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NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards! was established by an act of Congress March 3,
190i. The Burcau's overall goal is to strengthen and advance the Nation's science and
technology and facilitate thei: effeciive application for public benefit. To this end, the
Bureau conducts researck and provides: (1) 2 basis for the Nation’s physica! measure-
ment system, (2) scientific and technological services for industry and government, (3)
a technical basis for equity in trade and (4) technical services to promote public safcty.
7The Bureau consists of the Insitute for Basic Staadards, the Institute for Materials
Research, i Institute for Applicd Technology, the Center for Computer Sciences and
Tecimology, and the Office for Information Programs.

THE INSTITUTE FOR BASIC STANDARDS provides the central basis within the
United States of a complete and con.istent system of physical measurement; ccordinates
that system with mezzureraent systems of other nations; and furnishes essential services
leading to accurate aad uniform physical 1ieasurements throughout the Nation’s scien-
tific community, industry, and commerce. The Institute consists <f a Center for Radia-
tion Research, an Officr of Measurement Services and the following divisions:
Applied Mathematics—Electricitv—Heat—Mechanics—Optical Physics—Linac
Kadiation=—Nuclear Radiation>—Applicd Radiation>—Quantum Electronics®—
Electromagnetics>—Time and Frequency®—Laboratory Astrophysics>—Cryo-
genics®,

THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research i2ad-

ing to improved methods of measurement. standards. and data on the properties of

well-characterized materials nceded by industry, commerce, educational institutions, ard

Government: provides advicory and research services to other Government agencies;

and develops, produces, and distributes standard reference matesials. The Institute con-

sists of the Office of Standard Reference Materials and the following divisions:
Aunalytical Chemistry—Polymers—Mectallurgy—Inorganic Matcrials—Reactor
Radiation—F&ysical Chemistry.

THE INSTITUTE FOR APPLIED TECHNOLOGY provides technical services to pro-
mote the use of availatle technology and to facilitate technological innovation in indus-
try and Government; cooperates with public and private organizations leading to the
development of technological standards (including mandatory safety standards), codes
and methods of test; and provides technical advice and services to Government agencies
upon_request. fhie Institute alse monitors NBS enginsering standards activities and

ides liaison between NBS and national and international enyineering standards

divisions and offices:
Enginecring Standards Services—Weights and Measures—Invention and Inno-
vation—Product Evaluation Technology—Electronic  Technology—Technical
Analysis—Measi.rement  Engiacering—-Fire  Technology—Housing Technology*
—Federal Buile ng Technclogy*- -B ‘Iding Standards and Codes Services'—
Building Enviro acni*—Structures  Materials and  Life Safety*—Technical
Evaluation and Application.

THE CENTER FOR COMPUTER SCIENCES AND TECHNOLOGY conducts re-
search and provides technical <ervices designed to 2id Government agencies in improv-
ing cost effectiveness in the conduct of their programs through the selection, acquisition,
and effective utilization o1 automatic data processing equipment: and serves as the prin-
cipal focus within the exccutive branch for the der clopment of Federal standards for
automatic data processing cquipment. icchriques, and computer languages. The Center

© in GA/ hodies. The Institute consists of a Center for Building Technology and the following
3 0

yconﬁsts of the following offices and divisions:

tnformation Procesing Stzndards—Computer Information—Computer Services
—Systems Development—Information Piocessing Technology.

THE OFFICE FOR INFORMATION PROGRAMS promoics optimum dissemination
and accessibility of scientific information gencrated within NBS 2nd other agencies of
the Federal Gover nment: promotes the development of the National Standard Reference
Data System and a system of information analysic centers dealing with the broader
aspects of the National Mcasurement Sysiem: provides appropriate services o ensure
that the NBS «taif has optimum accewibilitv 1oythe scientific information of the world,
and dirccts the public information actinitios of the Burcau. The Office consists of the
following organizational units:

Officc of Standard Reference Data—Office of Technical Information and

Publications—Library—Office of Irternational Rclations.

1 Headaarters and laborateries at Galtherdmrn, Maryiand, unlesx otherwise noted malliag addrese
Washingien, i-3, 8082,

st of the Center for Rrdistien Hewaoeh

*losind xt Noslder, Calorade SaIOT

SPart of the Center for Bailding Technolom:

e e s o s |10 et 1

e ¢4

3
L

-

]
- m——

L4

V'm‘““";“mr

.

8 - o ot e ot

o«

ot ) 0 ity i e b’ 0 et 0 i




i

}
i

i

H
]

Tl

i

B

W

B o

(i

i

Security Classification

(Security classilicotion of titie, body of abstract and inderiLgy sanactativn muat be entered whea the overall teport 1s classified)

DOCUMENT CONTROL DATA-R&D 1

1 CRIGINAT.NG AC T1viTy (Corporate authory ]2.5- REFORY SECURITY CLASSIFICATION

Natiopal Bureau of Standards Unclassified

Washington, D.C. 20234 26 croue

5. REPCRY TITLE

Micrabial Cerrosion

4. DESCRIPTIVE NOTLS (Type of report and inclusive dates)

Technical Summary, Report No. 4 and Review Summary

S AUTHORIS) (Fitst rame, middle initiel. last name)

Warren P. lverson and Joan Churney

6. REPORT CATE 77. TOTAL NO. OF PAGES 7b. NO. OF REFS
May 1971 38 11
8a. CONTRACT OR GPANT NO 9z. ORIGINATOR'S REPORT NUMBERIS)
NAONR-10-70 3120442 Technical Summary
5. PROJECT NO. Report No. 4
<. ONR COD *ract Authority 25, sl;ysuigczfooar NO(S}) (Any other numbers that may be assigned

Identification Number 306-793

10 TISTRIBUTION STAYEMENT

Distribution of this document is unlimited.

i1 SUPPLEVENTARY ~OTES 12 SPONSORING LILITARQY ACTIVITY

Office of Naval Researck

13 ABSTRACY

In a continuing study of the anaerobic corrosion of mild steel by a marine strain cof
Desulfovibrio it was found that stalactite growths were formed from a miid steel elec-
trode in a Trypticase Phytone seawater (TPSW) cuiture without added Fe** ionms.

