layer at pH 7 and was eaily
extracted into water and concentrated by adjusting the pH to 12,. In
aqueous solution, the compound showd a definite Inflection point a n a func-
tion of pH; hene, it has a weak acidic functional group which ex eIes on
inductive effoet on its duwmophore. Advantage was taken of tha ph dapadonae
of the extinction coeffioant, and a spectrophotametria titration of the com-
pound was made. For this titration, a mixed buffer containing 0.1 K Trie and
NeM#, adjAuted to the Indicated pH level with HM, was usd. F1gure 20a
shows this determination. The clearly defined inflection point at pH 10.8
sets the apparent p1 of the functional groups which control color ohago.

j4



110048

0.51

FUEL SOLUBLE

0.3

WATER SOLUBLE

nI .m s a ̂ma rs xrcm tP .

0P1 11

41R4



I
R9P049

I

I 0.2

!

290 mpI
0.15

I:

I

8.0 9.0 10.0 11.0 12.0 13.0

~PH

i I

r18u 20s. The *.ctropoWmetric Tltrntcn of a ftl Extractable Compoun4

1 49



k 7 oc;.10, ; A' iPL&J co: T oe 7LPA-D:oTi CaLW,
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It seems probable that this greup also controls the water solubility
of the compound. Hence, these determinations show that this microbially
produced fuel contaminant will begin to enter the fuel layer when the
aqueous hydrogen ion concentration diminishes to values which permit micro-
bia.l growth.
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D. Biochemical Activities of Fuel isolates

1. The Growth and Viability of Fuel Isolates in Media Containing
Puriried Hydrocarbons

Many microorgani.wis which are capabie of oxidizing hydrocarbons are
capable of oxidizing the five-carbon hydrocarbon pentanso The organisms
isolated from JP-1 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-
carbons of different chain length and structure.. Table 5 summarizes the
responses of microorganisms in the presence of the particular alkanes and
olefins ,mad in growth mrdia.

Pentane, hexane, and heptane do not support growth, and they do not
kill the fuel isolates tested. The organisms are not "Illed by 1-pentane
and are killed only slowly by 2-pentene. However, 1- or 2-hexene or
heptena, I- or P-or 4ene or nonene kill these fuel isolates readily. But
the effectiveness of these short chain olefins end with nonene% and either
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 te -%cut 10 cells per ml in 48
hours.

The toxicity of short-chain olefins is not confined to organisms that
grow on fuel. Table 6 shows that E. coll is distinguished from the pseudo-
onade isolated from fuel by ite se'n-- ity to jet fuel, but both organisms
are sensitive to the lethal properties of 1-hanten,.

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-
ration acts as a carbon source for growth.

Information is sought as to the physiological locus of action of these
olefina. Does death by olefins result from respiratory inhibition, or do
they interfere in some very specific wy 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. Th Resiration of Fuel Isolates with g to 10 Carbon Alkanes. ad
es amd ,,Unsaturated MEl:Mrooarbon,

the failure of fuel isolates to grow on short-chain alkanes and olefins
prompted a study of the effects of these short-chain hydrocarbons n the
metabolic pathwaqs essential to the life of the organium.
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i TABLE 5

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

i Hydrocarbon Viable Response

Pentane No growth

I-Pentene No Growth

2-Pentene Kills

I Hexane No Growth

1-Hexene Kills

2-Hexene Kills

I Heptane No Growth

1-Heptene Kills

2-Hptene Kills

Octane Growth

1-Octene Kills

I 2-Octene Kills

Nonane Growth

I-Nonene Kils

Decane Growth

1-Decene Growth

Dodecare Growth
1-Dolecene Growth

I legand: The organism tested was the fuel isolate Oulture I01. M ee cl1
-" ',,were grown on BH meditm with a fuel overlW# MW were hazrveted

by washing 3 times in water and the washed cells were ued as
inocula in media overlqed with the purified bdroo&abo* s shown
above.
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TABLE 6

THE EFFET OF JP-4 FUEL ON THE VIABILITY OF E. COL AND A FUEL ISOLATE

Percent Survival

Inoculmu Media Initial Count - Tike 2 days '4da 

eDistilled H20 .e x 108 100% 0.075% 0.0679%

so 00oi VE{-fuel 3.6 x 108 100% 0.75% 0.02$

Distilled H 10100% 91.6% 78.5%

96 Fuel 2.14 x10

'ME-uel 1.98 x 107 100% 51% 17.18%

96 Distilled H20-
lb fuel 1.3 x 106  100% 16% 63

e. coli Distilled H2 0-
--- Nofuel 3.8 x 108  100% 105.5% o50%

e Coll Saline-Cuel 3.67 x 108  100% 0.0329% 0.039%

MM-fuel 2.27 x 108 100% 0.0538% 0.031%
8^.1e-fi,01 3.1 x p7 3 IC C 1 1.72% 8.9%
NW-fuel 1.65 x 107  100% 16.96% 2.34%

