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CORROSION AND REDUCTION OF IRON BY A SOLUBLE DEHYDROGEMASE
PRODUCED BY DESULFOVIBRIO DESULFURICANS

ABSTRACT

Desulfovibrio desulfuricans liberates a soluble hydrogenase
that is capable of reducing Fe** to elemental iron in a hydrogen
atmosphere. The classical cathodic depolarization theory of
bacterial corrosion is modified to account for this finding.
The corrosion rate by this mechanism appears to be very small.

The classical theory to account for anaerobic bacterial corrosion,
postulated by von Wolzogen Kluhr and van der Vlugt, I states that certain
organisms, primarily those of the genus Dasulfovibrio. remove hydrogen
(electrons) that accumulates on the surface of iron (cathodic depolariza-
tion) by means of a hydrogenase and reduce S04-- to S". As a result of
electron removal, iron dissolves as Fet" ions at the anode.

It was recently demonstrated that a strain of D. desulfuricans would
cathodically depolarize mild steel in a nitrogen atmosphere if the electron
acceptor was the redox dye benzyl viologen (BV). A 1010 steel coupon was
placed on a 2% agar surface containing BV and trio buffer Ctris(hydroxy-
methyl)aminomethane] at pH 7.0 ± 0.1 so that half of the coupon (cathode)
rested on a mass of cells of D. desulfuricans, Mid-Continent strain A.
The RV was reduced by the cells, and the iron dissolved as Fe++ ions at
the half of the coupon (anode) not in contact with the cells. In sumry,
the reaction at the anode is Fe---*Fe++ + 2e; at the cathode 2e + 2H+-
2H---*H2 ; H2 + 2 BV--->2 BVe + 2HI.

If a coupon was placed on 27. yeast extract (YE) agar, pH 7.0 ± 0.1,
plus 0.01% BV with cells under one-half of the coupon, the results
appeared to be the same. A depolarization current of 2 4amp per cm2

was obtained by the technique previously reported. When the experiment
was repeated without RV in the YE agar, the agar blackened under the
half of the coupon in contact with the cells. The black area became
blue-green when developed with aqueous potassium ferric anide solution
(107. w/v), indicating the presence of Fe++ ions. No Fel: ions were found
in the agar under the half of the coupon not in contact with the cells
(Fig. 1). The black area, which extended several millimeters into the
agar, appeared to consist of particles less than 1 micron in diameter.
Black particles were also found in the cells. After the cells were treated
with the potassium ferricyanide solution, blue-green areas were found in
the cells, indicating local concentrations of F;++.
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Fgure 1. Areas in Agar under Coupon Indicating Location of Iron
and Reduced BV. A. Yeast extract (YE) ,gar plus BV
surface immediately after removal of steel coupon.
Dark area (cathode) due to reduction of BV by
Desulfovibrio cells. B. Same plate 15 minutes after
addition of aqueous potassium fegicyanide (10. w/v)
indicating a concentration of Fe Lions at the anode
(no cells). C. YE agar minus NV immediately after
removal of steel coupon, showing dark area under
cells. D. Same plate 15 minutes after addition of
aqueous potassium ferricyanide ýhowing concentration
of Fe++ ions.
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Some material other than BV, apparently iron, was being reduced. A
similar but less intense blackening of the cells and agar was also observed
unde, the half of the coupon in contact with the cells when 0.5% NaCl was
presett in trio buffer agar without redox dye. If 0.017. methylene blue
(MB) was added to the NaCl - trio buffer agar, blackening again occurred
under the half of the coupon in contact with the cells, but the reduction
of MB was considerably less than that in the absence of NaC1. This seemed
to indicate a competition between MB and the other species, presumably
Fe4+ ions as electron acceptors.

When 0.2% MgS0 4 .7H2 0 was substituted for BV, as an electron acceptor,
in YE agar the results appeared to be the same as with YE agar alone.
The cells and agar under the coupon again became black. The substitution
of 0.01% MgSO4"7H 20 for BV in trio buffer agar without NaCl produced no
cathodic depolarization effect, that is, no apparent increase in iron
concentration at the anode compared with a control system without cells.
No sustained cathodic depolarization current was obtained in either of
these systems, and the polarity of the system was unstable in that the
polarity continually reversed. Apparently the cells were reducing Fe++
ions and a short circuit was occurring in the system in that both anodic
and cathodic reactions were occurring at the area of the steel coupon
that was in contact with the cells.