Analysis of this material indicated that it was composed of a compound of Fe and S with
Fe ir the Fe*** state as well as free S. Heating the material in a vacuum at 1200°C
for 15 minutes revealed zn iron-carben alioy composed of 77% ferrite, 13% austenite,
and 10% cementite. Attenpts to repvoduce this type of corrosion in the TPSW culture
medium without added Fe** as well as in the bacteria-free culture filtrate were un-
succes: ful.  In the TPSKW mediwm containing added Fe** iohs, corrosion of mild steel
was stimulated, but the maximum corrnsion rate was only about 1/10 that of the maximum
corrosion rate of 255 mdd reported earlier in the same medium. In sterile TPSW medium,
FeS (1.34 m) chemically formed had little irf any effect on the corrosion rate or po-
tential of mild steel when the steel surface was facing the bottom of the vessel. In

a TPSW cuiture filtrate from which the excess S-- ions were removed by precipitation
with Fe** ions, the corrosion rate of mild steel was extremely high. A corrosion rats
of over 1000 mdd was recorded for an interval of a day. The evidence indicates that a
depolarizing agent was produced by the bacterial cells which rercved electrons from the
metal surface. Trapping studies of the volatile products from a non-marine strain of
Desulfovibrio has shown a compound to be trapped at 80°C and one at -196°C. IR ab-
sorption peaks of the coxpourd trapped at 80°C are at 695, 775, 910, and 990 ca~l. The
compound trapper at -196°C has pezks at 775 and 1740 cm-1,
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INTRODUCTION

The studies on microbial corrosion described in this' report are a
continuation of those initiated and reported in the last Technical Summary

Repoyt.(l) Emphasis continued to be placed on the mechanisms of anaerobic

. corrosion produced by sulfate-reducing bacteria.

Investigations cf the corrosion rate of mild steel in Trypticase

~

Phytone seawater (TPSW) medium inoculated with the marine strain of

Desulfovibric, both in the presence and absence of Fe'* ions, by polariza-
tion techniques, were continued and are described in this report.
Further investigations on the isolation and identification of the

volat}le product from a non-marine strain of Desulfovibrio are reported.

EXPERIMENTAL WORK

1. Physiological Studies

in the previous reports studies on a volatile phosphorous compound

produced by Desulfovibrio(l’z) and an unusual attack on Pyrex glass were

-~
discussed.(l)

(a) Glass Degradation

Qualitative spectrochemical examination of on: of the black

deposits on the surface of a Pyrex glass joint showed faint traces of iron

in addition to the constituents of the glass. Other metalic elements were

- not found. Further analysis using the electron prooe will be done.

(») Identification of Volatile Phosphorous Compound

~
.

After a delay, studies on the identification of the volatile phos-
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phorous compound were again initiated. A new trap line was build facili-

tating trapped compounds to be moved to a high vacuum system where they

could be fractionated and removed to IR and other cells for analysis. f
Plates of the agar medium (2% veast extract, 0.5% dipotassium phos- .

phase + 2% agar) were inoculated with the API striin of Desulfovibrio T

desulfuricans and a stream of hydrogen carrier gas passed over them through

a series of cold traps (ice * sodium chloride, CO2 ice + ethanol, and
liquid Nz). Growth of the organisms was generally poor on this medium
and contamination was usually a problen. COZ’ ethanoi{, and acetone were

the detectable produccs usually produced by these contaminants.

Two compounds, however, were produced by the strain of Desulfovibrio.

One compound, immiscible in water, was found to be trappe:. at -80°C.

The IR absorption peaks were at 695, 775, 910, and 990 em™l. The second

compound, trapped at -196°C had absorption peaks at 775 and 1740 cm-l.

A distinct garlic-like odor was present from IR cells which contained
the second compound. The first compound also had a distinct but dis-
similar odor. It resembled that of a thio compound similar to the odor
from vulcanized tires.

Further investigation of these compounds is in progress.

2. Corrosion Studies of Mild Steel by the Marine Isolate of Desulfovibrio !

Simultaneous studies of the corrosion rate of mild steel in TPSW medium
with and without added ferrous ions described in the last report(l) were
completed.

Two further studies of the corrcsion of mild steel in the abserce of

added ferrous ions and 5 studies in the presence of added ferrous ions

5P I AN AL s St e S R
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are described.

A study of the effect of chemically produced iron sulfide in sterile

TPSKW medium on the corrcsion of mild steel is also reported.

(a) Experimental procedure

The procedures used in setting up the corrosion cell were in general

described in the second report,(z) with the following modifications.

Initially the test mild steel electrode (cylinder) and supporting rod were

covered with heat shrinkable tubing. As it was found difficult to insure

a tight fit around the steel test cylinder, the cylinder was embedded in
epoxy resin. The excess epoxy was removed with a saw and a hole bored

through the epoxy and the epoxy-filled threaded hole in the top of the

cylinder. The hole was rethreaded using 5-40 #2 and 5-40 #3 taps. The

4

R fty g i o .‘,'"‘e' e
ST IR e R R S SR AL AR

supporting rod (5/32" diameter) was screwed into the cylinder top. A
glass tube (9/32" 0.D.) was inserter over the supporting rod and separated

from the epoxy coated cylinder by a teflon washer and the nut at the

SRRV PR ey

end of the rod by a second teflon washer (cut from 1/4' teflon rod).

The nut was tightened with sufficient pressure to prevent leakage

o R
ol AT ‘l‘y i

to the supporting rod. The epoxy coated cylinder was turned on a lathe

e
T ki

so that the thickness of the epoxy layer around the cylinder was about

1/8" thick.

ML 3

5 e anen b

The bottom or face of the cylinder was polished using pro-.

gressively fine grades of emory paver (220, 320, 400, and 600), degreased

£ N ARSI RS 1 S st Vbl b S i el b

in acetone, and the electrode including the glass rod immersed in 95%

——

. ethanol until used. A modification of the sterilization procedure con-

4 aie e ot AL Ty

sisted in immersing the electrode in a 1:1 mixture of conc. HCl and water,

washing in alcoho:, and removing the alcohol by flaming. The surface was

repolished on sterile 600 emory paper.
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The two polarization techniques employed (the ''polarization oreak'

method and the linear polarization method) were also described in the

reportﬁzlAlthcugh both techniques were employed, the results reported are

those obtained with the 'polarization break" method except when specified.
In addition to the basic circuit used for polarization described in )
Report No. 1(3) a high impedance voltmeter (chopper amplifier), a 1-i/2

volt battery, and a variable resistance (1,000 ohms) were connected in

,mmmmmmmmmwmwmmmmeWMMMWMmmmMmm ————rt
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series between the specimen electrode and the reference electrode. This

was in addition to the pH meter which was used tc measure the potential

of the specimen electrode. By nulling the potential between the reference

electrode and specimen electrode by means of the battery and variable

resistance, the voltmeter reading could be adjusted to read 0 volts for

the open circuit potential of the specimen electrode. When current was

applied during polarization measurements, the readings on the voltmeter

measured the overpotential or the potential difference before and after

!
polarization or the addition of current. An indication of the sulfide !

ion activity was indicated {not standardized) by measuring the potential :

between a sulfide ion electrode and a saturated calomel electrode.

the same batch of aged seawater was employed for the medium (appendix)

and the same marine strain of Nosulfov brio was used.

It was maintained
on petri piates of Trypticase s.;° agar plus secawater under a hydrogen

atmosphere. Transfers were made at monthly intervals. Initially ferrous

ions (0.05% ferrous ammonium sulfate) were incorporated in the agar but

this was later omitted.