. soi. Saline - no
- fuel 2.5 x 10E 100% 52% 76.9%

96 Saline - no
fuel 1.1 x 1&~ 100% 276% 255%

96 Saline-cuel 6.0 x 10 100% 966,6% 7,166%
(Waine wasbed
cens) TmI-tuel 4.0 x 202 100% 20t000% 73,333%

96 Dstled
112Distied H 2 0 ft ml 4.5 x 100%I 3W1% 7333%

o_ _),., NmEcwl 2.2 x ,02 100% 2,636% 190,909% F
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As shown previously, octune and ncrivne are readily oxidized by fuel
isolate6 and they also support mfcrobial Frowth, cut octene and nonene,
lice hexene ar heptene, are inhibitory to the oxidation of jet fuel and
glucose. The response to %heze cefins is in sharp conT.rast to that of
compounds containing one additional carbon atom, naiely 1-decene. This
unsaturated compound is capable o: supporting growth and it is inhibitory
neither to jet fuel oxidation nor to glucose oxidation. The sane pattern
of response is observed with 1-dodecene which supports growth and does not
cause respiratory inhibition.

Table 7 summarizes our experience with short-chain hydrocarbons and
their ability to ,udergo oxidation or to affect respiratory inhibition.
A knowledge of the site of action of the unsaturated hydrocarlons unich
inhibit should be of considerable iz.portance in understanding the physiolo-
gical mechanisms by which microorganisms oxidize fuel and contribute to the
formation of microbial sludges and emulsions.

The typical effect of short chain unsaturated hydrocarbons on jet fueli oxidation is shown in Figure 21. The inhilbitition of glucose by 2-hexene
assumes essentially the same time course as that shown for jet fuel oxida-
tion. The respiration of thse fuel isola-tes on both jet fuel and glucose

_ is also profoundly affected by unsaturated wing structures such as p-xylene.
(Figure 22.). These data show the difficulty of formulating general state-
ments about the effect of hydrocarbons on the respirat ,on of oells isolated
from fuel systems. The inhibitory effect of hydrocarbons appears to be
associated both with unsaturation and with ch-'.in length.

-3. The Effect of Known Rezirotor inhibitcr, on Microbial Oxidation
9f eTel FA Ri-ified flydrocarbos .

The character of metabolic mechaniks~ responsible for particular
chemical transformations carried out by microorgarims can 1requently be
elucidated by the use of compounds which inhibit normal phsiological activi-
ties. The application of this approach (for of reasoning) to an under-
standing of the physiological mechanisms operative in jet fuel oxidizing
organisms has been attempted. The metal requirement shown by these studies
reported for in vitro conditions in the literatureI 0 suggest that the
enzymes responsie or fuel oxidation and bacterial respiration contain
metals. Sodium aside inhibits the activity of metal containing enzymes
and, like 2,A-dinitrophenol, it prevents adaptation.

Tests were made of the effect of respiratory inhibitors on the activity
of fuel isolates. The anabolic inhibitor, 2,t,,-dinit .eno3. which stops
adaptionp is effective at concentrations an low as 10--) X arainst some
organimas. The data in Figure 23 shov that cowoentrations of this compound
as high as 10"34 do not appreciably affect the ability of jet fuel organim
to oxidize hydrocarbons. Soditm aside might be expected to react with the
meta in enzyme systems oxidizing ?Wdrocarbons, This reaction seemed
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TABLE 7

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

SATURATED AflD UNSATURATED HYDROC.ARBONS

Effect on Effect on

Hydrocarbon Oxygen Uptake Fuel Oxidation Glucose Oxidation

Pentane No Slight Inhibition Slight Inhibition

. 1-Pentene No Inhibition Inhibition

2-P entene No Inhibition Ihibition

- Hexane Variable: Always Slight Inhibition Slight Inhibition

S1-Heene No Inhibition Inhibition

2-Hexene Variable: Always Inhibition Inhibition

Heptane Not Sustained No Inhibition No Inhibition

1-Heptene Not Sustained Inhibition Inhibition

I.2-Heptene No Variable, Inhibited Inhi.bition

Octane Yen No Inhibition No Inhibition

1-Octene No Inhibition Inhibition

Nonane Yes No Inhibition No Inhibition

1-Nonene No Inhibition Inhibition

I Decane Yes No Inhibition No Inhibition

1-Decene Yes No Inhibition No Inhibition

jDodecane lea No Inhibition No Inhibition

1-Dodeoene Yen No Inhibition No Inhibition
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especially probable since the metal involved appeared to be iron, but here
again the metabolic activity of the fuel isolates proved to be surprisingly
atypical and reeistant, Even Io-3 m aside inhibited respiration only 30%
(Figure 24.) This cellular response indicates that the terminal cxidase may
be a flavin-containing eryme rather than a cytochrme.

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 makeup of organisms which inhabit fuel-water systems.

4. The Killing of Fuel Isolates by 4ydrocarbons

It was hypothesized that fuel-cxidising cells entered fuel systems
either as cells adapted to growth on rich media or as cells adapted to
growth on fuel-containing media, while the fuel-water bottom may possess a
mineral content ranging frcm predcminatly sodium chloride to that of a
coplete growth medim in terms of trace metals and nitrogen source. In
this phase of the stuay fuel-oxidizing organisms (Culture 96) were grovn
both on a modified Bashnell-Haas medium with a fuel overlay and on TOY,
The cells were harvested by centrifugation and were washed and suspended
in either NaCi solution or H.O. 7he washed cells were then inoculated into
NaC solution, H 0, or BH-medium with a fuel overlay. Cells in each medim
grew during exposure to fuel for h days.