When cells of the same strain grown on a trypticase soy broth plus
agar surface were placed on the surface of petri plates of washed agar
(Noble, Difco) containing tris buffer at pH 7.0 ± 0.1, 0.5% NaC1 and
1.75 mg FeC1 2 per ml in a hydrogen atmosphere, blackening of the cells

was noted within 12 hours and often in less than 2 hours. Black particles
were again found within the cells. No blackening of the cells was noted
in a nitrogen atmosphere. Sterile 27. YE broth of pH 7.0 ± 0.1 containing
a steel coupon, when inoculated with a pure culture and incubated in a
hydrogen atmosphere, often became black within 24 hours, depending on the
effectiveness of oxygen removal. A clump of cells on the surface of the
steel coupon often became black within an hour or less. In a nitrogen
atmosphere, blackening was often delayed by a day or two. The same results
were observed with three other cultures of Desulfovibrio. one of which was
isolated from a tubercle in a water pipe, and a Clostridium species iso-
lated from tap water. The surface of the steel coupon generally remained
as bright as when it was placed in the YE broth except where it came in
direct contact with the black sediment at the bottom of the tube.

An attempt was made to measure this corrosion in tubes of inoculated
2% YE broth (10 ml per tube) using a corrosion probe* of 1010 steel with
a Corrosometer.** The operation of the Corrosometer is based on the fact
that the electrical conductivity of most metals is very great compared

* Model 8001, S4, Magna Corp., Santa Fe Springs, Calif.
** Model CK, Crest Instrument Co., Santa Fe Springs, Calif.

Kllal i iii l ll-iii _ii



6

with the negligible conductivity of nonmetals. As the corrosion process
converts metal into nonmetal, the electrical resistance of the exposed
metal coupon in the probe increases. The resistance of the exposed speci-
men is compared with that of a second protected specimen of the same alloy
using the sensitive bridge circuit of the Corrosometer.4's After several
weeks' incubation at 26 ± 1 C, no detectable difference in resistance in
the probe specimen could be noted between three probes in inoculated YE
broth (0.14 mg S04-- as the barium salt per ml) and three probes in sterile
YE broth. One of the Inoculated tubes with probe and a sterile control
tube are 1hown in Figure 2. Because the corrosion rate was less than 2.6
mg per dm per day (limit of sensitivity of meter for a 3-day interval),
it may have been equal to or less than the corrosion rate established for
the cathodic depolarization of 1010 steel using BV as the electron
acceptor (2.5 mg per dm2 per day). Corrosion of probes could not be
detected in 4 weeks in inoculated YE plus 0.2% MgSO4 "7H2 0 and YE plus 4 ml
per liter sodium lactate and 0.2% MgSO4 .7H 2 0o

It was suspected from observations made during the isolation of
Desulfovibrio from tubercles in a water main that the blackening of the
YE broth might be produced by a cell-free enzyme liberated in the medium.
Using the Thunberg technique, Seitz filtrates (cell-free) of 3-day-old YE
broth cultures of the four strains of Desulfovibrio and the Clostridt Wsp.
containing a steel coupon in a hydrogen atmosphere reduced FeC12 (Eo -
-440 my) (blackening due to colloidal iron), methyl viologen (Eo = -411 my),
and benzyl viologen (Eo - -315 mv). No reduction was observed in a nitrogen
atmosphere. A sterile 1010 steel coupon in the Seitz filtrate of these
strains in a hydrogen atmosphere produced blackening of the filtrate,
usually within 24 hours, if most of the oxygen was removed. In the same
system under a nitrogen atmosphere, a flocculent black precipitate first
formed on the surface of the metal. Complete blackening of the filtrate
was delayed for about 24 to 48 hours compared with the time of blackening
in a hydrogen atmosphere. Apparently the small amount of hydrogen on the
steel surface initially limited the reaction. A sterile Seitz filtrate of
a 3-day-old blackened YE broth culture of the Mid-Continent strain in con-
tact with 1010 steel coupons under H2 was again allowed to react with
sterile 1010 steel coupons. After 3 days under a H2 atmosphere a black
precipitate was obtained by centrifugation under hydrogen. X-ray diffrac-
tion analysis* of this material was negative for elemental iron or any
compound of iron, indicating that. the colloidal iron was probably in an
amorphous state. Similar results were noted when bismuth and antimony
were reduced by bacteria. A few magnetically attracted articles were
produced, however, from cells grown in the presence of Fer ions or a
steel coupon that had been rapidly frozen and thawed three or four times.