The inoculum for the cor sion cells was prepared by scraping the

growth from the surface of an agar plate and suspending it in sterile
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seawaterssiThe c¢orresion cell was inoculated by boring a ’ >le through

s1bhéspetpaleun paraffin mixture (vaspar) with a heated rod and the inocu-
lum was intyoduced via a hypodermic needle. The hole in the vaspar wss
then sealed with melted vaspar. The corrosion cells were maintained at
25°*1°C. All potential measurements of Fe electrodes reported were vs.
S.C.E.

The divided cell employed in one experiment consisted of 2 large
O0-ring connectors (4 cm 0.D.) bent at right angles and held together with
a large claﬁp which also served as a base for support. A membrane filter
with 0.2 um porcv size was held in place between the two connectors with an
O-ring. After autoclaving at 15 psi for 15 minutes, 260 1l of medium was
placed in each half, 2 rubber stoppers each holding the two electrodes
(steel and platinum) and a luggin capillary were inserted in the ends of
the connectors and melted vaspar pcured through holes in the stoppers tc
form a layer about one inch thick on the surface of the medium,

(b) Results

(1) Corrosion of mild steel in the absenqg_g£_§g++ ions

The final observations of the experiment initially i12ported in
Report No. 3 on the corrosion rate of mild steel in the seawater medium to
which no Fe'" were added are shown in Table I. The potential of the steel
electrode initially about -0.738 volts decreased (became more positive or
more noble) to -0.401 after 263 days and then increased to -0.648 volts
after 459 days. The corrosion rate was fourd to increase considerably with

this change in potential. The redox potential became slightly lower over

the entire interval of time from inoculation until 491 days, near the time

that the cell was disassembled.
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Polarization studies made during most of the interval indicated:that

the corrosion reaction was under mixed control. The brcaks im-the:scgthodic

Btk A

i

curve occurred at about the same current levels as the ancdic curveswy mul

i

As was indicated in Report No. 3, the fairly high rate of corrosion”

was associated with the formation of corrosion products in the form of

black "stalactite" growths. Periodically they fell to the bottom of the -

cell (beaker) when it was disturbed and new ones formed. When the ceil .-
was disassembled, these formations produced a metallic sound when dropped

to the bottom of the beaker. After drying in vacuo without heatinz, they

had a tendency to crumble (Figuye 1).
Avout 32 mg of material was obtained. A4nalysis of less than 1/3 of

this material by x-ray diffraction studies indicated that it was amorphous. ;

Mossbauer studies of this material indicated that iron was present

.
PR—

. +++ = Y
in a Fe state. The compound was not identified but was a comound of

i L A5 0 A A W N A KA ROABRE 50§ bt

iron and sulfur. Examination of the particles by the scanning electron .

'

b 1 b DR 50 s R R DS Kt Wl s

microscope technique indicated a somewhat unusual topography (Figure 2).

Studies of the materiai with thescanning elecT:cit mic tscopz contled
with an energy dispersive x-ray spectrometer indicated a compound of iron
and suifur with particles of free sulfur to be present.

Previously black products formed from ferrous ions in bactcrial cultures

which proved to be amorphous by x-ravy studies were heated in vacuo to abeut

1,200°C to allow for possible atomic rearrangement to form a crystal struc-

L N TV TR YO TS Y

ture which could then yield an x-ray diffraction pattern. The remaining .

.
Coelbe

(25.4 mg) material was heated ir vacuo to about 1200°C for 15 minutes and :
allowed to cool to room temperaturc for a day. About 8.5 mg, or 34% was

recovered. X-ray analysis of this material indicated a mixture of alpha

J
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-iron, gammz iron, and cementite. Mossbauer analysis indi¢ated a percentage

H H *
composition of 77% alpha iron (ferrite), 13% gamma iron (austerite), and
. ’ 1 «
10% cementite. : . ,

.

When the corrosion ceall was'disassembled, séveral white! particles were

also noted in the bottom of the beaker as well as on the black "stalactiée"
m?terial. Mi%roscopic examination of 'this material indicated that the :
major part of it was probably coﬁposed of bacteriai cells. .Upon Gfam
straining this materia%, large humbérs of Gram’ rods_without spores were
observed. Inbculation of a'drfop of the culture fluia ont each of 8 agar

1

plates of the Trypticase Phytone seawater dgar medium and incculation inder
1 .

a hydrogen atmosphere for about oné week revealed numerous yhite colonies

1

* + . . . R .‘ . .
of Gram , non-sporulating rods as well as colonies of Desuifcvibrio to

be present,

A similar experiment was repeated;in an attempt to duplicate these

results. The mild steel electrbde, encased in epoi&,.afteg poiishing,
i . :

was sterilized in dilute HCl according to the modificaticn described
i " . 1

- under procedures. The results are presented!in Table II. In contrast to
1

the rapid decrease and increase.in corrosion rate of the previous experi-

level

ment, the corrosion 1ate fell only slightly and remained at this
. O ) .

P ) | : .
(0.22-0.27 mdd) for the duration of the experiment. The potential fell

very slowly to more pésit@ve values dufing this time. Although 1> further

me¢asurements were made, no stalactite formations wére noted after a period

- AL . - ,. ) -
0f 10 months. The polarization curves indicated that the corrosion

reaction was unger mixed or slight cathodic contrel.

A third corrosion cell was prepared, in which the microbial cell-free

cuiture filtrate was emploved instead of the bacterial culture. Four-
) H

.
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hundred ml of a 6-day-old culture of Desulfoviorio in the same medium incu-

o s i S B 5

bated under H2 was filtered through 2 Seitz asbestos filter to remove

, the bacterial cells. The pH of the filtrate was 7.0 and the potential of

the sulfide ion electroude -0.620 volts. The filtrate was added to a sterile

beaker and the steriliczed electrodes, mounted in a rubber stopper. inserted

% into the filtrate. The resuits are indicated in Table III. The corrosion

: rate was found to increase to a little wmore than 7 times the initial rate

(0.25 mdd) on the 8th day, then decreased to about the level of the initial

, .‘:.' it

rate (0.35 mdd) on the 39th day. The rate again inc-eased to about 16 times

75 the original corrosion rate (4.00 mdd) and then fell to 1 to 2 mdd at

128 days. The potential increased to more negative (active) values during

e the periods when the corrosion rate increased and then remained fairly

il
-

constant at -0.572 volts for the remaining 30 days. The ureaks in the

.

polarization curves occurred most of the time at approximately the same

current value, indicating that the corrosion was under mixed control.

Eﬁ During the slight ini | increase in corrosion rate, the breaks in the
!f%; cathodic curves oi.rcurred berore ths bru-ks in the anodic curves, indicating
" A
;; cathodic control of the corrosion process. Contamination of the culture
. filtrat¢ was noted after the i0th day.
;; ' (2) Corrosion of mild steel in the presence of added Fe' ' ions
%: The final observations of the experiment initially described in
:;9 Report No. 3 on the corrosion of mild steel in the presence of added ferrous )
2; ions are shown in Tahle . The potential of the steel dropped slightly -
';, . from -G.45% V on the 278th day to -0.438 V on the 495th day while the
'éA potential of the platinum electrode remained about the same during this
X ;J period (-0.440 ¥V, redox potential -0.190 V). Breaks in the polarization
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curves indicated that the corrosion reaction was under mixed control during

this period. Until the 39th day after inoculation the reaction was under

cathodic control with the slope in the anodic curve being less after the

break than before. From this time until the 495th day, the slo}; in the

anodic curve after the break was greater than before the break. o

corrosion reaction was at various times under mixed cathodic and ai> icC

control until the 495th day.