The results obtained (Table 6) show the extreme hardiness of the organ-
ims which oxidize fuel, and although a limited sauple was analyzed, the
viability of this particular fuel-oxidizing organism did not appear to be
strongly dependent on the kind or concentration of salts in the water phase
of its envirorment. It was observed that a very large fraction of these
cells grown on TOY survive when placed in the presence of fuel.

Cells of Escherichia coli were grown on ToY (trypt one-glucose-yeast
extract) medium and treate every way similar to the fuel isolates. In
4 days the viability of the E. coll suspension diminished to 0.03% to 0.06%
of its initial value, but the-v 1 i of Culture 96 remained essentially
unchanged during this period (Table 6.) he viability of S. colt and
Culture 96 in saline and distilled water without fuel was essenially unchanged
during this 4-day period. Esentially the same results were obtained with
nitrogen deficient medium where the cell count remained constant in absence
of q'owth for 9? days. ?hese results show that fuel components are toxic to
the nonfuel-caidising organim, . c2i but not to fuel organims,

The reason for these differences in physiological terms is not immed-
iately apparent. The Gram-stain response separates microorganisms into two
great classes in terms of the colexity of ce.1 membrane structure. But
in this stu4! both 1. coUl and the Psuedomonads are gra negative, but their
grossy different raeosurvival in water-bydrocarbon systems demotrates
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that a further distinction may be made among Gram-negative organisms. It
is believed that this distinaction derives from difference in permeabi~ity
to hydrocarbon molecules.

62j

% AI



I

E. The Effect 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 crrrosion caused by frequently
encountered fuel contaminants such as rust.

For testing effects of fuel additives on microbial growth, media were
prepared consisting of 1O0 ml of Bushnell-Haas medium with a 10 ml JP-4
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, then it is probable
that they affect the metabolism of fuel organisms ..nd enter into corrosion
and fuel system deterioration caused by other fuel contaminants, The
response of fuel isolates to fourteen of the antioxidants was tested and
found to be essentially identical, 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 inhibitors affected microbial growth
at low concentrations, In Bushnell-Haas medium as little as 1 mg per ml4 (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 541, a corrosion
inhibitor, and Lubrizol 802, an antioxidant, were the most bactericidal
compounds among the group tested. (See Table 9.) Tolad 244 did not kill
the fuel isolates studied; and the corrosion inhibitor Unicor M supported
microbial growth.

With 'Unicor X as the only source of carbon ip Bushngll-Haas medium
the number of organism present increased from l0 to 10 cells per mx
in 24 hours. (See Table 10#) It is possible that this compound is a
potential source of nitrogen for organisms that oxidize fuel.
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1.
TABLE 8

MICROBIAL SURVIVAL IN THE PRESENCE OF FUEL ADDITIVES I
Compound R S-

Unicor M 0.10 >8815.0

Tolad 24 0.10 <250.7

MBX-200 0.10 <88.7

Ethyl AN 33 0.05 <1.02

Dupont aiP2 0.05 <0.38

Lubrizol 802 0.01 <0.001

Santolene C 0.10 40.01

Metal Deactivator 0.01 <0.01j Lubrizol Qa 0.05 40.01

e.is a ml additiveLegends R - ml NE

S- (Viable cefl oount after 2h hours/initial viable count)

x 100. All viable counts were made after 2h hours exposure at 300 C.

The izicated concentrations of additive were added to Bashnell-
lisa medium. Each medium was inoculated with 5 mls of culture 01

grom on fuel. The cells had been washed 3 times in distilled

water. Viable counts were made in TOY agsr at periodic intervals

for 24 hours. Incubstion, 3oC. 
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TABLE 9

EFFECT OF ANTIOXIDANT LUBRIZOL 802 ON GROWM OF CULTURE 101

nil of
additive%%%
per 100 0 hr Survival 2 hra Survival 24& hra Survival
mlNBH 0Ohr 2 bra 24 bra

0 ml 1.140,cl0 7  100 6 . ziao 6 4.28 l.62xl07 115.71

0.05 al l.29xl0O 100 l.05xlO ~ 1.27 no growth 0.00

[0.1 ml 3.xlON 23.84k 2.8X10 5  2.15 no growth 0.00

1.0 20l 5.7x1O5* 4.39 32102 0.0023 no growth o1oo

L5.0 ml 34101 0.00023 no growth 0.00 no growth 0.00

10.0 111 no growth 0.30 no growth 0.00 no growth 0.00

1 7
*innoculated with 1.3210 cens.

Legends s Table 8.

I65



i-I V4 f-

0 0 0 t- co c
~~J~j0 00

4~

0 0 04

0~O 0'

0 0

~ co Oco r-

ooC
t- f' .- C-H.

-1 C.- 0

H -YH c

0 a'~ g.*~ e~ Q

0 0 9

0%

aD.

r H H447
1~66



!

F. The Pysical and Chemical Characteristics of Cultures of Jet Fuel-
o21Ictisng MicroorgEanim

1. The Size and Appearance of Microbial Products which Clog Filters
Repots from other laboratories have indicated that filters 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
chiracteristic3 of microbes and microbial products which appeared to be
capable of causing such difficulties .n fuel systems.