* By Dr. J. Kruger, National Bureau of Standards.
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Figure 2. Two Corrosion Probes (1010 Steel) in 2% Yeast
Extract (pH 7.0 ± 1) Sealed with Vaspar (Equal
Portions of Vaseline and Paraffin). Tube at
left inoculated with culture of D. desulfuricans
(Mid-Continent strain A). Tube at right uninocu-
lated control. After two days' incubation at
26 11 C.
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It t "is appeare4. that Desul.ovibrio produced a soluble extra cellular
hydrogenase that is capable of reducing Fe++ ions to Fe in the presence of
hydrogen. The corrosion of iron by a modification of the classical cathodic
depolarization theory of von Wolzogen Kuhr and van der Vlugt may therefore
be sumnarized by the following reactions:

(anode) Fe-->Fe+" + 2e

(cathode) 2e + 2e+--->2H--->H2

bacteria or

H2 + Fe++ enzyme . Fe + 2e

Although the rate of corrosion by this mechanism appears to be very
low, on initial observation it seems high as evidenced by the intense
darkening of the surrounding medium because of colloidal iron. Because
a Seitz filtrate of organisms in YE broth under a seal of vaspar in the
absence of iron, where growth is normally very poor, also reduced iron,
growth of the organisms in the presence of iron does not appear to be
necessary for hydrogenase production.

The ability of several microorganisms to reduce metal ions has been
reported previously.'a One might postulate that the colloidal metal in
the cell is oxidized, thus providing a source of energy for the cell.
Because Desulfovibrio has been found in association with tubercles in
iron water pipes, further establishment of the relationship between the
two would be significant. A comparison of the properties of the soluble
dehydrogenase with those of the cell-extractable dehydrogenase reported
for Desu.fovibrio' appears to be of interest. In view of the above results,
it seems that the practice of placing a nail in medium used for the culti-
vation of anaerobes (especially Clostridium species) to indicate H2 S produc-
tion (blackening of the medium being assumed to be due to FeS production)
should be reexamined. The organisms may be producing colloidal iron rather
than H2S and FeS. As it is well established that sulfides are produced in
the vicinity of iron pipes by sulfate reduction, an examination of the
environmental factors and reduction products will be necessary to estab-
lish what selectivity the organisms have for the reduction of Fe++ and
SO4 --.

---



LITERATURE CITED

1. von Wolzogen Klhr, C.A.H.; van der Vlugt, L.S. 1934. De grafitering
van gietijzer als electrobiochemisch proces in anaerobe gronden.
Water 18:147-165.

2. iverson, W.P. 1966. Direct evidence for the cathodic depolarization
theory of bacterial corrosion. Science 151:986-988.

3. Iverson, W.P. 1966. Growth of Desulfovibrio on the carlace of
agar media. Appl. Microbiol. 14:529-534.

4. Roller, D.; Scott, W.R. 1961. Detecting and measuring corrosion
using electrical resistance techniques. Corros. Tech. 8:71-76.

5. Winegartner, E.C. 1960. Recording electrical resistance meters.
Corrosion 16:265t.

6. Tucker, F.L.; Thomas, J.W.; Appleman, M.D.; Goodman, S.H.;
Donohue, J. 1966. X-ray diffraction studies on metal deposition in
Group D Streptococci. J. Bacteriol. 92:1311-1314.

7. Woolfolk, C.A.; Whiteley, H.R. 1962. Reduction of inorganic
compounds with molecular hydrogen by Micrococcus lactilyticus.
J. Bacteriol. 84:647-658.

8. Silverman, M.P.; Ehrlich, H.L. 1964. Formation and degradation
of minerals. Adv. Appl. Microbiol. 6:153-206.

9. Krasna, A.I.; Riklis, E.; Rittenberg, D. 1960. The purification
and properties of the hydrogenase of Desulfovibrio desulfuricans.
J. Biol. Chem. 235:2717-2720.

5



Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D
(S-ritdy ..aiahaiw o., of tiltil bedi of absiet end indexnga sinj tto mw we iI,st b ontori.d when the ow..,.l MISS is clth.. d,.

IOat.INATIN G ACTIVITY (Corlione. .. 4~hiK) 2S. REPORT SCCURY TY C LASSIFYCA TICK

D ecupatmve ntS ofV the Army. Unclassifiedst.

Foerst De arikFren eik P.yad270 bGol

3 REPORAT ATITLEOAL OO ASS 7.NO PRP

5.COYRROSION RANT EUTO FIO BO. A A SOLUBLEAR D RYOEPOTNUBEPRODCE) B

4 DECRPTV OTTER REPORT NO(S polly Slid. 1-1-1- AntnmyhA..

6, AEOR VA D SLT/IIATEO 7NTOAONTICAES 17.0.OSRF

8A SUONLEAETORGA NT NO.E 94. SORIMAORING 1 REPORTA AUICTIVIIT

b. ROJCT O. C5FortO6 Tehnica, Fredecrick, 3aylnd210

classical reuethodi depoltarizain thpeos of thspbaceicaltoroion iso modfie
toreg accountfornthi ainddseiaing. The corois ratecaio by this mcaism appearsoizd

toatmn be ver small

Desulfovibrio desulfuricanslieaeasoue yrgnethts

clsiaP atoi eolarizati o onoyo ateilcroio smdfe

14.M K473Words

Polartizationlctho

DD J---.-147