A secona corrosion cell was prepared with the same concentration of
++ - -
Fe' {0.25% ferrcus ammonium sulfate) as the previous cell. The results

of the electrochemical measurements are presented in Table IV. The

potential of the steel electrode dropped about 10 mV in a more active

direction immediately after inoculation and remained fairly constant until

58 days after the cell was inoculated. The corrosion rate increased soon
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after inoculation and reached a maximum of 31 mdd, 28 days after inocula-

tion. A definite decrease occurred after 74 days. The polarization curves

ATNEW Cdod B

indicated that the .orrcsion reaction was under cathodic contrecl through

the 58th day, with the slopes in the anodic curves after the breaks being

. . i
less than before the breaks. On the 76th and remaining days the reaction

was under mixed control, the anodic curves being similar in shape to the

P

cathodic curves.

In a third experiment a divided cell was employed with a membrane

placed between the two cell halves (A and B).

A PR A AU L it st o et TR A e

The pore size of the mem-

- brane filiter was small enough (0.2 ym so that it would be expected to

retain the bacterial cells in one cell (Cell A) and maintain the other

ek B

cell (Cell B) sterile.
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2 The object of the experiment was to determine whether the excess
metabolic products of the organisms after reacting with the ferrous ions

in Cell A 2nd passing through the membrane would have any effect on the

corrosion of steel in Cell B in the presence of ferrous ions.
- - . ++ . .
The medium containing Fe  ions was the same as that employed in the

previous experiments except that the additional NaCl (0.5%) was omitted. -

After an initial period of 21 days to allow the systems to equilibrate, N
Cell A was inoculated. The results of the electrochemical measurements
! are presented in Table V. As indicated in the table, the corrosion rate
of the steel in Cell B was slightly greatsr than the corrosion rate of
3 the steel in Cell A before it was inoculated. A few days after inocu-
lation of Cell A, the corrosion rate started to increase and reached a
maximum rate of 29 mdd on the i6th day and then decreased to 10-15 mdd
for the remaining time the measurements were made. Up to and until the
time the corrosion rate was maximum and started to decrease (17 days)

the breaks in the polari-ation curves indicated that the corrosion reaction

was under cathodic conuivi. Tne slope in the anodic curve after the
break was less than before the break. After the 17th day, the slope of
2 the anodic curve after the break was greater than before the break and

g the corrosion reaction varied from mixed to slight anodic and cathodic

control. The potential of the steel electrode decreased slightly in a
more positive direction until the time when the corrosion rate was maxi-
mum (16 days) and then decreased much more rapidly from that time until
the 27th day when it reached the lowest values (-0.552V). From that time
it increased slightly and remained fairly stable with slight fiuctuations

throughout most of the time the measurements were made.
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The corrosien rate of the steel in Cell B remained at its initial

relatively low value until the 36th day when the rate was maximum (23 mdd).

e bR

o

The corrosion rate dropped to about half that value by 42 days and stayed :
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at that level or -~ little less for the remainder of the time. Again the

potential of the steel electrode dropped to more positive values after the

maximum corrosion rate. The polarization curves indicated that the cor-

rosion process was under cathodic control up to and including the time when

the maximum corrosion rate was observed. Again the slope in the aiodic

curves after the break was less than before the break. After the time of
the maximum corrcsior rate, the corrosion process, similar to the corrosion
process in Cell A, was under mixed, slightly cathodic or anodic control.

It was suspected during the course of the oxperiment that the organisms

moved through the membrane or a break in the memorane into Cell B, the un-

inoculated cell. These suspicions were confirmed when the organisms were

cultured from Cell B on the 65th day after Cell A was inoculated. On dis-
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assembly of the cell the membrane was found to be extremely hrittle and

broke into several fragments.

(3) Effect of chemically prepared iron sulfide on the corrosion

of Mild Steel

It appeared from the previous results that stimulation of

corrosion by Desulfovibrio consistently occurred in the seawater medium

when added ferrous ions were present. In view of the results by Booth

et al.(4) that FeS brought about cathodic stimulation of mild steel the

=)

possibility that this compound might be responsible fox the stimulation

in corrosion seemed apparent.
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After electrochemical measurements were made on mild steel specimens

in sterile medium with added ferxuus ions (same concentration as used

previously) sodium sulfide was added to form FeS and the measurements were

continued for 14 days.

Irom the results presented in Table VI it appears that the chemically

produced FeS hud little if any effect on the corrosion rate or the potential

o1 the steel.

(4) Effect of Fe'* ions, added to a seawater culture filtrate,

on the corrosion of mild steel

From the previous results, it appeared that an increase in

s ++ . - -
the corrosion rate occurred when Fe = ions were present in the medium and

a black precipitate was formed. The chemically produced FeS did not appear

to affect the corrosion rate. To establish whether another black product

(possibly Fe_P) formed by reaction with the Fe'' ions might be the corrosive
3

+ . . . .
agent, Fe * ions (ferrous ammonium sulfate) were added to a Seitz-filtered

(to renove bacteria) culture. The electrochemiczl mea:usiuments of the
electrodes in the filtrate are indicated in Table VIII1. The amount of
Fe'" ions added to the filtrate was determined by titrating a small por-

tion of the filtrate with a solution of ferrous ammonium sulfate using

a sulfide ion ele:trode.(s) The corrosion rate, initially about 4 mdd,

dropped to 2.8 mdd on the 7th day, increased to 10.7 mdd on the 10th day,
and then fell to about 2-3 mdd and remained at this level for the dura-
tion of the measurements. The corrosion process was under cathodic
control until the 7th day with the characteristic slopes of the anodic

curve before and after the breaks. After the 7th day the
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corrosion process was under anodic control with the slopes after the break !

in the anodic curve being greater than before the breaks. The potential

of the steel also fell fairly rapidly to more noble values after the changes

in the anodic polarization curves. This appeared to indicate that 2 film

was being formed on the steel surface due to the fresh formation of meta-

¥ bolic products including HZS by the organisms. This was found to be the

s case upon disassembly of the cell. A strong odor of HZS was apparent and
measurement of a portion of the culture fluid by the sulfide ion electrode

indicated that the sulfide ion activity in the filtrate was as great as

RSSO IR QYN T B

: that found in the fiitrate immediately after Seitz-filtration. Culturing

of the filtrate revealed the presence of Desulfovibrio.