Observation were made of cultures of fuel-oxidizing organisms %grown*
for 3 to 6 months on a modif.ed Bushnell-Haas 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-
rouive. Following this period and up to the third month, the color of the
c1uJitr darkened, the 4et fNel overlay 1'eame progrssiv^- mo" yellow, and
the cultures became corrosive.

The cells in a 3-month-old culture which was initially high in nitrate
were, for the most part, sedimented in centrifugal fields of moderate
strength (30,000 X gravity). The clear supernatants thus obtained were
corrosive to the aluminum alloy 7075. If growth was permitted to continue,
the corrosivity of the medium was enhanced and the general appearance of
the culture was significantly changed. Old cultures of fuel-grown organisms,
3 to 6 mnths in age, became murky and brown. The orgaisms which initially
poefseed a recognizable morpholog became pleosorphic. Microscopically,
the contents of such cultures were not distinquishable as microorganisms
but appeared as particles of different dimensions.

rn order to make chemical analysis of old cultures of fuel-grown micro-
organisms, attempts were first made to operate physically the culture con-
tent. These cultures were subjected to a centrifugal force of about 30,000
1 gravity for 1 hour. Only a very small sediment formed and an exceedingly
malpellicle or fluff was present at the air-water interfacee

he behavior of these relatively large particles in the centrifuge
sugpgotd that they may be lipid in character and that they may be eliminated
either by filtration or by extrection with organic solvents.

F. Attsips to filter the particles led to the belief that such Piorobial
products may indeed be the entities responsible for filter clogging in Jet
fuel system. Attemts were me to filter the old culture through a variety
of flter. following 30,O00 X gravity entriftgation. Miipore filter. of
l. mton porosity did not retain the prtioles, and filters of 0.8 micron
porevait retaimod both the particles and the suspoeding fluids These pro-
ducts of the biodegradation of fuel appeared to be unusaW capbe of
elo ing filters and while they have dimensions possibly lss than 0.8 sigroa
they pvent fluid passage as well as particle passage throh 0.8 micros

67
I3t 8



The particles described are a product of microbial metabolismr of jet
fuel. They do rot appear in old cultures of fuel-oxidizing organiems which
have been grown on rich media such as TOY in the absence of fuel.

2. The Distribution of Filter Clogging Microbial Products in Various
SolvVen jt ms

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 tendency 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 4.8 ; thus, materials might be separated having a modest range of
polarities.

Systems were prepared in seppr3tory funnels co.sisting of equal portions
of a 6-month-old culture nedium and an organic solvent. The jet fuel was
removed from the old culture before analysis. It was surprising to find
that hexans, 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, ethyl ether caused the suspended material to
go into solution almost imediately. 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 becae clear and yellow. A small white
fluff appeared at the water-ether interface.

It would appear that the ether was able to break a complex between a
water-soluble and a lipid-soluble naterial because the total color component
in the medium diminished more than would be anticipated by simple dilution
or extraction 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 be made of the ability of the ether-extractable fraction,
which is a potential fuel layer contawaant, to cae aluminum corrosion.
If the compounds of this fraction are corrosive, further analysis will be
made in an attempt to identify the active groups of the compound whch
aeam corrosioe.

In regard to the work on old cultures and their charocter, It should
b* pointed out that the laboratory-prepared cultures maintainod for 3 to
6 maths grossly reemble several natural watrbottrms emined in this
stud. Tb color and visible texture are similar and both are corrosive
to 62=1=14
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3. The Ultracentrifucation and Extraction of Old Cultures of Fuel

Large particles produced by microorganisms growing in jet fuel clog
filters and do not sediment at 30,000 1 gravity. A centrifuge was used
to separate 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 1 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.

Or cultures were centrifuged at 100,000 I gravity for 18 hours at 9c.
To minimize 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 uber solution and a dark
ZI.GaLing pellicular material.

The solution obtained by centrifugation was mixed with equal parts of
heanse, benzone, diethyl ether, and chloroform. The aqueous phase of these
solvent system was adjusted to PH 1.5, 7.0, and 13. All solvents extracted
a eolored compund at the lowest pH. but little color formed in the organic
phase at pH 7 and none at pH 13. The pH adjustmnt was accomplished with
perchloric acid or sodium hydroxide.

An aluminum coupon of 7075 was placed in each system except those at
p1 13. Control solutions in which water or acid were substituted for micro-
bial culture ere also prepared. The rate of corrosion in all cases was a
straq fumction of hydrogen ion concentraction and depended on the solvent
system used. Coupons with the culture extract corroded faster than the
control.

The abundant floating peflicular material obtained in the ultra-
centrifuge was removed from the clear solution in a wfringe. A part of
this material was placed in an ether-water system and a part of it was
suspnded in water with an aluminum coupon. In the ether-water systm,
the pelllee distributed color both in the aqueous and organic phases.
The pelliclular material did not appear to cause the rapid corrosion of the
alloy 7?5. It is believed that the pelliole is a contminant which c-

£ tribuites stly to filter cloniM while the clear but colored siapernataut
is active n stinlat aorvo sion.
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G. The Decompos ition of Aluminum A?1 -io in Systems Containing Water
and Emissible Organic Solvents

Fuel tank corrosion has been associated with systems containing mis-
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 frm 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 fro- rfinery t r . . ; -d batch to batch, but,
they still meet a definite operational specification.

To extract and purify microbial products from old cultures 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 took place in the aqueous
phase of the system with hexane, benzene, diethyl ether, and chloroform.
The extent of corrosion depended strongly on pH1. In chloroform at pH 1.5,
the decomposition of alloy ?075 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
sedium-chloroform system became violet in the chloroform phase and dark
brown in the aqueous phase. With this system the same changes appeared at
pH 7 but a somewhat reduced rate.

The appearance of color in the chloroform phase suggests the degra-
dation of ch1 'eo-rm accomspagng the dissolution of the aluminum alloy.
It is theorized that the aluminum alloy in the organic phase was
continuously depolarized through the reduction of chloroform to some
colored product (Figure 25).

In these first studies solvent systems containing old culture
medium again corroded more rapidly than did those with water alone.
Corrosion was also observed at the water-air interface of systems with
hexame and bensene. Corrosion at this interface has not bee observed
previously In this atw4.

These observatiom n phas ie that the aluminum bar mersed in two
Udscible solvents sets up In a oooeetration cell. Theoe studios
evgest that such electrical cells can affect oxidations and reductions
of dlant organic solutes r solvents, and tber*ty caie the formatuom
of new dro.carboa ,olecules with accapaylmg alumium cotoelo.

fUs diag below soe the coical secbhamnl tentatively balleved
to be qwerative in cemng the ob"red oorro eio.
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OrganicAl colupon T

(Eoirocarbon) a reduced ky. F
II+3e drocarbon

SH species i
A-fl

A' +l .3D1 Al(0M) 3

The )q'drocarbon udergoin reduoco and perhaps subsequent oUkido
could aris as a product of xmobia mitabolis. In chloroform solutlon
a viclet cawunwd was produced. Stemn and Utige~ have noted tha
siilarity of this caqpound to free radimal. In our study, "s judged
by colar chaW.e titrated k~doabwalso are readily dcomposed, In an

solu~utimw ca~,w n~Ugw4v an n1,u4m cowon (iure.n 26) ~. Ix
do Inpution iccomWpans aliiniiim destruct~on and my occur also wiLth
ogicmateria produced by microorganisms.
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He The Microbial Deterioration of Sealant and Coatings (§htrNje
Laoratories)

The principal effort 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-
sion.

1. Preparation of Sealant and Coating Materials

fA number of representative materials used in the industry were used
to prepare film and are listed below. Additional identification of the
materials may be obtained upon request to Air Force Aero Propulsion Labora-
tory (Attn- Jack f. Fultz), Wright-Patterson AFB, Ohio.

Oeneric description Identification number

Buma-N type-coatings

Sample 1 Bna-1
Sample 2. Buna-2
Sale 3 auna-3

?a =n~1~d-"q coatings aid sealants

Staple I Polysulfide-i
Sample 2 Polysulfide42

Napgnese diade catalyzed .
Sample 1Polysulfide-3

Polyurethans t~yp coatings
Sample 1 Polyurethane-1
Sample 2 Polyurethane-2

Fran tpe

Sample 1 furan-i

Yatal oontin type

Sample 1 Ytl-i
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The coating and sealant films were cast and cured according to the
recommeindations of the manufacturers. 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 aluminum and

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-free media to allow
microbial growth and confuse laboratory results,. even though the purest
available chemicals were used. To minimize the effects of extraneous carbon
and nitrogen contaminants, batches of media in Fernbach flasks were inocu-
lated with a aud culture of fuel isolated microorganisms and cultured
for 3-5 days at 280C on a rotary shaker. The ceons were removed by
filtration through an 0.3p 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:

Carbon-free medium

Magnesium sulfate (MgS -Oj710) 0.14 g
Calcium chloride (CaC70 0.02 g
Potassium phosphate, dIbdrogen (HPj)2.0 g
Potassium phosphate, monoydrogen (1Xk 1 ) 2.0 g
AMonium phosphat (NH4jH 2P04 -(NH4) 2

Distilled water,, qovo 1000 a1

vltse -freewl Mdium

magnesium sulfate (MgtS%*~7H 20) 0.14 g
Caloium chloride* (C&Cl2) 0.02 g
Potassium phosphate,- dikydrogM (IM2"4) 2.0 9
Potassiu phosphate, m Iqogn (K^P~) 2.0 g
Dsztrose 1.0 g
Distille water, q~ve 1000 Al

(1) Label analyses indcate 7.8 PYK H as contants. aiemical
analyfi gave a rm of h.03 mg I/liteir.
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Free films were prepared and extracted in boiling distilled water to
remove the water soluble nutrients. Fernbach flasks were used which con-
tained 200 ml of carbon-free mtedia 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.

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

Polysulfide-3
Dana-I extracted
Buna-2 extracted
Furan-l extracted
Polysulfide-2

Greater than 10-fold increases in growth over the control were obtained
with:

Buna-3 not extracted
Po2lurethane-1
metal 101
Dana-It not extracted
Dana-2 not extracted
Furan-l not extracted
Po2yulfide-2 not extraoted
hna-l

?he determination of microbial growth in a nitrogen-free medium was
similar to the method outlined for the carbon-free m.,dium. The results
shown in Table 12 were as follows:

Growth equal to or greater than the control was obtained when every

extracted coating was combined with the exhausted nitrogen-free medium*
Lees than 2-fold increase in growth over the inoculated control with-

out test substrate was obtained with:

aua-3
Polyiwethans-2 not extracted

'Po3ywotbad-l 1
D=&-2 extracted

DWI"
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TAB1E 3.