The experiment was repeated adding FeCl2 to the filtrate instead of
ferrous ammonium sulfate. The results are indicated in Table VIII. After

an indivction period of 3 days during which the potential of the steel elec- :

AR RN MR R e 1

trode decreased to more noble (ponsitive) valres, thc ccrrosion race 1n-

: creased greatly, reaching a maximum rate of over 1,000 mdd on the 10th day

A

after the start of the corrosion process. This increase in corrosion rate

; was accompanied by a change in the redox potential to lower (more negative)

SOl

values. A similar effect was noted previously(l) in the seawater culture

DR ke

P ++ .
containing Fe  ions where a peak corrosion rate of 256 mdd was reported.

o

The polarization curves indicated that the corrosion process was under

mixed or anodic control after the 3rd day and that a film was produced on

RSB R R e U S SR O RN

i the surface of the steel. A black film whicb covered about i/4 of the

total surface area of the stee: surface was observed when the electrode

was removed (Figure 3).
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To determine whether the corrosion of the steel was due to the black

T

s

R S S S e

.. . . ++
precipitate or a soluble ¢ .ponent in the culture filtrate, Fe ions were

added to a culture of the marine strain and the resulting organisms and

; black precipitate were removed by Seitz filtration. Five small mild steel

nails were placed in the filcrate which was then sealed with vaspar.

Five nails were also placed in sterile medium and sealed with vaspar to .

serve as a control. After an induction period of 3 days, the solution -
became completely black. Twenty days after the solution had turned black,

the nails were removed, the black corrosion products removed by wiping

with tissue paper, and the nails were weighed. The results are presented

in Table IX. The total weight loss of the nails was about 75 mg. Approxi-

mately 180 mg of black dried product was recovered for analysis. The

average corrosion rate of the nails was about 30 times that of the con-

trol nails.

ST —
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{c) EDiscussion .

It is evident from the results obtained that %.e marine strain of

Desulfovibrio produces a strong depolarizing agent in the seawater medium

and that the bacterial cells per se are not essential as originally
proposed in the cathodic depolar;;ation theory of von Wolzogen Kihr and
van der Viugt.

From the high corrosion rates obtaired, it appears as if the de-

polarizing agent removes electrons directly from the metal itself rather

than through direct utilization of hydrogen. The corrosion rate of iron .

2% DA PR N vied o 0 0 R T e anrd Dk LS I kit 2L

based on the rate of hydrogen formation by the direct reduction of water

as a function of the electrode potential has been calculated by Nelson

to be from 0.05 to 0.4 uA/cm® (0.125 to 1.0 mdd), using potentials of
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steel in bacterial cultures within the range of -0.45 to -0.6 V (NHE).

Such values would be too low to explain the high corrosion rates obtained

by direct utilization of hydrogen. A highly reduced compound appears to
be formed in the medium as indicated by the lowering of the redox poten-
. tial. A black compound was also formed which is presently being identi-

fied. The possibility is suggested that the depolarizing agent after

removal of the electrons from the iron is in a highly reduced condition
and transfers the electrons to an acceptor, in a manner similar to the
electron transferring enzymes in biological systems. The black material
may be the reduced acceptor.

: Previously blackening of veast extract broth, containing a steel

coupon and inoculated with a non-marine strain of Desulfovibrio was re-
(323

ported. The black corrosicn product was initially am>rphous buz

after heating in vacuo to 1230°C, Fezv was identified by x-ray diffraction

L b W HINS AR R LR e AR AL B DR s

studies.

As HZS is also producéd by Desulfovibrio the results presented in

this paper as well as by others(s’g’lo’ll) appear to indicate that a

SR AT AR TS

fiim of iron sulfide is formed on the surface of the steel if there is

. ++ - . .
no material (Fe = ions) present to remove it. This film appears to act
as a protective film thereby preventing corrosion. When this film becomes

detached, the ensuing corrosion is probably a result of the action of the

AR TE LS U R IR LT

depolarizing agent also produced by Desulfovibrio. If this protective

sulfide film is prevented from forming by previous removal of the sulfide,

A b L

the depolarizing agent has access to the metal surface and can initiate
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the corrosion reaction. This appears to happen when Fe*® ions are present g 1
in the medium. The corrosion rate at first increases and then decreases = E
. (1) : =
(Figure 7 and Table IV). The decrease in corrosion rate may be due =

e
MRS
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4

to additional st which was produced from the ammonium sulfate after the

i
R

o
"

£

sulfide ions initially produced vere removed by the Fe'" ioms. Although

Booth 93_31F4) demonstrated cathodic depolarization of mild steel by

: chemically produced FeS (0.6 - 5.0 =M FeS) little if any increase in the

corrosion rate of steel was noted by 1.34mM FeS. The steel surfaces used f

o

by Booth were in such a position (facing the top of the vessel :nd ve.tically)

that FeS could accumulate on their surfaces. The surface of the electrode .
used in these studies was facing the bottom of the cell, having less possi-

bility for FeS accumulation on the surface and less possiblity for the

formation of FeS-Fe couples.
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SUMMARY

1. Analysis of the black corrosion products, which formed from a

steel surface as stalactite grvowths in Trypticase Phyton¢ scawater medium

- v wm———— ———n

by Mossbauer analysis and the scanning electron microscope indicated it

ARV LB

to be an amorphous compound of Fe and S which has not yst been identified.
The Fe was present in the Fe'*? state. Some free S was also found.

2. Heating the corrosion product in vacuo to 1200°C yielded an iren-carbon
alloy composed of 77% alpha iron, 13% gamma iron, and 10% cementite.

3. Two further attempts to reproduce a similar type of corrosion,

one in a culture and the other in a culture filtrate of the seawater medium,

RS s eSS IR Rt S A KR

L R Bt AT R bR

. . e = i
were unsuccessful. The corrosion process appeared to be inhibited by a

+

film and was under a combination of mixed, slightly anodic, or cathodic

control. )

4. 1Ia the presence of added Fe*? ions, the corrosion of mild steel

appeared to be fairiy reproduceable. Maximum corrosion rates obtained

were 25-30 mdd. The corrosion process was under cathodic control.
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5. In a divided cell, separated by a membrane, and containing the

seawater medium plus added Fe't ions, the corrosion of steel initially
developed in the inoculated half and later in the cell which was not
inoculated. The '"leak' of organisms into the uninoculated side was
probably due to the deterioration of the membrane.

6. The presence of FeS in the sterile seawater medium had little if
any effect on the potential of the steel or its corrosion rate.

7. The addition of Fe'  ions to a Seitz-filtered seawater culture

produced a maximum corrosion rate of about 1020 mdd. The potential of the

steel fell to more noble values and the redox potential to negative values
at the time when the corrosion rate accelerated. Mild steel nails lost
about 2% of their original weight during 20 days in a Seitz-filtrate of

a culture to which Fe++ ions were added.