CaQTIT OF BACMIIA ONJ CARBON-FIEE MEDIA

Carbon-Pree eia
Bacteria/ilx~1. 1t Substrate 2nd Subtrate 3rd Subtriate

Ext. Not Ext. Ext. Not Ext. Ext. Not Ext.

Polyurethane-2 31 31 1.2 1.14 .24
Buna-3 32 52 3.1 23 2.3 9.3
Polyurethane-i 50 148 12 15 7.2 8.1
metal-i 52 67 441 71 12 91
Control 22 .88 .25

Poiymtlfide-3 9.1 114 .94 6.1 1.14 1.05
Bmn-4 11 33 3.1 77 2.0 23

Buna-2 16 8.9 3.5 22 0.7 15
control 7.0 0.7 .27

Polysulfide-1 6.1 6.6 1.1 1.3 1.2 1.6

Furan-1 18.3 91.9 14.1 13 .74 6.1
Oysfde2 22.5 22.2 5.2 8.0 .96 3.3

Poljurathase-2 35.5 27.5 2.5 .614 .A1 .39
funa-i 20.3 12.8 2o2 7.2 1.7 5.3
control 11418 .2 .13

I* A1 counts are direct microscopic courts usinig a Petroff-Huseer climber.
Cell viability confirmed by plate count. Incubation 14-7 doys, agitated
at 280C.
2nd and 30d substrates ar., adapted cells. Evaluations con basis of 3rdg 2. sbstrate. See text for further definitions.

p 3. 'Nkt' in the sub-headings indicates that the coatin had bwa extrarted
In boiling distilled water after polymerization and owring. Nsot UPt
indicates; the cating was used as Is,



TABIZ 12

GOWTH OF BACTERIA ON NITROCEN-FREE MEDIA

Nitrogen-Free Naedia
Baotelria/.1/1O

1st Substrate 2nd Substrate 3rd Substrate
Ext. Not Ext. Ext. Not Ext. Ext. NUL Ext.IPolyurethane-2 38 31 3 2.8 4.7 2.0

Bwa-3 32 53 4.7 4.0 1.9 2.6
Polyurethane-1 37 39 2.1 1.7 2.4a 2.6
KOtAl- 100 130~ 45 100. 18 55

Contro 732 1 31 .0 2.02.

Poiysuifide-3 1 2 2.5 72 1.8 1.2
3.1ro .14 1.03.

Bunanmi 263 053 6.21005
D ~mtdm -2726. 305 31 2.0 2 2.76
coolebu- 2 0. 2, 2A717 6
baa-i e- 81 19.1 2.75 2.8 .69 1.1
Control 25,6 1 1.20

, 1mt 2i6.7ti 4.5irme 4~ lt on.4oiain1.7daiae
oywat s- 283 30228%. 4 6

sctrat 25.6 text .o22rhrdeidt

A. cots rte b-adi nctstat theocoi coat ing bed bffte echacter,
C inbili distimed bye ate pclati mi 4-rng daps agtte

in date the coatng wasre astf isl. uimn sf3d

sub~ate 3**tutfor urter dfintIm
:Ln he =4Waf~p I&CIi

30 tat te 4m" be bee efte11
In oL~C~dsU~d vba tta p78 wstokm odt.a t

lndlalb" theo~ti mwWO a is



Up to i.-fold Increase in growth was obtained with the following-.

Poilurcthane-2 extracted
Poiysulfide-3
Furan-l
Polysulfide-2

t A great increase in growth was recorded for:
Mtal-i

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

Water-soluble materials present in coatings may either stimulate or
inhibit the growth of bacteria* The detection of such materials is of
importance when evaluating growth tests and also for background information
concerning toxc additives,

The procedure used was to polymrise and cure the coating. The coating
was then minced and 5 grams extracted for 30 minutat~ in 100 al boiling dis-
tinled water. Discs ware cut from the cast films and assayed both before
and after extraction. Filter paper assay discs ware saturated with the
water extract for testing.

Ii Melted aid cooled TM gar was inoculated with the min.d bacterial

p m-extracted discs of coatinge and filter paper discs saturated with the
water extracts were placed an the surface of the agar. All tests were run
In triplicate. IzijibltLon was judged to be present an the basis of a clear
Sam surrMnding the test dise. Stiomlation was recorded if a aons of
Increased p'wt Parrcuded the disc, or if ther was a slight son* of
inhIbition surrmided br a an of stulation.

Xaspectcn of these data show tin follmiin

a* Four fm-U "' coagods were tested sand thle water extraicter
r ue of the (O.qamde 81mlated basterial graft*. fte fow*t

Materia ""StAWn iMf ts sbstawse not defined in thes tests.

b* ah~mt-a3r~e.o~m ft elant, fol~aulfid"S2 Wes

themina ai~d-po~mruW pe3ouifide sealant stimlated
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d, Polyurethane type topcoating material shows some stimulation of

growth in these tests.

oil Water extracts from furan-type materials are slightly inhibitory.

3. Microbial Deterioration of Coated Steel and Aluminmn Coupons

Aluminm and steel coupons were coated with a number of sealants and
top coatings. These coupons were then incubated in TS-11 containing JP-4
andS microorganisms for 4s 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 krhether the medium was corrosive.

j In general, it was found that TS-31 was a more suitable growth medium
mo'icroorganisms isolated from fuel than any other medium currently avail-

able. TS-U was used in our work at this laboratory and has the following

MgSc4.7li 2 0 .

W 2  2.02 g

2.0 g
V030.1 a
050200.02? g

re poinder )s.0 g
Distille water 1000 0l

TS'-U was also testied for its corrosive effects on alumizum. coupone
(7075) by visual appearance and weight Los determinations. In general,'
chemical corrosion with TS-21 was slightly greater than Bushnell-lbas,
althoagb not as preat as that caused by tap or distilled water.

The inspection of the coating panels was quite detailed. kach panel
waIS reoved from the fuel-water mdinag dried& and inspected for obvious
film faibare. The panels were then seamd at 2C1M to determine sma&l
bohepq and fla@e Finally, an attmt was made pbysioally to strip the
oating from the substrate and S thas, determine the deoee of adhernc.

re It vas possble to istrip, the coating cleanly, the umSerlying metal
was eudd for corrosion associated with flawrs in the coating.

ft. majosity of Osterlel' controls con~ainad ies orgmiaas at the an
at the Inewbtion period. These amr quite possibly introduced with theL
0t4aga, Slime It Vas Wot possiblo to completely sterilife them, or dwing
the Previous iupowtiosu. In moft cases, the pwth In the conrol is much
leesthen In the Inoculated series. 3terile control we mintained withI
Furan-sl andS 9=e-3 (3se Table. 13).
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TABLE 13

OBSERVATION OF COATED PANELS

. ... .. color....
Coati.g Peeling Blistering Extraction Corrosion Sel

metal-l Severe None None - None

?uran-l None Severe (Steel)
Xinor(Al) None - present

hue-1 None Present Severe Pitting Present

Pol~ylfide-1 None Present Present Edge Present
(steel)

polyuothaas- Nn None None None None

Bus" None Present Present Present

90m-83 Ne None Present - None

Polluretbans4 None None None Noe None

s" VomS Present present - None

Reoks: (1) Coatings weu applied to both steel and aludmm coupons.
ire ther was a differenc., it is so noted in reaults.

(2) It uas not possible to clearly rmove all coatims for
obOrWation of widerlying corrosion. A dah indicate
no reading umr me.

Sll s frequently been noted in wma-A type coating as wvela
In other Vpw of pomrs. Car l microscopic nxudnation of swelled
coatings indicates a v7 sharp lin of demarcation. The coatings appear
'to 2?U. adbaroe uder these crimstanee, but little denqe is noted
vismaly. In deroseopic exmimtion Indicates that mlling m be
smptomatia of wo severe coating d~n.

It Me ben often stated that corrosion will occxunder holida in

coatings. ,brwatione in the field have in the some of
pits =der faw in coatings, but, to our knoedge, this has ramly been
dosmmtd isn the laboratory. hring thi "mse of rthese 4wr5ate, it
me possbl to damonstrate cwrosion pia Smdiat*y under bolJas

(!gre2)
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VISWO Of ~oaccnbc Coated Coqxm with Cosaf Peeled Ick to
mow twe alolday amd Corre.pooftc Pit in the mowa
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Heavy corrosion way observed under coatings that were severely blistered.
A photomicrograph of a blistered panel which demonstrates the corroded 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 common 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 liqaidIphase. Little or no effect was noted in the vapor phase. Very small pin-
holes were documented in Buna-N coatings that bubbled severely and it was
the microscopist's opinion that the pinholes resulted from bubble breakdown.

4. Modified Hazzard Tests

Nylon net was coated with various polymers under lnvestigation using a
modification of the procedure recommended by Hazzard. 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 film.

5. Soil Burial Tests

F. One of the techniques planned was to obtain adapted cultures from
coatings subjected to voil 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-manure-water-JP-4
mixture. The fungi 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-! and the Buna-N
coatingt by microscopic examination. It is not known whether the hypha
penetrated the coating, However, the microscopic appearance is very similar

to fungal growth on other molded coatings that are known to be penetrated
by fungal welia.
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I. )icrobial Concentration (Sharpley Laboratories)

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

j 1. Inverted Test Tube Technique

This method consists of cementing a small test tube to an aluminum

coupon by means of epoxy glue. The test tubes contained 2.5 ml of Bushnell-
1 haas medium, 0.5 ml of sterile kerosene. Inoculum used in these experiments

consisted of:

bt Pseuomonas spt
Ce Fusarium spa
d. Paecilwces varioti

The 7075 aluuiua coupons were cleaned by dipping then in a 0.5 percent
NaOH solution at 50 C followed by a water rinse and immersion in 1:1 HNO

30The cleaned coupons were dried in acetone. Following inoculation, the
coupons were cemented to the test tubes and all" to dry overnight. The
test tubes were then inverted for incubation at 28 C for four months.