8. Further studies of the volatile products from the marine strain

of Desulfovibrio have shown the presence of two compounds. One is trapped

at -80°C and the other at -196°C. The first compound has IR absorption
peaks at 695, 725, 910, and 990 cm'l. The second compound trapped at

196°C has absorption peaks at 775 and 1740 enl.
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group. All these studies were done at NBS.
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Appendix :

Trypticase Seawater Medium

Trypticase 15,0 gm i 2
! 2

Phytone 5.0 gm ’ %
=

Sodium Chloride 5.0 gm 2
5

Aged Seawater 1000.0 ml i =

pH adjusted to 7.0%0.1 with NaOH. When the medium ‘

contained ferrous ions, 2.5 gm of ferrous amncnium
sulfate in aged seawater solution were Seitz fil-
tered and zdded immediately after sterilization of
th2 above medium. For cultivation of the Desulfo-
vibrio strain on agar plates, 20 gm agar was added.
Ferrous ammonium sulfate (0.05%) initially was

added to the plating medium. This was later omitted.
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3 l Table 11 2
o The Effect of a Seawater Culture of Desulfovibrio,without Added FeH, %
f on the Corrosion of Mild Steel %
' Time (days) Potential {volts) Corrosion ?‘%
Fe Redox Current Density (uA/cmz) Rate (mdd) . ;g
0 -0.732  +0.055 - - ) E
1 -0.715 +0.160 0.32 0.80 3
2 -0.722 +0.175 0.15 0.37 3
6 -0.728  +0.182 0.11 0.27 - E
tnoculated’ on 6th Day B
¢ -0.721  +0.130 - - E
273 -.750 -0.100 0.12 0.30 =
2 -0.740 -0.137 0.13 0.32 g
3 -0.721 -0.142 0.06 0.15 3
14 -0.710  -0.143 0.18 0.45 3
8 -0.684 -0.210 0.16 0.4C H
9 -0.682 -0.216 0.10 0.25 ;
14 -0.671 -0.212 0.10 0.24 Z
15 -0.671 -0.232 0.11 0.27 3
. 17 -0.650 -0.219 0.12 0.30 i
i 18 ~0.148 -G.216 0.09 0.22 3
. 22 -0.631 -0.215 0.03 0.07 3
23 -0.629 -0.218 0.09 0.22 :
= 25 -0.622 -0.215 0.06 0.15 i
: 28 -0.6i3 ~9.238 0.08 0.20
30 -0.605 -0.218 0.09 0.22 3
32 -0.600 -0.238 0.09 0.22
35 -0.598  -0,220 0.09 0.22
x: 36 -0.599 -0.220 0.09 0.22 t
= 38 -0.591 -0.221 0.05 0.12
E 42 -0.580 -0.188 £.08 0.20
= 43 -C.572 -0.221 0.09 0.22 : :
' 45 -0.575 -0.221 ¢.09 0.22 :
] L6 -0.572 -0.222 0.11 0.27
L9 -0.570 -0.220 0.11 0.27
50 -0.569 -0.231 0.11 0.27
53 -0.566 -0.222 0.19 0.25 - i
2 50 -0.561 -0.222 0.09 0.22
64 -0.561 ~-0.222 C.1C 0.25

+ -
Inoculum consisted of the growth from an 1l-day-old culture on a Trypticase-
Phytone seawater agar plate without added ferrous ions.
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Table {1t
The Effect of a Seawater Culture Filt.rate+ of Desulfovibrio
on the Corrosion of Mild Steel =
' Time (days) Potential (volts) Corrosion
. Fe Redox Current Density (uA/cmz) Rate {(mdd) .
’ 0 -0.670  -0.110 - - 2
1 -0.652  -0.192 0.10 0.25 =
2 -0.650  -0.200 0.11 0.27 4
. 3 -0.683  -0.201 0.19 0.47 2
.7 -0.742  -0.207 0.6k 1.60 g
8 -0.746 -0.210 0.73 1.82 %
9 -0.753  -0.229 0.49 1.62 E
10 -0.735  -0.215 - - 2
29 -0.582  -0.220 0.42 1.05 %
30 -0.572  -0.220 0.48 1.54 £
36 -0.565  -0.221 0.42 1.05 2
37 -0.565  -0.228 0.20 0.50 %
38 -0.568  -0.228 0.22 0.55 3
39 -0.563 -0.221 0.14 0.35 %i
L2 -0.560  -0.221 0.22 0.55 £
45 -0.614 -0.269 0.96 2.ho 5
49 -0.618  ~0.225 1.36 3.40 3
56 -0.619  -0.2i5 1.60 4.00 .
i 53 ~5.621 -0.225 0.96 2.40 Z
56 _ -0.623  -~0.223 0.54 1.35 2
58 -0.631  -0.216 0.72 1.80 =
| 59 -0.632  -0.228 1.02 2.55 3
63 -0.639  -0.288 0.83 2.07 7
65 -0.635  -0.228 0.96 2.40 E
66 -0.634  -0.228 0.88 2.20 3
. 71 -0.633  -0.221 0.85 2.12 b4
73 -0.622  -0.22% 0.56 1.40 ig
i 78 -9.597  -0.230 0.99 2.47 £
81 -0.58¢  -0.229 0.71 1.77 § :
N 87 -3.581 -0.23i .54 1.35 Z
i 93 -0.573  -0.230 0.56 1.15 :
* 33 -0.575  -6.231 0.41 1.62 5
i - 38 -0.577  -0.228 6.7k 1.85 E
160 -0.571 -0.241 0.69 1.72 %
! 0} -0.573  -0.228 0.82 2.05
P 105 -p.570  -0.2 0.83 2.20 E
i08 -06.572  -0.231 0.56 1.40 ;
: 12 -0.580  -0.28) 0.3 1.82
: 119 -0.572  -0.28¢ 0.74 1.85
128 -5.571 -0.231 0.61 1.52 ;

* Seitz fiitrate of §-day-old culture.
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Table IV :
- 24 2
The Effect of a Seawater Culture of Desulfovibrio, with Added Fe ,° %
on the Corrosion of Mild Steel §
Potential (volts) Corrosion -
Time (days) 7 e
Fe Redox Current Density (uA/cm®) Rate (mdd) §
=
0 -0.699  -0.099 - - 5
] -0.699  -0.108 - - E
2 -0.699  -0.101 0.92% 2.30 . z
5 -0.697  -0.091 1.34 3.35 3 3
6 -0.693  -0.189 1.06 2.65 2
7 -0.699  -0.220 0.93 2.36 . Z
9 -0.696  -0.18} ' 1.12 2.80 2
12 -0.692  -0.082 1.08 2.70 E
2
Inoculated® on 12th Day §
0 -0.685 -0.139 - - =
1 -0.698  -0.155 2.20 5.50 E |
2 -0.681  -0.201 1.48 3.70 3
3 -0.678  -0.187 2.78 6.95 Z
1 -0.680  -C.180 3.62 9.05 F
7 -0.683 -0.191 3.52 8.81 E
8 -0.675  -0.205 4,90 12.25 3
9 -0.578 -0.179 6.20 15.50 : 2
1 -0.677  -0.211 6.40 16.00 ! 3
14 -0.675 - 7.75 19.37 % 3
16 -0.680  -0.251 7.45 18.62 o =
17 -0.679  "-0.251 5.25 16.10 g i
18 -0.672  -0.249 6.52 16.30 ; 5
22 -0.674 -0.229 6.56 16.32 | 3
23 -0.677  -0.238 7.75 19.35 ! ;
24 -0.675  -0.2h0 9.89 24.72 : 3
25 -0.675  -0.214 9.20 23.00 z
28 -0.678  -0.238 12.42 31.06 :
29 -0.677  -0.223 7.70 19.15 E
30 -0.581 ~0.221 6.85 17.12 5
36 -0.681 ~0.22} 7.20 18.00 E
38 -0.683 -0.245 9.47 23.67 ; E
39 -0.685  -0.223 9.50 23.75 | :
42 -0.682  -0.223 9.86 24.65 i E
43 -0.683  -0.231 9.15 22.87 - E
by -0.686  -0.249 9.26 23.15 3
46 -0.687  ~0.226 8.95 2z.32 i
49 -0.688 ~0.227 10.30 26.15 i
56 -0.69i -0.227 10.21 25.50 :
58 -0.668  -0.232 10.53 26.32 3
74 -6.617  -0.130 5.867" 14,65 ¢
52 -0.620  -0.1G4 : 4.80 12.00 :
101 -0.610  -5.201 L.16 10.50 |

ot
Cathodic Control ° Inoculum consisted of the growth from a 7-dey-old
%% Mixed Control culture on 2 Trypticase Phytone s2aweter agar
® 0.25% ferrous ammonium suifate piate without added ferrous ions.
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Table VI

Effect of FeS+ on Corrosion of Mild Steel
in Sterile Seawater Medium

Potential (volts)

Corrosion f
Time (days)

X o T T e R kol vt e ek
FS b v“-'mmmmmmmwmmmm&,zamem&m&wmwmm’ AR

Fe® Redox Current Density (uA/cmz) Rate (mdd)
0 -0.705  -0.000 - -
i -C.698 -0.012 0.33 0.82
2 -0.695 -0.003 0.38 0.95
6 -0.690 -0.001 0.28 0.70
Addition of Na25+
0 -0.702  -£.020 0.38 0.95 )
1 -0.705 -0.040 0.46 1.15 E
2 -0.705 -0.080 0.48 1.07 e
3 ~-0.705 -0.090 0.32 0.80 3
6 -0.703 - 0.51 1.25
14 -0.705  -0.100 0.38 0.95 3
® Potential of iron vs. S.C.E. “
+ 0.3 gms Nap$S .9H,0 added to 200 ml Trypticase Phytone seawater medium con- 3
taining 0.5 gm ferrous ammonium sulfate (23.6 mg FeS or 1.34 mM FeS recovered). 3
§ Ferrous ions were found to be in excess. :
* Corrosiun under cathodic control. E
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Corrosion current measured using '"polarization break' method.

Based on potentiometric titration of culture filtrate with 0.01 M ferrous
amonium sulfate using silver suifide ion electrode (0.55 gm ferrous
ammonium sulfate added to 200 ml culture filtrate).
Corrosion reaction under cathodic control.
Corrosion reaction under anodic control.

Ferrous ions were in excess.

- - -x
Table VII
Effect of Addition+ of Fe++ to a Seawater Culture Filtrate
of Desulfovibrio on the Corrosion of Mild Steel
Potential (volts) Corrosion
Time (days) 5
Fe Redox Current Density (uA/cm”) Rate (mdd)

0 -0.689  -0.348" 2.02" 5.05

] -0.725 -0.150 1.50 3.75

2 -0.720 -0.175 1.44 3.60

3 -0.713 -0.177 1.64 .10

6 -0.698  -0.332 1.66 k.15

7 ~-0.678 -0.319 1.1277 2.80

8 -0.664 -0.282 1.18 2.95

9 ~0.630 -0.272 3.52 8.80
0 -0.629 -0.250 4.62 10.75
13 -0.568 -0.220 2.88 7.20
14 -0.554 -0.217 2.18 5.45
15 -0.545 -0.207 2.02 5.05
16 -0.540 -0.217 1.63 k.07
17 -0.533 -0.236 1.18 2,95
20 -0.530 -0.237 0.62 1.55 :
22 -0.525 -0.241 0.77 1.91 ‘
28 -0.515 -0.215 1.34 3.35
30 -0.510 ~0.230 1.4 3.52
36 -0.508 -0.225 1.12 2.80
43 -0.507  -0.221 0.99 2.47 :
53 -0.507  -0.220 1.55 2.87
6k ~-0.512 -0.240 1.25 3.12 ;
a9 -0,501 -0.225 1.12 2.80 i
o: Potential of iron vs S.C.E. §
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Table Viil
Effect of Addition+ of Fe++ to a Seawater Culture Filtrate*
of Desulfovibrio on the Corrosion of Mild Steel
Potential Crrrosion
Time

(days) Fe  Redox Current Density® Rate Current Density® Rate
' (u/cm?) {mdd) (ua/cm?) (mdd)
4] -0.695 -0.240 - - - -
1 -0.796 -0,062 1.1 2.7 2.3 5.7
2 -0.784 -0.097 1.0 2.5 2.3 5.7
3 -0.762 -0.,295 1.0 2.5 2.0 5.0
3-1/3 -0.662 -0.335 - - 20.8 52.0
4 -0.595 -0.318 - - 115.5 288.7
5 -0.589 -0.320 - - 172.8 432.0
6 -0.578 -0.319 134.4 336.0 172.8 432.0
7 ~0.574 -0.315 114.2 285.5 154.2 385.5
8 -0.570 -0.310 192.0 480.0 172.8 432.0
9 ~0.565 -0.303 307.0 767.5 198.4 496.0
io -0.562 -0.300 255.0 637.5 153.6 384.0
13 -0.548 -0.278 452.5 1131.2 460.8 1152.0
14 -0.550 -0.192 102.1 255.2 106.6 226.5
15 -G6.542 -0.223 71.8 192.0 69.4 173.5

I 0.383 gm FeCl,.4H.0 in 4 m] sterile seawater added to 200 ml filtrate.

® O

8-day-old cul%urezof Desulfovibrio.
pH of 6.7 after addition of FeCIZ.hHZO.
Polarization ''break' method.

Linear polarization (polarization admittance) method.