This technique yielded essentially no results that are worth including
in this report. Difficulty was experienced in obtaining a sound glue Joint,
and the culture medium leaked from a number of inverted test tubes over the
perio of incubation. Examination of the remaining tubes with sound glue
Joints indicated little or no corrosion of the alvuinum coupons. There was

little or no change in the pH or total titratable acidity of the culture media
which would reflect the metabolic activities of the icroorganisms. In
retropeotp it now appears that there was probably insufficient oxygen for
good growth of the nicroorganisms. Also, since there was no oigen balance,

Uan aerobi6 concentration cell could not be formed. This work has been dis-contimed.

p 2. Accumlation- of Copper by Dog

Its inown that fioroorganisms, especially fungi, inoorporate variousmetals in their cell stucture. It might well ethat one eanism for
the microbial corroeion of alwmum is the entraiment of metals into cell
tisue that are corrive to alunirm. 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 experimental design. fIozdevirm ws used as one test

af us beause of its couon oocurrenol 7 7 and Pullularia since it is
known to acoumlate appreciable amounts of metal and 1s0a very oamon organism.

L7
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A simple peptone meum was used for culture in Fernbach flasks
agitated at 160 rpm at 28 C. Copper as copper sulfate was added in con-
centrations of 0, 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, and taken to dryness on a membrane filter.
They were again washed a number of times on the filter with small amounts of
distilled water to remove copper-containing medium. Final yield was L.5-2.5
grams of wet wycelia.

The wet rucelia 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 a~celial 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 alumidam coupons, as described
subsequently.

The collected v celia were analyzed for copper using bis (2-1Wdr7ethbyl)
dithiocarbamate. Weighed portions of the u aelial mass were digested with
sulfuric acid catalyzed 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-aWl alcohol. Bstimations of copper were
made on the basis of a standard spectrophotometaic curve prepared from known
copper solutions at 435 mu. Copper content of the qelia emined is shown
in Table 140

The analytical data are only approximte since the molatur content is
not known, but they are sufficient to indicate an appreciable accusoateon
of copper. The data are not yet complete, as indicated in the table. U

8
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TABLE 14~

(COPPER CONbn OF HARVFSTED FUNGAL CELLS

Copper
concentration Copper (pa) fu anaysis omycelia

in media Hormodendrm Fullularia
(ppm) Test TeTo 2 Test I Yest 2

0 Less than 0.05 Less than 0.05

10 2.5 2.25 - 3.5

50 2.5 4.4 4.0

Each of the pellets from the Hormodendrum cultures were placed on the

surface of chmically 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 sline mases.

Severe pitting corrosion was obtained after 60 days using Hormodendrum.
The corrosion was considerably more severe with those nycelial pellets con-
taining copper. The pit depths were estimated and the diameter was measured

on the microscope. (Table 15.)

3. Accumulation of Iron by Fungi

I Six Fernbach flasks containing 500 Al of a 1.0 percent peptone medivm

were sterilized. A solution of FeU 3 "6H20 was added in such a way that two
flasks contained 10.0 pps of FeCl 3 *6A; calculated as Fe and two flasks con.
tained 50 ppm F. Two flasks to which no iron was added served as controls,
Pullularia pu.lulaw was added to three Fernbach flasks containing 0.0,
10. an0 50ap Fe respectively. A Cladosrium isolate was inoculated
In a simlar fashion Into three flasks.

The six flasks were plajed on the rotary shaker for three das at anInubation towpetmai of 26%€.

The fungal cells were hrvested by centrifuging the ootents of eaoh
flask. 2he speroatent eutiwe .di was poured. off and the relin of

[1 ~fugal calls weetake.v In et~j alcohol and filtered The harveete
reside was dLd In an oe at "9C OWn ght.

Small portins of the harvested funal reeide an placed on clean
707 alotbst oW=n which we placed In petri dub"e containing Wst filterpaper and saled with rubber bands. Tai poedee provides an Incbation

ohoer which will maintab a relative hiuidity of 95 to 200 percent oter aa

exteaded period of time.
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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
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.

4. Corrosion of Aluminum by Metals Accumulated in Nonbiological Binders

It was thought that if microorganisms can accumulate 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.

TABU 15

PITTING CORROSION RVULTING FRON HORMODENDRUM
GOMN WITH COPPER

Control Small scattered pits are present. Pits
are fairly shallow, steep sided and small in
diameter. Pits range in the order of 30-40pI
deop and less than a millimeter in diameter,

Nyoela Pitting is more extensive than control,
contaird ng- although of the same type. Pits range more
Copper than a millimter in diameter and up to loop
(10 pp ep
series)

'melia ,koh mm severe than th control or low
Containing concentration of copper. Pits are 3-4s M in
Coper diameter and greater than 15CU deep, There is
0 pp tpioal miedminig characteriste of inter-
s-granlar corrosion.

solutions of oaE*5520v Ft~ O ai420 w W%'7420 ware added to 3.0
pspee. saw In much ute that followa, anienatration wre oh-
tA5nu4, based on the cation of each solution.
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ERE of Cation in Agar

0.0
5.0
10.0
15.0
25.0
50.0

100.0
1000.0

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

The aludinm coupons were cleaned by immersion in 5.0 percent NaOH
solution at 5OC. followed by a water rinse and immersion in 1:1 H03.
The cleaned coupons were stored under acetone until use.

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