Potential of sulfide ion electrode -0.620 V.
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Table 1X 2
Effect of Filtrate of Desulfovibrio Culture plus Fe j%
on the Corrosion of Mild Steel Nails §
i
Filtrate s
Nai l Before After Loss Loss Corrosion Rate’ %
() (gm) (gm) (gm) ($3) {mdd) . 3
1 0.8159 0.8023 0.0136  1.67 30.5 &
2 0.7627 0.7457 0.0170  2.23 39.7 2
3 0.7835 0.7639 0.01%6 2.50 34.0 é
4 0.8050 0.7953 0.0097 1.20 22,2 - Z
5 0.7731 0.7573 0.0i158  2.04 35.2 %
Average 0.0151 1.92 33.3 3
Control® . %
1 0.7704 0.7698 ~0.0006  0.08 1.40 %
2 0.7750 0.7749 0.0007 0.09 1.62 2
3 0.7645 0.7640 G.0005  0.06 1.15 E
4 0.7761  0.7755 0.0006  0.08 1.40 3
5 0.7523 0.7519 0.0004 0.05 0.92 §
Average 0.0006 0.07 1.29 ' 3
* 0.3803 gm Fec12.hu20 added to 200 ml of a 7-day-old seawater culture of £

« Desulfovibrio.
Based on a 20-day pericd
° 1.82 am av. dia.; 39 mm av. length.
° Nails in sterile uninoculated seawater medium sealed with vaspar.
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. Review Summary %
Physiological Studies 2
1. The inabiiity to grow non-marine sulfate reducers (Desulfovibrio) on the %
§ agar surface of media (Baar's and yeast extract) used for their cultiva- %
tion has been found to be due to the inhibitory effect of the indicator z
. salt (ferrous ammonium sulfate) for hydrogen sulfide production in the %
) media. 3
) z
- 2. An agar plating medium on which good surface growth of marine sulfate 2
{ reducers {Desulfovibrio) occurs has been devised. It consists of Trypti- g
- case (1.5%), Pnytone (0.5%), agar (2%), NaCl (0.5%), and aged seawater. %
Ferrous ammwnium sulfate (0.05%) may be added as an indicator salt for 3
selective isolation. %
s k]
£ 3. A marine isolate of Desuifovibrio used in the corrosion studies was iso- g
lated from detritus on & steel piling off-shore near Dam Neck, Virginia, ) © %
and obtained in pure culture through use of this medium. ]
L, Growth of four non-marine strains of Desulfovibric on the surface of %
: Trypticase~soy broth medium to which is added 2% agar was found to be 3
H greztly stimulated by the substitution of aged seawater for distilled ' :
; water. .
, 5. An agar (2%) medium consisting of yeast extract (2%) in distilled water |
was found to be usefu! as a screening agent for hydrogen (electron donors
and acceptors)for the growth of non-marine strains of Desulfovibrio.
6.

Growth of the marine Desulfovibrio strain in the Trypticase, Phytone
seawater medium containing 0.25%7 ferrous ammorium sulfate resulted in

the formation of a black precipitate which was heated in vacuo at 120C°C.

. The resulting material was identified by x-ray diffraction studies to

; be a mixture of iron suifide (troilite) and iron phosphide (Fe3P schreiber-
! ite) in a weight ratio of 1.7:1. Spectrographic analysis is of the
schreiberite reveaied the major elements to be Fe and P (>10%) and possi-
bly potassium. Elements in the 0.1-1.0% range were Ni, Cu, and Mg.

, Schreiberite and troilite are comwoniy found associated with each other
in iron-nickel meteorites.
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7. Crystals of vivianite [Fe3(PCy);8Hy0] were found to develop on mild steel
specimens in yeast extract broth inoculated with a non-marine strain of
Desulfovibrio after 1 month incubation in a hydrogen atmosphere. In this
medium a black product which normally forms has been identified as FeyP.

4 re ek PP L A dk

8.

A volatila phosphcrous ccmpound was detected during the growth of 2 non-
marine strain of Desulfovibrio on yeast cxtract agar containing

KHPOy, The presence of the cc.pound was confirmed by the formation
of ammonium phosphormolybdate (APM) in & sclution of ammonium
melybdat: exposed in the hydrogen atmosphere of growing yeast extract,
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phospnate and Trypticase Phytone seawater cultures of Desulfovibrio
strains (marxne and non-marine). Reduction of the APM, probabiy by HZS
occurred. Exposure of Hglly to the atmosphere of growing cultures of
a nori~marine strain of Desulfovibrio on yeast extract, phosphate agar

resulted in a tan colored product, identified by x-ray diffraction patterns

as a compound quite simil.r to H- 3P0y. In attempls to isolate the vola-
tile phosphorous material by pessing a stream of hydrogen over yeast ex-
tract phosohate cultures of a non~marine strain of Desulfovibrio through
a series of cold traps, two compounds were obtained. One compounrd,
trapped at 80°C showed IR absurption peaks at 635,775, 910, and 930 cm™ -1
The second compound, trapped at -196°C showed IR peaks at 775 anc¢ 1740
em~!. The two compounds had distinctive odors. The mass spectium of
the first compound indicated a series of fragments up to a mass of about

158.

An unusual attack upon pyrex glass surfaces exposed to room air was
observed during isolation of the phosphorous compound. It was charac~
terized by discoloration and pitting of the glass.

Corrosion Studies

In preliminary studiss to determine the effect of microorganisms on
cathodically protected steel, it was found that light has an effect upon
the current received for protection. On the steel specimen employed,

it was found that about 1.5 times tha amount of current, required in

the dark, was needed to maintain the same potential (0.8 V) in the
light. The corrosion rate in indirect sunlight was found to be about
1.3 times the corrosion rate in the dark.

Electrochemical studies on the corrosion of mild steel in Trypticase-
Phytone aged seawater medium without added Fe*t ions indicated that
either severe corrosion may occur or that very limited corrosion will
take place. when extensive corrosion occurs, the corrosion at first
decreases to a rather low rate and then increases to a very high rate
for a prolonged period of time. During the increase in corrosion rate,
marked fluctuations in the open circuit potential occur. The increase
in corrosion rate also appears to be associated with the breakdown and
detachment of an FeS film as evidenced by direct observatior and by
changes in potent:al and polarization curves. During the prolonged
period when the corrosicn rate was high, the fermation of corrosicn
product or products occurred ir the form of visible 'stalactites' or
"“whiskers' from the steel surface. X-ray diffraction studies of this
material indicated a non-crystalline structure. Anglysis Ly MOssbauer
technique and the scanning electron microscope indicated a compound of
iron and sulfur with ircn in the Fett state as well as free sulfur.
Heating the compound to 120C°C in vacuo produced an alloy of 77% alpha
iron, 13% gamma iron, and 102 cementite. An attempt to produce corrosion
in the bacteria~-free culture filtrate was unsuccessful.
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In the same seawater medium containing added Fe'™ ions, the corrosion
rate in one instance iucreased to a maximum of 255 mdd and then fell to
much lower rates. A marked fall in the redox potential (to more reducing
conditions) occurred during the rapid increase in corrosion rate. In

subsequent experiments the corrosion rate rose, but only to about 1/10
of this extremely high rate

The formation cf chemically produced FeS to the sterile culturc medium
had little if any effect on the corrosion rate.

when Fe't “ons were added to a Seitz-filtered culture, the corrosion
rate, after a 3-day induction period, reached a peak of 1100 mdd on

the 10th day after the end of the induction period. Small mild steel
nails when placed in a Seitz-filtrate of a culture to which Fe*t jons

were added lost about 2% of their original weight during a corrosion
period of 20 days.

These results suggest that the corrosion by the marine strain of

Desulfovibrio is due to a soluble depolarizing zgent produced as a result
of the metabolism of the organism.
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